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Abstract
The semiconductor industry’s continued advancement relies on extreme ultraviolet (EUV) lithogra-
phy, where energetic laser pulses create tin plasma that emits the 13.5 nm wavelength light. However,
this process also produces energetic tin ions that can damage the sensitive mirror optics used to focus
the EUV light. This necessitates comprehensive plasma characterization studies, including secondary
electron emission from ion-surface interactions. This thesis presents the recommissioning and cali-
bration of an electrostatic analyzer (ESA) for low-energy electron detection in the Sirφ setup at the
Zernike Low-Energy Ion beam Facility (ZERNIKELEIF). This work systematically approaches chal-
lenging low-energy electron measurements by studying progressively lower energy systems: Ar9+

ions producing autoionization electrons around 210 eV, followed by He2+ ions generating electrons
near 35 eV through the same process. SIMION simulations characterized the ESA’s performance,
revealing optimal operating parameters of F = 6.40 and Vratio =−0.910 at Epass = 35 eV, along with
an important energy-dependent deviation ranging from +0.04% at 35 eV to -3.53% at 35 keV. Exper-
imental measurements successfully detected characteristic autoionization peaks centered around 207
eV for Ar9+ and 36 eV for He2+, showing good agreement with theoretical predictions and literature
values. While two distinct autoionization peaks were expected from the latter, only a single peak was
observed with energies correctly within the range of the two predicted features. The measurements
revealed critical position sensitivity that was addressed through comprehensive setup improvements
including installation of a second collimating diaphragm, realignment, elimination of magnetic in-
terference, and enhanced vacuum conditions. These changes enabled successful ion deceleration to
much lower energies (450 eV for Ar9+ and 10 eV for He2+), increasing autoionization electron yields
due to longer interaction times. The calibrated system now provides consistent optimal measure-
ment positions across different ion species and energies, eliminating the need for extensive position
optimization when changing experimental parameters. This study provides a foundation for future
low-energy electron spectroscopy measurements, particularly for detecting low-energy tin induced
secondary electrons relevant to EUV lithography applications.
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1 Introduction
The semiconductor industry has seen unprecedented technological advancement, following the pre-
dictions of Moore’s Law that computing capacity doubles approximately every 1.5 years. To maintain
this pace, modern computer chips require increasingly smaller transistors, pushing the limits of con-
ventional lithography techniques. The Dutch technology company ASML has pioneered the use of
Extreme Ultra-Violet (EUV) lithography to meet these demands, utilizing light with a wavelength of
13.5 nm to create patterns with minimum feature sizes that enable the production of state-of-the-art
microprocessors.

ASML’s EUV lithography systems generate this specific wavelength through laser produced plasma,
where CO2 lasers irradiate Sn droplets to create a plasma that emits photons at the specific wavelength.
This light is then focused using mirrors to create intricate patterns on silicon wafers. However, the
plasma generation process produces not only the desired EUV photons but also energetic Sn ions with
various charge states that can damage the expensive mirror systems. [1]

The detection and characterization of Sn ions requires specialized instrumentation, including re-
tarding field analyzers (RFA), Faraday cups, electrostatic analyzers (ESA), microchannel plates (MCP),
and channeltrons. Crucially, all of these detection methods utilize the production of electrons when
the ions impact their surfaces to generate measurable electronic signals. This dependence on electron
emission makes it essential to accurately characterize the electron spectra from ion-surface interac-
tions.

Sn presents particular challenges in this regard due to its high atomic number, which results in low
outer electron binding energies in the tens of eV range. With metal work functions typically around
2-5 eV, this leads to the production of low-energy electrons in the few eV range. These electrons are
difficult to detect and measure accurately due to their susceptibility to external influences. To address
this challenge a systematic approach is employed here, using different ions with that produce progres-
sively lower characteristic electron energies. First, Ar9+ is used, as it was shown to produce an easily
detectable single peak at 212 eV [2]. Next, He2+ is chosen as it generates lower energy electrons
around 35 eV [3]. These steps will enable the accurate measurement of the most challenging low-
energy Sn induced electrons in the future. Understanding and characterizing these electron emission
processes, particularly for Sn, is essential for accurate measurements of the produced plasma.

The research presented in this thesis was conducted at the Zernike Low Energy Ion-beam Facility
(ZERNIKELEIF) at the University of Groningen, where detailed studies of ion interactions are per-
formed. Specifically, this work focuses on the recommissioning and calibration of an ESA in the
Surface Physics (Sirφ) setup for low-energy electron detection.

This thesis presents a comprehensive study of ESA performance and optimization for electron
spectroscopy applications. Chapter 2 provides the theoretical background of the relevant physical
processes responsible for electron production from ion-surface interactions. Chapter 3 describes the
experimental setup, including the ZERNIKELEIF facility, the Sirφ setup, and the ESA. Chapter 4
presents SIMION simulations of the ESA, investigating optimal operating parameters and charac-
terizing its performance. Chapter 5 details the initial recommissioning phase, presenting the first
electron detection tests using Ar9+ and He2+ ion beams, including peak identification and the discov-
ery of critical position sensitivity. Chapter 6 focuses on systematic improvements to the experimental
setup and subsequent calibration measurements, demonstrating enhanced spectral quality and con-
sistent optimal positioning across different ion species and energies. Together, these results aim to
establish a robust foundation for future low-energy electron spectroscopy measurements.
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2 Theory

When ions interact with a surface, various reaction processes occur that govern charge neutraliza-
tion dynamics and electron emission. Understanding these processes is crucial for interpreting the
low-energy electron spectra observed from ion-surface pairings in this study: Ar9+ and He2+ ions
interacting with metallic surfaces (specifically Ru here).

The reaction processes can be categorized into primary and secondary processes. Primary pro-
cesses involve direct charge exchange between the projectile and target, with the aim of neutralizing
the ion. Secondary processes are de-excitation processes within the projectile afterwards. For this
study, autoionization (a secondary process) is the most relevant mechanism, while the primary pro-
cesses are responsible for creating the initial unstable states. The theoretical framework described
below is primarily based on a review of ion-surface interactions [4].

2.1 Primary Reaction Processes

2.1.1 Resonant transitions (RT)

Resonant neutralization (RN) occurs when an electron from below the Fermi energy in the conduction
band of the target transfers into an excited level of the incoming ion at the same energy. This process
neutralizes the ion without excess energy or direct electron emission. For highly charged ions, reso-
nant transitions occur at large distances above the surface. The energy levels involved in this process
are illustrated in Figure 1a. For the Ar9+ and He2+ ions used in this study, RN is one of the primary
mechanisms for creating the excited projectile states which subsequently decay via autoionization.

Quasi-resonant neutralization (QRN) involves electron transfer from a localized core level of a
surface atom into a near resonant empty projectile state. Unlike RN, a QRN transition needs the
close proximity of the projectile with a surface atom to have sufficient overlap of orbitals. Resonant
ionization (RI), the reverse process where an occupied atomic level with a binding energy smaller
than the surface work function loses the electron into an empty level of the conduction band above
the Fermi level, can also occur but is not relevant for ions used in this study.

(a) (b)

Figure 1: Schematic representations of resonant transitions (a) and collective excitation (b) processes.



