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1.

Introduction

Resolving the motion of electrons in atoms and molecules on the shortest time
scales is a key question addressed by attosecond science. A main task is to in-
vestigate and control the dynamics of the interaction between light and matter
[1, 2]. As one of the basic and at the same time one of the fastest processes
of light-matter interaction, photoionization by the means of intense laser pulses
plays an important role in this field of physics. Several types of devices exist to
investigate this process. Typically those instruments can discriminate between
different ionic species, but cannot resolve their position within the field of view
(FOV) where the respective ions were generated. However, the intensity dis-
tribution of a focused laser beam is rarely homogeneous but typically follows a
Gaussian function. To allocate generated ions to specific intensities, it is crucial
to know their birth positions.

Different approaches have been proposed to overcome this challenge [3–5].
Ion microscopy is one of those approaches and was introduced in 2011 [6]. It
combines the ionic species resolution by a time-of-flight detector with imaging
features leading to spatial resolution. Due to the visual access to the interaction
region, an ion microscope (IM) cannot only be used to investigate ionization
processes, but also serve for laser focus diagnostics. One of the advantages of
an IM in this case is that the laser doesn’t have to be blocked for the analysis
e.g. with a camera, but the very same beam analyzed with the IM can be
directly used for further experiments. [7, 8]

Most of the IMs existing to date, though, are quite sensitive to deviations
in the beam position or the voltages applied to the device’s electrodes. For
this reason, operating an IM oftentimes requires a time-demanding manual op-
timization of the voltages. Our approach is the implementation of a Differential
Evolution (DE) based algorithm, which automatically determines the correct
voltages for obtaining a sharp image. We call this an ”autofocus” for the IM.

The automatic determination of the correct parameters now enables us to
introduce additional electrodes. In manual operation it would be impossible to
control an even larger amount of parameters, but not so with an autofocus. The
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purpose of introducing additional electrodes is the aim of overcoming another
challenge of ion microscopy: Typically, IMs are designed for one specific mag-
nification only, based on the position of the constituent electrodes. Introducing
additional electrodes allows for a higher flexibility of the device with respect to
its magnification without loss of resolution. This leads us to present a novel,
more generic IM design than current models. [9]

The goal of the present thesis is twofold: On the one hand, we want to
make use of an IM to investigate the generation of doubly charged argon ions
via the strong field ionization of singly charged argon. On the other hand, the
auto-focusing generic IM mentioned above shall be simulated and implemented.

The thesis begins with an introduction to ion microscopy. The text following
this first section is divided into two main parts according to the two goals.

The first part presents the experiment investigating the generation of doubly
charged argon ions. We are interested in the question whether the generation
of doubly charged argon is more efficient when starting from the first ionization
state of argon or when starting from the ground state, making use of the effect
of non-sequential double ionization (NSDI). To this end, there is a short intro-
duction to NSDI, followed by the experimental concept and setup. After that,
the obtained results are presented and discussed.

The second part treats the simulation and implementation of the novel
generic IM design including an autofocus. The IM setup is presented and the
DE algorithm used for the control of the device is introduced. Afterwards,
simulations are presented investigating the device’s performance with respect
to different parameters, such as the number of electrodes involved in the opti-
mization, the performance at different magnifications, the influence of imprecise
focus positioning and the influence of fluctuations of the voltages applied to the
electrodes. In the subsequent section follows a presentation of a test of the fea-
sibility of our auto-focusing algorithm, using an existing IM. Finally, the steps
taken towards the realization of the novel generic IM are presented.
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2.

Ion Microscopy

The basic idea of ion microscopy is in principle similar to optical microscopy:
An object is imaged by a lens to create an intermediate image, which is then
imaged again by a second lens onto a detector. Both lenses magnify the image.

The object in case of ion microscopy are ions or, to be precise, ion distri-
butions. Instead of optical lenses, electrostatic lenses are used to image ions in
a very similar way to photons, creating ion paths comparable to optical rays.
The detector typically consists of a Microchannel Plate (MCP) for signal am-
plification, followed by a phosphor screen and a CCD camera. But in principle
any other spatially resolved ion detection system can be used as well.

There are several different kinds of electrostatic lenses serving different pur-
poses like for example two- or three-element lenses, which might also be lon-
gitudinally asymmetric or quadrupole lenses. The most common type of lens
is a three-element lens operated in einzel mode, corresponding to the optical
bi-convex lens.

