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Chapter 1

Introduction

Over the last six decades, integrated circuits (ICs) have revolutionized society.
Integrating many transistors on a chip enables the resulting device to perform
logic operations at a high speed. Initially the amount of resources and space
required to accumulate enough computing power for useful applications lim-
ited the use to dedicated mainframe computers. Numerous advances in the
production process of ICs have brought the digital world first to our homes
with personal computers and thereafter to everyone’s pockets in the form of
smartphones. Compared to the early days, the amount of computing power
has increased enormously, opening up new applications at a staggering pace.
At the same time, the cost of ICs has fallen such that in our modern world
more and more devices become “smart” and interconnected through the use of
ICs.

The main driver of all these innovations has been the continued miniatur-
ization of the components that make up the IC, enabling ever higher numbers
of components to be integrated in an IC. In 1965, the number of components
per IC for minimum cost was around one hundred. Gordon Moore, who would
co-found Intel a few years later, then predicted that this number would double
every year [1]. This prediction had come true over the next ten years, after
which he modified it to a doubling every two years [2], which has become
known as Moore’s law. It is an incredible achievement that industry has
been able to follow Moore’s law up to this day and age, where commercial
computer chips contain tens of billions of transistors. Innovations in the field
of photolithography have been crucial to this achievement and will continue to
be vital for keeping Moore’s law alive.

1
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1.1 Photolithography

The most important step in the production process of computer chips is
photolithography, in which light is used to “write” atomic-level structures on
a surface of silicon. Many chips are fabricated together on a single silicon
disk, called a wafer. In a preceding step in the production process, this wafer,
already covered with a layer of insulating silicon dioxide, is covered with a
photosensitive material named the photoresist. Before the light is focused
onto a small part of the wafer, it passes a mask which contains the blueprint
of the structures to be patterned such that areas of the surface which are in
the shadow of the mask are not illuminated by the light. In the parts that
did get illuminated, the photosensitive molecules change their structure and,
depending on the photoresist, either this part of the photoresist or the part in
the shadow can be easily removed. After this removal, an etching treatment is
applied which removes the silicon oxide in the areas uncovered by photoresist
but leaves the remaining photoresist intact. The conductivity of the bare
silicon may then be altered by implantation. Next, the remaining photoresist
is removed, leaving behind an elevated pattern of silicon oxide. Finally, a
new layer of silicon or metallic material is deposited and flattened. All steps
together have formed a 2D layer with complex structures exhibiting different
conductive properties. By repeating this cycle several times the chip is built
up layer by layer.

Diffraction limits the size of the features that can be patterned. The shorter
the wavelength of the light used for illumination, the smaller the features can
be. The light source is therefore a crucial part of a photolithography machine.
Over the years new light sources have been developed, each time reducing
the wavelength. Industry started with visible violet light from mercury vapor
lamps at a wavelength λ of 436 nm. Later on excimer lasers enabled industry
to use deep ultraviolet (DUV) light, first with KrF (λ = 248 nm) and later
with ArF (λ = 193 nm) lasers systems. Developing powerful light sources at
shorter wavelengths has proven to be very challenging, leaving industry stuck
at 193 nm until the year 2013, when the Dutch company ASML brought a
photolithography machine to the market with a light source in the extreme
ultraviolet (EUV) regime, at a wavelength of 13.5 nm. Actual high-volume
manufacturing (HVM) of chips by making use of the new EUV machines started
in 2019. The further development of the EUV source fuels an active research
community, which this thesis contributes to.



1.2. EUV photolithography 3

1.2 EUV photolithography

The EUV light source is based on the creation of a tin (Sn) plasma [3, 4]. Under
the right plasma circumstances (plasma temperature of 20–40 eV, electron
density of 1019–1021 cm−3), highly charged Snq+ ions (q = 9–15) are created in
multiply excited states whose energy level separations fortuitously are all close
to 92 eV, leading to strong emission of EUV light in a narrow bandwidth around
13.5 nm [5–7]. It is this wavelength, with a 2%-bandwidth, where carefully
developed Mo/Si multilayer EUV mirrors have their optimal reflectivity [8, 9].
These (curved) mirrors are used for collecting, transporting and focusing the
light in the machine. Their use is necessitated by the fact that EUV light is
strongly absorbed by almost all materials, prohibiting the use of conventional
glass optics. For the same reason the machine has to operate in a vacuum
environment. The problem of low reflectivity in the EUV range of single-layer
mirrors is overcome by using Bragg reflector mirrors consisting of a stack of
alternating Mo and Si layers. Light is partially reflected from the interface
between the low-Z (Si) and high-Z (Mo) material. The thickness of the layers
is made such that the reflected light from all layers interferes constructively.
A maximum reflectivity of approximately 70% is reached at a wavelength of
13.5 nm [8]. The efficient production of light at this wavelength by Sn has been
the reason for choosing this element [10].

Figure 1.1 shows the principle of EUV light generation typical for an
industrial EUV photolithography machine. A Sn microdroplet is rapidly
heated by firing a powerful infrared laser pulse onto it, creating a so-called
laser-produced plasma (LPP) [4]. Absorption of laser light is increased by first
hitting the droplet with a pre-pulse that deforms it into a disk-shaped target.
As described above, de-excitation of multiply excited highly charged Sn ions
results in the emission of photons with a prominent emission peak in a narrow
bandwidth around 13.5 nm. A hemispherical mirror, the so-called collector
mirror, is used for optimal light collection of the isotropically emitted light.
Complementary to the desired EUV photons, the plasma emits energetic highly
charged Sn ions which can have undesirable effects. Their energy is on the order
of sub-keV to keV but a small fraction of Sn ions may reach energies as high
as several tens of keV [12, 13]. The energetic ions could potentially damage
plasma-facing surfaces, most notably the collector mirror, by sputtering and
implantation. One way of mitigating such a detrimental effect is the use of a
buffer gas to slow the ions down by collisional energy transfer.

Several considerations have contributed to the choice of molecular hydrogen
(H2) as buffer gas [14]. Next to its ability to stop fast Sn ions, the gas should
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Figure 1.1: Simplified schematic illustrating EUV light generation typical for
an industrial EUV photolithography machine. Figure adapted with permission
from Ref. [11].

have a low absorption cross section for EUV light. The ionization potential
of an H2 molecule is 16 eV [15, 16]. Once ionized, the binding energy of the
remaining electron is 29 eV [15]. An EUV photon of 92 eV can therefore ionize
both H2 and H+

2 , however since the energy difference is large, the cross section
is relatively small. Gases of other elements have more electrons, some of them
having binding energies closer to 92 eV, leading to higher absorption cross
sections. Another advantage of using molecular hydrogen is that hydrogen
radicals can bind to Sn to form the gas stannane (SnH4), which can be pumped
away [14]. The amount of (slowed down) Sn ending up on the collector mirror is
reduced and deposited Sn can even be removed from the mirror. The hydrogen
buffer gas should not be static, but should flow instead. A flow enables the
removal of Sn out of the system, and is also needed to cool the system. The
buffer gas is heated by the kinetic energy transfer by the Sn ions as well as by
absorption of plasma radiation.

The continued demand from industry for higher EUV power poses challenges
for the Sn debris mitigation strategies. To fulfil these demands and to optimize
source performance, simulations are used to find optimal H2 pressures and flows.
In order for these simulations to produce most reliable output, fundamental
atomic data on the collision system Snq+− H2 is needed as input. Two processes
are of particular importance here, namely stopping and electron capture. These
processes will be discussed in the next section.
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1.3 Atomic processes in buffer gas surrounding EUV
generating tin plasma

When a Sn ion projectile collides with an H2 molecule, a repulsive Coulomb
force will act on the particles when the nuclei are in close proximity. Via
this interaction, momentum and energy are transferred from the projectile ion
to the molecular target. Because the projectile loses energy, this process is
commonly called (nuclear) stopping. The amount of transferred momentum
and energy depends on how close the ion and target get, and also on how long
they interact, i.e. on the velocity of the projectile. How does stopping depend
on the charge state of the ion? A more highly charged ion could result in a
stronger Coulomb force, however will also push the target away more such that
the distance of closest approach increases. It is therefore not straightforward
to predict the effect of charge state on the amount of energy transferred. So
far, only a single article is available that reports stopping cross sections for Sn
ions on H2, namely by Abramenko et al. for Sn+ and Sn2+ ions [17]. They
find that for energetic ions (E > 1 keV), Sn+ ions have a larger stopping cross
section than Sn2+ ions. For EUV source models, it is therefore important to
know whether the charge state of the ions traveling through the buffer gas is
mainly 1+ or 2+, or perhaps some other charge state.

This is where the process of electron capture, also known as charge transfer
or charge exchange, becomes important. When the ion is close to the H2

molecule, it may capture an electron, or both electrons, from the H2 molecule.
Three processes can be distinguished, being single electron capture (SEC or
SC):

Snq+ +H2 → Sn(q−1)+ +H+
2 , (1.1)

bound double capture (BDC or simply DC):

Snq+ +H2 → Sn(q−2)+ + 2H+, (1.2)

and autoionizing double capture (ADC):

Snq+ +H2 → Sn(q−2)+ + 2H+ → Sn(q−1)+ + 2H+ + e−. (1.3)

In all three cases, the ion’s initial charge state q is reduced. Even though the
ions responsible for emission of 13.5 nm-wavelength light have charge states
of 9+ to 15+, ions emitted by the plasma have lower charge states due to
recombination at the peripheral part of the plasma. Their charge states range
from 8+ down to 1+, however energetic ions (E > 1 keV) predominantly have
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relatively high charge states of 4+ to 7+ [13]. While traveling through the
hydrogen gas, their charge states will be further reduced by multiple charge
transfer collisions with H2 molecules. It can be expected that this process stops
at 2+, because the binding energy of the outer electron in Sn+ is, compared
to the ionization potential of H2, too low to make the capture process from
Sn2+ to Sn+ energetically favourable. In this thesis however, we show that this
process does happen in an LPP plasma source and explain the mechanism by
which it occurs. Moreover, we show that Sn+ can also be efficiently generated
through double electron capture by Sn3+.

It is important for the EUV source simulations to include the process of
electron capture, because the efficiency of energy transfer depends on the
charge state. With electron capture included, information about which charge
states are present at a given position in the source vessel can be obtained.
Also, it would be possible to establish what charge states are dominantly
present, enabling defining which stopping cross sections would be most relevant.
However, no literature is available reporting electron capture cross sections for
Sn ions colliding with H2 molecules. This thesis presents the results of first
studies on electron capture in this collision system.

1.4 Zernike low-energy ion beam facility

The experiments described in this thesis for measuring electron capture cross
sections are performed with a beam of Sn ions produced with the Zernike
low-energy ion beam facility (ZERNIKELEIF), located at the University of
Groningen. The facility will be briefly described here, more details can be
found in [18, 19]. Figure 1.2 shows a photograph of ZERNIKELEIF.

The Sn ions constituting the ion beam are produced with an electron
cyclotron resonance ion source (ECRIS). It consists of a vacuum plasma
chamber, which is surrounded by a permanent hexapole magnet (∼ 1 T)
creating a radially and axially confining field. First, Sn vapor is generated by
heating solid Sn to approximately 1100°C in a crucible oven located inside the
source. Due to the magnetic field, free electrons will revolve around closed
circular orbits with an angular gyration frequency given by

ω =
e

m
B, (1.4)

where e and m are the charge and mass of the electron, respectively, and B the
magnetic field strength. A radio frequency (RF) field of 14 GHz is injected into
the chamber. Electrons gyrating on a specific magnetic field iso-surface are in
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Figure 1.2: Photograph of the Zernike low-energy ion beam facility
(ZERNIKELEIF). The inset shows the inside of the source cabinet on the left,
containing an electron cyclotron resonance ion source (ECRIS). On the right, the
gas-target (left) and solid-target (right) experimental setups can be seen. These
setups can be floated on a high potential to decelerate incoming ions. Therefore,
as a safety measure, the setups are enclosed by a cage.

resonance with the RF field and are accelerated up to energies high enough to
ionize Sn atoms and Sn ions upon a collision, thereby creating a plasma. A
plasma potential Vp of typically 10 V is generated between the plasma and
the chamber walls. The RF power can be tuned; higher power enables the
production of higher charge states. The source is floating on a high potential
Vs, up to 30 kV. During extraction from the source the potential energy of the
ions is converted into kinetic energy. The final energy of an ion with charge
state q is given by

E = q(Vs + Vp). (1.5)

An analyzing (electro-)magnet is used to select one particular charge state
out of all charge states extracted from the source by setting the magnetic field
strength such that ions with this charge state are bent over exactly 110° into
the beamline. Moreover, the different isotopes are also separated which allows
further beam purification. The ions can be transported through the beam
line towards either the gas-target (this thesis) or the solid-target experimental
setup. In the beamline, three sets of triplet quadrupole magnets are present
for ion beam focusing and two sets of small dipole correction magnets can be
used to optimize the position of the ion beam in the horizontal and vertical
direction. A dipole magnet is used to bend the ion beam out of the central
beamline towards an experimental setup.

The physical processes studied at the experimental setups are dependent
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on the energy of the ions, therefore the experiments are typically repeated for
various ion energies. Equation 1.5 shows that the ion energy can be varied by
changing Vs. However for source potentials below 3 kV, ion extraction and
transport become increasingly inefficient resulting in too low ion beam currents
arriving at the experimental setups. This means that only the highest energies
typical for LPP Sn ions can be generated, e.g. for Sn3+ ions the minimum
energy obtained from ZERNIKELEIF is 9 keV. To overcome this limitation,
the facility has been upgraded during the course of the PhD project with the
possibility to float the gas-target setup on a high potential such that part of
the kinetic energy of the ions is again converted into potential energy, thereby
decelerating the ions after their transport to the setup.

1.5 Thesis outline

This thesis studies electron capture in collisions of Sn ions with H2 molecules for
charge states and energies relevant for EUV light sources for photolithography
machines. Because the charge state influences ion stopping, ion mitigation
models for EUV sources can benefit from the work presented in this thesis.
Specifically, the production of Sn2+ and Sn+ ions out of Sn3+ ions is studied in
this thesis. There are several reasons for this focus. First of all, the electronic
structure of Sn3+, [Kr]4d105s, is convenient for both experiment and theory
because the single valence electron makes it a relatively simple system. Second,
the electron capture cross sections for higher charge states are, based on the
basic over-the-barrier model [20], expected to be larger. This means that soon
after Sn ions are emitted from the LPP and start to travel through the buffer
gas, they have their charge state reduced. For most of the distance towards
the collector mirror, they will travel with a lower charge state. Given that the
stopping power of Sn+ ions is larger than for Sn2+ ions, it is then important to
know at which positions in the source the ions convert from 3+ to 2+ and to
1+. The main method for studying these processes is by performing controlled
crossed-beam experiments. Next to that, we collaborate with the Theory of
Atomic and Molecular Collisions group of professors Rabadán and Méndez
from the Autonomous University of Madrid (Universidad Autónoma de Madrid
- UAM), who calculate electron capture cross sections using semiclassical and
quantal models. By comparing our results to theirs, both experimental and
theoretical methods can be benchmarked and improved. Moreover, from the
model we can learn more about the specific mechanism by which electron
capture occurs.

Chapter 2 presents the first combined experimental and theoretical study of



1.5. Thesis outline 9

charge transfer in collisions of Sn3+ ions with H2 molecules. The experiments
were performed before the upgrade equipping the setup with deceleration
capabilities, hence the minimum energy is limited to 9 keV. The focus of this
chapter is on single electron capture.

In Chapter 3 we perform experiments on an actual LPP source surrounded
by an H2 buffer gas. Charge-state-resolved kinetic energy spectra are presented
for various pressures of the buffer gas. Contrary to expectation, we observe the
production of energetic Sn+ ions in the buffer gas. We propose that these are
produced by electron capture not from the ground state but from a metastable
state of Sn2+.

Chapter 4 presents a follow-up research on the study of Chapter 2. Two
major upgrades have been implemented in the experimental setup. The first is
the already mentioned ability to decelerate incoming ions, which enabled us to
extend the energy range down to 50 eV. Second, the ion detector is changed
to one which provides charge state resolution. With it, we measured both
single and double electron capture cross sections for Sn3+. The latter shows a
remarkable energy dependence, with negligible cross sections above an energy
of approximately 5 keV and substantial ones below it.

In Chapter 5 we focus on the magnitude and energy dependence of the
cross section of the electron capture reaction identified in Chapter 3, i.e. Sn2+∗

to Sn+. Experimentally, these are extracted from double collisions of Sn3+

ions.
Finally, in the Conclusion and outlook, the main conclusions drawn from

all chapters combined are formulated and suggestions for further research are
given.
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Chapter 2

Charge exchange in collisions of
1–100 keV Sn3+ ions with

H2 and D2

Abstract

Absolute cross sections for single electron capture by Sn3+ colliding with
H2 and D2 have been measured and calculated in the energy range of
1–100 keV. The cross sections are determined by measuring the change in
ion beam current with varying target density and by measuring the yields
of charged target fragments by means of a time-of-flight spectrometer. The
results for D2 show good agreement with our seven-state semiclassical
calculations, while for H2 the experimental results increase more strongly
than the calculations towards lower energies. This discrepancy is attributed
to vibrational effects, not included in the calculations, that lead to the
breakdown of the Franck-Condon approximation.

Chapter published∗: S. Rai, K.I. Bijlsma, I. Rabadán, L. Méndez, P.A.J. Wolff,

M. Salverda, O.O. Versolato, and R. Hoekstra, “Charge exchange in collisions of

1–100 keV Sn3+ ions with H2 and D2”, Phys. Rev. A 106, 012804 (2022).

∗This chapter is a publication resulting from a concerted research effort in the PhD
projects of Subam Rai and Klaas Bijlsma. Bijlsma conducted part of the experiments and
took part in the data analysis, in the writing of the original manuscript and in the review of
the final manuscript.
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2.1 Introduction

Charge exchange in collisions of keV-energy multiply-charged ions with neutral
species remains an active research topic ever since the advent of highly charged
ion sources (e.g. [1–3]). Experiments have continually challenged, in ever-
increasing detail, the theoretical approaches, which were initially classical and
subsequently semiclassical in their description of the electron dynamics during
the interactions (e.g. [4]). The bulk of the research has dealt with low-Z ions,
because the number of active electrons and quantum states to be included
in the calculations is limited and because intense ion beams can most easily
be produced from low-Z, gaseous species. More complex and heavier ions,
in particular intermediately charged Fe ions, have been studied (e.g. [5–7])
because of their astrophysical and fusion plasma relevance. Over the past years,
Sn ions have moved into the focus of highly charged ion physics [8–14] as Sn
alloys are considered for fusion plasma vapor shielding [15–17] and foremost
because laser-produced Sn plasma is the source of 13.5-nm extreme ultraviolet
(EUV) light driving state-of-the-art EUV nanolithography machines [18–22].
In such machines, multilayer mirror optics collect and guide the EUV light
[23, 24]. To prevent damage to the optics by the energetic Sn ions [25–27], the
plasma is embedded in H2 gas. Fundamental data on charge exchange and
stopping in Snq+ + H2 collisions is missing though it is crucial for accurate
and predictive modeling.