Chapter 2 THEORY 3

(a) (b)

Figure 2: Schematic representations of the Auger neutralization (a) and Auger de-excitation (b) pro-
cesses.

2.1.2 Collective excitations

In collective excitation (CE), a target electron is captured into a lower projectile state, as illustrated
in Figure 1b, but the excess energy creates collective excitations (plasmons) in the target’s electronic
structure rather than emitting electrons. This process does not directly contribute to the measured
electron spectra but could appear as energy loss features. [5]

2.1.3 Auger Neutralization

In Auger neutralization (AN), two electrons from the conduction band are involved. One electron
jumps into a deeper lower lying empty level of the ion and another one gains this energy difference,
and can be ejected above the vacuum level. This process directly produces electrons, as depicted in
Figure 2a.

The kinetic energy Ee of the ejected electron is maximum if both electrons come from the Fermi
level:

Ee = Ei −2Wφ, (1)

where Ei is the ionization energy of the captured electron and Wφ is the work function. The energy
distribution of the emitted electrons is determined by the probability distribution energies at the tar-
get’s surface: the surface density of states. This results in a broadened energy distribution rather than
a sharp peak.

2.1.4 Auger De-excitation

In Auger de-excitation (AD) is a higher level electron from the projectile is emitted when an electron
from the target’s conduction band jumps into a deeper vacant level in the ion. The role of the two
electrons is swapped compared to AN, as shown in Figure 2b.

The maximum energy of the ejected electron is:

Ee = (Eb1 −Eb2)−Wφ, (2)
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Figure 3: Schematic representation of autoionization (AI).

where (Eb1−Eb2) is the difference in excitation energy of the of the two involved energy levels of the
projectile. Like AN, this process contributes to broader spectral features rather than sharp peaks.

2.2 Secondary Reaction Processes
2.2.1 Autoionization

In autoionization (AI) two electrons of the now neutralized, but unstable projectile are involved. One
excited electron jumps into a lower lying vacant level while the other excited electron is ejected. Since
both electrons in autoionization originate from well-defined energy levels of the projectile atom, they
produce sharp peaks with relatively narrow energy distributions in the spectrum, making this process
ideal for characterizing the ESA. The energy levels involved in this process is illustrated in Figure 3.

The kinetic energy of the emitted electrons is given by the difference in binding energies:

Ee = Eb1 −Eb2, (3)

where Eb1, and Eb2 represent the binding energies of the initial and final states, respectively.

2.2.2 Radiative decay

Radiative decay (RD) occurs when an electron in an ion transitions to a lower energy state, and the
excess energy is carried away by an emitted photon. This process contributes only minimally to the
studied de-excitation mechanisms and produces no electrons.
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3 Experimental Setup
All experiments were conducted at the Zernike Low-Energy Ion beam Facility (ZERNIKELEIF) at
the University of Groningen, within the Quantum Interactions and Structural Dynamics (QISD) re-
search group. This facility provides worldwide unique capabilities for low-energy ion interaction
studies, particularly for tin. The experimental approach relies on systematic measurement of electron
emission spectra from ion-surface interactions. The relevant components of the setup are: the ion
source and beamline system for ion generation and transport, the Surface Physics (Sirφ) experimen-
tal setup with its µ-metal vacuum chamber, and the electrostatic analyzer (ESA) for electron energy
spectra acquisition. Together, these components enable precise control over ion beam parameters and
detailed analysis of surface interaction processes.

3.1 ZERNIKELEIF: Ion Source and Beamline
Ion beams are generated using a 14 GHz Electron Cyclotron Resonance Ion Source (ECRIS). The
source uses a permanent magnet system to create a strong magnetic field that confines the plasma. The
kinetic energy (Ek) of ions extracted from the source is determined by the source potential (Vsource)
and the ion charge state (q): Ek = q ·Vsource.

After extraction, the ion beam passes through a 110◦ analyzing magnet that selects ions based
on their mass-to-charge ratio (A/q). This ensures that only ions of the desired species enter the
beamline. The beam then travels through three quadrupole triplet magnets (QT) that focus it to reduce
divergence. Correction magnets (CM) along the beamline minimize shifts in the beam’s trajectory.
Finally, a 45◦ bending magnet directs the beam into the Sirφ setup. See Figure 4 for a schematic
overview of this path.

3.2 Sirφ

The Surface Physics (Sirφ) experimental setup serves as the central interaction chamber where ion-
surface collisions occur and secondary particles are analyzed. Its core is a 300 mm diameter µ-
metal vacuum chamber that prevents external magnetic fields from affecting measurements and is

Figure 4: The ZERNIKELEIF facility features an ECR Ion Source, followed by a 110◦ analyzing
magnet for A/q selection. The beam then passes through three quadrupole triplet magnets (QT) for
focusing, correction magnets (CM) for trajectory optimization, and finally a 45◦ bending magnet that
directs the ion beam into the Sirφ experimental setup.
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(a) (b)

Figure 5: Photographs of the Sirφ experimental setup components. The Sirφ vacuum chamber (a)
shows the ion beam path (orange) to the target and the ESA’s electron detection view (blue). The
second collimating diaphragm is also already installed (dashed arrow). The µ-metal chamber provides
magnetic shielding and is maintained at ultra-high vacuum. A side view (b) of the ESA with its µ-
metal shielding removed reveals entry diaphragms, concentric hemispherical plates, and the MCP
detector.

maintained at an ultra-high vacuum of ∼ 5−10 mbar using an ion pump. The setup incorporates a
deceleration system for precise ion energy control, a five-axis target manipulator for positioning, and
multiple detection capabilities including time-of-flight (TOF), retarding field analyzer (RFA), and
electrostatic analyzer (ESA) measurements. Figure 5a shows an internal view of the Sirφ setup.

3.2.1 Deceleration System

Ion deceleration is achieved by floating the entire Sirφ setup at high voltage, including all electronic
systems. This creates a potential difference that slows down the ions as they approach the target. The
final kinetic energy of the ions at the target is given by: Ekin = q ·Vbias, where Vbias is the difference
between Vsource and the setup’s new ground potential. Vbias is controlled directly using a Fluke high
voltage power supply, while the setup is isolated from the beamline using a ceramic insulator. This
deceleration system is essential as it allows ion energies to be reduced from the initial keV range
down to eV levels, which increases the interaction time spent in front of the surface.

Before entering the main chamber, the ion beam passes through a deceleration lens system con-
sisting of four electrostatic lenses (labeled B-E). These lenses guide the ions through the changing
potential field, and focus the beam during both regular and decelerated measurements. The beam
finally enters the chamber through a 2 mm collimation diaphragm. An additional 1.5 mm diame-
ter diaphragm can be added after the first one; this configuration was used in Section 6, and is also
depicted in Figure 5a.
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Figure 6: Overview of the Sirφ experimental setup’s geometry, showing the coordinate system and
angular definitions used. The target manipulator provides translational motion in the x-y plane and
rotational control of the angle between incoming beam and target surface (ψ). The ESA can be
positioned around the chamber on a track system, changing the detection angle θ. Not shown are
z and φ as they both remained fixed for this study. The high voltage isolator is also indicated, it is
essential when biasing the setup for decelerating.