Such a lens consists of three annular or cylindrical electrodes. In einzel
mode, the voltages applied to the first and last electrode are the same (V1 = V3)
while the central electrode lies on a different potential (V1 ̸= V2 ̸= V3). The
sharp potential difference between the electrodes leads to the deflection of ions
or electrons passing through the electrodes’ center, analogous to the refraction
of light at interfaces of materials with different refractive index. This kind of
lens is called an einzel lens. [10]

The object to be observed is an ion distribution generated by a laser beam
focused on gas atoms between two electrodes, the repeller and the extractor,
which extract the ions from the interaction region. A schematic overview is
depicted in figure 2.1. In the following thesis we will always refer to the IM’s
principal axis as the x axis, while the laser propagation direction is along the y
axis.

For the kind of IM used during the experiments of section 3, there are two
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Figure 2.1: Example of an IM setup. R: Repeller, E: Extractor, L: Laser, EL1/2:
Einzel lens 1/2, D: Detector

different modes of operation: the time of flight (TOF) mode and the imaging
mode. In the imaging mode one has the additional option to gate the detector.
The two modes can in principle be applied to all IMs with an MCP as part of
the detector.

The TOF mode makes use of the fact that different ionic species with differ-
ent mass over charge ratios m

q
have different times of flight through the device.

The relation between arrival time at the detector t and specific charge m
q
is:

t ∝
√

m

q
, (2.1)

which is a consequence of the requirement that the particle’s electrical poten-
tial energy is completely converted to kinetic energy Ekin at the detector. At
the beginning of its flight, the ion’s electrical potential energy is q∆V due to
the potential difference ∆V between the starting point and the detector. The
requirement of energy conversation relates to:

q∆V = Ekin. (2.2)

Assuming the simplified case of an ideal plate capacitor, the acceleration is
constant and after plugging in the respective terms for the kinetic energy and
velocity, one obtains formula 2.1.

Provided the voltages applied to the electrodes are properly set to obtain
an image on the detector, the ions of the focal region impinge on the MCP and
create an avalanche of secondary electrons.

When capacitively picking up the phosphor screen’s voltage and providing
this voltage to an oscilloscope, the signal gives the ion yield versus arrival time.
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Chapter 2. Ion Microscopy

This has its origin in the fact that the arrival of an electron avalanche reduces
the voltage for a short time before the voltage decreases back to its previous
level. The oscilloscope has to be triggered to the laser repetition rate, for ex-
ample by a photodiode detecting stray light.

The common way to operate an IM is in the imaging mode. The electrons
leaving the MCP on its back side hit the phosphor screen and the resulting flash
of light is detected by a CCD camera. The camera’s output is an image of the
ion distribution within the FOV.

The advantage of the ionic species resolution obtained from TOF can be
transferred to the imaging mode by gating the MCP. To this end, one determines
the arrival time of the ionic species to be investigated via the TOF mode.
Afterwards, a gating pulse is provided to the MCP side facing the phosphor
instead of the constant voltages in ungated mode. The MCP front side is always
grounded. To be precise, the MCP back side voltage is not completely switched
off while the gating pulse is off but set to a base voltage higher than zero, but
low enough that no image is produced. The gating pulse adds some additional
voltage, increasing the MCP back side voltage above the threshold needed for a
sufficiently high number of electrons to be created to generate an image. When
providing the gating pulse at the same time as the arrival time of ionic species
of interest, the camera records an image of the ions of interest only. For a
satisfactory ionic resolution, this requires the differences in time of flight to be
larger than the duration of the gating pulse. Typical durations for the gating
pulse are 10 ns.
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3.

An Application of Ion Microscopy: Generation

of Ar2+ via Strong-Field Ionization of Ar+

IMs are used in several different kinds of experiments, like in focus diagnostics
or studies of the ionization processes in atoms and molecules [7, 8, 11, 12].

In the present work, we use an IM for studying the ionization properties
of argon. More precisely, we want to investigate whether the generation of
Ar2+ is under certain conditions more effective when starting from the atomic
ground state of argon than when beginning from singly charged argon ions in
their ground state as initial state. This counterintuitive hypothesis is based
on the idea that the process of non-sequential double ionization, which is to
be explained in the following, might facilitate the direct transition from Ar to
Ar2+ to such an extent that the process starting from Ar+ is less probable in
comparison.

After an introduction to NSDI, the experimental concept, setup and results
are presented and discussed.