Here in a joint experimental and theoretical study, absolute cross sections
for single electron capture (SC) from H2 (and its heavier isotopologue D2) by
Sn3+, i.e., for the reaction

Sn3+ +H2 → Sn2+ +H+
2 (2.1)

are determined. The choice for starting out with Sn3+ ions is based on its alkali-
like electronic configuration: [Kr]4d105s. For alkali-like ion beams, metastable
fractions are negligible [28] making the collision systems tractable to experiment
and theory. In the experiments, Sn3+ ions in the energy range of 9 to 51 keV
are used as projectiles. Due to the high mass of the Sn ions, this corresponds
to low velocities of 0.05 to 0.13 a.u. The cross section measurements are based
on the measurement of the changes in ion beam current with changing target
density. Therefore, in the determination of the SC cross sections, one needs
to consider possible contributions of two-electron processes: bound double
capture (BDC, Eq. 2.2a) and autoionizing double capture (ADC, Eq. 2.2b).
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Sn3+ +H2 → Sn+ + 2H+ (2.2a)

Sn3+ +H2 → Sn2+ + 2H+ + e (2.2b)

BDC is expected to have a small cross section because the two-electron capture
channel closest to resonance is the one leading to capture into the [Kr] 4d10 5s2 5p
ground electronic configuration of Sn+ which is endothermic by approximately
6 eV. All other 5s2 nl configurations are more endothermic and thus not likely
to be populated at all. ADC requires the population of doubly excited levels
of even much higher endothermicity. Therefore it is safe to exclude ADC from
our analysis. The BDC contribution is extracted from Time-of-Flight (ToF)
spectrometry on the target fragments. In BDC, the two protons resulting from
the Coulomb explosion of [H2]

2+ get kinetic energies of 9.7 eV each, while in SC
reactions the few protons created next to the by far dominant H+

2 production
channel have energy close to 0 eV. The yield of 9.7-eV protons is used to
correct the data for any BDC contribution. At the same time, this allows for
an assessment of the BDC cross sections.

The calculations of SC total cross sections for ion-molecule collisions are
carried out by applying methods based on those developed for ion-atom colli-
sions; for instance, at the energies of the present work, expansions in terms of
electronic functions of the quasi-molecule formed during the collision, within
either semiclassical or quantal frameworks. Besides the obvious difference of
treating a many-center system, there are two important characteristics of ion-
molecule collisions that must be taken into account. First, in the semiclassical
treatment, where the projectile follows a classical trajectory, the probabilities
of a given process depend on the orientation of the molecule with respect to the
ion trajectory. It is necessary to average the calculated cross sections over a set
of collisions with different molecular orientations. The methodology employed
in this work ([29] and references therein) employs molecular data (electronic
energies and dynamical couplings) calculated along the trajectory. The second
important difference between ion-molecule collisions with respect to ion-atom
collisions is the presence of molecular nuclear motion. The use of vibronic
bases to simultaneously describe the electronic and vibrational motions leads to
cumbersome calculations that however allowed us to reproduce the maximum
of the electron capture cross section found in detailed experiments for H+–H2

collisions, and explain this maximum as a consequence of the interplay between
electronic and nuclear motions [30].

In the following section, Part 2.2.1 describes the experimental setup, while
Subsections 2.2.2 - 2.2.5 present the actual measurement procedure and all
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Figure 2.1: Schematic of the crossed-beam setup, CHEOPS, used to measure
charge exchange cross section for keV Sn3+ ions colliding on H2 (and D2).

the calibration and data analysis steps. Section 2.3 describes the theoretical
approaches used to calculate single-electron capture in collisions of Sn3+ on
either H2 or D2. Thereafter, the experimental and theoretical data are compared
and discussed in Section 2.4.

2.2 Experimental methods

The data presented in this work have been obtained by colliding a beam of
mono-energetic Sn3+ ions with a neutral gas target (H2 or D2) in a series
of crossed-beam type experiments. The ions are extracted from an electron
cyclotron resonance ion source (ECRIS) stationed at the Zernike low-energy
ion beam facility (ZERNIKELEIF) at the University of Groningen. Ions with
energies in the range of 3q to 25q keV can be generated, where q is the charge
state of the ion. The ions extracted from the ion source are selected for a given
mass-over-charge ratio (m/q) using a 110° analyzing magnet with a resolution
of about 0.5%. 120Sn is the most abundant isotope of Sn but for a charge state
of 3, the corresponding m/q is 40 which is the same as that of Ar+. Hence, to
prevent possible contamination of the Sn3+ beam by Ar+ impurities, 118Sn3+

is used. Sn atoms are introduced into the source chamber by heating a crucible
oven filled with solid tin. The analyzed ion beam is transported through the
central beamline and steered into the gas target setup by a 45° bending magnet.

2.2.1 The crossed-beam setup

The relevant features of the gas target setup, CHEOPS (CHarge Exchange
Observed by Particle Spectroscopy) are depicted in Figure 2.1. The ion beam
is collimated by a set of four apertures, the smallest one of 1 mm diameter,
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positioned at the entrance of the collision chamber. In the chamber, the base
pressure is ≈ 2 × 10−8 mbar. A ϕ 0.5 mm grounded capillary is located 14 mm
above the center of the ion beam. The gas flowing into the chamber, via the
capillary, is regulated by a high precision mass flow controller (Bronkhorst
FG-200CV) thus creating a localized jet of the H2 target gas, which is crossed
by the beam. A flowrate of 1 ml/min was used throughout the experiments
unless stated otherwise and the corresponding chamber pressure for that flow
is ≈ 1.5×10−4 mbar. The ions are collected at the end of the setup by a
Faraday Cup (FC) and the beam current is measured using a Keithley 6485
Picoammeter. The FC assembly consists of three components: i) the entrance
cap with a ϕ 3 mm aperture, ii) a ϕ 6 mm guard ring, and iii) the FC. The
guard ring is biased at −38 V to suppress the escape of secondary electrons
from the FC. The cap shields the collision chamber from the field of the guard
ring. The whole FC assembly is mounted on an XY translation stage. By
scanning the assembly in the horizontal and vertical plane and recording the
current at the cap and FC a typical beam width of ≈ 1.5 mm at the FC is
determined.

Charged collision fragments produced in the central crossed-beam region
can be extracted towards a Time-of-Flight (ToF) spectrometer, which allows
for measuring the yields of atomic H+ and molecular H+

2 ions. The ToF
measurements (see Section 2.2.4) require the continuous ion beam to be chopped
in short pulses to have a start pulse for the spectrometer. At a rate of up to
8 kHz, short ≈ 20 ns ion beam pulses are generated by sweeping the ion beam
over the entrance aperture by means of alternating the opposite voltages on
two electrodes (chopper plates, see Figure 2.1).

Fragments under the influence of the field across the collision center pass
through a ϕ 5 mm aperture into the ToF spectrometer. An electrostatic lens
system consisting of four elements is then used to accelerate and focus the
fragments into the ToF tube floating at −1700 V. Towards the end of the tube,
the fragments get detected by a microchannel plate (MCP) detector whose
front plate is set to −2100 V. The total flight length from the collision center to
the detector is 1.13 m. The MCP detector is connected to a pick-off amplifier
followed by a constant-fraction-discriminator (CFD) to amplify and filter the
signals. The output of the discriminator is fed to a multi-hit time-to-digital
converter (TDC, FAST P7888) in order to record the ToF spectrum.
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Figure 2.2: Typical time trace: Variation of ion beam current measured at the
Faraday cup (middle panel) and the cap (lower panel) with toggling H2 flow rate
between 0 and 0.5 ml/min. The top panel shows the associated time trace of the
pressure in the collision chamber.

2.2.2 Procedure of measuring charge exchange cross sections

Figure 2.2 shows the time trace of a typical measurement run. The flow
controller is programmed to sequentially start and stop the flow of gas into the
chamber. The top panel in the figure shows the variation of chamber pressure
with acquisition time. When the gas flows from the capillary into the chamber,
the ion beam crossing the gas may undergo charge exchange collisions. This
leads to a decrease in the beam current measured by the FC as shown in the
middle panel of the figure. The collision of the ions with the gas also results in
angular scattering of the ion beam. If the scattered ions hit the cap, a current
is generated and recorded as depicted in the bottom panel of the figure. The
effect is small, however; the change in cap current is typically around 1% of
the change in FC current.

The full set of differential equations describing the evolution of the charge
state of the ions along their trajectory (z) through the collision chamber is as
follows:
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dN3+

dz
= −(σ32 + σ31)nN

3+ (2.3a)

dN2+

dz
= σ32nN

3+ − (σ21 + σ20)nN
2+ (2.3b)

dN1+

dz
= σ31nN

3+ + σ21nN
2+ − σ10nN

1+ (2.3c)

dN0+

dz
= σ20nN

2+ + σ10nN
1+. (2.3d)

In the low-density, single-collision regime the set of equations is reduced to:
dN3+

dz
= −(σ32 + σ31)nN

3+. (2.4)

Here, σij denotes the cross section for electron capture by an ion in an initial
charge state i leading to a final charge state j, n is the number density of
the target, and N q+ denotes the number of Sn ions with charge state q. The
numbers of ions are related to the ion current I measured in the FC via
I = qN q+ + (q − 1)N (q−1)+ + (q − 2)N (q−2)+. The differential equation for
single-collision conditions, Eq. 2.4, can be solved analytically, yielding the
following general relation between ion beam current and the single-capture
cross section σSC (or σq,q−1)

σSC =
− ln (a I

Io
− b)

(1 + f)
∫ L
0 n(z)dz

, (2.5)

where I0 is the initial ion current, f the ratio between two- and one-electron
capture (f = σBDC

σSC
), a = (1+f)q

1+2f , b = (1+f)q−(1+2f)
1+2f , and L the path length the

ions travel through the collision chamber. Here for Sn3+, q = 3. As will be
discussed in detail in Section 2.2.4, the bound double capture fraction f is
estimated experimentally from ToF measurements on target fragments (H+

and H+
2 ). However, first in Section 2.2.3 the determination of the integral

target density
∫ L
0 n(x)dx is presented.

2.2.3 Calibration of the integral target density

Accurate, absolute target density measurements over the ion trajectory are
difficult. Therefore, we determine the integral target density using a reference
collision system for which the charge exchange cross sections are very well
known: H+ + H2; see, e.g., the data review by Nakai et al. [32]. From the
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Figure 2.3: Single electron capture cross section for protons on H2 (solid squares).
Dashed curve: trend line through reference data [31]. The gray band depicts the
±5% systematic uncertainty associated with the McClure data.

review paper we see that for protons only single electron capture (σ10) needs
to be considered; in the energy range of 5 to 20 keV, double electron capture
is approximately two orders of magnitude smaller than one-electron capture
[32]. This implies that Eq. 2.5 for protons on H2 simplifies significantly (with
f = 0 and q = 1) and can be rewritten to:∫ L

0
n(z)dz = −

ln I
Io

σ10
= βP (2.6)

to extract the integral target density from a measurement of the change of
proton current. Here β is introduced as the proportionality factor between
the integral target density and the pressure P in the collision chamber. From
the many studies reported in Nakai’s review paper [32], we used the cross
sections σ10 reported by McClure [31] for calibration. McClure’s set of cross
sections covers our range of interest, and at energies of 5 keV and lower, there
is excellent agreement with the results of an elaborate joint experimental and
theoretical study by Urbain et al. [30].

Figure 2.3 shows σ10 cross sections for H+ + H2. The dashed curve shows
a trend line through the reference data of McClure [31] and the associated gray
band depicts the systematic ±5%-uncertainty on the McClure data. The solid
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squares represent our measurements, which were fitted to the reference line
with a single common factor. In this way, for the scaling factor β a value of
(1.03± 0.07)×1018 cm−2 mbar−1 is determined.

The integral target density changes with the choice of gas. Therefore, we
also measure β for D2, the other target gas used in the experiments, and find
a value of (1.15± 0.08)×1018 cm−2 mbar−1. Here it is assumed that the cross
sections for H2 and D2 are the same as their ionization potentials are equal
and the proton velocities are rather high (0.4–1 a.u.) [33, 34].

2.2.4 Determination of two-electron capture contributions to
the measurements

From Eq. 2.5 it is seen that one needs to know f , the ratio between BDC and
SC, to obtain the SC cross sections. The distribution of target fragments allows
for the assessment of the ratio between BDC and SC. SC (Eq. 2.1) generates
molecular ions H+

2 of ≈ 0 eV. The capture of two electrons (Eqs. 2.2a, 2.2b)
leads to the dissociation of the H2 molecule into two energetic protons of 9.7
eV. Figure 2.4 shows two typical ToF spectra, one for Sn3+ and one for N5+

colliding on H2. In both cases, the strongest peak is the H+
2 peak associated

with SC (cf. Eq. 2.1). The contribution of protons to the ToF spectrum is
weak.

As can be seen in the zoom in Figure 2.4, the proton “peak” consists of
three peaks of which the central one is located at the expected ToF of H+

fragments and represents protons of ≈ 0 eV stemming from gentle dissociation
of H+

2 molecular ions excited just above the dissociation limit (see e.g. [35]).
The two peaks on either side of the 0-eV proton peak correspond to 9.7-eV
protons from BDC where the peak at slightly shorter ToFs belongs to 9.7-eV
protons emitted in the forward direction to the ToF spectrometer (H+

f ) and
the one at longer ToFs is due to protons emitted backward, away from the ToF
spectrometer (H+

b ). Backward emitted protons get reflected by the extraction
field (see inset (a) in Figure 2.4) into the direction of the ToF spectrometer
explaining the time difference between the forward and backward emitted
9.7-eV protons. The difference in ToF (∆T ) scales with the square root of
the kinetic energy release (UKER) of the dissociation process (e.g. [36]) and for
singly charged fragments it is given by:

∆T =

√
8 µ UKER

E
, (2.7)

with E being the extraction field (in the present experiment 40 V/cm), and
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Figure 2.4: Time-of-flight (ToF) spectra of target fragments for 48 keV Sn3+

(line) and 50 keV N5+(fill) colliding on H2. For direct comparison, the spectra
are normalized to the H+

2 peak height. The enlargement shows the very weak
proton peaks. Expected peak positions for 9.7-eV protons from BDC are marked
by dashed lines. H+

f and H+
b refer to forward and backward emitted protons,

respectively. The position of 0-eV protons, H+
z , of course lying between H+

f and

H+
b , is also marked by a dashed line for reference.

with the reduced mass, µ, being 0.5 and 1 for H2 and D2, respectively.

The 9.7-eV protons emitted along the beam axis are intercepted by the
entrance diaphragm of the ToF spectrometer, see Figure 2.4b. Therefore, in
general, only 9.7-eV protons emitted in small cones towards or away from the
ToF spectrometer are detected, leading to the two proton peaks labeled H+

f

and H+
b in Figure 2.4, respectively. Using 50 keV N5+ and 60 keV O6+ ions

colliding with H2 as reference systems for which cross sections for single-electron
capture and for bound and autoionizing double-electron capture have been
measured [37–43], the percentage of the 9.7-eV protons that are detected in
our experimental setup, α, is determined to be (5± 1)%.

Figure 2.4 compares the ToF spectra, normalized to their H+
2 peak heights,

of 48 keV Sn3+ and 50 keV N5+ colliding with H2. While the 9.7-eV H+
f and

H+
b are very prominent for N5+, they are barely present for Sn3+. This hints at
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a significantly lower double capture contribution in the case of Sn3+ ions than
for N5+ for which single and double capture are of similar magnitude. Over
the energy range of 10–50 keV, the ratio f of double-over-single capture for
Sn3+ is determined to be (11± 4)%. The uncertainty in f is quite considerable
due to the low intensities of the 9.7-eV H+

f and H+
b peaks. Peak areas for H+

f

and H+
b are assessed by fitting Gaussian peaks to the spectrum while applying

the following constraints: i) the positions and separation (223 ns) between
the 9.7-eV H+

f and H+
b peaks are fixed; ii) the ratio of the 9.7-eV H+

f and H+
b

peak areas is set to 1.3; and iii) the width of the H+
f peak is fixed at 1.5 times

the width of the H+
b peak. The fitting constraints for the 9.7-eV H+

f and H+
b

peaks, which were determined on basis of the N5+ and O6+ spectra, were also
observed in numerous ToF measurements with other ions e.g. Xe4+, Sn5+, and
Ar6+.

2.2.5 Contributions of double collisions

Finally, it is checked that the experiments are performed in the single-collision
regime by varying the target pressure over one order of magnitude. Figure 2.5
shows as an example the dependence of the measured beam current of Sn3+ as
a function of target pressure. In the figure, the curves are generated by solving
Eqs. (2.3) taking only the significant cross sections, i.e., σ32, σ31, and σ21,
into account. The measured σ32 and f are used as inputs in the calculations;
the multiple curves correspond to calculations taking different input values
of σ21. From the figure, it is seen that deviations from the single-collision
approximation might start to show up at pressures of 1.5×10−4 mbar depending
on the magnitude of the cross section for single-electron capture (σ21) by Sn2+.
The data in Figure 2.5 suggest a σ21 cross section of about 5 × 10−16 cm2.
As the data used for the final determination of the single-electron capture
cross sections σ32 have been taken at 1.5× 10−4 mbar, the influence of double
collisions is very small and might have been neglected. Nevertheless, we have
chosen to correct the data for double collisions assuming a common σ21 cross
section of (5± 5)× 10−16 cm2. Such inclusion of double collisions reduces the
uncorrected σ32 cross sections by ≈ 3% on average.
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Figure 2.5: Comparison of the measured beam current of 39-keV Sn3+ ions
(black symbols) as a function of the H2 target pressure with simulated results
(curves) taking different values for the σ21 cross section (Sn2+ → Sn1+). For
σ21, the following cross sections are used (in units of 10−16 cm2) for the lines
of different colors and styles: black solid line = 0, blue dashed line = 2.5, red
dashed-dotted line = 5, green dashed-dotted-dotted line = 7.5 and gray dotted
line = 10.

2.3 Theory

We have calculated the SC cross sections using a semiclassical method with
nuclear straight-line trajectories. The calculation assumes that the H–H inter-
nuclear distance, ρ, is fixed during the collision (Franck-Condon approximation).
The electronic wave function has been expanded in terms of seven molecular
functions of the SnH3+

2 quasimolecule. The molecular wave functions are
approximate eigenfunctions of the Born-Oppenheimer electronic Hamiltonian,
obtained by means of a multireference configuration interaction method. In
practice, the calculation explicitly considers the three valence electrons, which
move in the field created by the H nuclei and the ab initio pseudopotential
STUTTGART RLC ECP [44] that describes the electrons’ interaction with
the Sn4+ core. We have carried out the calculation of electronic wave func-
tions by employing a three-center basis set of Gaussian-type-orbitals (GTO)
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Figure 2.6: Potential energy curves of the (Sn+H2)
3+ 2A′ electronic states as
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The spectroscopic terms of the Sn2+ or Sn3+ ions in the separate atom limit are
indicated in the figure.

that includes the (8s, 4p) → [3s, 2p] basis [45] centered on the H nuclei and a
[4s, 4p, 3d, 2f ] basis [46] on the Sn nucleus. In a first step, we have obtained
a set of molecular orbitals (MOs) in a restricted Hartree-Fock calculation
in this basis for the SnH3+

2 system, and we have created the configuration
space by allowing single and double excitations from a set of eight reference
configurations. The configuration space is restricted by allowing between one
and three electrons in five MOs, the first four orbitals of A’ symmetry and the
first A” MO. Up to two electrons can occupy the remaining orbitals. We have
calculated the nonadiabatic couplings numerically as explained in Refs [47, 48]
with a differentiation step of 10−4 a.u. The molecular expansion includes a
common translation factor based on the switching function of Ref. [49].

The asymptotic energy differences between the entrance channel Sn3+(5s1 2S)
+ H2(X

1Σ+
g ) and the exit channels Sn2+(5s2 1S, 5s5p 3Po, 5s5p 1Po, 5p2 3P)

have been compared with NIST data [50], after subtracting the calculated
ionization potential of H2 at the equilibrium distance (ρ = 1.4 a.u.). The
differences with the average energies of each multiplet are smaller than 0.03 a.u.
In Figure 2.6, we show the energies of the seven lowest molecular states for
a nuclear geometry with the angle between the vectors R⃗ (R⃗ is the position
vector of the Sn nucleus with respect to the midpoint of the H–H internuclear
axis) and ρ⃗ equal to 60◦, which has been found in previous calculations [51] to
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be a representative geometry that leads to cross sections in good agreement
with the orientation-averaged (OA) ones. In the nonrelativistic approach, only
transitions to doublet states are allowed. Also, transitions to A′′ are forbidden,
and we have plotted only the energies of the molecular states 2A′. The energy
of the entrance channel exhibits avoided crossings with those of the states dis-
sociating into Sn2+(5s5p 1Po)+H+

2 (X
2Σ+

g ) and Sn2+(5s5p 3Po)+H+
2 (X

2Σ+
g ).