3.2.2 Target Manipulator and Geometry

The target is mounted on a five-axis manipulator system that provides precise control over position
and orientation. It allows translational motion of 25 mm in the x-y plane (in the beam plane) and
400 mm in the z-direction (perpendicular to the beam). Two rotational motions are available: the
target angle ψ (angle between the incoming beam direction and the target surface) and the azimuthal
angle φ (a rotational axis along the surface normal). Additionally, the ESA itself can be moved around
the center of the chamber on a track system, giving the detection angle θ between the incoming beam
direction and the detector position. Figure 6 shows the layout of relevant angles and axes used in this
study.

Several constraints are applied during experiments. To eliminate Doppler shift effects on the mea-
sured electron energies, the ESA has to be positioned at ±90◦ relative to the beam [2]. θ = 90◦ was
chosen as the track system can cause changes in the vertical alignment for θ < 0. The z-coordinate
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(a) (b)

Figure 7: Operating principles of the electrostatic analyzer (ESA). Cross-sectional schematic (a)
showing the concentric hemispherical plates with Rin = 48 mm and Rout = 52 mm, where voltages Vin
and Vout create an electric field for energy-selective charged particle detection. A force diagram (b)
illustrates the balance between centripetal forces Fcp and the electrostatic force FESA created by this
electric field.

(target height) and azimuthal angle (φ) also remained fixed throughout all measurements to simplify
geometrical analysis and maintain consistent alignment. This left the x and y positions to be adjusted
in order to find the optimal position with the best signal quality.

3.2.3 Electrostatic analyzer (ESA)

The electrostatic analyzer is a 180◦ semi-hemispherical detector that measures the energy distributions
of charged particles from the target surface. The ESA is depicted in Figure 5b.

The ESA consists of two concentric hemispherical plates with the inner having radius Rin = 48 mm
and outer Rout = 52 mm, as shown in Figure 7a. When voltages Vin and Vout are applied to the inner
and outer plates respectively, an electric field is created between them. A charged particle can only
pass through the ESA when the perceived outward centripetal force equals the inward electrostatic
force (Fcp = FESA). This situation is depicted in Figure 7b.

For a particle with mass m and charge q traveling along radius r, this force balance gives:

mṙ2

r
=

q(Vout −Vin)RinRout

(Rout −Rin)r2 .

For a particle with kinetic energy Ek = mṙ2/2 to be detected, it must travel through the central trajec-
tory r = (Rin +Rout)/2 and pass through the exit slit before reaching the microchannel plate (MCP)
detector. This leads to the condition:

Ek = q(Vout −Vin) ·F, (4)
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where F is the proportionality factor:

F =
1

Rout/Rin −Rin/Rout
. (5)

Plugging in the radii the, theoretical values F = 6.24 and Vratio =Vout/Vin =−0.923 can be obtained.
However, for this semi-hemispherical geometry, the empirically determined values F = 6.42 and
Vratio = −0.935 are used [3, 6]. The ESA measures the pass kinetic energy Epass = Ek/|q|, meaning
particles with different charge states but the same kinetic energy per charge will be detected at the
same voltage settings. This is not a concern when measuring electrons (q =−1).

The energy resolution of the ESA is characterized by a constant ratio ∆E/Epass, with the theoretical
value for this resolution being 0.5% [3]. Due to this constant relative resolution, it has to be taken into
account that the absolute energy bin width increases with energy.

To ensure accurate analysis, several corrections are applied to account for experimental factors.
Beam current fluctuations are corrected for by normalizing to the measured target current, while the
energy resolution is accounted for by dividing by ∆E. These normalizations result in corrected yield
spectra with units of counts per nanoCoulomb per eV (/nC/eV).
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4 Simulations of the ESA
Understanding the performance characteristics and optimal operating conditions of the electrostatic
analyzer (ESA) requires modeling of charged particle behavior through the analyzer’s electric field
configurations. This is achieved using SIMION, a specialized software package designed for simulat-
ing electromagnetic fields and charged particle dynamics in complex geometries.

SIMION operates by discretizing space into a grid of equally spaced points and solving Laplace’s
equation at each grid point to determine the electric potential distribution. Users can define electrode
geometries by designating clusters of grid points, with each electrode capable of being biased inde-
pendently. The software then calculates particle trajectories by computing the Coulomb and Lorentz
forces acting on charged particles at each time step. The simulations shown here were performed
using a 3D model of the ESA designed by Mart Salverda.

The performance of the ESA is quantified through two primary metrics derived from the energy
distribution of electrons that successfully pass through the analyzer. The accuracy of the pass en-
ergy is evaluated relative to Epass. This is done by calculating the Epass deviation (%): 100× (1−
Eobserved/Epass), where Eobserved is the mean of the Gaussian fitted to the transmitted energy distri-
bution. This metric represents how the energy measured by the ESA deviate from a particle’s actual
kinetic energy. Additionally, the energy resolution is characterized by measuring the full width at
half maximum (FWHM) of the same Gaussian. While all simulations presented here were performed
using electrons, one can expect ions to exhibit similar behavior given that the electrostatic principles
governing their trajectories are the same.

In this chapter, comprehensive SIMION simulations of the ESA are presented to characterize its
performance. The simulations address three key objectives: first, determining the optimal proportion-
ality factor F and voltage ratio Vratio for this simulated geometry; second, characterizing the energy
dependence of its performance; and third, investigating the effect of entrance position on the ob-
served energy distribution. These computational studies provide crucial insights for maximizing the
analyzer’s performance before experimental implementation and help establish the theoretical frame-
work for interpreting measured electron spectra.

4.1 Finding an optimal F and Vratio

To determine the optimal operating parameters for this ESA, systematic simulations were conducted
using 105 electrons per simulation run with a uniform energy distribution between 30 and 40 eV. The
electrons were initialized 34 mm in front of the first entry diaphragm with a cone-shaped uniform
direction distribution of 0.16◦ (sufficient to cover the second diaphragm). The voltages Vin and Vout
were calculated for Epass = 35 eV using Equations (4) and (5), while the front of the MCP was
maintained at 100 V to mirror experimental conditions.

A comprehensive parameter sweep was performed by varying F from 5.50 to 7.00 in steps of 0.15,
while simultaneously adjusting Vratio =Vout/Vin from -0.825 to -1.250 in steps of -0.0425. This gave
121 unique combinations to be simulated, each with corresponding calculated values of Vin and Vout
set.

The initial analysis of the parameter sweep shown in Figure 8a revealed that F = 6.40 consistently
produced the smallest deviation from Epass across all tested voltage ratios. As shown in Figure 8b,
FWHM showed no correlation with either F or Vratio parameters, if enough particles from the initial
30-40 eV distribution passed through the ESA.

To refine the optimization, the Epass deviation was examined as a function of Vratio while maintain-
ing F = 6.40 constant, resulting in Figure 9a. It shows a clear linear relationship between Vratio and
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(a) (b)

Figure 8: Parameter sweep results for ESA optimization at Epass = 35 eV. The absolute ratio of
deviation from the pass energy as a function of proportionality factor F and voltage ratio Vratio (a),
with the column F = 6.40 showing the closest values. FWHM as a function of the same parameters
(b) demonstrates the lack of systematic correlation between energy resolution and the two parameters.