3.1 Introduction to Non-Sequential Double Ion-

ization

In 1982, L’Huillier et al. [13] observed a remarkable knee structure in the
intensity dependence of the yield of laser-generated doubly charged noble gas
ions similar to figure 3.1. The yield rises at intensities significantly lower than
predicted by the sequential ionization model, which assumes that the electrons
are liberated one after another and independently of each other via strong field
ionization. [14, 15]

The subsequently developed model of non-sequential double ionization, on
the other hand, accounts for the interaction of the two electrons. Though the
details of the process are still the subject of active research, the most accepted
explanation for this phenomenon is the simple man’s model. A visualization of
the process is given in figure 3.2.
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Chapter 3. Application of Ion Microscopy: Generation of Ar2+

Figure 3.1: Typical knee structure in the intensity dependence of twofold charged
ion generation. For He2+, the solid line marks the theoretical results expected
for sequential ionization. NS denotes the non-sequential regime. On top of the
original image, the knee is pronounced in red. Adapted from Walker et al. [16].
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3.1. Introduction to Non-Sequential Double Ionization

(a) (b) (c)

Figure 3.2: Visualization of the behavior of the atomic potential in a strong laser
field and the two electrons moving in it according to the simple man model. The
three steps consist of the tunneling ionization (a), the free propagation of the
primary electron and acceleration back to the parental ion (b) and the recollision
of the primary electron with the ion, liberating a second electron (c).

According to the model, the strong laser field first bends the atomic poten-
tial. Near the maximum of the field, an electron has the highest probability
to tunnel through the resulting potential barrier. The atom is tunnel ionized,
which is a quantum process. Afterwards, the electron is accelerated by the
laser field presumably independent of the ion’s potential and, when the linearly
polarized field changes its sign, driven back towards its parental ion. This move-
ment is treated classically. With some probability depending on the instant of
the release, the electron may re-collide inelastically with the parental ion and
thereby ”kick out” a second electron. Due to the mixture of quantum and clas-
sical treatment of the movement, the model is also known as the semi-classical
recollision model.

The point in time when the primary electron is emitted determines the
kinetic energy with which it returns to the parental ion. Electrons emitted
before the field maximum do not return to the ion once they left its direct
vicinity but are driven away from their core. If the primary electron is emitted
exactly at the field maximum, it returns with zero kinetic energy. Only electrons
emitted after the field maximum return with finite kinetic energy and are able
to liberate a second electron. [17, chapter 7]

Beyond the saturation intensity of the singly charged ion, the sequential dou-
ble ionization process becomes increasingly likely, the higher the intensity. The
chance that the singly charged ion becomes further ionized via the absorption
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Chapter 3. Application of Ion Microscopy: Generation of Ar2+

of a sufficiently high number of photons increases more strongly than the prob-
ability of a recollision process liberating a second electron. The characteristic
knee structure in the doubly charged ion yield’s intensity dependence marks the
transition from one ionization process to the other. [12, 14, 15]

3.2 Experimental Concept

The aim of the experiment presented in this chapter is to find out which of the
two following processes is more efficient for the generation of doubly charged
argon ions by an infrared (IR) beam: The IR photoionization of singly charged
argon ions in their ground state or the NSDI starting from neutral argon as
initial state.

Previously it has been shown that ions can behave differently from their
neutral partners. For example, the production of triply-charged argon ions is
strongly suppressed when Ar+ instead of Ar is used as initial target [18]. Our
hypothesis is that the rescattering of the first electron in the NSDI process
facilitates the ionization process to such an extend that the NSDI ionizing Ar
directly to Ar2+ is more efficient than the ionization of Ar+ to Ar2+.

Figure 3.3: The two excitation schemes to be compared. Energy deposition by an
XUV photon is qualitatively depicted by a blue arrow, IR photons by red arrows.
The excess energy is carried away by the ejected electron, which is denoted by
a dashed arrow. The path on the right-hand side is the non-sequential double
ionization.

Previous experiments have already treated similar questions. However, the
typical preparation process cannot prevent excited ion states to be generated.
As a consequence, the initial state is not clearly defined. [18] Our idea is to
prepare the singly charged argon ions by an extreme ultraviolet (XUV) pulse.
If the spectrum of the pulse is chosen correctly, one can precisely generate
just the one state of interest, in our case Ar+ in its ground state. Hence, our
experimental concept is based on a pump probe scheme with an XUV and an IR
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3.3. Setup

pulse. The two pulses have some delay in between them so that the XUV pulse
can be sent in first to prepare the singly charged argon ions. The consecutive
IR pulse is supposed to further ionize the gas to Ar2+. This is to be compared
with the Ar2+ yield when only the IR beam is switched on.