The first one takes place at a very large distance, R ≈ 17.5 a.u., and is very
narrow. In practice, it is traversed diabatically, as plotted in Figure 2.6. At not
too high collision energies, the transitions in the neighborhood of the second
avoided crossing, R ≈ 8.5 a.u., furnish the main mechanism of the electron
capture process. As the collision energy increases, the transitions in the wide
avoided crossing between the energies of the ground and the first excited state
at R ≈ 5 a.u., become more important, and are responsible for the population
of the channel Sn2+(5s2 1S)+H+

2 (X
2Σ+

g ).

The numerical solution of the eikonal equation leads to the probabilities
for transitions to the different capture channels, Pk(b) and the corresponding
integral cross sections,

σk = 2π

∫ ∞

0
bPk(b)db, (2.8)

where b is the impact parameter.

In Figure 2.7 we plot the opacity functions, bPk, for the electron capture into
Sn2+(1S)+H+

2 (X
2Σ+

g ), Sn
2+(3Po)+H+

2 (X
2Σ+

g ) and Sn2+(1Po)+H+
2 (X

2Σ+
g ) for

the collision energies of 250 eV/u and 500 eV/u. One can note that the
charge transfer channel, Sn2+(3Po)+H+

2 (X
2Σ+

g ), is populated for relatively
large impact parameters, which are coherent with the predicted transitions
in the avoided crossing at R ≈ 8.5 a.u. At these energies, the transitions
near the avoided crossing between the two first energy curves give rise to
the observed transitions at b ≲ 5.5 a.u. to the electronic state dissociating
in Sn2+(1S)+H+

2 (X
2Σ+

g ), which are more important as E increases. On

the contrary, the probabilities for capture to Sn2+(3Po)+H+
2 (X

2Σ+
g ) are less

important as E increases, which corresponds to a more diabatic crossing of the
avoided crossing near R ≈ 8.5 a.u.

A more elaborate treatment of the orientation average is provided by the
trajectory average where the energies and couplings are calculated along the
projectile trajectory (see [29]). In the present case, we have carried out cross
section calculations with three trajectory orientations as explained in Ref. [52].
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Figure 2.7: Opacity functions for the main three CX channels at E = 250 eV/u
(bottom) and E = 500 eV/u (top).

2.4 Results and Discussion

The experimental results for Sn3+ colliding with H2 are presented in Figure 2.8
(solid black dots). The measured cross sections range between (25–50)×10−16

cm2 and increase in magnitude with decreasing ion energy. For instance,
on moving down from 0.43 keV/u to 0.08 keV/u in ion energy, the cross
sections increase by a factor of ≈ 2. The cross sections are compared to our
semiclassical calculations shown by the full black curve labeled OA in Figure 2.8.
The experiments and the theory agree fairly well at higher energies but as
one move towards lower impact energies, a discrepancy emerges. In the case
of the calculated cross sections, the increase towards lower energy is much
weaker with the cross-section increasing by only a factor of ≈ 1.2 on going down
from 0.43 keV/u to 0.08 keV/u in impact energy. In search of the prospective
cause of this discrepancy, experiments with the heavier isotopologue D2 have
been conducted, the results of which are given by the red solid squares in
Figure 2.8. A remarkable isotope effect is observed in the experiments. Also,
the calculations, which are independent of the molecular mass, evidently show
better agreement (even at lower energies) with the experiments performed with
D2.
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Figure 2.8: Comparison of experimental data with different semiclassical calcu-
lations of single electron capture cross sections in Sn3+ collisions with H2 (black
circles) and D2 (red squares) as functions of the ion energy. The semiclassical re-
sults for the seven molecular states are obtained along three trajectory orientations
(T1, T2, and T3) and their average (OA). The result of an isotropic calculation
with the energies and couplings calculated for a fixed angle, 60°, between v and ρ
is also included.

At relatively high impact energies, the main difficulty of the semiclassical
calculation comes from the need to perform calculations for different orientations
of the molecule with respect to the projectile trajectory or, equivalently, for
different trajectory orientations with respect to a fixed molecule. We show in
Figure 2.8 the cross sections calculated for three trajectory orientations (T1,
T2, and T3), where T1 is a trajectory with v ∥ ρ and b ⊥ ρ, T2 with v ⊥ ρ
and b ∥ ρ, and T3 with v ⊥ ρ and b ⊥ ρ, with [52]

σOA =
1

3
[σ(T1) + σ(T2) + σ(T3)] . (2.9)

In this system, the orientation effects are expected to be small because the
main transitions take place at large internuclear separations. This is confirmed
by the small differences between the three orientation-dependent results, and
also between the OA cross section and that obtained using the energies and
couplings calculated for θ = 60° (≈ 6%). It can be noted in this figure that
the oscillatory behavior of the cross section is similar in all calculations. The
origin of these oscillations can be traced back to the interferences between
transitions in the avoided crossing at R ≈ 8.5 a.u. and those at R ≈ 3.6 a.u.
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Figure 2.9: Comparison of the isotropic seven-state semiclassical calculation
with θ = 60° (solid pink line) with a two-state quantal calculation and a two-state
semiclassical calculation without rotational couplings (dashed-dotted lines). The
dashed lines are the estimates including the effect of the L-S coupling (labeled
J-splitting) in a four-state quantal calculation and in the Multi-Channel Landau-
Zener (MCLZ) model. The experimental results are also included as in Figure 2.8.

(see Figure 2.6), which also appear in the calculations along the trajectories
T1-T3. Since the transitions take place at relatively large values of R, the
oscillations are similar and they do not disappear in the OA cross section.

The seven-state molecular calculation has been carried out within the
framework of the semiclassical method, which may limit the validity of the
calculation at relatively low collision energies. To estimate the limitation of this
approximation, we have carried out exploratory full quantal calculations with
a basis set of two molecular states, those involved in the avoided crossing at
R ≈ 8.5 a.u.: Sn3+(2S)+H2 and Sn2+(3Po)+H+

2 (
2Σ+

g ). The semiclassical and
the quantal two-state calculations show good agreement in the energy region
20 eV/u < E < 100 eV/u (Figure 2.9), which indicates that the differences
found with the experimental values are not due to the use of the semiclassical
formalism. In this respect, one must note that in the semiclassical method, the
two molecular states are coupled by the two components of the nuclear gradient
in the collision plane. However, in the quantal formalism (see [30]) only the
component in the radial direction is included. In Figure 2.9, we have plotted
the semiclassical cross section calculated without the coupling that comes from
the gradient component perpendicular to the radial direction, which is identical
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to the quantal one. Therefore, trajectory and quantal effects can be neglected
in the energy range of the experiment.

A second approximation of the semiclassical calculation is the neglect of the
spin-orbit coupling. An estimate of the influence of this effect is obtained in both
the quantal and the Multi-Channel Landau-Zener (MCLZ) calculations with
the Hamiltonian matrix elements given by the formulae of Ref. [53] and adding
the asymptotic splitting of the Sn2+(3Po) term [50] to the diagonal matrix
elements. The ensuing cross section has similar values to the experimental
ones for E > 0.2 keV/u, but it decreases at lower energies. To further check
this model, we have carried out a similar estimate by performing a four-state
quantal calculation with the numerical H data previously employed in the two-
state calculation and adding the asymptotic L-S splitting at all ion-molecule
separations. At low energies, the cross section is dominated by transitions at
large R to the highest state with J = 2 and it is increased with respect to that
from the two-state calculation by up to 10%, because the avoided crossing is
moved to a larger R as a consequence of the energy shift. For E > 500 eV/u
(not shown in Figure 2.9), the model cross section shows an increase that is
due to transitions to the lowest level (J = 0) that take place at smaller R,
where the approximation of keeping the two-state interaction is not valid. We
have also carried out a numerical experiment by integrating numerically the
matrix elements of Ref. [53] with the asymptotic splitting, as in the MCLZ
estimate. For the sake of clarity, the results are not included in Figure 2.9;
they are similar to those using the numerical data, but without the oscillations,
because the matrix elements of Ref. [53] do not include the modeling of the
inner avoided crossing.

Finally, the increasing difference between the experimental cross sections for
collisions with H2 and D2, as energy decreases, can be due to vibrational effects.
In this respect, a similar isotopic dependency was found in the experiment of
Kusakabe et al. [33] for H++(H2, D2). It is expected that the Franck-Condon
calculation shows better agreement with D2 data than with H2 because it
assumes that the target bond length remains fixed during the collision and
this is a more realistic description for D2 than for H2, given that the larger
reduced mass of the first is linked to a more localized initial vibrational wave
function. Nevertheless, as the collision energy decreases, the vibrational effects
will also start to be relevant for D2 and we expect that the OA Franck-Condon
calculation will not be valid for D2 at energies below the experimental ones.
Calculations of charge transfer beyond the Franck-Condon approximation [34]
for H++(H2, D2) found indeed good agreement with experiments for both
isotopic targets.
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2.5 Conclusion

In this work we have presented both an experimental determination and a
theoretical calculation of the absolute single electron capture cross section for
Sn3+ on H2 in the energy range 1–100 keV. The experiments are based on
measuring a reduction in ion beam current due to the charge exchange interac-
tion. The calculations are done in a semiclassical way using molecular orbitals.
At the higher energies, there is a fair agreement between the experimentally
determined and the theoretically calculated values. However, the experimental
cross sections show a considerable increase towards lower energies, whereas this
effect is only weakly present in the calculated values. Exploratory full quantal
calculations have been performed and these show good agreement with the
semiclassical calculations. From this, we conclude that the discrepancy is not
due to the invalidity of the semiclassical approach in our energy regime. The
effect of spin-orbit coupling has been found to be small (≈ 15%) and it does not
explain the rise of the cross section for the collision with H2 at E < 200 eV/u.
The experiments have also been performed for the heavier isotopologue D2

and show a less strong increase of cross section towards the lower energies
and are in good agreement with the semiclassical Franck-Condon calculations.
This leads us to conclude that the increase for H2 is due to vibrations in the
target molecule. This effect is weaker in D2 because of the higher mass and
it is not included in the calculations, which make use of the Franck-Condon
approximation.
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Chapter 3

Evidence of production of keV Sn+

ions in the H2 buffer gas surrounding
an Sn-plasma EUV source

Abstract

Charge-state-resolved kinetic energy spectra of Sn ions ejected from a laser-
produced plasma (LPP) of Sn have been measured at different densities
of the H2 buffer gas surrounding a micro-droplet LPP. In the absence of
H2, energetic keV Sn ions with charge states ranging from 4+ to 8+ are
measured. For the H2 densities used in the experiments no appreciable
stopping or energy loss of the ions is observed. However, electron capture
by Sn ions from H2 results in a rapid shift towards lower charge states.
At the highest H2 pressure of 6×10−4 mbar, only Sn2+ and Sn+ ions
are measured. The occurrence of Sn+ ions is remarkable due to the
endothermic nature of electron capture by Sn2+ ions from H2. To explain
the production of keV Sn+ ions, it is proposed that their generation is
due to electron capture by metastable Sn2+∗ ions. The gateway role
of metastable Sn2+∗ is underpinned by model simulations using atomic
collision cross sections to track the charge states of Sn ions while traversing
the H2 buffer gas.
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3.1 Introduction

Sources of extreme ultraviolet (EUV) light are based on laser-produced plasma
(LPP) of high temperatures (up to 50 eV) and high free electron densities
(1019−21 cm−3) in which highly charged ions are produced that are the atomic
sources of the EUV radiation [1, 2]. For nanolithographic tools, the EUV
wavelength of choice is 13.5 nm, which is dictated by the existence of high
reflectivity multilayer optics [3, 4]. The element of choice for plasma generation
of 13.5 nm radiation is Sn. Over a broad range of charge states (9+ to 15+),
singly, doubly, and triply excited electronic configurations emit around 13.5 nm
[5].

Subsequent to the desired production of EUV radiation, the plasma expands
and generates energetic Sn ions [6], which if impacting on the EUV collector
optics may affect the lifetime of the optics. The energy and charge state
distributions of Sn ions coming from the LPP contain information on the
expansion dynamics of the plasma itself [7–11]. Moreover, accurate data on
the energy distributions facilitate the determination of the fraction of the total
energy that is carried by the plasma ions [12].

Typically, the energy spectrum of the emitted Sn ions peaks at a few
keV with tails that may extend to tens of keV [11], except for Sn+ and Sn2+

which are barely observed at higher energies above 0.5 keV. When an LPP is
embedded in a stopping gas, only low-charged Sn ions are observed at much
lower energies, which is a direct signature of charge exchange and collisional
stopping, energy transfer from the Sn particles to the stopping gas. In this
paper, we address the initial stage of the charge and energy redistribution
in which charge exchange is active but the energy loss to the stopping gas is
still negligible. This separation can be made if the cross sections for charge
exchange are much larger than the ones for significant kinetic-energy transfer.
For Snq+ ions with q ≥ 3 this assumption is not debated but in the case of 1+
and 2+ ions, the charge transfer cross sections for the reactions

Sn2+ +H2 → Sn+ +H+
2 , (3.1)

and

Sn+ +H2 → Sn + H+
2 , (3.2)

are conventionally expected to be negligible because of the low scaled kinetic
energies of the Sn ions (≪ 100 eV/u) and the considerable endothermicity of
the reactions. The Franck Condon ionization potential of H2 is 16.1 eV [13,
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14], while the ionization potentials of Sn+ and Sn are 14.6 eV and 7.3 eV [15],
respectively. Thus, resonant electron capture by Sn2+ is endothermic by 1.5
eV and in the case of Sn+ by no less than 8.7 eV.

Remarkable enough while indeed no appreciable signs of charge transfer by
singly charged Sn ions (Eq. 3.2) are found we will show an efficient production
of Sn+ ions out of the population of doubly charged Sn ions. Based on all
available data the case is made that the Sn+ ions are produced by electron
capture by metastable Sn2+∗ ions in the excited [Kr]4d105s5p 3PJ levels (the
ground state of Sn2+ is [Kr]4d105s2 1S0).

From an EUV source perspective, the actual abundances of singly and
doubly charged Sn ions and thus, whether Sn2+ ions get converted by electron
capture into Sn+, impacts the Sn ion mitigation because the penetration depth
of the Sn ions into the H2 buffer gas depends on the stopping cross sections.
Recent stopping measurements [16] hint at appreciably larger stopping powers
for Sn+ than for Sn2+ ions.

This paper is organized as follows. First, the laser-produced plasma source
installed at ARCNL is briefly introduced with emphasis on the methods used to
measure the charge-state dependent energy distributions of Snq+ ions coming
from the expanding LPP plasma. Thereafter the energy distributions as a
function of the H2 buffer gas are presented with a focus on the Sn+ ions,
which present the evidence of the occurrence of charge exchange by Sn2+ ions.
Finally based on potential-energy curves and Landau-Zener type calculations
it is discussed that electron capture from H2 by metastable Sn2+∗(3PJ) ions is
exothermic and likely to happen given the effective production of metastable
Sn2+∗(3P) in collisions of Sn3+ on H2.

3.2 Experiment: methodology and data

The LPP EUV source used for the present set of experiments has been described
in detail before [17]. The parts and features most relevant to this work are
briefly recalled here. A tin reservoir, which is kept at a temperature of 260◦C, is
mounted on top of a vacuum chamber with a background vacuum of 10−7 mbar.
In the H2 buffer gas runs, molecular hydrogen pressures covering the range
from 6×10−5 to 6×10−4 mbar have been used. At a repetition rate of 25 kHz
droplets of pure, molten tin are pushed through a nozzle into the vacuum
chamber. The stream of microdroplets with a diameter of 27µm, first traverse
a light sheet generated by a He-Ne laser. After frequency down-conversion to
10Hz, the light scattered off the Sn droplets is used to trigger a 10-Hz Nd:YAG
laser which creates the Sn plasma. The Nd:YAG laser system is operated at a
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Figure 3.1: Schematic ((a): top view, (b): side view) of the LPP experiment to
measure charge-state-specific ion spectra as a function of the pressure of the H2

buffer gas embedding the LPP plasma. The distance d from plasma to the RFA
type ion detector is 68.5 cm.

wavelength of 1064 nm and produces pulses of approximately 10 ns full-width at
half-maximum (FWHM). The spatial beam profile is Gaussian and is focused
to a spot size of 100µm FWHM onto the droplets in the center of the chamber.
A laser pulse energy of 200mJ yielding a power density of 3×1011 W cm−2 has
been used in all experimental data presented in the following.

The energy distributions of the Snq+ ions from the LPP are measured with
a retarding field analyzer (RFA), more specifically a 4-grid Kimball Physics
FC-73 RFA. The RFA is positioned at a distance of 68.5 cm from the LPP and
at an angle of 64◦ with respect to the laser beam as illustrated in Figure 3.1.
The RFA is absolutely calibrated against an open, grid-less Faraday cup [18]
to establish the integral transmission of the four grids. The same ”bottom-up”
method as introduced by Poirier et al. [19] is used to extract the kinetic-
energy distributions for each individual charge state of tin ions from their joint
overlapping energy distributions.

To interpret the ion energy spectra as a function of the H2 pressure, one
needs to know the relation between the pressure measured at the pressure
gauge and the pressure (H2 density) along the ions’ trajectory from the LPP to
the ion detector. With the Monte-Carlo package MOLFLOW+ [20] developed
at CERN, we have calculated the H2 density within the entire LPP vacuum
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Figure 3.2: MOLFLOW+ Monte Carlo simulation results of the relative H2

density, with respect to the density at the position of the pressure gauge, along
the trajectory of Snq+ ions flying from the laser-produced plasma in the center of
the vacuum chamber to the RFA detector, positioned at 68.5 cm from that center.

chamber and all its additional vacuum tubing and equipment. The results
of this simulation are shown in Figure 3.2. Along the ion path, the average
relative H2 density is seen to be just 3% higher than the density at the position
of the pressure gauge and to change by a few percent only over the full distance
of 68.5 cm. Therefore, taking a constant density along the ions’ trajectory does
not introduce significant errors when calculating charge state distributions
along those trajectories. The largest uncertainty will stem from the absolute H2

density calibration of the pressure gauge, which is given by the manufacturer
as 30%.

The energy distributions for all eight charge states are presented in Fig-
ure 3.3 for five different H2 pressures. Sn ions in charge states up to 8+ are
observed in the RFA measurements. Note that the results labeled 10−6 mbar
are the reference measurements with no H2 gas surrounding the LPP plasma.
The main points to be noted are that the spectra of Sn8+, Sn7+, and Sn6+ are
rather narrow, peak at approximately 2 keV, and disappear with increasing
H2 pressure. In the absence of H2 gas (grey spectra in Figure 3.3) the spectra
of Sn3+, Sn2+, and Sn+ are seen to extend to maximum kinetic energies of
1 keV for Sn3+ and ≈ 0.7 keV for Sn2+ and Sn+. With increasing H2 pressure
a peak at 2 keV, similar to the 2-keV peak characterizing the Sn8+, Sn7+, and
Sn6+ spectra, grows in into the Sn3+, Sn2+, and Sn+ spectra. Therefore the
keV ions of Sn3+, Sn2+, and Sn+ observed in the energy spectra taken with a
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Figure 3.3: The yield of Snq+ ions as a function of their kinetic energy in case of
no H2 gas and for H2 buffer gas pressures in the range 6×10−5 to 6×10−4 mbar.
The ions’ flight path through the buffer gas is 68.5 cm.

H2 stopping gas around the LPP plasma must originate from Snq+ ions with
q ≥ 4 by means of consecutive electron capture reactions. Last but not least,
the emergence of energetic (E ≥ 1 keV) Sn+ ions with increasing H2 pressure
is a clear sign that one-electron capture by Sn2+ (Eq. 3.1) is not blocked by an
anticipated endothermicity of the reaction and moreover even has a significant
cross section.