(a) (b)

Figure 9: Linear optimization relationships for ESA parameters. Epass deviation compared to Epass =
35 eV as a function of voltage ratio Vratio with F fixed at 6.40 (a), reaching minimum deviation at
Vratio =−0.910. And the deviation as a function of proportionality factor F with Vratio fixed at -0.910
(b), confirming the optimal value of F = 6.40.

the energy deviation, with Vratio =−0.910 identified as the optimal value within the tested range.
Conversely, when Vratio was held constant at -0.910 and F was varied, a similar linear relationship

emerged, as seen in Figure 9b. This has also further confirmed F = 6.40 as the optimal F value.
The optimized parameter combination (F = 6.40, Vratio =−0.910) achieved a high accuracy with

only 0.04% deviation from Epass and an FWHM of 0.26%. Note, that this small deviation could be
further reduced with simulations using finer parameter steps near these optimal values. The resolution
represents approximately half of the expected 0.5% [3], attributed to the idealized simulation condi-
tion where all particles originate from a single location rather than a more realistic distribution of
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Figure 10: Energy dependence of ESA performance showing deviation from the pass energy as a
function of the energy regime given by Epass. The linear trend reveals a steady shift from positive to
negative deviations with increasing energy, starting from +0.04% at 35 eV to −3.53% at 35 keV.

starting positions. The effect of spatial distribution on performance is investigated further in Section
4.2.

To verify the energy-independence of these optimization results, the parameter relationships were
tested at a higher energy regime. Some simulation of the original 121 were repeated with an energy
range of 3000-4000 eV and Epass = 3500 eV while maintaining all other parameters constant. The
deviations in pass energy exhibited identical behavior across both energy regimes, as demonstrated
by the strong correlation seen in Figure A.2 of the Appendix. This confirms that the electrostatic
principles governing the optimization are energy-independent, as theoretically expected. The FWHM
showed no correlation between the 35 eV and 3500 eV results (see Figure A.3 in the Appendix),
consistent with the lack of F or Vratio dependence observed at 35 eV.

4.2 Energy dependence

To evaluate the ESA’s performance across its operational energy range, simulations were conducted
using the optimized parameters (F = 6.40 and Vratio = −0.910) with 105 electrons from the same
single point and identical conical distribution, as in the section above. Uniform energy distributions
were applied between 3×10n and 4×10n eV with corresponding Epass = 3.5×10n eV set, where n
was varied from 1 to 4, with an additional step between n = 3 and 4 added.

A significant energy-dependence of the Epass deviation ratio was observed. As shown in Figure
10, the deviation in pass energy exhibits a steady trend across the energy range. At the lowest energy
(Epass = 35 eV), the deviation was minimal at +0.04%, as it was optimized for this energy in the
previous section. However, the deviation increased linearly to -3.53% at Epass = 35 keV. This meant
that when the ESA was configured for a pass energy of 35 keV, the observed mean energy was actually
36.235 keV.
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The energy resolution, characterized by the FWHM, showed no obvious trend with increasing
energy, as illustrated in Figure A.4 in the Appendix. However, given that all FWHM values remained
within the broad range observed during parameter optimization (comparable to the variations seen in
Figure 8b and Figure A.3 which can be found in the Appendix), no definitive conclusions regarding
energy-dependent resolution degradation can be drawn.

To investigate potential effects of the simulation approach used, the influence of the MCP front
voltage was examined, as this parameter had been held constant at 100 V across all energy ranges.
However, as demonstrated in Figure A.5 of the Appendix, no correlation was found between the
front voltage and either of the metrics, ruling out this as a contributing factor to the observed energy
dependence.

The -3.53% shift at high energies is unexpected, as electrostatic relationships are expected to scale
proportionally with particle energy. This energy-dependent deviation may partially explain the dis-
crepancy between the computationally optimized parameters (F = 6.40, Vratio = −0.910) and those
determined through experimental calibration of the actual setup (F = 6.42, Vratio = −0.935) [3, 6].
As the experimental parameters may have been optimized for a different and higher energy range.

This energy dependence has important practical implications for spectroscopy measurements per-
formed using this experimental setup. When analyzing particles with energies significantly different
from the calibration energy, the ESA will have a consistent error in observed energies. For calibration
energies much lower than the energies to be measured, shifts toward lower values occur. While cali-
bration at significantly higher energies compared to the measured ones would result in shifts toward
higher energies. To mitigate this effect, it would be beneficial to calibrate the ESA across multiple
energy points and implement energy-dependent corrections to the F and Vratio parameters during data
acquisition.

4.3 Position dependence of the energy distribution
To assess the ESA performance under more realistic conditions, simulations were conducted modeling
the spatial distribution of particles entering the analyzer. In the actual experimental setup, particles
reaching the ESA originate from within a d = 3.82 mm diameter circle on the target when positioned
at ψ = 45◦ and θ = 90◦ [6].

To simulate this scenario, 107 electrons (the maximum number supported by SIMION) were ini-
tialized within a uniform spherical distribution with d = 4 mm diameter. This sphere was centered
at the same location used in previous sections, 34 mm in front of the entry diaphragm, to accurately
represent the target’s position in the Sirφ setup. The directional cone distribution was expanded to
2.75◦ to ensure particles from all positions within the sphere could reach the second entry diaphragm.
The energy distribution was narrowed to 33-36 eV to improve transmitted particle statistics. The
pass energy was maintained at Epass = 35 eV, using the previously optimized parameters (F = 6.40,
Vratio =−0.910).

The spatial distribution of particle origins significantly affected the transmitted energy spectrum.
As shown in Figure 11, the FWHM increased to 0.40%, approaching the theoretical expectation of
0.5% [3]. However, the spectrum also exhibited an asymmetric broadening, with a distinct lower-
energy region extending between 34.1 and 34.8 eV. This asymmetric behavior warranted further in-
vestigation, as it deviated from the symmetric Gaussian profile one could expect.

To understand the origin of this asymmetric broadening, particle trajectories were analyzed for
three representative energies: 34.34 eV (low-energy region), 34.65 eV (intermediate), and 34.975 eV
(main peak), as indicated in Figure 11. The trajectory analysis revealed that particles contributing
to the low-energy section consistently travel along paths very close to the inner cylindrical plate, as
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Figure 11: Energy distribution of electrons transmitted through the ESA when initialized from a 4 mm
diameter spherical distribution. The spectrum shows the expected main peak centered around 35 eV
with FWHM of 0.40%, but also exhibits an asymmetric low-energy region. The three color marked
energies correspond to the particle trajectories analyzed in the 3D visualization of Figure 12.

shown in Figure 12a. The front view in Figure 12b revealed that the lower-energy particles exhibit a
slight preference for the left side. This lateral asymmetry can be attributed to the ESA’s design: the
cylindrical plates are open on the right side, creating a slightly non-uniformity in the electric field.

The correlation between particle trajectories and their initial positions was further investigated by
examining the spatial distribution of the starting point of successfully transmitted particles. Figure 13
shows the starting positions of all transmitted particles as viewed from the entrance of the ESA,
colored by their energies. The analysis reveals that particles making up the low-energy region pre-
dominantly originate from the upper half of the initial spherical distribution, with a slight bias toward
the left side.