To access the two excitation paths of interest, we use a laser source delivering
a pulsed IR beam centered at 800 nm and a pulsed XUV beam consisting of the
high harmonics up to the 21st harmonic of the fundamental IR beam. First, we
determine the Ar2+ yield generated by the IR beam only. In principle, there are
two excitation paths for this case as shown in figure 3.4a: the non-sequential
double ionization (left-hand side) and the sequential ionization pathway via
the ionic ground state (right-hand side). If the power is set appropriately in the
power regime where NSDI is preferred, one may assume the sequential ionization
negligible. The second setting to be compared with the first is with both IR
and XUV beam, and a delay between them so that the XUV pulses run ahead
of the IR pulses. The resulting ionization pathways are depicted in figure 3.4b.
The power of the IR is untouched so that the IR sequential double ionization is
still suppressed. The pulse energy of the XUV has to be high enough to ionize
a significant portion of the argon atoms to Ar+. At the same time the XUV
intensity has to be low enough that two-XUV-photon processes are negligible.
The experimental procedure to reach the desired settings is explained in section
3.4.

When the mentioned parameters are properly set, the only two excitation
pathways remaining are those of interest. In the IR-only case, all Ar2+ are
generated via NSDI. When the XUV is switched on, a portion of the Ar2+ yield
will be generated via the sequential XUV+IR process. A decrease of the total
Ar2+ yield after irradiation with the XUV pulse would indicate that the strong
field ionization of Ar+ from the ionic ground state is less probable than the
NSDI of Ar.

3.3 Setup

The laser system used for this experiment is based in Heraklion, Greece, at the
Foundation of Research and Technology - Hellas (FORTH). On overview of the
setup is given in figure 3.5. It operates with a central wavelength of 800 nm, a
pulse duration of 25 fs and a repetition rate of 10Hz. Via high harmonic gen-
eration (HHG) in a xenon gas jet, XUV radiation in the form of an attosecond
pulse train of 10 fs duration can be generated featuring harmonics up to the
21st, corresponding to a photon energy of up to 32.5 eV. [19, 20].

To introduce timing differences between the IR and XUV pulses, we employ
a delay plate setup as shown in figure 3.6. The IR beam passes through a
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Chapter 3. Application of Ion Microscopy: Generation of Ar2+

Figure 3.4: The experimentally accessible excitation schemes to be compared.
a) With IR only, sequential ionization is suppressed by proper power setting.
b) With XUV and a delayed IR, two-XUV-photon processes are suppressed by
proper intensity setting.
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3.3. Setup

Figure 3.5: Optical layout of the setup. SMIR: spherical mirror of 9m focal
length, λ/2: half-wave plate, DP: delay plates, GJ1: pulsed xenon jet, Si: silicon
plate, A: aperture, SMIM: gold coated spherical mirror of 15 cm focal length,
GJ2: Ar gas jet, IM: Ion microscope, PD: photodiode. Adapted from Nayak et
al. [19].

Figure 3.6: Working principle of the delay line. The inner delay plate can be
tilted with respect to the outer plate.
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Chapter 3. Application of Ion Microscopy: Generation of Ar2+

radially split glass plate where the inner part can be tilted with respect to the
outer part. Due to its larger diameter, the outer part of the beam will be focused
more strongly by the consecutive focal mirror and generates the XUV pulses in
the HHG process. An iris behind the HHG region blocks the annular outer part
of the IR laser while the generated XUV pulse passes through the aperture due
to its smaller divergence originating from its shorter wavelength [21, Chapter 4]
together with the inner IR pulse.

The delay introduced by the plates is estimated by the following calculation
to be on the order of 1 ps for the case of the XUV coming before the IR. Both
the inner and outer plate are about d = 3mm thick fused silica. To have the
possibility to set both positive and negative delays of the inner beam relative
to the outer beam, the outer plate is mounted with a tilt of about 10◦ with
respect to the laser propagation direction while the inner plate can be rotated
in a range of [0◦, 25◦]. The time delay t introduced by one of the glass plates
depends on the respective rotation angle α and can be determined with the
following equation:

t(α) =
effective glass thickness

group velocity
=

d · ngroup

cosα · c
. (3.1)

For the IR wavelength of 800 nm, the group refractive index ngroup evaluates to
1.4671 [22]. As a consequence, the delay differences introduced for the XUV-
first experiments are in the range of t(20◦)− t(10◦) = 710 fs to t(25◦)− t(10◦) =
1290 fs. When setting IR first, the delay is about t(10◦)− t(0◦) = 230 fs. Even
though the exact delay cannot be assessed due to imprecise angle control, the
delay is definitely larger than the pulse’s intensity full width at half maximum
(FWHM) of 25 fs. This still holds true if one includes an estimated angle un-
certainty of 3◦, which results in a minimum delay of 90 fs in the case of IR-first.