3.3 Discussion

Before addressing the above points, one should realize that from an industrial
source perspective, our experiments are performed at pressures representing
the initial stages of the trajectories of Sn ions in the H2 stopping gas after being
ejected from the plasma. In this first phase, charge-exchange processes lower
the average charge state of the ions rapidly before the ions have undergone
appreciable energy loss. The validity of this approximation is implicit in the
charge-state dependent energy spectra shown in Figure 3.3 where the high
energy peak is seen to remain at 2 keV whilst the charge state of the high
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Figure 3.4: Left panel: Total amount of charge as a function of Sn ion energy.
Right panel: Total number of ions as a function of Sn ion energy. Results are
presented for no H2 buffer gas present (labeled ∼10−6 mbar) and buffer gas
pressures of 1× 10−4 and 6× 10−4 mbar. The path length through the buffer gas
is 68.5 cm.

energy ions decreases.

The reduction of average charge state without significant energy loss is
illustrated in Figure 3.4. This figure shows in its left panel the cumulative
charge as a function of energy, while the right panel presents the number of
particles as a function of energy. In the peak range (1–5 keV) the amount of
charge measured at the RFA drops by approximately a factor of 4 when the H2

pressure is raised to 6×10−4 mbar. In contrast to that the number of Sn ions
having energies above 1 keV has not changed appreciably. The assumption that
initially, charge transfer processes dominate over stopping and determine the
changes in the charge-state dependent energy distributions therefore appears
valid.

The pressure dependence of the particle-number distributions for all charge
states from q = 8 down to q = 1 can be tracked by a set of eight differential
equations of the type:

dN q+

dl
= nσq+1→qN

(q+1)+ − nσq→q−1N
q+, (3.3)

with N q+ the number of Sn ions in charge state q+, n the H2 target density,
σq→q−1 the cross section for charge exchange from charge state q+ to (q− 1)+,
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Figure 3.5: Simulated charge state fractions of energetic Snq+ ions detected at a
distance of 68.5 cm from the LPP plasma as a function of H2 buffer pressure. For
q ≥ 4 the actual q specific fractions as measured at p=10−6 mbar (see Figure 3.3)
were used as input in solving the set of differential equations (Eq. 3.3). Solid
points show the experimental LPP data.

and l the position along the ion’s trajectory. With the exception of Sn3+ [21]
(Chapter 2), no charge exchange data is available for Snq+ ions colliding on
H2. Therefore we decided to use the classical over-the-barrier model [22–24]
to calculate estimates for σq→q−1 cross sections for charge states q ≥ 4 and
which are found to be 62, 76, 88, 100, and 112 (×10−16 cm2) for 4+, 5+,
6+, 7+, and 8+ Sn ions, respectively. Cross sections obtained with the over-
the-barrier model present typically an upper-limit cross section as the model
assumes that for impact parameters smaller than a specific distance capture
happens with 100% probability. For endothermic charge-transfer reactions cross
sections are very small at low energies [25, 26], typically much smaller than
10−16 cm2. To illustrate the contribution of a non-zero cross section for Sn2+

ions a cross section of 0.1×10−16 cm2 has been used in the simulations. The
results of a particle-number simulation are shown in Figure 3.5. In line with the
experimental data for energetic Sn ions (E ≥ 1 keV) (see Figure 3.3) the charge-
state fractions of energetic Sn ions swap from q ≥ 4 to q < 3 over the pressure
range of 10−4 to 10−3 mbar. In contrast to the experimental data, which show
a considerable (20%) fraction of 1+ ions at a pressure of 6×10−4 mbar, barely
any Sn+ ions are predicted. To obtain large Sn+ populations matching the
experimental data, a much larger cross section of order 10−15 cm2 is required.

For an electron-capture reaction to have a large cross-section, the potential
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Figure 3.6: Schematic potential energy curves of relevant electronic channels in
Sn2+− H2 collisions as a function of the internuclear distance between the Sn2+

ion and the H2 molecule which is considered to be a point-like particle.

energy curves of the initial and final channels are required to cross one another
at an internuclear distance between the ion and the target particle on the
order of 10 a.u. A simplified picture, including only the Coulomb repulsion
in the Sn+− H+

2 exit channel, of the most relevant potential energy curves for
Sn2+− H2 collisions is shown in Figure 3.6.

In Figure 3.6, the electronic potential energy of ground state Sn2+(5s2
1S) and H2 is taken as reference for all other channels. As mentioned in the
introduction the electron-capture channel Sn+(5s25p 2P) + H+

2 is endothermic
by 1.5 eV at infinite internuclear distance between the particles. At shorter
distances, due to the Coulomb repulsion between Sn+ and H+

2 the difference
between both curves increases, and thus both potential energy curves do not
cross underpinning the original idea of resonant electron capture from H2 by
ground state Sn2+(5s2 1S) not being possible.

For metastable Sn2+(5s5p 3P) ions (Sn2+∗) the situation is very different.
The 5s5p 3P term lies about 7 eV (weighted average of the excitation energies
of the J = 0, 1, and 2 levels of 6.64, 6.84, 7.34 eV, respectively [15]) above the
ground state. Therefore at an internuclear distance Rc, there exists a curve
crossing with the electron capture channel near 6 a.u., cf. Figure 3.6. Using
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this distance, one might estimate using the ‘absorbing sphere’ approximation
[27, 28] a maximum cross section of 1.4 × 10−15 cm2 (= 0.45π R2

c). This cross
section is of similar order of magnitude as the one for Sn3+− H2 collisions
[21], which indicates that one-electron capture by metastable Sn2+ ions is a
potential gateway to produce singly charged Sn+ ions.

Metastable Sn2+∗ ions as a source for the production of Sn+ ions by means
of electron capture obviously requires large abundances of metastable Sn2+∗

ions. In our earlier work on charge exchange in Sn3+ on H2 [21], semiclassical
calculations showed that electron capture populates directly, and at energies of
a few keV almost solely (≫ 95%), the metastable Sn2+(5s5p 3P) term. The
latter point of the very high state selectivity of charge transfer in 1 to 10 keV
Sn3+ on H2 collisions was not explicitly discussed in that paper because then
we focused on 10 to 100 keV collision energies. The predominant population
of only one term is in line with existing data on other collision systems, all
showing that at low energies well below 1 keV/u charge exchange becomes
extremely state selective with a single state carrying almost all of the charge
exchange cross section, e.g. [29–32]. As shown above, all keV Sn ions of high
charge state get rapidly converted to Sn3+ ions and which, by subsequent
charge transfer, create metastable Sn2+∗ ions. Metastable Sn2+∗ are therefore
abundantly produced in the stopping gas.

Transitions from the populated metastable 5s5p 3P0,1,2 levels to the ground
state 5s2 1S are spin forbidden. However, how long are their lifetimes with
respect to the time between subsequent collisions? For J=0 and J=2, the
transitions are also symmetry forbidden and thus the levels are expected to
be very long-lived. While J=0 to J ′ = 0 are truly forbidden, J = 2 to J ′ = 0
transitions still exhibit small transition probabilities [33]. To get an order of
magnitude estimate of the lifetime of the Sn2+5s5p 3P2 level, we performed a
basic FAC (Flexible Atomic Code [34]) calculation. The calculation predicts a
lifetime of the order of 10-100 s. This lifetime is very long compared to typical
flight times in the experiment which are in the range of a few to a few tens
of µs. For a heavy species such as Sn where the spin-orbit coupling is very
significant, the J=1 level is expected to have by far the shortest lifetime of
the three levels of the 3P term as it can decay via a ∆J=1 transition to the
ground state. For the 3P1 theoretical lifetimes are reported of approximately
100 [35], 150 [36] and 200 ns [37]. In a beam foil experiment [38], the decay was
not observed indicating that the lifetime is much longer than 45 ns, consistent
with the theoretical values.

During a period of one lifetime of 150 ns (average of the reported values),
a 2 keV Sn particle travels a distance of approximately 0.8 cm. For a first
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estimation of the role of J=1 metastables, we take three times the lifetime,
a period after which 95% of the J=1 metastables has decayed to the ground
state. The associated flight path of the 2 keV Sn particle is 2 cm. This path
length should be compared to the mean free path (λF ) of the particles which
is equal to (nσ21)

−1. For the highest pressure used here of 6× 10−4 mbar (1.5
× 1013 H2 molecules per cm3) and a σ21 of 10 × 10−16 cm2 (discussed in the
next paragraphs) one finds λF ≈ 67 cm. Therefore only a very small fraction
of the originally J=1 metastables will undergo a collision with a H2 molecule
before having decayed to the ground state. Thus, in the experiments presented
here the J=1 metastables do not play an important role. Industrial sources
operate at orders of magnitude higher H2 pressures. For illustration, a pressure
of say 1 mbar corresponds to a mean free path λF of ≈ 0.04 cm and therefore
the opposite situation occurs where barely any of the J=1 metastables have
decayed.

For each of the three J levels we performed a basic 2-state Landau-Zener
model calculation [29] to obtain J-dependent cross sections for electron capture
by metastable Sn2+∗ ions. For the coupling matrix element the generic form
of the expression derived for atomic hydrogen targets [27] was used. The
correction for the different ionization potentials IH and IH2 of H and H2,
respectively, is done as in Refs. [27, 28] by scaling the coupling matrix element
by (IH2/IH)1/2. The H2 molecules are assumed all to be in the ground ν=0
vibrational level, because for H2 molecules the vibrational level spacing is
much larger (about 0.5 eV between ν=0 and ν=1) than the thermal energy
(0.03 eV) of H2 gas at room temperature. However instead of the prefactor
of 9.41 we used a prefactor of 5.48 as proposed by Kimura et al. [28] after
optimization of Landau-Zener model calculations to their low-energy electron
capture experiments on He. Other, early estimations more geared to lower
charge state ions predicted even smaller prefactors [39, 40]. Therefore, we
decided to use 5.48 as this value is in between those and it is experimentally
benchmarked for another two-electron target. A different prefactor does not
change the maximum cross section but shifts the position of the maximum cross
section towards higher (larger prefactor) or lower (smaller prefactor) collision
energy. The J-dependent cross section results are summarized in Figure 3.7.

To solve the set of differential equations, Eq. 3.3, the Sn2+∗ population
needs to be divided over its three J level populations. The J dependent
populations are available from the theoretical studies in our earlier work ([21]).
As that data was not explicitly shown in our earlier work, it is presented here
in Figure 3.8. From the figure it is seen that the population is not statistical,
only at the lowest collision energies the distribution tends towards a statistical
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Figure 3.9: Simulated charge state distributions of energetic Snq+ ions detected
at a distance of 68.5 cm from the LPP plasma as a function of H2 buffer pressures,
assuming that all Sn2+ ions are produced in the metastable 5s5p 3P term with
a distribution over its J levels as shown in Figure 3.8. For q ≥ 4 the actual q
specific fractions as measured at p=10−6 mbar (see Figure 3.3) were used as input
in solving the set of differential equations. For ease of comparison, the dashed
blue line shows the Sn+ ion fraction if no metastables are included (taken from
Figure 3.5). Solid points show the experimental LPP data.

one. For the simulations, an average energy of the Sn3+ ions of 2 keV is used,
for which according to Figure 3.8 the population fractions of J=0, 1, and 2
are 45%, 20%, and 35%.

In addition, for the J=1 level it is assumed that it decays to the ground
state before a next charge-changing collision occurs, thus with this J=1 level
we associate the Sn2+ ground state capture cross section. For J=0 and 2 the
calculated cross sections depicted in Figure 3.7 are used. Figure 3.9 shows
the results of the simulations which now explicitly include metastable Sn2+∗

ions. As can be seen from the figure, a rapid increase of the fraction of
Sn+ is predicted. Now with the inclusion of Sn2+∗ metastables the charge
state fractions at 6×10−4 mbar are in line with the experimental data. The
simulations appear to indicate that the singly charged Sn ions get produced at
pressures somewhat lower than seen in the experiment. However, this is likely
a result of the fact that we have used upper limits for the electron capture
cross sections for Sn ions in charge states of q ≥ 4. Smaller cross sections will
shift the curves in Figure 3.9 to the right to higher pressures for as Eq. 3.3
indicates it is the product of target density and cross section that factors into
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the differential equations. For an optimal comparison between experiment and
simulation, charge exchange cross sections for Snq+ ions in charge states of
q ≥ 4 are called for. Nevertheless, the present simulations clearly highlight
the key role of metastable Sn2+∗ ions in the production of energetic keV Sn+

ions by means of consecutive charge exchange starting from energetic highly
charged Snq+ ions with charge states of q ≥ 4 ejected from the laser-produced
plasma into the surrounding H2 buffer gas.

3.4 Conclusion

We have investigated the evolution of charge-state-resolved kinetic energy
spectra of Sn ions ejected from a LPP of Sn as a function of the density of the
H2 buffer gas surrounding the plasma. Without H2 being present, energetic 1
to 5 keV Sn ions in charge states of 4+ to 8+ are detected. Sn ions in lower
charge states are absent at energies above 1 keV. However, at the highest H2

pressure of 6×10−4 mbar, no highly charged Sn ions are measured anymore at
energies above 1 keV, only Sn2+ and Sn+ ions are observed. The low-charged
energetic Sn ions are produced by a series of consecutive electron capture
processes. Therefore, in particular, the presence of Sn+ ions is remarkable
because electron capture by Sn2+ ions from H2 is endothermic and thus very
unlikely to happen at keV energies, which from an atomic collision perspective
are very low-energies. To explain the production of keV Sn+ ions, electron
capture by metastable Sn2+∗ ions is inferred. Previous work on Sn3+− H2

collisions [21] indicates that one-electron capture by Sn3+ ions populates
primarily Sn2+ ions in metastable states. Using 2-state Landau Zener model
cross sections for capture by the metastables, the key role of metastable Sn2+

is highlighted by model simulations using atomic collision cross sections to
track the charge states of Sn ions while traversing the H2 buffer gas.

The production of Sn+ ions in the buffer gas is of relevance from an
industrial EUV source perspective. It shifts the charge state balance away
from Sn2+ towards Sn+. As Sn+ ions have a larger stopping cross section than
Sn2+ ions [16], the production of Sn+ ions is beneficial to stopping Sn ions
escaping from an LPP plasma in a high charge state.
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Chapter 4

Single and double electron capture
in low-energy collisions of Sn3+ ions

with molecular hydrogen

Abstract

We report experimental single and double electron capture cross sections
for Sn3+ ions impacting on H2 molecules at low projectile energies, rang-
ing from 0.4 eV/u to 153 eV/u. The data is obtained by means of a
crossed-beam type experiment with a decelerated Sn3+ ion beam and an
H2 gas jet. Charge-state resolved Sn ion numbers are measured with a
retarding field analyzer. After an extensive description of the setup and
measurement procedure we present and discuss the results. The single
capture cross section is found to have values in the range 20–40 × 10−16

cm2 with a shallow maximum around 20 eV/u. We compare the results
to semiclassical calculations down to 10 eV/u and find good agreement.
The double capture cross section shows a remarkable sharp increase by an
order of magnitude upon decreasing the energy from 100 to 10 eV/u. We
propose a mechanism that could explain the unexpectedly large cross sec-
tions for this process at low energies. We also performed the experiments
for a D2 target and find marginal differences compared to a H2 target.

This chapter forms the experimental basis of a future joint experimental and theoretical

publication in collaboration with professors Rabadán and Méndez.
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4.1 Introduction

Electron capture, also known as charge transfer or charge exchange, is the
process in which a projectile ion colliding with a neutral atomic or molecular
target takes one or more target electrons. The process is relevant in several
research areas, from fusion (e.g. [1–5]) to astrophysics (e.g. [6, 7]) and lately
also in nanolithography research [8, 9]. The particular collision system of Sn ions
on H2 molecules is highly relevant for the latest generation of nanolithography
machines, which use 13.5-nm extreme ultraviolet (EUV) light for printing fine
features on silicon wafers [10, 11]. This light is emitted by highly charged Sn
ions in a Sn laser-produced plasma (LPP) [12, 13] and subsequently collected
and focused to the reticle and wafer by Mo/Si-multilayer mirrors. Fast Sn ions
(keV energy) coming from the LPP [14–16] have the potential to cause damage
to the collector mirror by sputtering and implantation and therefore need to be
slowed down [17]. A buffer gas of H2 has been chosen for this purpose because
of its low absorptivity of EUV light and its ability to etch Sn particles from
a surface [18]. Stopping cross sections in this collision system are needed for
optimization models, however fundamental data is scarce. To our knowledge,
only one paper is available that reports stopping cross sections for Sn ions on
H2 [19]. The results there show that the stopping cross section depends on the
charge state of the Sn ion. Even though Sn ions with charge states of 9+ –
15+ are responsible for EUV emission [12, 13, 20], energetic (> 1 keV) ions
coming from the LPP have charge states of 3+ – 8+ [9, 16]. Electron capture
in collisions of these ions with hydrogen molecules will bring the charge state
further down. Therefore not only stopping, but also electron capture cross
sections are needed for accurate EUV-source models. According to the classical
over-barrier model, the single capture cross section scales with the projectile’s
initial charge state q [21]. Electron capture cross sections for the higher charge
states are therefore expected to be large, such that the lower charge states are
dominantly present in the stopping gas. We are therefore mainly interested in
the lower charge states.

Recently, we published a joint experimental and theoretical paper on
single electron capture in collisions of Sn3+ ions with H2 and D2 molecules
[22] (Chapter 2). We presented experimental cross sections in the energy
range of 76 – 430 eV/u (9 – 51 keV) and cross sections from semiclassical
calculations in the energy range 10 – 1000 eV/u (1 – 120 keV). Experimentally,
we observed a strong energy dependence of the cross section, with the cross
section growing larger when moving to lower energies. Also, the difference
in cross section between H2 and D2 (higher values for H2) increased at lower
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energies. At 76 eV/u however, we reached a lower limit to the energy that
could be experimentally obtained because of inefficient ion beam extraction
and transportation at low energies. The observed behaviour raises the question
whether the trends of an increasing cross section and growing isotope effect
continue to even lower energies. This energy regime of total energies from 10
keV down to several tens of eV is especially relevant for industrial EUV sources
as most of the Sn ions that are emitted from the LPP have an energy in that
range [14].

Electron capture by multiply charged ions of sub-keV energy colliding with
neutral species is hard to study experimentally as highly charged ion sources
(e.g. [23]) are operated at several kV to produce the required intense beams of
multiply charged ions. A way to achieve low relative velocities could be the
technique of merged beams [24]. This technique has been successfully applied
to systems in which neutral beams can be produced by electron detachment of
negative ions, e.g. neutral atomic hydrogen produced by laser irradiation of
H− [25, 26]. However, many atoms and molecules do not have suitable negative
ions and thus are not available to merged beam experiments. Neutral molecular
hydrogen is for example not available to merged-beams experiments. For H2 as
target, to get to energies well below 1 keV/u, attempts in crossed-beam type
of experiments were therefore made by means of putting the collision region on
high voltage [27] or having the collision center inside an RF ion guide floating
at high voltage [28]. However, to overcome issues with field penetration into
the collision region and changing potentials in the collision chamber along the
ion beam, which would hamper total charge-transfer measurements, in the
present experimental study we have put our whole crossed beam apparatus
on high voltage and used an electrostatic lens system for efficient deceleration
and focusing of the decelerated beam of multi-charged ions.

The new apparatus is used to measure absolute cross sections for single
and bound double electron capture (SC and BDC, respectively) from H2 (and
D2) by Sn3+ ions, i.e. for the reactions

Sn3+ +H2 → Sn2+ +H+
2 , (4.1)

Sn3+ +H2 → Sn+ + 2H+. (4.2)

In the experiments, Sn3+ ions in the low energy range of 0.4 – 153 eV/u (50 eV
– 18 keV) are used as projectiles, corresponding to velocities of (4 – 78)×10−3

a.u.
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4.2 Experimental methods

4.2.1 Experimental setup

For our charge transfer experiments we employ a crossed-beam setup in which a
beam of mono-energetic Sn3+ ions crosses a gas jet of molecular hydrogen. We
have severely modified our setup compared to our previous work [22]. The main
differences are the use of decelerated Sn3+ beams to cover the low-energy regime
below 9 keV and the use of a retarding field analyzer (RFA) to determine the
charge state distribution of the Sn ions after crossing the molecular hydrogen
target. Before discussing these two experimental upgrades the ion beam facility
will be recalled briefly.