Overall, the low-energy region, while clearly present, accounts for only a small fraction of the total
transmitted particle count compared to the main peak. Given this limited magnitude, the practical
impact on spectroscopic measurements is likely minimal, and implementing aperture restrictions to
mitigate this effect would not justify the resulting reduction in field of view. The existing constraints
already necessitate precise alignment and positional tuning, challenges that will be explored in the
following sections.
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Figure 12: Three-dimensional particle trajectories for electrons with energies of 34.34 eV (red),
34.65 eV (green), and 34.975 eV (dark blue). The side view (a) demonstrates that low-energy par-
ticles follow trajectories closer to the inner cylindrical plate, while the front view (b) shows a slight
preference for the left side of the hemispherical channel for the low-energy particles.

Figure 13: Spatial distribution of initial particle positions for successfully transmitted electrons
(right), viewed from front of the ESA entrance. The coloring corresponds to the transmitted parti-
cle energies, showing that particles originating from the upper portion of the d = 4 mm sphere are
responsible for the low-energy region observed. Figure 11 is repeated (bottom-left) with matching
coloring.
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5 Recommissioning the ESA for electrons

This chapter presents the first electron energy spectra obtained with the electrostatic analyzer (ESA)
following its recommissioning for electron measurements. Expected autoionization peaks for Ar9+

and He2+ ions are first established from theoretical calculations and previous experimental work, then
compared with the initial experimental results. The main challenge encountered was the strong depen-
dence of spectral quality on target positioning, which varied with both beam energy and deceleration
lens settings and required extensive optimization.

5.1 Expected peaks

Ar9+

The complex electron structure of argon makes conclusive theoretical predictions difficult, however,
extensive experimental data is available for comparison. Electron impact excitation of Ar gas pro-
duces emission peaks across a wide energy range, with a region of particularly high intensity between
201.09-207.23 eV and most prominent peak occurring at 205.21 eV [7]. Previous surface-ion exper-
iments using a similar configuration of the Sirφ setup yielded a broader peak centered at 212 eV in
1989 [2].

He2+

For doubly ionized helium, theoretical calculations are more readily available due to the limited num-
ber of states. Table 1 summarizes the relevant doubly excited helium states along with their cor-
responding calculated electron kinetic energies (Ee), determined using Equation (3). Based on the
autoionization rates (ΓAI) and statistical weights (gi) of each state, two distinct peak regions are an-
ticipated: one around ∼ 33.5 eV and another around ∼ 35.4 eV.

For successful observation of the emitted electrons, the autoionization process must occur before
the excited He∗∗ reaches the surface. Based on the state’s lifetimes, this requires the use of low ion
velocities to increase the interaction time spent in front of the surface.

State Eb1 (eV) Eb2 (eV) Ee (eV) ΓAI (1014 Hz) gi Lifetime (fs)
(2s2)1S -21.13

-54.42

33.29 2.10 1 4.8
(2s2p)3P -20.69 33.73 0.23 9 43.5
(2p2)3P -19.33 - - 9 -
(2p2)1D -19.12 35.30 1.10 5 9.1
(2s2p)1P -18.88 35.54 0.64 3 15.6
(2p2)1S -16.86 37.56 ≪ 0.1 1 ≫ 100

Table 1: Properties of doubly excited He∗∗(2l2l′) states relevant to autoionization processes. The
table presents the binding energy of the initial doubly excited state (Eb1), and of the final He+(1s)
state (Eb2) [8], along with the resulting kinetic energy of the emitted autoionization electron (Ee)
calculated using Equation (3). The autoionization rates (ΓAI) [9], statistical weights (gi) and lifetimes
for each initial state are also provided to approximate the relative intensities of the expected peaks,
and illustrate the importance of interaction time.
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These theoretical predictions are supported by previous experimental observations. Electron beam
excitation studies of He gas revealed two autoionization peaks at approximately 33.5 eV and 35.6 eV
[10]. Ion-surface interaction experiments conducted using Sirφ setup in 2004 yielded energies of ap-
proximately 34.5 eV and 36.0 eV [3], showing the two-peak structure across different measurements.
It should be noted that given the small energy separation between these peaks, resolving them as
distinct features may prove challenging.

5.2 Spectra

The following section presents the initial electron energy spectra obtained during the recommissioning
phase of the ESA. For each ion species, measurements were conducted under optimized conditions
following position and parameter tuning.

The spectral analysis employs fits of a skewed Gaussian distribution (see Equation (6) in the Ap-
pendix). This distribution is particularly well-suited for secondary electron spectra, as these electrons
undergo scattering and various interactions near or within the surface, resulting in characteristic asym-
metric distributions with extended low-energy tails.

The Full Width at Half Maximum (FWHM) is determined numerically by finding the points where
the fitted curve crosses half of its maximum height (calculated with the baseline offset taken into
account), with the FWHM being the distance between these two crossing points. This approach works
universally for any peak shape, making it suitable for analyzing the skewed Gaussians used here. A
limitation of this method is that it does not produce results if the fit range does not fully encompass
both sides of the peak where it crosses the half-maximum height (as will be the case in Figure 19a).
It should also be noted that, while background subtraction would have been necessary to determine
the accurate height of the peak for calculating the FWHM, making it accurate and representative, the
current approach was sufficient for this study as it was only used to compare relative changes between
different experimental settings and conditions.

Ar9+

For the Ar9+ measurements, 63 keV ions were generated using the ECRIS source and transported to
Sirφ. Initial measurements were performed without beam deceleration at ψ = 15◦ to test the ESA’s
operation. Figure A.7 in the Appendix demonstrates that while the detector was confirmed to be
operating, no characteristic autoionization peaks were produced. Instead, the spectrum exhibited only
a broad structure across the whole measurement range, with decreasing intensity. This result provided
clear evidence for the necessity of beam deceleration to achieve the low ion velocities required for the
expected autoionization features.

Next, the beam was decelerated using the Sirφ setup to 2250 eV. The target was positioned at
ψ = 45◦ to maximize the surface area impacted by the ion beam, enhancing the signal intensity. Upon
initial deceleration, a characteristic peak around 210 eV became visible, confirming the successful
observation of the autoionization electrons. However, determining the optimal target position re-
quired extensive fine-tuning (discussed in the following section). After optimization, the target was
positioned at (x,y) = (8.5,12.0) mm, yielding the spectrum shown in Figure 14.

He2+

A 14 keV He2+ beam was transported to the Sirφ setup and decelerated to 100 eV. The target was
oriented at ψ = 15◦ relative to the incident beam to further minimize the surface-normal velocity



18 Chapter 5 RECOMMISSIONING THE ESA FOR ELECTRONS

Figure 14: Electron energy spectrum for 2250 eV Ar9+ ions at target position (x,y) = (8.5,12.0) mm
and ψ = 45◦. The prominent peak at approximately 210 eV corresponds to autoionization electrons.
The peak’s energy is consistent with previous studies, indicated by the blue [7] and orange [2] dashed
lines.

component. Through optimization of the target’s position, the highest spectral quality was achieved
at coordinates (x,y) = (11.0,10.0) mm. The resulting spectrum, presented in Figure 15, clearly re-
veals the expected autoionization feature predicted by theoretical calculations.