After passing through the aperture, the reflection from a silicon plate placed
close to Brewster’s angle for the IR significantly reduces the IR intensity. Based
on the refractive index for silicon of nSi(800 nm) = 3.6941 [22], the Brewser’s

angle evaluates to θB = arctan nSi(800 nm)
nvacuum

= 74.8◦. The λ
2
-wave plate has been

rotated by about 10◦ relative to the position of minimum IR reflection. Hence,
with the use of the Fresnel equations, one obtains a reflected intensity of about
2.2% of the original intensity. [21]

If only the IR beam is desired during experiment, one can simply switch off
the xenon gas jet for HHG.

In the experimental chamber, the two collinear beams impinge on a back
reflecting gold mirror of focal length 5 cm and are focused between the repeller
and the extractor of an IM (IMT12 by the Stefan Käsdorf GmbH [23]). Figure
3.7 schematically shows the IM’s setup where two einzel lenses image the ions
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3.4. Execution of Experiment

onto an MCP followed by a phosphor screen. The pressure in the experimental
chamber was 1.1 · 10−5mbar, in the tube of the IM containing the electrodes it
was slightly higher with 6.1 · 10−6mbar. A pulsed gas argon jet emitted along
the x-axis of the IM from a rectangular nozzle of dimensions y = 3.3mm and
z = 0.5mm serves as target. It is triggered by a photodiode detecting diffusely
backscattered light of the laser.

A more detailed description of the beamline, especially regarding the XUV
generation, can be found in Makos et al. [20].

Figure 3.7: A sketch of the IM. EL1/EL2: Einzel lens 1/2, MCP: Microchan-
nel plate, Ph-Sc: Phosphor screen, CCD: CCD camera, SM: Spherical Mirror,
Vrep: Electrode with ion repelling voltage and gas jet, Vext: Electrode with ion
extracting voltage. Adapted from Tsatrafyllis et al. [24]

3.4 Execution of Experiment

The first step to be accomplished is setting the correct power of the IR beam to
be below the knee in Ar2+ yield. For this reason we switch on the IR beam only
and set the IM to TOF mode. A typical resulting oscilloscope image is shown
in figure 3.8.

Next, the power of the IR pulses is varied and the argon ion yields are
monitored. This results in the plot of figure 3.9. The knee structure is observed
in the Ar2+ curve, which reveals that energies in the range of 40mJ to 75mJ lie
in the regime where non-sequential double ionization is preferred. The flattening
of the Ar2+ yield is not due to the onset of saturation since for one thing, the
slope increases again for energies higher than 130mJ, although the small amount
of datapoints above the knee make it difficult to assess this. Additionally, the
onset of the knee takes place when the yield of Ar+ begins to saturate, as the
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Chapter 3. Application of Ion Microscopy: Generation of Ar2+

Figure 3.8: A typical TOF spectrum recording the different ionic species at
different arrival times according to their mass over charge ratio.

sequential process of Ar2+ generation sets in only when the Ar+ generation
is saturated. [12, 13, 16, 25]. This is something we could also confirm for
measurements of other days with a more pronounced knee.

Since the XUV generation needs the full IR power, but for the experiment
we want to reduce the power below the knee, instead of tuning the laser power,
we make use of the λ

2
-wave plate. By turning the wave plate, the IR power at

the HHG region is not influenced, only the polarization. At the silicon plate
placed close to Brewster’s angle for the IR, however, the reflected power strongly
depends on the laser polarization, which allows us to adjust the power delivered
to the experimental chamber. As the dependence of reflected power on the laser
polarization is highly nonlinear and determining the power from this would be
challenging, a photodiode recording diffusely scattered IR laser light serves as
a power reference in the experimental chamber. After setting the incoming IR
power back to its maximum value, we adjust the wave plate until the estimated
pulse energy is 50mJ, based on the photodiode output value. This value is
bookmarked to be used for the later experiments.