The experiments use ion beams generated with the ZERNIKELEIF low-
energy ion beam facility at the University of Groningen. Snq+ ions are generated
in a 14 GHz electron cyclotron resonance ion source (ECRIS), operated on a
high potential Vsource. Sn atoms are introduced into the ECRIS plasma by
heating a crucible oven filled with solid pure tin. After extraction from the
ECRIS, the primary ion beams are mass-over-charge (m/q) selected using a 110°
analyzing magnet with a resolution of about 0.5%, allowing for selecting Sn ion
beams of one specific isotope only. Although 120Sn is the most abundant isotope
of Sn, ions of the second most abundant isotope are used in the experiments,
i.e. 118Sn, because 120Sn3+ has the same m/q ratio as Ar+ and thus a possible
(small) Ar+ contamination cannot a priori be excluded for 120Sn3+. The m/q-
analysed 118Sn3+ ion beam is transported through a 10-m central beamline
and steered into the crossed-beam setup by a 45° bending magnet. On the way
from the bending magnet to the gas jet, the ion beam is collimated by a set of
six apertures, the smallest one with a diameter of 1.5 mm.

Primary Snq+ ion beams can be extracted efficiently from the ECRIS with
energies in the range of 3q to 25q keV. The low-energy ion beams used in the
experiments are generated by decelerating primary Sn3+ ion beams of typically
21 keV just before they enter the crossed-beam setup. To do so, the entire
setup is floated on a high potential. A six-element deceleration lens is used to
prevent ion losses due to beam broadening upon deceleration. More details
about the deceleration process are given in Section 4.2.2.

The crossed-beam setup is schematically depicted in Figure 4.1. At the
center of the collision chamber, the ion beam traverses a jet of H2 gas that
is flowing from a capillary of 1.0 mm internal diameter that is situated 1.0
mm above the ion beam. A Bronkhorst FG-200CV high precision mass flow
controller is used to regulate the gas flow. Flowrates of 1, 2.5, and 4 ml/min are
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used in the experiments, which correspond to chamber pressures of (0.46, 1.14,
and 1.81) ×10−4 mbar, respectively. The pressure in the chamber is measured
by a Pfeiffer HPT 100 gauge. The background pressure in the chamber is
≈ 1 × 10−8 mbar. During experiments, the base pressure is higher due to the
presence of H2: ≈ 2 × 10−7 mbar.

After traversing the gas jet, the Sn ions are analyzed and collected by a
retarding field analyzer (RFA), which consists of a Faraday cup (FC) with
grids in front onto which potentials are applied to generate a well-defined
retarding potential Vret. Ions can only pass through the central grids if the
ratio E/q of their kinetic energy to their charge state is larger than Vret. The
ions that pass, finally land in the FC. There, neutralization of the ions causes
a current, proportional to the number of ions and their charge state, which is
read by a Keithley 6485 picoammeter. Our RFA is a modified four-grid Kimball
FC73-A type of RFA. Wirings are altered such that it can be operated at higher
voltages, up to 10 kV. The entrance of the RFA is covered with a so-called
‘cap’, which has a 2.6-mm diaphragm. The retarding voltage is applied to the
two center grids, whereas the first grid is grounded and a suppressing voltage
VS of −100 V is applied to the final grid to prevent secondary electrons from
escaping the FC. By choosing appropriate retarding voltages, we can obtain
charge-state resolution in the measured current which enables us to obtain N+,
N2+, and N3+, the number of Sn+, Sn2+, and Sn3+ particles, respectively.

4.2.2 Ion beam deceleration

As explained in the previous section, the primary ion beam needs to be
decelerated in order to perform experiments at low energies. For that, the
experimental chamber, including all auxiliary equipment and electronics, is
floated on a high potential. To eliminate the detrimental effect of ripples in
high-voltage power supplies, this is accomplished by connecting the setup with
the ECRIS and using an offset voltage Vbias, such that the setup potential equals
Vsource − Vbias. Consequently, the ion energy is reduced from qVsource to qVbias

(q = 3 here). Additionally, a small intrinsic plasma potential Vplasma on the
order of 10 V is generated in the ECRIS [29], which contributes qVplasma to the
final energy. For low collision energies, this contribution becomes considerable,
and is therefore corrected for by reducing the set Vbias appropriately.

Except for the case of very mild deceleration to total energies larger than
12 keV, the sudden step in potential causes strong beam divergence which
leads to large ion beam losses. To overcome this problem, an electrostatic
deceleration and focusing lens system is used. The same lens system has been
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used previously by Bodewits et al. [30] and has a design based on similar designs
which have been used successfully in the past [31, 32]. The six-element lens
system consists of a pre-lens on ground potential, four equal-length cylindrical
elements A–D, and a final tapered element with a ϕ 1.5 mm diaphragm on
setup potential (see Figure 4.1).

The potentials on lens elements A–D were determined by an optimization
process. The values were iteratively changed while reading the FC current,
IFC , as well as the current on the cap (including a current contribution from
the ground grid), Icap, with the goal of maximizing IFC while having the ratio
IFC/Icap as large as possible, at least larger than unity. For ion energies ≥ 150
eV it was found optimal to use a potential scheme such that the ions undergo
a brief acceleration in between two deceleration steps. For the lowest energies
a gradual deceleration scheme was found to be optimal.

4.2.3 Measurement procedure

Extracting single and double electron capture cross sections

In electron capture of Sn3+ from H2, either one or both of the electrons of H2

can be captured, reaction 4.1 (SC) and 4.2 (BDC), respectively. We first assume
to operate in the single-collision regime. A correction for double collisions is
applied later, see Section 4.2.4. The differential equation describing N3+ as a
function of distance through the collision chamber z is given by the following
equation:

dN3+

dz
= −(σ32 + σ31)n(z)N

3+, (4.3)

where n(z) is the target density and σ32 and σ31 are the SC and BDC cross
sections, respectively. Let us now define the double capture fraction f :

f ≡ σ31
σ32

. (4.4)

Using this double capture fraction, Eq. 4.3 can be solved for σ32, yielding:

σ32 = −
ln(N

3+

N3+
0

)

(1 + f)
∫ L
0 n(z)dz

, (4.5)

where L is the length over which the ion beam overlaps with the gas target
and N3+

0 is the initial number of Sn3+ ions. Note that the RFA enables us to
obtain N+, N2+, and N3+ (see next subsection). Conservation of particles
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dictates that N3+
0 = N+ +N2+ +N3+. In the single-collision regime, we can

write:

f =
N+

N2+
. (4.6)

Note that this is an easier and more direct method to asses the bound double
capture fraction as compared to our previous study [22], where we had to use
time-of-flight spectroscopy on the target fragments to determine this quantity.
The integral target density

∫ L
0 n(z)dz is proportional to the pressure P in the

collision chamber. The proportionality factor β is calibrated using O6+ ions,
see Section 4.2.5. Equation 4.5 now becomes:

σ32 = −
ln( N3+

N++N2++N3+ )

(1 + N+

N2+ )βP
. (4.7)

To conclude, from the experimental data we calculate f and σ32 following
Eq. 4.6 and Eq. 4.7, respectively, and from their multiplication we get σ31 (see
Eq. 4.4).

Obtaining charge-state resolved Sn ion numbers

Contrary to our previous work [22], the gas flows continuously from the capillary
during a measurement. As can be seen from reactions 4.1 and 4.2, the ion beam
that arrives at the RFA consists of Sn3+, Sn2+, and Sn+ particles. The spread
in ion energy due to the plasma potential of the ECR source is on the order of
10 eV [29]. The energy transfer in one charge-exchange collision is of roughly
the same magnitude. Both variations in energy are small compared to our
projectile energies, such that we can safely assume all ions arriving in the RFA
to have approximately equal energy. For our lowest probed energy of 50 eV,
this might however not be the case and it could lead to an error in separating
charge states. Since the RFA selects on E/q, we can obtain charge-state
resolution in the measured current by choosing appropriate retarding voltages.
To illustrate this, Figure 4.2 shows the Faraday cup current as a function
of retarding voltage for a 4 keV Sn3+ ion beam traversing the H2 target at
intermediate flow (Pchamber = 1.14× 10−4 mbar). The red arrows indicate the
voltages at which 3+, 2+, and 1+ particles of 4 keV energy are expected to
be stopped by the RFA. Indeed, we see clear drops in the current at those
voltages. Interestingly, after the 4 keV Sn+ ions are blocked, a positive current
remains visible until it drops to zero at around 4800 V. This is an artifact
of the deceleration process. The ion beam is decelerated from a primary ion
beam of 21 keV. Some hydrogen molecules diffuse out of the collision chamber
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Figure 4.2: The Faraday cup current as a function of retarding voltage for a
4 keV Sn3+ ion beam traversing the H2 target at intermediate flow (Pchamber =
1.14× 10−4 mbar). The ion beam is decelerated from a primary ion beam of 21
keV. Red arrows indicate the voltages at which 3+, 2+, and 1+ particles of 4
keV energy are expected to be stopped by the RFA. Vertical dotted blue lines
indicate typical voltages that were used for determination of electron capture
cross sections. Light-gray dashed lines are drawn at the approximate value of the
current after a charge state is stopped, to indicate the “zero” levels for each of
the three individual charge states.

into the deceleration lens and accumulate in the pre-lens. This latter part is
still on ground potential. If a 21 keV Sn3+ ion undergoes single capture there,
it results in a 21 keV Sn2+ ion. When this ions climbs 5.67 kV in potential
in the deceleration process ( (21−4) keV

3e , as determined for a Sn3+ ion), it loses
11.33 keV of energy in this step and therefore has an energy of 9.67 keV in
the collision chamber. A retarding voltage of 4.83 kV is needed to stop this
particular ion. So Sn2+ (and possibly some Sn+) ions of a higher energy
constitute the “artifact” current that is seen to remain as the 4 keV Sn+ ions
are stopped. We correct our measurements for this artifact.

In an actual measurement, we do not scan the retarding voltage as shown in
Figure 4.2 but instead we take current measurements at four carefully chosen
voltages. The first voltage Va is chosen to be below the voltage where the
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Sn3+ ions are expected to be blocked, see Figure 4.2. The second voltage Vb

is chosen beyond the voltage where the Sn3+ ions are blocked, but before the
voltage where Sn2+ ions are blocked and similarly the third voltage Vc is in
between the voltages where the Sn2+ and Sn+ ions are blocked. Finally, a
measurement is performed at Vd, above the voltage where Sn+ ions are blocked
but before the next drop, as to determine the artifact current. The three
aforementioned currents are corrected for this artifact current by subtracting
it from the currents measured at Va, Vb, and Vc. A measured current I can be
written as

I = e

3∑
q=1

(qN q+)/∆t, (4.8)

where e is the elementary charge, q the charge state of the Sn ion, N q+ the
number of Sn ions with that charge state, and ∆t the time interval over which
the ions are measured. By taking differences of measured currents we can
obtain N+, N2+, and N3+.

Returning to Figure 4.2, it can be seen that as the retarding voltage
increases from 0 to roughly 1 kV, the FC current shows a gradual increase
of about 10%. Then, as it nears the point where the Sn3+ ions are stopped,
it shows an oscillation. This behaviour can be attributed to an electrostatic
lens effect in the RFA which is most prominent when the ions are slowed down
to low velocity [33]. We correct our measurements for this voltage-dependent
RFA transmission in the following way. Next to performing the measurement
described above, we do record a scan of the retarding voltage for the case
when the H2 gas flow is turned off such that the ion beam consists purely of
Sn3+ ions. A five-point rolling average is applied to remove measurement noise.
The resulting curve is used to determine transmission coefficients for the three
charge states at the voltages Va, Vb, and Vc. These coefficients are used to make
corrections when transforming the currents into ion numbers. The effect of this
correction is small. In the measurements, care is also taken that the voltages
Va, Vb, Vc, and Vd are outside of the region where the curve shows oscillatory
behaviour.

4.2.4 Correction for double collisions

The expressions for f and σ32 (Eq. 4.6 and Eq. 4.7, respectively) hold in the
single-collision regime. Therefore, low gas flows are used such that the majority
of the Sn ions after traversing the gas are still in the 3+ charge state. However,
at these gas flows it could still be the case that a small fraction of the ions
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Figure 4.3: Ratio N+/N2+ (left panel) and single capture cross section (right
panel) measured at three H2 pressures for an incoming Sn3+ ion of 0.7 keV. Both
panels show a linear fit through the data, taking data uncertainties into account.
To eliminate the effect of double collisions, the value obtained by extrapolating
the fit to zero pressure is taken as final value.

undergo two (or more) consecutive charge transfer collisions. To correct for
this effect, the measurements are performed at three different flows of H2 gas
and the results are extrapolated to zero pressure.

Figure 4.3 shows the situation and illustrates the procedure for a Sn3+ ion
beam of 0.7 keV. The left panel shows the ratio N+/N2+ at three different
pressures corresponding to the three gas flows that are used in the experiment.
It clearly shows that the ratio increases at higher pressures. This can be
explained by more second collisions happening at the higher densities, which
turn a Sn2+ ion into a Sn+ ion. It also shows that the effect is linear with
pressure, which shows that we are not in the pressure regime of tertiary (or
even more) collisions. The observed increase in the N+/N2+ ratio is with
roughly 30% over our pressure range substantial and hints at a considerable
single electron capture cross section for Sn2+ ions, which is in line with findings
by Rai et al. [9] (Chapter 3), which could only be explained by inferring large
single capture cross sections for Sn2+ ions. The value of the ratio obtained
by extrapolating the fit to zero pressure is taken as the true double capture
fraction f and is used to calculate σ31. The ratio N+/N2+ also appears in the
equation for σ32 (see Eq. 4.7), and therefore double collisions are also expected
to influence this measured cross section. The right panel of Figure 4.3 shows
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that the measured cross section indeed decreases linearly with pressure, but
the effect is small (less than 3%). Nevertheless, here we also take the value
obtained from extrapolating the fit to zero pressure as final value.

4.2.5 Calibration of the integral target density

The general expression for the single capture cross section (Eq. 4.5) contains

the integral target density
∫ L
0 n(z)dz. The exact profile of the gas jet, and even

more its overlap with the ion beam, is hard to determine accurately. Therefore
a different approach is used. The charge transfer experiment is performed
with a projectile of known electron capture cross section on H2 such that the
unknown integral target density can be determined. In fact, the proportionality
factor β between the integral target density and the measured pressure P is
determined, such that the integral target density can be obtained at any value
of the gas flow.

In our previous study we used proton projectiles for such a calibration.
However, they are not suited for the measurement procedure employed here,
which relies on measuring N q+, N (q−1)+, and N (q−2)+ for a projectile of charge
state q. We therefore need a projectile with q ≥ 3 and for which double electron
capture cross sections are available. We have chosen the system O6+ on H2

and used the experimental cross section at 21 keV reported by Machacek et al.
[34].

The full experimental procedure, including correction for double collisions,
has been performed with O6+ projectiles. For the H2 target, an undecelerated
O6+ beam was used, giving a β of (75± 3)× 1016 cm−2 mbar−1. For undecel-
erated beams, the integral target density is expected to be larger compared
to when decelerated beams are used, because the gas that is present in the
pre-lens also contributes to the density, whereas this part is excluded for decel-
erated beams (see Section 4.2.3). By using Sn3+ projectiles (and a fixed β), it
was found that the cross sections measured with direct beams are (16±5)%
larger than with decelerated beams. In the actual measurements we always
use decelerated beams. This means that the aforementioned β obtained with
undecelerated O6+ should be scaled by the factor 1/1.16. In this way, a value
for β of (65± 4)× 1016 cm−2 mbar−1 for H2 has been determined.

For the case of D2 as target gas, β has been determined with a decelerated
O6+ beam, resulting in a value of (83± 2)× 1016 cm−2 mbar−1.
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4.2.6 Uncertainties

A typical measurement for a certain ion energy and gas flow goes as follows. In
one so-called cycle, ten current samples are recorded at each of the four voltages
Va, Vb, Vc, and Vd. From this data, four average currents are obtained which
are subsequently converted to particle numbers as described in Section 4.2.3.
These are used to calculate the double capture fraction and the single capture
cross section according to Eq. 4.6 and Eq. 4.7, respectively. In total, four cycles
are performed. If a plasma instability in the ECRIS causes a spike or dip in
the current, that cycle is removed. An average and standard deviation for the
two quantities of interest are then calculated over these cycles. For one energy,
the above procedure is performed for three values of the gas flow. As described
in Section 4.2.4, the final value is obtained from the y-intercept of a linear fit
made through the three data points, taking standard deviations into account.
A (partial) statistical uncertainty ∆f is quantified by the standard deviation
on the fitted y-intercept.

Other effects, e.g. the effect of temperature fluctuations, of mass flow
controller and pressure gauge stabilities and of beam focusing effects due to de-
celeration, are more difficult to quantify. Therefore, we repeated measurements
at different days under different circumstances and looked at the reproducibility
of obtained cross sections. For the single capture cross section a reproducibility
∆r of 5% was found, whereas for the case of double capture a value of 10% was
found.

The total statistical uncertainty ∆S is obtained by taking the quadratic
sum of ∆f and ∆r. This total statistical uncertainty defines the error bars
presented in the figures shown in the results section. Note that the uncertainty
due to the calibration by the reference O6+ data is not included in the error
bars, because it is a systematic uncertainty which could lead to a shift of all
points, either up or down. This uncertainty has two contributions. First, the
total uncertainty reported for the reference data is 3.4% [34]. Second, our
experimental determination of β has an uncertainty of 6%. Combined, this
leads to a systematic uncertainty of 7%.
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Figure 4.4: Measured single (σ32) and double (σ31) electron capture cross
sections for Sn3+ ions colliding with H2 molecules, as a function of ion energy in
eV/u.

4.3 Results and Discussion

Figure 4.4 shows the experimentally obtained single and double electron capture
cross sections as a function of ion energy. The single capture cross section is
dominant, and relatively energy independent over the energy range of 1 to
100 eV/u with a value around 4 × 10−15 cm2. For higher and especially for
lower energies, the cross section decreases. The double capture cross section
exhibits a striking energy dependence. At energies just below 100 eV/u, this
cross section is small with a value around 1× 10−16 cm2. Upon decreasing the
energy, the cross section has a sharp increase around 40 eV/u and continues
to increase steadily all the way down to 1 eV/u, where it attains a value of
15× 10−16 cm2.

At the lowest energy (0.4 eV/u), the signal-to-noise ratio was worse than it
was at the other measurements, due to an unstable and low-intensity ion beam
caused by the strong deceleration. This causes the relatively large uncertainty
in σ32 at that energy. From Figure 4.2 it can be seen that the current caused
by only Sn+ ions (and higher-energy “artifact” ions) is much smaller than
the currents including Sn3+ and Sn2+ ions. At the abovementioned lowest
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energy, with an already weak ion beam, this leads to a very large uncertainty
in the extracted quantity N+. The double capture cross section σ31 reacts
stronger to a change in N+ than the single capture cross section σ32 (compare
Eq. 4.6 to Eq. 4.7). All this leads to a very large uncertainty in σ31 at 0.4
eV/u ((11.7± 9.5)× 10−16 cm2) and this data point is therefore not plotted.
For the highest two energies (above 100 eV/u), σ31 is also not plotted because
it could not reliably be determined. At these energies, the retarding voltages
Vc and Vd (see Figure 4.2) are high (≈ 10 kV). Significant fluctuations in the
measured current were observed at these high voltages, possibly caused by
electrons emitted from the grids and by discharges between the grids. These
fluctuations made a reliable determination of f , and thereby of σ31, impossible.
The effect on the single capture cross section was however small and is included
in the plotted uncertainties.