Additional test measurements on both ions species explored sample biasing effects on spectral qual-
ity: while it increased the count rate, it did not improve the peak compared to background. However,
grounding the heating filament used for sample cleaning provided significant improvement and was
used for all subsequent measurements.

Observed peaks from both ion species’ electron spectra show excellent agreement with previous
experiments and theoretical expectations. This consistency serves as an initial validation of both the
ESA and the whole experimental setup employed in this study.

5.3 Target position maps

A critical observation during the initial measurements was the strong sensitivity of spectral quality
to the target position. The possible reasons for this dependence will be explored in Section 6. To
systematically characterize this spatial dependence, position maps were generated to quantify the
peak quality at each (x,y) location across the target surface.

Several metrics were evaluated to represent peak quality, including integrated peak area, peak-to-
background ratio, and peak height above baseline. After comparing these approaches with subjective
visual assessment of the spectra, the height of the fitted (Equation (6)) peak’s maximum above base-
line was selected as the most reliable metric, showing the best correspondence with qualitative peak
evaluation.
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Figure 15: Electron energy spectrum for 100 eV He2+ ions at optimized target position (x,y) =
(11.0,10.0) mm and ψ = 15◦. The spectrum shows a wider peak around 34.8 eV, corresponding to
autoionization from different doubly excited helium states. While only a single peak is visible, its
energy is in good agreement with theoretical predictions indicated by blue (peak 1) and orange (peak
2) dashed lines.

He2+ position sensitivity

While no systematic position map was generated for He2+, significant position sensitivity was also
observed for this ion species. Notably, adjustments to the voltage of the final deceleration lens (lens
E) dramatically altered the optimal target position, requiring repositioning after each adjustment.

Ar9+ position map

The prominent ∼ 210 eV autoionization peak from Ar9+ provided an ideal feature for quantitative
position optimization. Spectra were recorded across the energy range of 120-250 eV using 2 eV steps
and 10 s measurement time per step. An example spectrum and its corresponding skewed Gaussian
fit are shown in Figure A.8 in the Appendix, illustrating the fitting procedure used to extract peak
heights for each position.

The resulting position map, shown in Figure 16, reveals the region of optimal performance for a
2250 eV Ar9+ beam, with the sample at ψ = 45◦ and the ESA at θ = 90◦. The map orientation corre-
sponds to the experimental geometry depicted in Figure 6, with linear interpolation applied between
measurement points to enhance visualization. A broad region of high peak quality is observed within
the coordinates 9.0 ≤ x < 11.0 mm and 10.5 ≤ y ≤ 11.5 mm, with a gradual degradation in quality
outside this zone.
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Figure 16: Position map showing the quality of the autoionization peak across different target posi-
tions for Ar9+ secondary electrons. The color scale represents the fitted peak height above baseline,
with each dot being a measurement location. The optimal region extends from x = 9.0− 11.0 mm
and y = 10.5−11.5 mm, providing a relatively broad area for stable measurements. The center of the
manipulator’s range is indicated to aid comparison between different position maps. An example of
the fitting procedure used to extract peak heights is shown in Figure A.8 in the Appendix.

This position mapping approach proved effective for identifying optimal measurement locations,
though it was time-intensive. A critical limitation was found when beam energy or deceleration
lens settings were altered: the previously optimal position would no longer yield the best spectral
quality, necessitating complete remapping. This behavior indicates that the ion beam profile and focal
properties are highly sensitive to these experimental parameters, highlighting the need for improved
stability in future measurements.
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6 Calibration of the ESA
Following the successful initial measurements described in the previous section, a comprehensive
series of improvements were implemented to enhance the performance and consistency of the Sirφ
setup. This section details these modifications and presents the subsequent measurements that demon-
strate their effectiveness.

6.1 Setup improvements

The optimization process addressed several key aspects of the experimental configuration, each tar-
geting specific performance limitations identified during the initial measurements.

Beam collimation and alignment

A critical improvement involved the installation of a second collimating diaphragm just before the
beam enters the experimental chamber, positioned after the deceleration lens system and the first
diaphragm, as illustrated in Figures 5a and 17. This addition was motivated by the previously observed
substantial beam divergence at large deceleration factors [3]. The additional collimator serves a dual
purpose: reducing beam divergence to maintain a well-defined beam profile and eliminating potential
asymmetric effects from the deceleration lenses that could introduce unwanted beam deflection.

Next, the entire setup underwent careful realignment with respect to the beamline axis to ensure
optimal beam transmission through all elements. This procedure significantly increased the ion cur-
rent reaching the target and thus improving yield count statistics . At the same time, the ESA was
precisely aligned to the chamber center and beamline height, guaranteeing that its field of view re-
mains consistently directed at the same target location as it moves along its track. The schematic
comparison shown in Figure 17 demonstrates the enhanced beam focusing achieved through all of
these modifications.

(a) (b)

Figure 17: Comparison of the Sirφ setup showing the implemented improvements. Original setup (a)
shows the effects of beam divergence and misalignment. (Note that the inaccuracies are exaggerated.)
Improved configuration (b), highlighting the addition of the second collimating diaphragm (red out-
line), the realigned ion beam and ESA field of view.
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Magnetic interference elimination

During the alignment process, it was discovered that an ionization pressure gauge containing a strong
permanent magnet was positioned above the deceleration zone. The magnetic field from this gauge
could deflect the ion beam trajectory, particularly affecting the low-energy ions after deceleration. To
eliminate this interference, the gauge was relocated to the far side of the setup, away from the ion
beam’s direct path.

Improving the vacuum

As these modifications required exposing the system to atmospheric conditions, a comprehensive
bakeout procedure was necessary. The entire setup was heated to temperatures exceeding 100°C for
more than 24 hours, successfully reducing the chamber’s pressure from 10−8 mbar to the 10−10 mbar
regime compared to conditions before opening it up. The improved vacuum conditions minimize
residual gas coating of the target surface and reduce scattering collisions with low-energy electrons,
both critical for obtaining clean autoionization spectra with minimal background effects.

6.2 Spectra

All subsequent measurements mentioned were performed with consistent geometric parameters: the
target maintained at ψ = 45◦ and the ESA positioned at θ = 90◦ to ensure comparability.

Ar9+

The 63 keV Ar9+ ion beam was initially decelerated to 2250 eV, and the first measurement shown in
Figure 18a was acquired at position (x,y) = (12.5,12.5) mm. Remarkably, this measurement immedi-
ately revealed a well-defined autoionization peak without requiring extensive positional optimization.
The high ion intensity has also enabled significantly shorter measurement times per energy step while
maintaining adequate counting statistics.

Next, the ion beam was further decelerated to 450 eV, a deceleration factor at which previously
it was not possible to acquire the autoionization electrons with the ESA. This lower impact energy
resulted in a substantial increase in autoionization electron yield due to enhanced interaction times at
reduced velocities.