To determine the correct settings for the XUV pulses, we rotate the λ
2
-wave

plate so that no detectable signal is left in the TOF signal. Meanwhile, the
xenon jet for XUV generation is still switched off. This process ensures that
when now switching on the XUV, all we record is generated exclusively by XUV.
Adjusting the XUV intensity is done by adjusting the delay of the xenon gas jet
for HHG. The shorter the delay between the gas release and the arrival of the IR
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3.4. Execution of Experiment

Figure 3.9: Ar+ and Ar2+ yield as a function of the energy of the IR beam
indicating the knee in Ar2+ between 75mJ and 130mJ.

laser pulse, the denser is the gas at the moment of the pulse’s impact. And the
denser the gas for HHG, the higher the XUV intensity. In this XUV-only setting
we observe the Ar2+ signal and adjust the XUV intensity until no recordable
Ar2+ signal is left. By this procedure we can exclude that two-XUV-photon
processes play a notable role while keeping the pulse energy as high as possible
to have a high number of one-XUV-photon absorptions.

Once the correct experimental conditions are determined, we switch the IM
to imaging mode with the trigger fixed at the previously determined TOF of
Ar2+ ions. A difficulty regarding the gating of the IM is the background of
H2O

+ ions. The signal generated by this ionic species is typically stronger than
the Ar2+ peak and the temporal separation of the two peaks is about the same
size as the gating pulse duration. A background image is obtained by recording
an image with the same conditions as for the measurements but with blocked
laser beam. Figure 3.10 shows a typical resulting image after subtracting the
background and rotating the image so that the laser propagation direction is
horizontal.

After these preparations, the actual measurement can be conducted. Using
the delay plates, three delays are set, enabling us to record the ion yield for IR
only, IR followed by XUV and XUV followed by IR.
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Chapter 3. Application of Ion Microscopy: Generation of Ar2+

Figure 3.10: IM image of Ar2+. The increase in signal on the left-hand side is
probably generated by H2O

+.

3.5 Results and Discussion

The resulting yields integrated along the direction perpendicular to the laser
propagation direction are put together in figure 3.11. Each curve is averaged
over four consecutive measurements.

It is apparent that these measurements contradict our expectation that the
Ar2+ yield for XUV-first should be lower than for IR-only. Rather, we ob-
serve the opposite. Namely, there is a strong increase when switching on the
XUV. This has been observed on several days and is reproducible. A possible
explanation will be discussed further below.

Also, the case of IR-first results in a significantly higher Ar2+ yield than
IR-only. Herein we don’t see anything unexpected. The amount of Ar2+ ions
generated by the IR pulse will be the same as in the case of IR-only and the
XUV photon energy is not high enough to ionize Ar2+ to Ar3+ with one single
photon, which would be the only way to reduce the Ar2+ yield with the XUV.
This process would require a photon energy of at least 40.7 eV [26]. Hence, the
only difference is that the XUV pulse following the IR pulse can further ionize
the Ar+ ions generated by the IR to Ar2+.

Consistent with the XUV power calibration, the measured yield for XUV-
only has no recordable signal. Hereby it is confirmed once again that our XUV
power is low enough and that the high yields of XUV-first and IR-first arise
only due to the interplay of IR and XUV.
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3.5. Results and Discussion

(a)

(b)

Figure 3.11: a) Ar2+ yields on the IM integrated along the z axis for different
settings. The labels ”XUV-first” and ”IR-first” appear twice since the respective
measurement was conducted twice to demonstrate reproducibility. The order of
labels is the order in which the measurements were conducted. b) Reminder
of the corresponding expected ionization processes for XUV-first, IR-first and
IR-only from top to bottom.
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Chapter 3. Application of Ion Microscopy: Generation of Ar2+

The most reasonable explanation for our unexpected results regarding XUV-
first is to be found in the XUV spectrum. In fact, as we did not put any filtering
elements into the beam path to avoid blocking the IR beam, we have to consider
the full harmonic spectrum, not only the highest harmonics.

The first question to be addressed is whether some harmonics may excite
resonant states of the argon atom, i.e. that they might excite the atom without
ionizing it. Unfortunately, no XUV spectrum determining all harmonics and
their respective intensities is directly available for this laser system. An esti-
mation of the spectrum can be obtained by the analysis of spectra measured
with different filters and dividing by the filter transmissions. Nevertheless, this
only results in a very rough estimate, as becomes clear when following the ex-
traction process performed in appendix 7.1. The resulting spectrum is shown
in figure 3.12.

Figure 3.12: Ar photoabsorption cross sections based on data by Chan et al. [27]
and extrapolated XUV spectrum, both normalized. The left perpendicular line
marks the ionization threshold of Ar, the right line denotes the first excitation
state of Ar+.