Similarly to our previous work, we also performed the experiments for a
D2 target. In the following, we will compare our H2 data to the D2 data and
also to our previous work.

First we focus on the single electron capture cross section. Figure 4.5 shows
the present experimental results for both H2 and D2 targets as well as the
experimental results obtained in Chapter 2 and two curves from semiclassical
calculations. It can be seen that the cross sections obtained for H2 and for D2

are in general very similar. When only looking at the present D2 data, one
may conclude that the cross section is rather energy dependent. It maximizes
around 20 eV/u and decreases fast for lower energies and more slowly for higher
energies. However, most of the data points lie within, or close to, the error
bars of the H2 data, for which the maximum is much more shallow. With the
present uncertainties, it is hard to say if the difference is real. There could be
an isotope effect, but it cannot be a large effect.

The comparison of the present “new” data to the “old” data of Chapter 2
is very interesting. First of all, for a D2 target, the new and old data are in
excellent agreement with each other. For H2, the present data also aligns very
well with the old data in the energy range 150–430 eV/u, but does not support
the remarkable increase of the old data points in the range 80–130 eV/u. The
lowest-energy old data point even exceeds the cross section predicted by the
classical over-barrier model [21] (51× 10−16 cm2), which is considered a hard
upper limit for the cross section as the model assumes 100% capture probability
within a certain capture radius. Because of that, and because for D2 there
is agreement over the full energy range, and for H2 the new data does align
well with the old higher energy points, we believe that the four old data points
between 80 and 130 eV/u are outliers. The old method relies on measuring
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Figure 4.5: Single electron capture cross section for Sn3+ ions colliding with
hydrogen molecules, as a function of ion energy in eV/u. Experimental values, for
both H2 and D2 targets, obtained from the present experiment as well as from
Chapter 2 are plotted. Results of two semiclassical calculations for Sn3+–H2 are
included as solid lines. The first (blue) is obtained with the H–H internuclear
distance fixed at the equilibrium distance, and is identical to the calculation
of Chapter 2. The second curve (green) is obtained by taking an average of
calculations over the range of internuclear distances of a vibrating H2 molecule.

the difference in beam current with and without the gas target present, and
is therefore much more reliant on exact beam alignment to the Faraday cup.
Beam broadening and scattering could have influenced the measurements in
case of a broad or off-centered ion beam. That means that the remarkable
strong increase in cross section upon decreasing energy as seen in Chapter 2 is
most likely an artifact of the old measurement procedure. Instead, we believe
that upon decreasing the energy starting from 400 eV/u, the cross section
does increase until it reaches a shallow maximum around 20 eV/u, and then
increasingly falls off again upon going down to lower energies.

This observed behaviour is in rather good agreement with the semiclassical
calculation of Chapter 2, also plotted in Figure 4.5. The increase there is
however not as strong as seen in the experiments. As explained in Chapter 2,
this calculation makes use of the Franck-Condon approximation, meaning
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Figure 4.6: Double electron capture cross section for Sn3+ ions colliding with
H2 and D2 molecules, as a function of ion energy in eV/u.

that the H–H internuclear distance remains fixed at the equilibrium distance
during the interaction. Motivated by the findings in Chapter 2, a preliminary
attempt to improve on this calculation is also plotted in the figure. It attempts
to include the effect of vibrational motion in the H2 molecule by taking the
average of several Franck-Condon calculations, each with a different H–H
internuclear distance sampled from the distribution of internuclear distances of
a H2 molecule in the vibrational ground state. The resulting cross sections show
almost no dependence on energy. This method clearly shows worse agreement
with the experimental data than the initial calculation. We therefore believe
that the attempted method is not suitable for including vibrational effects. It
seems however, that it is not needed to do so yet. At least down until 10 eV/u,
the semiclassical method with Franck-Condon approximation is in rather good
agreement with the experimental data. At the time of writing this thesis, there
are no theoretical data yet at lower energies.

Next, we take a closer look at the double capture cross section. Figure 4.6
shows the results for both H2 and D2 targets. The cross sections for D2 show
a similar sharp and large increase upon decreasing energy as already seen for
H2 in Figure 4.4, although a few small differences are visible. First of all, the
cross sections for D2 are all approximately 25% smaller than for H2. Second,
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Figure 4.7: Ratio of the single to the double electron capture cross section for
Sn3+ ions colliding with H2 and D2 molecules, as a function of ion energy in eV/u.

the cross section does not keep increasing towards lower energies but saturates.
Third, and most interesting, is that the sharpest increase seems to occur at
a slightly lower energy than for H2, but it could also be caused by the D2

data points lying below the H2 points. Therefore, in Figure 4.7 we plot the
ratios of the single capture to the double capture cross section for both H2

and D2 targets. For both targets, the ratio is constant at a very small value
at the highest energies, and monotonically increases towards lower energies.
The ratio is consistently larger for H2. It might be that the ratio starts to
increase at a slightly higher energy for H2 compared to D2, but more accurate
measurements are needed to confirm this.

From Figures 4.6 and 4.7 it is clear that the double capture cross section is
low for energies of approximately 80 eV/u. In Chapter 2, the double capture
fraction f was estimated over the energy range 80–430 eV/u to be (11± 4)%.
In the current work we find a much lower value of f at 80 eV/u, namely 2–3%.
The number from Chapter 2 was obtained via a rather complicated method
of fitting Gaussian peaks in a ToF spectrum (see Section 2.2.4). Since the
present measurement technique directly measures the number of Sn+ particles,
we have more confidence in the present results.

The experimental finding that the double capture cross section can attain
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substantial values is both important and remarkable. It is important because
it identifies another channel for higher-charged ions emitted by the LPP to
become singly charged, next to the channel found in Chapter 3 (through single
capture from metastable Sn2+∗). This is relevant for ion mitigation simulations,
since the stopping cross sections of Sn+ ions seem to be larger than for Sn2+ ions
[19]. The observation is unexpected, because the process is not exothermic but
endothermic by no less than 6 eV and is therefore expected to have only a very
small cross section (< 10−16 cm2). The electronic structure of Sn3+, [Kr]4d105s,
is such that excited states can always cascade back to the ground state (with
∆l = ±1), typically within 10 ns. That means that no metastable states exist
for Sn3+ that could change the process from endothermic to exothermic, as
was the case for Sn2+ in Chapter 3.

The other way in which this process could become exothermic is when less
energy is needed for removing both electrons from the H2 molecule. In the
Franck-Condon picture, this energy is determined by the vertical transition from
the potential well of ground state H2 to the repulsive H++ H+ Coulomb curve,
depicted by the blue and red arrows in Figure 4.8. Now, if the internuclear
distance increases slightly after capture of the first electron, it can be seen
that less energy is needed for the capture of the second electron. The figure
shows that an increase from 0.74 Å to 1.1 Å is enough to make the process
exothermic. This mechanism might explain the remarkable large double capture
cross sections observed in the experiments at low energies. If the projectile
velocity is low, there could be enough time during the interaction for the H–H
internuclear distance to change. After removal of the first electron, the two
positive nuclei are only bound by a single electron. The screening is thus
reduced. The internuclear distance can then be expected to increase due to
enhanced Coulomb repulsion, making the transition depicted by the green
arrow possible. The bottom of the potential energy curve of the transient
H+

2 ion indeed lies around an internuclear separation of 1.1 Å [35]. Moreover,
by assuming a separation of 10 a.u. between the two consecutive capture
events, it can be calculated that the time between them becomes equal to
the period of vibration of the H2 molecule (8 fs) at a Sn projectile energy of
23 eV/u. This shows that there is indeed time for the molecule to relax at
projectile energies below a few tens of eV/u. More involved calculations and
more detailed potential energy curves, including the effect of the nearby Sn3+

ion, are required to determine whether this process is really the mechanism
by which double electron capture in Sn3+– H2 collisions occurs. At the time
of writing this thesis, theoretical efforts are made to include this effect in
the framework of the semiclassical calculations. Measuring the energy of the
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Figure 4.8: Potential energy curves for H2, H
+
2 , and H++ H+, plotted from

data tables of Ref. [35], together with an intuitive illustration of our proposed
mechanism for double electron capture by Sn3+. The dashed horizontal line
indicates the amount of energy released when a Sn3+ ion takes two electrons to
become Sn+. The blue arrow depicts a vertical transition from the ground state
of H2 to a vibrational state of H+

2 , at the H2 equilibrium internuclear distance.
The red arrow depicts a vertical transition from the latter state to the Coulomb
curve of the two protons, at the same internuclear distance. It can be seen that
according to this vertical transition at fixed internuclear distance, double electron
capture by Sn3+ from H2 is endothermic by no less than 6 eV. However, if after
the capture of the first electron, depicted by the blue arrow, the resulting H+

2

ion would expand, less energy would be required for the capture of the second
electron. The green arrow illustrates that from an internuclear distance of 1.1 Å
onwards, this capture process becomes exothermic.
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protons released by the double capture process could also provide information
about the capture mechanism.

4.4 Conclusion

We have upgraded our crossed-beam setup with a deceleration stage and a
retarding field analyzer and used it to measure single and double electron
capture cross sections for low-energy Sn3+ ions impacting on H2 (and D2)
molecules. The single capture cross section is found to have a shallow maximum
of 40 × 10−16 cm2 around an energy of 20 eV/u. The differences between the
results for H2 and D2 are small. We do not see a strong energy dependence
in the range 80–130 eV/u, as we saw in our previous study (Chapter 2). Our
results are in good agreement with the semiclassical calculation of the previous
study. An attempt to improve on that calculation, by including more H–H
internuclear distances, shows worse agreement. The double capture cross
section shows a remarkable, sharp increase by an order of magnitude upon
decreasing the energy from 100 to 10 eV/u and keeps growing towards lower
energies. The large cross sections are unexpected given that the process is
substantially endothermic. We propose that at these low energies, the H–H
internuclear distance could increase during the charge transfer interaction,
which could make the capture of the second electron energetically favourable.
More calculations and experiments are needed to confirm that this mechanism
is the cause of the large double electron capture cross section at low energies.
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Chapter 5

Electron capture from molecular
hydrogen by metastable Sn2+∗ ions

Abstract

Over a wide and partly overlapping energy range, the single electron cap-
ture cross sections for collisions of metastable Sn2+(5s5p 3Po) (Sn2+∗)
ions with H2 molecules have been measured (0.1–10 keV) and calcu-
lated (0.3–1000 keV). The semiclassical calculations use a close-coupling
method in a basis of electronic wavefunctions of the (SnH2)

2+ system.
The experimental cross sections are extracted from double collisions in a
crossed-beam experiment of Sn3+ with H2. The measured capture cross
sections for Sn2+∗ show good agreement with the calculations between 2
and 10 keV, but increase towards lower energies whereas the calculations
decrease. Additional Landau-Zener calculations were performed and show
that inclusion of spin-orbit splitting cannot explain the large cross sections
at the lowest energies which we now assume to be likely due to vibrational
effects in the molecular hydrogen target.
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5.1 Introduction

Latest-generation photolithography tools employ a laser-produced plasma
(LPP) to generate extreme ultraviolet (EUV) light for writing the smallest
features on silicon wafers in the production of computer chips [1–3]. In
particular, a dense Sn plasma of about 40 eV in temperature is created in
which Sn ions with charge states between 9+ and 15+ are the atomic sources
of EUV light at 13.5 nm [4–8]. Energetic Sn ions are emitted from the plasma
in lower charge states, typically from 4+ to 8+ [9–11], which is attributed
to recombination in the peripheral part of the plasma [12]. To protect the
plasma-facing optics from these energetic and highly charged ions, an H2 buffer
gas is introduced [2, 13]. Collisions of the Snq+ ions with the H2 molecules
give rise to one- and two-electron capture reactions stepping down the average
charge state of the ions. The initial steps down till Sn3+ are expected to
happen rapidly due to the large cross sections for the higher charge states [11].
In the whole series of consecutive scattering events while travelling through the
buffer gas, the ions’ kinetic energy is reduced to values that allow for efficient
mitigation of the Sn ions. Since it seems that the stopping power of Sn+ is
larger than that of Sn2+ ions [14], it is key to know whether the charge state
lowering stops at 1+ or 2+. Given that the production of singly charged Sn
ions by charge exchange from the Sn2+ ground state, i.e.

Sn2+(5s2 1S) + H2(
1Σ+

g ) → Sn+(5s25p 2Po) + H+
2 (

2Σ+
g ), (5.1)

is endothermic with an energy difference of 1.3 eV for the Franck-Condon
ionization of H2 at its equilibrium distance, it has been believed that the
consecutive charge state lowering basically stops at 2+. However, in a recent
study [11] (Chapter 3), we have shown that the successive capture reactions
do lead to the formation of Sn+ ions. The work of Rai et al. [11] explains
the high production of Sn+ as a consequence of the preceding single capture
reaction between Sn3+ and H2, which was shown [15] (Chapter 2) to mainly
produce long-lived metastable Sn2+(5s5p 3Po) ions, i.e.

Sn3+(5s 2S) + H2(
1Σ+

g ) → Sn2+(5s5p 3Po) + H+
2 (

2Σ+
g ), (5.2)

and just a very small fraction of ground state Sn2+(5s2 1S) ions. For the
metastable Sn2+(5s5p 3Po) ions, single electron capture from H2, i.e.

Sn2+(5s5p 3Po) + H2(
1Σ+

g ) → Sn+(5s25p 2Po) + H+
2 (

2Σ+
g ), (5.3)

is not endothermic, but exothermic by 5.8 eV.
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To underpin that very long-lived Sn2+(5s5p 3Po) metastable ions, later on
denoted in short by Sn2+∗ ions, are the gateway to produce singly charged Sn
ions, Landau-Zener calculations of the capture cross section of Reaction 5.3 were
performed by Rai et al. [11], leading to considerable cross sections on the order
of 10−15 cm2. In general, the collision energy at which the Landau-Zener cross
section maximizes depends on the prefactor of the coupling matrix element.
The prefactors of Olson and Salop [16] (determined for atomic hydrogen targets)
and Kimura et al. [17] (from experiments on He) differ significantly and the
associated energies at which the cross section maximizes differ by a factor
of 8. There is no hard objective argument to prefer the H or He prefactor
when having molecular hydrogen as a target. In the present work, we therefore
present concerted theoretical and experimental efforts in obtaining more reliable
cross sections.

We have carried out a close-coupling calculation of total cross sections
for Reactions 5.1 and 5.3 using the method previously applied in [15] for
Sn3+ + H2 collisions. At energies which are most relevant for EUV plasma
source applications, i.e., below 20 keV, we find that the cross section for
electron capture by Sn2+∗ is an order of magnitude larger than the one for
ground state Sn2+. Experimentally, to prevent issues with not well known
metastable fractions in a Sn2+ ion beam, we performed crossed-beam studies
with Sn3+ and H2. By looking at double collision events, we effectively created
a crossed-beam experiment of metastable Sn2+∗ with H2. In this way, we
obtained total single electron capture cross sections for reaction (5.3) over the
energy range from 0.1 to 10 keV.

5.2 Theoretical approach

The calculation method has been explained in Ref. [15]. Briefly, we employ a
semiclassical treatment with nuclear straight-line trajectories, and the calcula-
tion assumes that the H–H internuclear distance is fixed during the collision
(Franck-Condon approximation). This method is appropriate for intermediate
collision energies. At low energies, the vibrational excitation of H2 during the
collision may be relevant. This effect is not included in the calculation method.
At even lower energies, the nuclear motion of the projectile may need to be
described with a wavefunction within a quantal formalism. In this respect,
previous calculations on electron capture by doubly charged ions (O2+, N2+)
from H, which also involved transitions at avoided crossings at relatively large
internuclear distances, showed that the semiclassical method is appropriate
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for energies higher than about 50 eV/u [18]. Accordingly, we have calculated
the cross sections for Sn2+∗ + H2 at energies higher than 5 keV. However, to
compare with the experiment and two-state models, we have extended the
calculation down to 0.3 keV.

In the semiclassical approximation, the vector position of the ion with
respect to the target center of mass, R(t), is a rectilinear trajectory R = b+vt,
where b is the impact parameter and v the ion–molecule relative velocity. The
electronic wavefunction is the solution of the eikonal equation:[

Hel − i
∂

∂t

]
Ψ = 0, (5.4)

where Hel is the clamped-nuclei non-relativistic electronic Hamiltonian of the
quasimolecule (SnH2)

2+. In our treatment, the electronic motion is described
by the wavefunction Ψ, which is expanded in terms of the (approximate)
eigenfunctions, χk, of Hel:

Ψ(r, t;v, b) = D(r, t)
∑
k

ck(t)χk(r;R) exp

(
−i

∫ t

0
Ek(R)dt

)
, (5.5)

where r are electronic coordinates and Ek the energies of the electronic wave-
functions χk. In the present calculation, the wavefunctions χk have been
obtained in a multi-reference configuration interaction calculation, with the
Gaussian basis set and the pseudopotential of the calculation of Ref. [15]
for (SnH2)

3+. The electronic wavefunctions were multiplied by a common
translation factor, D [19], to ensure that the wavefunction (5.5) fulfills the
initial condition.

In practice, to calculate the total cross sections for the processes (5.1) and
(5.3), we have employed basis sets of three and six molecular electronic states,
respectively, as seen in Figure 5.1. Due to the conservation of the total spin,
both cases were run in independent calculations. For both systems, the basis
includes the electronic states dissociating into Sn2+(5s2 1S) + H2(X

1Σ+
g ) and

Sn2+(5s5p 3Po) + H2(X
1Σ+

g ), which correspond to the entrance channels of
collisions (5.1) and (5.3), respectively. The basis set also includes the molecular
states dissociating into Sn+(5s25p 2Po) + H+

2 (X
2Σ+

g ) and Sn+(5s5p2 4P) +

H+
2 (X

2Σ+
g ), the main capture channels, and the electronic state that correlates

to Sn2+(5s2 1S) + H2(
3Σ+

u ), which leads to dissociative excitation.
To evaluate orientation-averaged cross sections, we have considered ion

trajectories with different orientations (b̂, v̂) with respect to the H2 internuclear
axis. As explained in previous works, for ion collisions with H2, the symmetry
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Figure 5.1: Potential energy curves of the (SnH2)
2+ system as functions of the

distance of the Sn nucleus to the midpoint of the H–H internuclear axis. The
red lines are the energies of the electronic states correlating to Sn2+ + H2. The
black lines represent the energy curves of the states dissociating into Sn+ + H+

2 .
The orange lines are the energies of other states not included in the dynamical
calculation. Solid and dashed lines correspond to triplet and singlet subsystems,
respectively.

of the molecular target allows us to perform the orientation-average with three
trajectory orientations [20]. In the first one (t1), the ion velocity is parallel to
the H–H internuclear axis; for the second one (t2), the impact parameter is
along the H–H internuclear axis; and the third one (t3) has both the impact
parameter and the velocity perpendicular to the H–H internuclear axis. For
each orientation, and for each value of the impact parameter, we substitute the
expansion (5.5) into the eikonal equation, which yields a system of first order
differential equations for the coefficients ck. They are solved with the initial
condition ck(t = −∞) = δik, where the index i corresponds to the collision
entrance channel. The populations of the different electronic states of (SnH2)

2+

are |ck|2, and the asymptotic values of these populations are the probabilities
for transition to the collision channels. For k ̸= i, they are:

Pik(v, b) = lim
t→∞

|ck|2. (5.6)
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The total cross section for a trajectory orientation is

σik(v) = 2π

∫ ∞

0
bPik(v, b)db. (5.7)

As mentioned above, our calculation employs potential energy cuts of
the potential energy surfaces and non-adiabatic couplings obtained along the
projectile trajectories t1, t2, and t3 [21]; the orientation-averaged total cross
section is simply the mean value of the cross sections obtained with (5.7) for
each trajectory orientation.