At the optimized position of (x,y) = (11.1,13.3) mm, five consecutive one-hour measurements
were performed and subsequently averaged to minimize statistical fluctuations, yielding the high-
quality spectrum presented in Figure 18b. The resulting peak, centered at approximately 207 eV,
demonstrates excellent agreement with established literature values [7], and shows only minimal de-
viation from previous surface interaction experimental values [2].

While the background levels were substantially reduced, the FWHM of the autoionization peak
remained essentially unchanged, measuring 17.8% compared to the previous value of 17.6% before
the adjustments to the setup.

He2+

The 14 keV He2+ ion beam was decelerated to 100 eV, and initial measurements were conducted at
position (x,y) = (10.5,13.5) mm following some positional tuning, as shown in Figure 19a. How-
ever, the improvements in beam current and counting rates were less pronounced for this ion species
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(a) Ar9+ at 2250 eV

(b) Ar9+ at 450 eV

Figure 18: Secondary electron spectra from Ar9+ ions at 2250 eV (a) and 450 eV (b) beam energies.
The electron spectra demonstrate improved signal quality after setup optimization, while the lower en-
ergy one shows significant improvements, with the main autoionization peak centered around 207 eV.
The peak’s energy is consistent with previous studies, indicated by the blue [7] and orange [2] dashed
lines. Note that (b) was taken over 5 hours to reduce fluctuations in the measured yield.

compared to Ar9+, with some measurements showing reduced performance relative to the original
configuration.

Further deceleration to 10 eV was successfully achieved, representing a significant accomplishment
given the challenges associated with maintaining beam coherence at such low energies. This ultra-
low impact energy produced a significant increase in autoionization electrons, confirming theoretical
expectations for enhanced interaction times at low energies. The optimal measurement position was
confirmed to be (x,y) = (10.5,13.5) mm, and yielded the spectrum presented in Figure 19b.

The dominant autoionization peak, centered at 35.5 eV, shows excellent agreement with both the-
oretical calculations and experimental literature values [3, 10]. However, the expected double peak
structure could not be fully resolved, as the two autoionizing states are separated only by a small
energy interval.

Compared to the previous measurements at 100 eV (Figure 15), the background was dramatically
reduced and the measurement stability significantly improved, although the FWHM increased slightly.
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(a) He2+ at 100 eV (b) He2+ at 10 eV

Figure 19: Electron spectra from He2+ ions at 100 eV (a) and 10 eV (b) impact energies. The spectrum
in (b) demonstrates successful deceleration, with the main autoionization peak centered at 35.5 eV.
The closely spaced double peak structure remains unresolved.

When looking at the spectra from both ion species it is clear that the implemented modifications
successfully enhanced both the quality and intensity of autoionization features. This improvement
was primarily achieved through the ability to decelerate ions to lower energies, and with that increas-
ing the interaction times. This low-energy operation was made possible by the consistent optimal
measurement positions across different energies.

However, it should be noted that both ion species exhibit regions of high intensity that dominate the
lower energy regimes: below 120 eV for 450 eV Ar9+ (Figure 18b) and below 15 eV for 10 eV He2+

(Figure 20). While a detailed investigation of this phenomenon is beyond the scope of this study,
the most likely explanation is contributions from kinetic and Auger electrons. The energy resolution
correction; dividing the yield by ∆E = Epass × 0.5%, may further enhance this effect and warrants
future investigation to establish the ultimate limits of low-energy measurements.

6.3 Target position maps

To assess the improvements achieved through setup modifications, positional maps were recorded for
both ion species. These maps clearly demonstrate enhanced beam focusing and improved measure-
ment consistency across the range of studied ions and energies.
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Figure 20: Complete electron spectrum from He2+ ions at 10 eV impact energy covering the full
range from 0-40 eV. This measurement was performed with a relatively large energy step of 0.5 eV.
The spectrum clearly shows the autoionization peak centered around 36 eV, while also demonstrating
the characteristic high-intensity behavior at low energies (below 15 eV) that is consistent with obser-
vations in both Ar9+ measurements (Figure 18).

Ar9+

Complete electron energy spectra spanning 0 to 270 eV were acquired using the 450 eV Ar9+ ion
beam across a range of target positions. The measurements used 3 eV energy steps with 2 s acquisition
time per step to balance spectral resolution with reasonable measurement duration. The quality metric
was determined by fitting a skewed Gaussian function to the autoionization peak region (95-270 eV)
and extracting the peak height as the figure of merit, same as in Section 5.3.

The positional survey was conducted systematically, beginning from the initial position (12.5,12.5) mm
and adjusting x and y in steps of 0.5 to 1 mm. The search pattern alternated between sweeping along
the two axes until the optimal position was identified, with additional strategic points measured to
map the peak quality distribution. The resulting positional map is presented in Figure 21a.

While the maximum peak height was initially recorded at position (x,y) = (11.1,13.3) mm, longer
measurements with smaller steps (Figure 18b) later revealed this to be an outlier. When incorporating
this new data, the consistently optimal region is around (x,y)≈ (10.3,13.0) mm.

Comparison with the original positional map (Figure 16) reveals two significant improvements:
substantially increased peak heights and a more tightly focused region of optimal performance. These
findings confirm the effectiveness of the setup modifications in enhancing the experimental results.

He2+

Position maps were generated for He2+ ions at both 100 eV and 10 eV impact energies. Given the
narrower linewidths characteristic of helium autoionization features, energy step sizes smaller than
1 eV were employed with various acquisition times (2-10 s per step) to ensure adequate spectral
resolution and counting statistics.

Remarkably, the optimal position for both beam energies was consistently determined to be (x,y) =
(10.5,13.5) mm. This reproducibility across different energies highlights a key advantage of the im-
proved setup: the elimination of energy-dependent beam effects that previously required position op-
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(a) Ar9+ at 450 eV

(b) He2+ at 100 eV (c) He2+ at 10 eV

Figure 21: Position-dependent autoionization peak intensity maps for Ar9+ ions at 450 eV (a), He2+

ions at 100 eV (b), and He2+ ions at 10 eV (c) impact energies. The color scale represents fitted
peak heights, as detailed in Section 5.3 and Figure A.8 in the Appendix. All maps show well-focused
regions of high values with remarkable consistency in optimal measurement positions across different
ion species and energies, demonstrating the effectiveness of the setup improvements.

timization for each experimental condition. The positional maps for 100 eV and 10 eV measurements
are shown in Figures 21b and 21c, respectively.

The comparison between these maps further emphasizes the focused high-quality measurement
region and its consistency across energy scales. This energy independence represents a significant
advancement, as it eliminates the need for time-consuming position optimization when changing ex-
perimental parameters.

An overview of the positional analyses presented in Figure 21 demonstrates that the high-quality
spectroscopy regions are now remarkably similar across different ion species and energies. This con-
sistency confirms that the implemented improvements have successfully addressed the issues that
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previously limited experimental capabilities. Importantly, the same spectroscopic quality is now ex-
pected for secondary electron energies at least as low as the 30 eV regime, regardless of the ion energy
used to produce them. This demonstrated consistency in optimal positions across species and energies
eliminates the need for extensive position tuning when transitioning between different experimental
settings, enabling investigations of various ion-surface combinations with predictable performance at
the established target position regions.
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7 Conclusion
This thesis presents a comprehensive study of the recommissioning and calibration of an electrostatic
analyzer (ESA) for secondary electron spectroscopy in ion-surface interactions. The work success-
fully demonstrated the low energy electron measurement capabilities of the Sirφ experimental setup
at ZERNIKELEIF, enabling precise characterization of electron emission from ion-surface collisions.