In combination with the photoexcitation cross section of argon obtained by
Chan et al. [27] it becomes apparent that while the harmonics 11 to 19 lie above
the argon’s ionization threshold of 15.8 eV [26], the presence of the 7th and 9th

harmonics will excite some of the argon atoms without ionizing them. This adds
another ionization pathway towards Ar2+ to our scheme, namely the excitation
of Ar by the XUV, followed by an NSDI caused by the IR. It is obvious that this
process is more favorable than a pure NSDI by IR only, since the facilitating
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effect of the re-scattering will still be present, while the liberation of the first
electron is facilitated by the excitation due to the XUV. However, according
to the extrapolated spectrum, the 9th harmonic is very weak and will most
likely not lead to any notable contribution. The 7th harmonic, even though
significantly stronger, does not coincide with the argon resonances. Only the
wings of this harmonic will contribute to an excitation of argon.

When multiplying the obtained spectrum with the photoabsorption cross
section, one can compare the number of absorbed photons below and above the
ionization threshold, corresponding to the number of generated excited argon
states and the number of generated Ar+ ions, respectively. The resulting ratio
evaluates to exited atoms

ionized atoms
= 0.016. As a consequence, for the ionization process

with the step via excited argon to significantly alter the Ar2+ yield, this process
of NSDI of excited argon has to be about 62.5 times stronger than the process of
single ionization via the XUV towards Ar+, followed by the ionization towards
Ar2+ by the IR pulse.
Additionally to be considered are the lower harmonics up to the 7th harmonic.
For this spectral range, unfortunately, there are no data available for the specific
laser system used for this experiment. The harmonic intensity is expected to
rise exponentially with decreasing harmonic order as soon as they enter the
perturbative regime, as long as the necessary phase matching conditions are
met. For HHG on xenon, however, the perturbative regime is limited to the 3rd

harmonic [17, chapter 10].
In case the low harmonics are intense enough to trigger two-photon processes,

there are several combinations which would result in an energy in the resonance
region of argon, namely HH1 + HH7 = HH3 + HH5 = 12.4 eV, which falls into
the right wing of argon’s first resonance and HH1 + HH9 = HH3 + HH7 =
HH5 + HH5 = 15.5 eV < 15.8 eV , which is right below but still less than the
ionization threshold. Thus, it may excite some of the argon’s Rydberg states.
A more detailed analysis of the influence of lower harmonics would require a
spectrum of the harmonic intensities for this specific setup.

Additionally, there are also a small amount of excited argon ions generated.
As can be seen from figure 3.12, the 19th harmonic is slightly above the singly
ionized argon ion’s excitation energy of 29.2 eV. Assuming every absorbed pho-
ton above the excitation threshold generates an excited argon ion, the ratio
between argon ions in their ground state to excited argon ions is 24.4. Hence,
for the path via excited argon states to significantly contribute to the Ar2+

yield it has to be about 24 times stronger than the process of interest. This
adds another point of uncertainty to the analysis.

The only conclusion we can draw at this point is that the recorded results
are not as expected, but the fact that the XUV spectrum, in principle, allows
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for additional excitation paths may provide an explanation for our observations.
A summary of all possible excitation paths is presented schematically in

figure 3.13.

(a) (b)

(c)

Figure 3.13: Schematic presentation of all possible excitation paths. a) IR-only,
b) IR-first, c) XUV-first

Future experiments on this question should either record a detailed spectrum
over the whole range of available wavelengths or, preferably, pick out only the
desired part of the XUV spectrum and block everything else with a filter.

An Sn filter could precisely provide the desired XUV spectrum, with all
transmitted harmonics exactly within the energy frame between the argon atom’s
ionization threshold of 15.8 eV and the argon ion’s first excitation state of
29.4 eV. If an Sn filter were to be inserted into the beampath, the resulting
spectrum would look like shown in figure 3.14. However, an Sn filter has the
drawback that the IR would also be completely blocked.

As proposed by Ioannis Orfanos, this problem can be avoided by spatially
separating the IR and the XUV beam. Only the beam closer to the xenon
nozzle will encounter a high enough gas density to generate high harmonics.
The polarization of both beams can be controlled individually so that when
impinging on the silicon plate, the IR beam, which generated the XUV, is
completely blocked while the second IR beam is partially reflected. The Sn
filter is placed in the XUV beamline only, and both beams are recombined at
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Figure 3.14: XUV-spectrum when multiplying the final XUV spectrum of figure
3.12 with the transmission of an Sn filter. The left perpendicular line marks
the ionization threshold of Ar, the right line denotes the first excitation state of
Ar+.