To illustrate the collision mechanism, we show in Figure 5.1 the cut of
the electronic energies along a line that forms an angle of 60◦ with the H H
internuclear axis. Reaction (5.3) takes place through transitions from the
degenerate entrance channels, Sn2+(3Po) + H2(X

1Σ +
g ), to the capture channels

Sn+(2Po) in the neighborhood of the avoided crossings at R ≈ 7 a.u. The tran-
sitions at inner avoided crossings will populate the molecular state dissociating
into Sn+(5s5p2 4P) + H+

2 (X
2Σ+

g ). One can note the very narrow avoided
crossing between the energy curve of the Sn+(4P) channel with the curve of the
dissociative excitation channel at R ≈ 9 a.u. The energy of the ground state,
correlating to the entrance channel Sn2+(5s2 1S), is very low compared to those
of the other electronic states and does not exhibit any avoided crossing.

Figure 5.2 shows the total cross sections for Sn2+ and Sn2+∗, for collision
energies between 0.3 and 1000 keV. The cross sections for the individual
trajectories t1, t2, and t3, not shown in the figure, differ by less than 10%,
which reflects the quasi-isotropy of the projectile–target interaction at the
distances where electron capture takes place. It should be noted that the lower
part of the energy range, up to roughly 20 keV, is representative for Sn ions
ejected from an LPP in an industrial photolithography machine. In this energy
range, the cross sections for metastable Sn2+∗ are an order of magnitude larger
than the ones for ground state Sn2+. Therefore, we focus our attention on
Sn2+∗, i.e., reaction (5.3). Due to the endothermic nature of electron capture
by ground state Sn2+ ions, their contribution only becomes relevant at high
collision energies.

5.3 Experimental approach

An intuitive experimental approach to measure cross sections for Sn2+ and
Sn2+∗ would entail generating beams of Sn2+ ions in the ground (5s2 1S) and
metastable (5s5p 3Po) state, separately, and measure their change in charge
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Figure 5.2: Total single electron capture cross section in collision of Sn2+ with
H2, as a function of the collision energy, both for ground state (1S) and metastable
(3P) Sn2+. The dashed line shows the extension of the 3P calculation to lower
energies where vibrational and nuclear quantum effects could be important.

state composition after traversing through a region of H2 gas. However, it
is very difficult to know and control the metastable fractions in an ion beam
[22]. But, as mentioned in the introduction, we do know that in the energy
regime relevant for EUV-LPPs, Sn3+ ions undergoing single electron capture
with H2 lead to Sn2+ ions almost exclusively in the 5s5p 3Po term. Therefore,
in this work, we use a Sn3+ ion beam and extract the cross section for Sn2+∗

from ions that undergo two collisions, capturing one electron each time, i.e.,
Sn3+ → Sn2+∗ → Sn+.

Recently, we measured single and double electron capture cross sections
for Sn3+ ions colliding with molecular hydrogen [23] (Chapter 4), using an
upgraded version of the crossed-beam setup used by Rai et al. [15]. The
upgrade consists of a deceleration platform and the replacement of the Faraday
cup by a retarding field analyzer (RFA), which allows us to measure individual
charge states. In the current work, we make use of this upgraded setup. This
setup and some parts of the measurement procedure are explained in detail in
references [15, 23]. Here, the key points will be repeated and new elements of
the data analysis procedure will be explained in more detail.
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5.3.1 Experimental setup

The ZERNIKELEIF facility is used to generate a beam of 21 keV Sn3+ ions,
which is subsequently transported to the crossed-beam setup. The latter
is on an elevated potential to decelerate the ions to a desired energy just
before entering the collision chamber. A six-element deceleration lens improves
transmission. The ion beam traverses a jet of molecular hydrogen flowing from
a capillary. Three values of gas flow are used, namely 1, 2.5, and 4 mL/min.
These flows are high enough that measurable fractions of the ions undergo two
charge exchange collisions. We are interested in the ions that undergo single
electron capture twice. The ion beam is finally collected and analyzed by an
RFA, which provides charge state resolution in the beam current. The next
section explains how we extract the cross section for the second capture event
from our measurements.

5.3.2 Measurement procedure

Starting from a Sn3+ beam, the relevant processes are described by the following
differential equations:

dN3+

dz
= −(σ32 + σ31)nN

3+ (5.8a)

dN2+

dz
= σ32nN

3+ − (σ21 + σ20)nN
2+ (5.8b)

dN1+

dz
= σ31nN

3+ + σ21nN
2+ − σ10nN

1+ (5.8c)

dN0+

dz
= σ20nN

2+ + σ10nN
1+, (5.8d)

where N q+ is the number of Snq+ ions (q = 0, 1, 2, 3) as a function of distance
z through a target of H2 gas with number density n, and σij denotes the cross
section for charge exchange from Sni+ to Snj+. Note that, with N2+, we in fact
mean the number of Sn2+∗ ions here. Due to the absence of potential-energy
curve crossings, σ20 = σ10 = 0, and we can exclude these processes from the
analysis. The initial number of ions in the Sn3+ beam is N0 and leads to the
following initial condition: N3+(z = 0) = N0. The analytical solution to the
initial value problem is given by the following expressions:
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N3+ = N0e
−(σ32+σ31)nz, (5.9a)

N2+ = N0
σ32

σ32 + σ31 − σ21

(
e−σ21nz − e−(σ32+σ31)nz

)
, (5.9b)

N+ = N0
σ31 − σ21

σ32 + σ31 − σ21

(
1− e−(σ32+σ31)nz

)
+N0

σ32
σ32 + σ31 − σ21

(
1− e−σ21nz

)
.

(5.9c)

We are interested in so-called double collision events, which turn a Sn2+

ion into a Sn+ ion by reaction (5.3). We therefore define the following ratio:

f =
N+

N2+
, (5.10)

which can be expected to increase with target density due to the occurence
of more double collisions. To see how f scales with target density, we take a
second-order Taylor expansion of Eqs. 5.9b and 5.9c and subsequently take the
ratio. By ignoring quadratic terms in n in the resulting expression, we obtain:

f =
σ31
σ32

+
1

2

σ21(σ32 + σ31)

σ32
nz. (5.11)

In our experimental setup, we measure the ion numbers N q+ with the RFA.
The position of the RFA in the chamber determines the total length L over
which the ions traverse the molecular target. As in the previous studies [15,

23], we make use of the fact that the integral target density nL =
∫ L
0 n(z)dz

is proportional to the pressure P in the collision chamber. The constant of
proportionality β is determined by calibrating the system with ions of known
cross sections, in this case O6+ of Ref. [24]. By defining f0 = σ31

σ32
, Eq. 5.11 can

be rewritten as

f = f0 +
1

2
σ21(1 + f0)βP. (5.12)

In the experiments, we measure the ratio f at several values of target
density, i.e., pressure. Figure 5.3 shows the results of a typical measurement. It
shows that the ratio f is linear with pressure over our pressure range, justifying
the linear approximation of Eq. 5.12. Figure 5.3 also shows a least-squares
linear fit to the data. From the y-intercept (f0) and the slope ( df

dP ), we can
determine the cross section for process (5.3) using Eq. 5.12:

σ21 =
2 df
dP

(1 + f0)β
. (5.13)
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Figure 5.3: Ratio N+/N2+, i.e., f , measured at three H2 pressures for incoming
Sn3+ ions of 1 keV (black symbols). The blue line is a least-squares linear fit to
the data. The resulting y-intercept and slope are used to calculate σ21 according
to Eq. 5.13.

5.3.3 Uncertainties

The error bars in Figure 5.3 reflect the statistical uncertainty of one standard
deviation in the measurement data. The fitting algorithm translates these
into an uncertainty in f0 and df

dP , which propagate into a (partial) uncertainty
in σ21. Another contribution to the uncertainty in σ21 is reproducibility. By
repeating measurements on different days and with different ion beam settings,
this contribution is found to be 20%. The quadratic sum of both contributions
defines the total statistical uncertainty, and is depicted by the error bars
plotted in the next section (Figure 5.4). The systematic uncertainty due to
the calibration by the reference data, estimated to be 7%, is not included in
the error bars.
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Figure 5.4: Single electron capture cross section for Sn2+∗(3P) + H2. The
solid blue line is the result of the semiclassical calculation, and the dots show
the experimental results. The dashed green, red, and blue lines show the results
of two-state Landau-Zener calculations of the 3P term, assuming a statistical J
distribution and capture into the ν′ = 2 vibrational state of H2, which has the
highest Franck-Condon factor. The green curve uses the prefactor of Olson and
Salop [16], and the red curve uses the one from the work by Kimura et al. [17].
The prefactor was varied to match the semiclassical calculation best, resulting in
a prefactor of 5.8 and the blue dashed line. This prefactor is subsequently used for
Landau-Zener level-calculations, resulting in the lightgrey curves for J = 0, 1, 2.

5.4 Results and Discussion

Figure 5.4 shows both our calculated and measured cross sections for Sn2+∗

(reaction (5.3)). In the energy range from 2 to 10 keV, there is good agreement,
while below roughly 2 keV the experimental and calculated values start to
diverge. The experimental values show an increasing trend when decreasing
the energy down to 0.1 keV.

The entrance channel of the capture process (5.3) is a mixture of three
spectroscopic levels 3Po

J with J = 0, 1, 2, while a single state, representing the
3P term, has been considered in the non-relativistic theoretical description
used in this paper. To determine the effect of the spin-orbit splitting, and to
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investigate the possibility that a highly J-dependent cross section may explain
the large experimental cross sections at low energies, exploratory Landau-Zener
calculations have been performed. The results are also plotted in Figure 5.4.
First, two-state calculations were performed with the 3P term as entrance
channel, assuming a statistical J distribution. Following Olson and Salop
[16] as well as Magee [25], the coupling matrix element includes the Franck-
Condon factor of the most probable vibrational state of H+

2 , which is ν ′ = 2
[26], to account for the molecular nature of the target. As already mentioned
in the introduction, the coupling matrix element has an empirical prefactor
A. Commonly used values are AOS = 9.13 proposed by Olson and Salop
[16] and AK = 5.48 proposed by Kimura et al. [17]. Calculations have been
performed for both values. Both curves have a similar shape as the semiclassical
calculation, but lie roughly 30% lower. The Kimura curve peaks at almost
the same energy as the semiclassical curve, whereas the Olson-Salop curve
peaks at one order of magnitude higher energy. This means that molecular
hydrogen as a target is better approximated by a He atom than by a H atom.
We however choose to optimize the prefactor such that it peaks at exactly the
same energy as the semiclassical calculation, and find a value of 5.8, which we
denote by A∗. This prefactor is subsequently used to perform Landau-Zener
calculations for the three J levels. Because the spacing between those levels is
smaller than the adiabatic splitting, we treat them independently instead of
performing multichannel calculations. It can be seen from Figure 5.4 that the
resulting curve for J = 0, and to a lesser extent also for J = 1, shifts up and
its maximum moves to lower energies. From this, we may conclude that the
J-distribution of the 3P term is not statistical but has a preference for J equal
to 0 and 1. However, the large experimental cross sections below 1 keV can
still not be explained.

As already mentioned in Section 5.2, the semiclassical calculation does not
take vibrational motion in the H2 molecule into account. The vibrational period
is equal to 8 fs. This should be compared to the interaction time between the
projectile and the target. By assuming an interaction distance of 10 a.u., the
interaction time of a 1 keV Sn ion is 13 fs, whereas it is 4 fs for a 10 keV Sn
ion. This shows that, as the energy decreases from 10 keV, the limits of the
applicability of the Franck-Condon approximation begin to be reached. We
therefore believe that vibrational effects in the H2 molecule are responsible for
the increase in the cross section below 1 keV.
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5.5 Conclusion

We have performed a joint theoretical and experimental study of single elec-
tron capture by Sn2+ ions from molecular hydrogen. Cross sections for this
process are relevant for ion mitigation simulation codes used for modern EUV
photolithography machines. The semiclassical calculations use a close-coupling
method in a basis of electronic wavefunctions of the (SnH2)

2+ system and make
use of the Franck-Condon approximation (fixed H–H internuclear distance).
Consistent with expectations based on binding energies, the calculations show
that, at low energies relevant for EUV applications, the cross section for
metastable Sn2+(5s5p 3Po) ions (Sn2+∗) is much larger compared to ground
state Sn2+(5s2 1S) ions. The experimental cross sections for these Sn2+∗ ions
are extracted from double collisions in a crossed-beam experiment of Sn3+ with
H2. In the highest part of the overlapping energy range, i.e., from 2 to 10
keV, we find good agreement between calculation and experiment. For lower
energies however, the measured cross sections increase whereas the calculated
ones decrease. Additional Landau-Zener calculations were performed to inves-
tigate the role of the spin-orbit interaction. This interaction has a considerable
effect on the cross sections for the three J levels, however it cannot explain
the large measured cross sections at low energies. Since the interaction time
becomes larger than the vibrational period of the H2 molecule for a projectile
energy below a few keV, we believe that vibrations become important at those
energies. The break-down of the Franck-Condon approximation could be the
reason for the discrepancy between theory and experiment at low energies.
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Conclusion and outlook

This thesis has established electron capture cross sections for doubly and
triply charged Sn ions colliding with molecular hydrogen over the full energy
range relevant for EUV source applications. Whereas upon straightforward
calculation of a reaction energy balance one would expect that the conversion
of highly charged Sn ions from the LPP to lower charged Sn ions by electron
capture in the buffer gas would stop at Sn2+, we have found two reaction
pathways that efficiently produce Sn+ particles. The first is double electron
capture by Sn3+ ions and the second is single electron capture by metastable
Sn2+∗ ions. Both processes should be included in industrial simulation models
of Sn ions traversing the H2 buffer gas in an EUV source. By using the cross
sections obtained in this thesis in such models, together with estimations for the
higher charge states, one can predict at which positions in the source the ions
convert from 3+ to 2+ and to 1+. Since the stopping power is different for these
different charge states, this is important information for optimization of the
hydrogen buffer gas conditions and thereby for the overall source performance.

The research initially motivated by an industrial application has revealed
interesting fundamental physics. From an atomic physics perspective, a collision
energy of a few keV is low. Because of the high mass of Sn, the collision velocity
is very low at these energies. A consequence of this is that at energies below a
few keV, the projectile-target interaction time becomes longer than the period
of vibration of the H2 molecule. We believe that this is the reason for the
remarkably large double electron capture cross sections observed for Sn3+ and
for the discrepancy between the experiment and the Franck-Condon calculation
extended to lower energies for Sn2+∗.

Our experimental data, covering a wide energy range, are an ideal set
of benchmark data for low-energy calculations. We can conclude that the
semiclassical calculation framework described in this thesis is successful in
describing electron capture in Sn–H2 collisions down to energies of a few keV.
At lower energies, the Franck-Condon approximation must be abandoned and
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the motion of the hydrogen nuclei must be included.

Research is hardly ever finished. There are several topics and directions that
would be interesting to study further. First of all, our experimental observations
for double capture call for an extension of the calculation framework with the
H–H internuclear distance being able to change during the interaction. With
that, our proposed mechanism for double electron capture can be tested. In
that respect, it would also be insightful to measure the energy of the protons
released in the double capture event. Their energy is determined by the distance
between them at the moment the second electron is captured. According to
our proposed mechanism, their energy should be less than what would be
expected from a pure vertical transition. It could also be interesting to refine
the stepsize in projectile energy around the onset of the increase of the double
capture cross section (see Figure 4.6 and 4.7). Since D2 is heavier than H2, its
vibration period is longer. Therefore, we expect the increase towards lower
energies to start at a lower energy. In our present data, this effect is however
not conclusively visible.

The lifetime of the metastable 5s5p 3P1 level from Chapter 3 is not well
known. For a better assessment of the contribution of this particular level, it
is needed to measure this lifetime.

Now that the experimental setup and measurement procedure have been
carefully developed and applied to the lower charge states of Sn, a natural next
step would be to investigate the higher charge states of Sn coming from the
LPP, i.e. 4+ to 8+. We expect the cross sections to be increasingly larger for
higher charge states.

By improving the energy resolution of the ion detector in the crossed-beam
setup, information about the energy transfer in a charge transfer interaction
could be obtained. Possible ways to improve the energy resolution are to replace
the grids in the retarding field analyzer by tubes, or to use an electrostatic
analyzer instead of a retarding field analyzer. With the improved resolution,
it would be possible to experimentally verify the important result of the
semiclassical calculations that single capture by a keV Sn3+ ion populates the
metastable 5s5p 3P term of Sn2+. Moreover, the setup would be suited to
measure stopping cross sections.



Summary

A large part of the technological progress that was seen over the last six decades
may be partly attributed to integrated circuits having become more and more
powerful and affordable. This has been made possible by ongoing innovations
in the production process of the integrated circuits, and especially in the
photolithography process. There, light is used for printing the fine structures
constituting the semiconductor devices. Several times, industry has decreased
the wavelength of the light used for this process, each time allowing smaller
features to be patterned. The most advanced photolithography machines
currently use extreme ultraviolet (EUV) light with a wavelength of 13.5 nm.
This light is generated by firing a high-power laser pulse onto a microdroplet of
Sn, creating a so-called laser-produced plasma of Sn. Under the right plasma
circumstances, several multiply excited, highly charged Sn ions all emit light
in a narrow bandwith around 13.5 nm. Carefully engineered multilayer mirrors
are used for collecting and focusing the light. Energetic Sn ions emitted from
the plasma need to be slowed down in order to prevent them from damaging
the special hemispherical collector mirror. For that purpose, a hydrogen (H2)
buffer gas is used. A balance has to be found between maximal Sn ion stopping
through collisional energy transfer to hydrogen molecules and minimal loss
of EUV light through photo-absorption by the molecules. Simulation models
are used to find optimal H2 pressures and flows. Atomic data on collisions of
Sn ions with H2 molecules are required as input for these models, however,
available data is scarce.

The ions emitted from the plasma typically have charges states of 4+ to 8+.
Besides the transfer of energy, there can also be transfer of charge in a collision
of a Sn ion with an H2 molecule. The process in which a positively charged
projectile particle moves past a neutral target particle and takes one or more
target electrons is called electron capture and is also known as charge exchange
or charge transfer. By capturing one or both of the electrons from the H2 target,
the charge state of the Sn ion reduces. The stopping power of the hydrogen
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buffer gas is dependent on the charge state of the Sn ion. Electron capture
is therefore an important process to include in above-mentioned optimization
models, as the process influences which charge states are present at a given
position in the buffer gas.

This thesis studies electron capture in collisions of Sn ions with H2 molecules,
a fundamental atomic physics process that occurs whenever Sn ions from a
plasma are injected in a H2 gas. For collisions of low-Z ions a wealth of data,
both experimentally and theoretically is available, however for complex heavy
ions, such as Sn, barely any data exists. We focus on the lower charge states,
specifically the production of Sn2+ and Sn+ ions out of Sn3+ ions, as the initial
stages of charge state lowering in an EUV source are expected to happen
quickly due to large electron capture cross sections.

Chapters 2 and 4 cover our study of electron capture in collisions of Sn3+

ions with H2 molecules. By using direct (Chapter 2) and decelerated (Chapter
4) ion beams in our crossed-beam setup, we have measured over three orders of
magnitude in ion energy, from 50 eV to 50 keV. The first series of experiments,
described in Chapter 2, laid the foundation for this research and established
the very first single electron capture cross sections for this collision system.
Upon going down in energy from 50 to 10 keV, we observed an increasing cross
section. Thereafter, to go to lower energies, a major upgrade of our complete
setup was needed to work with decelerated ion beams, giving access to energies
well below 10 keV. To do so, our complete setup was put on a high-voltage
platform that allows us to decelerate incoming ions upon entering the setup.
This required every single element of the setup to be operated remotely. At
the same time, we replaced the Faraday cup as ion detector with a retarding
field analyzer to improve and ease the measurement process by gaining charge
state resolution. The follow-up research performed with this setup into the
unexplored low-energy regime is described in Chapter 4. Overall, we find that
the curve of the single electron capture cross section over our energy range
has the shape of a shallow concave parabola, maximizing around an energy of
2 keV.