The SIMION simulations provided crucial insights into the ESA’s operational characteristics. The
systematic parameter optimization revealed that the proportionality factor F and voltage ratio Vratio
exhibit linear relationships with energy accuracy, with optimal values of F = 6.40 and Vratio =−0.910
determined for this simulated detector. An important finding was an energy-dependent deviation in
pass energy, showing a systematic shift from the calibrated +0.04% at 35 eV to -3.53% at 35 keV.
This energy dependence has important implications for spectroscopic measurements taken further
away from the calibration energy. Additionally, the simulations demonstrated that electron starting
positions influence the transmitted energy distribution, with particles originating from near the top of
the acceptance window contributing to asymmetric spectral broadening.

The experimental measurements successfully demonstrated the detection of characteristic autoion-
ization electrons from both Ar9+ and He2+ ions. For Ar9+, the prominent autoionization peak cen-
tered at approximately 207 eV showed excellent agreement with previous experimental studies. The
He2+ measurements revealed a single autoionization feature centered around 34-36 eV, with energies
matching the range of the two expected peaks, though the closely spaced double peak structure could
not be resolved. These results validate both the ESA and the experimental approach employed in this
study.

The comprehensive setup improvements implemented during the calibration phase significantly
enhanced measurement quality and consistency. The installation of a second collimating diaphragm,
careful realignment of the entire system, elimination of magnetic interference, and improved vacuum
conditions collectively enabled successful ion deceleration to much lower energies. These low ion
velocities resulted in dramatically increased autoionization electron yields due to longer interaction
times, as demonstrated by the measurements of 10 eV He2+ and 450 eV Ar9+ ions compared to
previous higher energy measurements.

A critical finding was the inconsistent but strong position dependence of spectral quality observed
during initial measurements, which was successfully addressed through the setup improvements. The
new position mapping studies revealed that optimal measurement locations became remarkably con-
sistent across different ion species and energies after the modifications. This consistency eliminates
the need for extensive position optimization when changing experimental parameters, significantly
improving the experimental workflow.

This study established a solid foundation for future secondary electron spectroscopy studies, demon-
strating the capability to measure autoionization electrons with energies as low as 30-35 eV and
achieving consistent optimal positioning across different ion species and energies. The systematic
approach developed here, combined with the improved experimental stability, positions Sirφ to tackle
the challenging measurement of Sn ion induced secondary electrons, which remain crucial for ad-
vancing EUV lithography technology.
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Outlook
This study has established a solid foundation for future secondary electron spectroscopy investiga-
tions, with several opportunities for further enhancement and application.

The energy-dependent deviation observed in simulations suggests that implementing energy-dependent
corrections to the F and Vratio parameters could improve measurement accuracy across the full op-
erational range. Additionally, the recorded spectra’s quality could be further enhanced through data
processing techniques, such as noise reduction algorithms, and background subtraction methods [6].

Future investigations could explore the high-intensity regions observed at low energies in both ion
species, which likely originate from kinetic and Auger electrons. Understanding these contributions
would help establish the ultimate limits of low-energy measurements and optimize experimental con-
ditions for this region. Additionally, the setup’s enhanced capabilities open possibilities for studying
other ion-surface combinations relevant to plasma physics and surface science applications.

The successful recommissioning of the ESA for electron measurements represents the restoration
of valuable experimental capabilities at ZERNIKELEIF, providing an effective tool for investigat-
ing secondary electrons from ion-surface interaction processes across a wide range of energies and
species.
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Appendix

Simulations of the ESA
Determining the energy distribution for fitting Eobserved

Particles were recorded when passing through the plane (x=62.25 mm, thin red line in Figure A.1),
this is between the MCP front and the grounding diaphragm before it. All particles also pass this plane
just before second entry diaphragm. From these two factors, the initial energy could be determined
(as the MCP front voltage accelerates the particles before their impact), and matched to each particle’s
second pass. So the observed energy distribution includes all particles that passed through twice this
x-plane, and their energies are assigned based on the energy they had when first being recorded.
Finally, a Gaussian is fitted to this distribution.

Figure A.1: The vertical red line indicates the line of recording, while the semi-circular black lines
are the paths of the individual simulated particles, starting from a single point here.

Additional plots
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Figure A.2: Correlation of Epass deviation between 35 eV and 3500 eV simulations for identical F
and Vratio parameter combinations. The strong linear correlation (indicated by the diagonal trend)
confirms that the optimization parameters are energy-independent, validating the electrostatic princi-
ples underlying the ESA operation. Note that there is a small downward shift of all points, indicating
a slightly lower Eobserved for 3500 eV, for more details on this see Section 4.2.

Figure A.3: Correlation of FWHM values between 35 eV and 3500 eV simulations. The absence
of correlation reflects the lack of systematic dependence of energy resolution on the optimization
parameters F and Vratio, consistent with the observations at lower energy regimes, shown in Figure
A.4.
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Figure A.4: Energy resolution (FWHM) as a function of different energy regimes showing a slight
downward trend. While the resolution appears to improve marginally at higher energies, the variation
remains within the range observed during parameter optimization (see e.g. Figure 8b), preventing
definitive conclusions about energy-dependent resolution changes.
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(a)

(b)

Figure A.5: Investigation of MCP front voltage influence on ESA performance at Epass = 35 keV.
Both energy deviation (a) and FWHM (b) show no systematic dependence on the MCP front voltage,
confirming that the observed energy-dependent behavior is independent from this parameter. The
same was observed for Epass=35 eV as well.
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Figure A.6: Energy distribution of electrons transmitted through the ESA when all particles are ini-
tialized from a single point source. Unlike the sphere starting distribution case of Figure 11, this
spectrum shows a symmetric Gaussian profile, demonstrating that the asymmetric broadening ob-
served there is related to the wider range of starting locations.
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Recommissioning the ESA for electrons
Skewed Gaussian fit for peak height

For fitting to the peaks a skewed Gaussian was fitted:

f (E) =
A
2

exp
(
−(E −µ)2

2σ2

)
·
[

1+ erf
(

α(E −µ)
σ
√

2

)]
+C, (6)

where A represents the amplitude, µ the center position, σ the standard deviation, α the skewness
parameter (α < 0 creates tails toward lower energies), and C the baseline offset. The peak height
used to color the position maps was determined by numerically finding the highest point of the fit and
subtracting the baseline offset (C) from it.

Additional plots

Figure A.7: Electron energy spectrum for 63 keV Ar9+ ions impacting the surface without decel-
eration at ψ = 15◦. The spectrum shows only broad features with no distinct autoionization peaks,
demonstrating the necessity of beam deceleration.
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Figure A.8: Example electron energy spectrum of the characteristic autoionization peak with the fitted
skewed Gaussian function. The peak height above baseline, determined numerically from such fits,
served as the quality metric for position mapping described in Section 5.3.
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