An important and remarkable finding is that the double electron capture
cross section for Sn3+ attains high values at energies up to a few keV. At
around 5 keV, the cross section sharply drops to values an order of magnitude
smaller. The large cross section is unexpected given that the double capture
process is substantially endothermic in this collision system. We propose the
following mechanism that could explain the observations: at low projectile
velocities, there may be enough time for the H–H internuclear distance to
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increase enough after the capture of the first electron, to make the capture of
the second electron by the same projectile also energetically favourable, due to
a reduced Coulomb repulsion between the two protons.

In a collaboration with professors Rabadán and Méndez from the Theory
of Atomic and Molecular Collisions group at the Autonomous University of
Madrid, we could compare our experimental results for single electron capture to
the results of semiclassical calculations. The calculation framework is described
in Chapter 2 and the calculation covers the energy range 1–100 keV. For lower
energies, the assumption of a fixed H–H internuclear distance (Franck-Condon
approximation) is expected to become invalid. The calculated cross sections
are in good agreement with our set of experimental results as presented in
Chapter 4.

Chapter 3 reports ion measurements performed on an actual laser-produced
plasma (LPP) from a Sn microdroplet. Charge-state resolved kinetic energy
spectra of Sn ions coming from the plasma have been measured for different
densities of the H2 buffer gas surrounding the LPP. Without this buffer gas,
energetic keV Sn ions in charge states from 4+ to 8+ are observed. Upon
increasing the H2 density, the charge state of the energetic ions shifts to
lower values, down to only 2+ and 1+ at the highest measured density. Our
observations are a clear sign of the occurrence of electron capture. However,
it was beforehand expected that 2+ would be the lowest generated charge
state, because from there on single electron capture from H2 is no longer
exothermic. The generation of Sn+ through double capture from H2 by Sn3+ is
highly endothermic and was therefore not taken into consideration. With the
knowledge of the later experiments with the upgraded crossed-beam setup, we
now know that at energies below a few keV double capture can also generate
Sn+. We have proposed that the Sn+ ions are generated through single electron
capture not by ground state Sn2+ but by metastable Sn2+: Sn2+(5s5p 3Po)
(Sn2+∗). The theoretical work of Chapter 2 provides support for the required
population of the metastable state. An estimate of the cross section for the
single capture process by Sn2+∗ is obtained through Landau-Zener calculations.
After inclusion of the process in a simulation model of the Sn ions traversing
the buffer gas, we find good agreement with the experimental observations.

In Chapter 5 we study the electron capture pathway identified in Chapter
3 more closely. Semiclassical calculations similar to the ones in Chapter 2 have
been performed and show that at energies relevant for EUV applications, the
single electron capture cross section for metastable Sn2+∗ is indeed much larger
than for ground state Sn2+. By using our upgraded crossed-beam setup, we
could extract the single electron capture cross section for Sn2+∗ from double
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collisions of Sn3+ ions with H2. We find good agreement between experiment
and calculation at the higher energies. However, at energies below 2 keV, where
the validity of the Franck-Condon approximation is uncertain, they start to
deviate. The measured cross sections increase whereas the calculated ones
decrease. This hints at the vibrational motion as an ingredient that must be
included in the low-energy calculations.

To conclude, this thesis has established electron capture cross sections
for doubly and triply charged Sn ions colliding with molecular hydrogen over
the full energy range relevant for EUV source applications. Whereas upon
straightforward calculation of a reaction energy balance one would expect that
the conversion of highly charged Sn ions from the LPP to lower charged Sn
ions by electron capture in the H2 buffer gas would stop at Sn2+, we have
found two reaction pathways that efficiently produce Sn+ ions. The first is
double electron capture by Sn3+ ions and the second is single electron capture
by metastable Sn2+∗ ions. Both processes should be included in industrial
simulation models of Sn ions traversing the H2 buffer gas in an EUV source.

At low collision energies, i.e., below a few keV, the projectile-target inter-
action time becomes longer than the period of vibration of the H2 molecule.
We believe that this is the reason for the remarkably large double electron
capture cross sections observed for Sn3+ and for the discrepancy between the
experiment and the Franck-Condon calculation extended to lower energies for
Sn2+∗.

We can conclude that the semiclassical calculation framework described in
this thesis is successful in describing electron capture in Sn–H2 collisions down
to energies of a few keV. At lower energies, the Franck-Condon approximation
must be abandoned and the motion of the hydrogen nuclei must be included.
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Elektroneninvangst in botsingen van tin-ionen met moleculair waterstof

Een groot deel van de technologische vooruitgang van de laatste zes decennia
kan deels toegeschreven worden aan het steeds krachtiger en goedkoper worden
van gëıntegreerde schakelingen. Dit is mogelijk gemaakt door voortdurende
innovaties in het productieproces van gëıntegreerde schakelingen, en in het
bijzonder in de techniek genaamd fotolithografie. In deze techniek wordt licht
gebruikt om de fijne structuren waaruit de gëıntegreerde schakeling bestaat
te “printen”. De industrie heeft meerdere keren een stap gemaakt naar een
kortere golflengte van het licht dat gebruikt wordt in dit proces, waarbij het
elke keer mogelijk werd om kleinere structuren te printen. Tegenwoordig
gebruiken de meest geavanceerde fotolithografiemachines extreem-ultraviolet
(EUV) licht met een golflengte van 13.5 nm. Dit licht wordt gegenereerd
door een zogenaamd lasergeproduceerdplasma van tin (Sn), welke gecreëerd
wordt door het vuren van een hoogvermogenlaserpuls op een microdruppel van
Sn. Onder de juiste plasmaomstandigheden zenden verschillende meervoudig
aangeslagen en hooggeladen Sn-ionen licht uit met een golflengte van 13.5 nm.
Een speciale hemisferische meerlaagse spiegel, de zogenaamde verzamelspiegel,
wordt gebruikt voor het opvangen en focusseren van het licht. Om te voorkomen
dat door het plasma uitgezonden energetische Sn-ionen de verzamelspiegel
beschadigen wanneer ze deze raken, moeten deze ionen worden afgeremd. Om
dat te bereiken wordt er een waterstof (H2) buffergas gebruikt. Wanneer de
Sn-ionen met hoge snelheid door het gas bewegen, zullen ze steeds een beetje
energie verliezen wanneer ze met een waterstofmolecuul botsen. De keuze
voor waterstofgas is onder andere gebaseerd op het feit dat het het gas is wat
het minste EUV-licht absorbeert. Echter, de absorptie is niet nul. Er zal
daarom een balans gevonden moeten worden tussen enerzijds het maximaal
afremmen van Sn-ionen en anderzijds het minimaal verliezen van EUV-licht.
Om de optimale H2-druk en stroming te vinden worden simulatiemodellen
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gebruikt. Voor deze modellen zijn fundamentele atomaire data over botsingen
van Sn-ionen met H2-moleculen nodig. Er zijn echter nauwelijks gegevens over
deze processen bekend.

De door het plasma uitgezonden Sn-ionen hebben ladingstoestanden van
4+ tot 8+ en energieën variërend van sub-keV tot enkele keV’s met uitschieters
tot enkele tientallen keV’s. Naast de overdracht van energie kan er ook lad-
ing worden overgedragen in een botsing van een Sn-ion met een H2-molecuul.
Het proces waarbij een positief geladen projectieldeeltje langs een neutraal
doeldeeltje beweegt en daarbij één of meerdere elektronen van het doeldeeltje
opneemt wordt elektroneninvangst genoemd en is ook bekend onder de termen
ladingsoverdracht en ladingsuitwisseling. Door het invangen van één of beide
elektronen van een H2-molecuul zal de ladingstoestand van het Sn-ion afnemen.
Het stopvermogen, de gemiddelde energieafname per eenheid lengte, van het
waterstofbuffergas voor Sn-ionen hangt af van de ladingstoestand van het
Sn-ion. Elektroneninvangst is daarom een belangrijk proces om op te nemen
in bovengenoemde optimalisatiemodellen omdat het proces bëınvloedt welke
ladingstoestanden aanwezig zijn op een bepaalde positie in het buffergas.

Het centrale thema van dit proefschrift is dan ook elektroneninvangst in botsin-
gen van Sn-ionen met H2-moleculen. Terwijl voor elektroneninvangst door
ionen met een laag atoomnummer er veel data beschikbaar zijn, zowel ex-
perimenteel als theoretisch, zijn er voor complexe en zware ionen zoals Sn
nauwelijks gegevens beschikbaar. Wij richten ons specifiek op de productie van
Sn2+- en Sn+-ionen vanuit Sn3+-ionen. Dit heeft meerdere redenen. Allereerst
is de elektronische structuur van Sn3+, [Kr]4d105s, gunstig voor zowel ex-
periment als berekening omdat het een relatief eenvoudig systeem is met één
valentie-elektron. De tweede reden voor de focus op de lagere ladingstoestanden
is dat verwacht kan worden dat de eerste stappen in de reductie van ladingstoe-
stand relatief snel zullen plaatsvinden, omdat hogere ladingstoestanden in het
algemeen makkelijker een elektron kunnen invangen.

De belangrijkste methode welke gebruikt wordt in dit proefschrift om deze
processen te bestuderen is een experimentele techniek genaamd gekruistebun-
delexperiment. Met de ZERNIKELEIF (Zernike low-energy ion beam facility)
faciliteit van de Rijksuniversiteit Groningen wordt een bundel van energetische
Sn-ionen gemaakt welke vervolgens in een speciaal ontwikkelde experimentele
opstelling een bundel H2-gas doorkruist. Door middel van metingen van de
ionenbundelstroom kan de werkzame doorsnede (cross section), een grootheid
welke gerelateerd is aan de waarschijnlijkheid van een proces, voor elektronenin-
vangst bepaald worden. Doel is om deze werkzame doorsnede over een zo breed
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mogelijk energiebereik te bepalen. Voor energieën minder dan zo’n 10 keV is
de creatie en het transport van de Sn-ionenbundels echter zodanig inefficiënt
dat er geen experimenten mee gedaan kunnen worden. Om dit probleem op
te lossen is tijdens het promotieproject de opstelling grondig aangepast en
uitgebreid zodat de opstelling op hoogspanning kan opereren, wat het mogelijk
maakt om de binnenkomende ionen af te remmen.

Dit proefschrift bevat meerdere publicaties in samenwerking met de “Theory
of Atomic and Molecular Collisions”-groep van professoren Rabadán en Méndez
van de Autonome Universiteit van Madrid (Universidad Autónoma de Madrid
- UAM). Zij gebruiken zowel semiklassieke als kwantummechanische modellen
voor het bestuderen van elektroneninvangstinteracties. Door het vergelijken
van experimentele resultaten met resultaten van theoretische berekeningen
kunnen beide methoden getoetst worden. Daarnaast kan er met behulp van de
modellen meer inzicht verkregen worden in de atomaire mechanismen die de
processen drijven.

Hoofdstukken 2 en 4 behandelen onze studie van elektroneninvangst in botsin-
gen van Sn3+-ionen met H2-moleculen. Door gebruik te maken van directe
(Hoofdstuk 2) en afgeremde (Hoofdstuk 4) ionenbundels hebben we metingen
verricht in onze gekruistebundelopstelling voor ionen-energieën van 50 eV tot
50 keV. De eerste serie van experimenten, beschreven in Hoofdstuk 2, heeft de
fundering gelegd voor dit onderzoek en heeft voor dit botsingssysteem voor
de eerste keer werkzame doorsneden voor enkelvoudige elektroneninvangst
vastgesteld. Deze werkzame doorsnede nam toe wanneer we de energie lieten
afnemen over het bereik van 50 keV tot 10 keV. Zoals hierboven benoemd
is daarna een upgrade aan de opstelling uitgevoerd om lagere energieën te
kunnen bereiken. Daarnaast is de Faraday cup ionendetector vervangen door
een retarding field analyzer. Doordat hiermee onderscheid gemaakt kan worden
tussen ladingstoestanden van ionen kon het meetproces worden verbeterd. Het
vervolgonderzoek wat is gedaan met deze verbeterde opstelling is beschreven
in Hoofdstuk 4. Over het hele energiebereik vinden we dat de kromme van
de werkzame doorsnede voor de invangst van één elektron de vorm van een
bergparabool aanneemt met een maximum rond 2 keV.

Een belangrijke en opvallende bevinding is dat de werkzame doorsnede
voor de invangst van twee elektronen door Sn3+ hoge waarden aanneemt voor
energieën tot een paar keV. Rond 5 keV neemt deze werkzame doorsnede scherp
af naar waarden welke een orde van grootte kleiner zijn. De grote werkzame
doorsnede is onverwacht omdat de invangst van twee elektronen in substantiële
mate endotherm is voor dit botsingssysteem, wat wil zeggen dat het proces
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energie kost in plaats van oplevert. Wij stellen het volgende mechanisme voor
dat de observaties zou kunnen verklaren: voor lage snelheden van het projectiel
zou er genoeg tijd kunnen zijn voor de H–H internucleaire afstand om toe te
nemen na de invangst van het eerste elektron, zodanig dat de invangst van het
tweede elektron door hetzelfde projectiel ook energetisch gunstig is, doordat
de Coulombafstoting tussen de protonen is afgenomen.

Wij hebben onze meetresultaten voor enkelvoudige elektroneninvangst
vergeleken met de resultaten van semiklassieke berekeningen. Deze berekenin-
gen zijn beschreven in Hoofdstuk 2 en zijn gedaan voor energieën van 1 tot 100
keV. Voor lagere energieën wordt verwacht dat de Franck-Condonbenadering,
de aanname dat de H–H internucleaire afstand constant is, ongeldig wordt.
De berekende werkzame doorsneden zijn in goede overeenstemming met onze
experimentele resultaten gepresenteerd in Hoofdstuk 4.

Hoofdstuk 3 rapporteert ionenmetingen welke daadwerkelijk gedaan zijn
aan een lasergeproduceerdplasma gemaakt vanuit een microdruppel van Sn.
De verdelingen van kinetische energie, gescheiden per ladingstoestand, van Sn-
ionen die door het plasma uitgestoten worden zijn gemeten voor verschillende
dichtheden van het H2-buffergas welke het plasma omringt. In afwezigheid van
dit buffergas worden energetische (keV) Sn-ionen waargenomen met ladingstoe-
standen van 4+ tot 8+. Wanneer de H2-dichtheid verhoogd wordt, verschuift
de ladingstoestand van de energetische ionen naar lagere waarden, tot aan
alleen nog maar 2+ en 1+ op de hoogst gemeten dichtheid. Onze observaties
zijn een duidelijk teken van het plaatsvinden van elektroneninvangst. Echter,
op voorhand werd verwacht dat 2+ de laagste ladingstoestand zou zijn welke
gegenereerd wordt, omdat vanaf dan de invangst van één elektron van H2

niet langer exotherm is. De generatie van Sn+ door het invangen van twee
elektronen van H2 door Sn3+ is nóg meer endotherm en werd daarom hier nog
niet beschouwd. Met de kennis van de latere experimenten met de verbeterde
gekruistebundelopstelling weten we nu dat voor energieën lager dan een paar
keV, tweevoudige elektroneninvangst ook Sn+ kan genereren. We hebben
voorgesteld dat de Sn+-ionen worden gegenereerd door enkelvoudige elektro-
neninvangst door Sn2+, welke zich echter niet in de grondtoestand bevindt
maar in een metastabiele toestand: Sn2+(5s5p 3Po) (Sn2+∗). De benodigde
bevolking van deze metastabiele toestand wordt ondersteund door het theo-
retische werk van Hoofdstuk 2. Een schatting van de werkzame doorsnede
voor enkelvoudige elektroneninvangst door Sn2+∗ is verkregen door Landau-
Zenerberekeningen. Na het toevoegen van het proces aan een simulatiemodel
van de Sn-ionen die door het buffergas bewegen, vinden we goede overeenkomst
met de experimentele observaties.
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In Hoofdstuk 5 bestuderen we het in Hoofdstuk 3 gëıdentificeerde elektro-
neninvangstproces nader. Semiklassieke berekeningen, vergelijkbaar met de
berekeningen uit Hoofdstuk 2, zijn gedaan en laten zien dat voor energieën welke
relevant zijn voor EUV-toepassingen, de werkzame doorsnede voor enkelvoudige
elektroneninvangst door metastabiel Sn2+∗ inderdaad veel groter is dan door
Sn2+ in de grondtoestand. Met onze aangepaste en verbeterde experimentele
gekruistebundelopstelling hebben we de werkzame doorsnede voor enkelvoudige
elektroneninvangst door Sn2+∗ bepaald door te kijken naar dubbele botsingen
in het systeem Sn3+-op-H2. We vinden goede overeenkomst tussen experiment
en berekening voor de hogere energieën. Echter, voor energieën lager dan 2
keV, waar de geldigheid van de Franck-Condonbenadering onzeker is, begin-
nen de twee uiteen te lopen. De gemeten werkzame doorsneden nemen toe
voor lagere energieën, terwijl de berekende waarden afnemen. Dit wijst erop
dat de vibratiebeweging in het H2-molecuul meegenomen moet worden in de
berekeningen voor lage energieën.

Concluderend, dit proefschrift heeft de werkzame doorsneden voor elektronenin-
vangst in botsingen van tweevoudig en drievoudig geladen Sn-ionen met molec-
ulair waterstof vastgesteld, over het volledige energiebereik welke relevant is
voor EUV-brontoepassingen. Terwijl men, gebaseerd op een eenvoudige reactie-
energiebalans, zou verwachten dat de omzetting van hooggeladen Sn-ionen
uit het lasergeproduceerdplasma tot lager geladen Sn-ionen door elektronenin-
vangst in het buffergas zou stoppen bij Sn2+, hebben wij twee reactiekanalen
gevonden welke efficiënt tot Sn+-ionen leiden. Het eerste kanaal is tweevoudige
elektroneninvangst door Sn3+-ionen en het tweede kanaal is enkelvoudige
elektroneninvangst door metastabiele Sn2+∗-ionen. Beide processen zouden
opgenomen moeten worden in simulatiemodellen van Sn-ionen welke door
een H2-gas bewegen in een EUV-bron. Door de in dit proefschrift verkregen
werkzame doorsneden in deze modellen te gebruiken, samen met schattingen
voor de hogere ladingstoestanden, kan men voorspellen op welke posities in de
bron de ionen veranderen van 3+ naar 2+ en naar 1+. Omdat het stopvermo-
gen verschillend is voor deze verschillende ladingstoestanden, is dit belangrijke
informatie voor de optimalisatie van de conditie van het waterstofbuffergas, en
daarmee voor de algehele prestatie van de EUV-bron.

Het onderzoek wat in eerste instantie gemotiveerd is door een industriële
toepassing heeft interessante fundamentele natuurkunde blootgelegd. Vanuit
het perspectief van de atoomfysica is een botsingsenergie van een paar keV laag.
Vanwege de hoge massa van Sn, is de botsingssnelheid erg laag op deze energieën.
Als gevolg hiervan wordt bij energieën lager dan een paar keV, de interactietijd
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tussen projectieldeeltje en doeldeeltje langer dan de vibratieperiode van het H2-
molecuul. Wij denken dat dit de reden is voor de opvallend grote waargenomen
werkzame doorsneden voor tweevoudige elektroneninvangst door Sn3+ en voor
de discrepantie tussen het experiment en de naar lagere energieën uitgebreide
Franck-Condonberekening voor Sn2+∗.

Onze experimentele data, welke een breed energiebereik omvatten, zijn een
ideale maatstaf voor lage-energieberekeningen. We kunnen concluderen dat
het raamwerk van semiklassieke berekeningen beschreven in dit proefschrift
succesvol is in het beschrijven van elektroneninvangst in Sn-H2-botsingen voor
energieën tot een minimum van een paar keV. Voor lagere energieën zal de
Franck-Condonbenadering losgelaten moeten worden en zal de beweging van
de waterstofkernen meegenomen moeten worden.
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