Figure 3.15: Setup modified for spectral filtering. SMIR: spherical mirror of 9m
focal length, λ/2: half-wave plate, GJ1: pulsed xenon jet, Si: silicon plate, Sn:
tin filter, SMIM: gold coated spherical mirror of 15 cm focal length, GJ2: Ar gas
jet, IM: Ion microscope, PD: photodiode. Adapted from Nayak et al. [19].
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the focus in the IM. A possible modification of the existing setup including
the filter is depicted in figure 3.15. The figure suggests gold prisms for beam
separation. One could equally well use two beam splitters in combination with
two additional mirrors.

Another argument in favor of the filtering setup is the facilitation of argon
gas jet calibration. When observing a single photon process on argon, one can
properly calibrate the argon gas jet density. Given the filtered XUV spectrum,
Ar+ is generated exclusively by a one-photon process and hence its spatial yield
distribution does directly correspond to the gas density.

In general, such studies would be facilitated by an automatic determination
of the correct voltages of the IM. This could save valuable time during the
experimental campaign. The Differential Evolution algorithm presented in the
course of the following chapter has the capability to do so in the sense of an
autofocus for ion microscopy.
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Since an ion distribution generated in a laser focus has hardly any outstanding
features, it is difficult to determine during the experiment whether the image
is blurred or not. As a consequence, the voltages applied to the electrodes are
mainly determined via simulations. Corrections, which are necessary because
of inaccuracy of the voltage sources and/or variations in laser pointing, remain
rough. For this reason we propose automatizing the search for a suitable set of
voltages, which results in a sharp image. A virtual grid is created by shifting
the laser focus by a grid constant. The automatized search of the parameter
space allows to include more parameters in the form of additional electrodes.
Based on this idea we developed a novel IM design which we expect to be more
versatile with respect to different magnifications. [9]

After presenting the newly developed generic IM design, the Differential
Evolution Algorithm is introduced at first in general and later its application
for the autofocusing of the IM is discussed. Then, the results of simulating
the generic design are presented. The next section discusses a planned test run
for the algorithm. The chapter closes with the considerations and steps made
regarding the realization of a prototype of the novel IM at the Max Planck
Institute of Quantum Optics (MPQ).

4.1 Setup

We simulate our generic IM using SIMION-8.1 [28], a software calculating elec-
trostatic fields and ion trajectories for a given set of electrode voltages. The
grid size used to model the geometry is set to 0.2 µm, since a further increase
in resolution had no significant effect on the calculated ion trajectories. [9]

The final design features 23 electrodes including the repeller and extractor.
We call our design the Generic Ion Microscope (GIM). Figure 4.1 illustrates the
setup. An advantage of this generic design is the possibility to adapt different
effective geometries. It can for example mimic einzel lenses at different positions
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along the IM, depending on which electrodes are supplied with voltage and
which are grounded. In contrast, simulating the physical shift of separate einzel
lenses along the device would require a complete re-definition of the geometry
passed on to the trajectory simulation program.

We found that it is sufficient if only the first 10 of these electrodes are
considered for the optimization while the remaining electrodes are put to 0V.
This is discussed in more detail in section 4.4.1.

In comparison to other IMs, the inner diameter of our electrodes is relatively
large. As a consequence, misalignments of the electrodes result in a smaller
relative deviation and we expect aberrations due to misalignment to be less
pronounced.

The setup was tested for its sensitivity towards the length of the vacuum
tube, in the presented case 595mm. It was found that length deviations of
±2 cm do not lead to a significant difference in the quality of the solutions
found.

Also, a larger detector size of 60mm diameter instead of 40mm did not lead
to a significant improvement in the obtained resolution.

Figure 4.1: Setup of the GIM featuring 23 electrodes, of which only the first 10
are active (black), the remaining ones are grounded (gray). The laser L passes
between the repeller R and the extractor E. A screen S detects the generated
ions.

4.2 The Differential Evolution Algorithm

The evolutionary algorithm used to find the optimum electrode voltages belongs
to a class of optimization algorithms called ”Differential Evolution” (DE). Those
kind of algorithms imitate nature’s evolutionary process by randomly choosing
members out of a given population, intermixing them to create so-called mutants
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and finally keeping the best of the mutants and former population to form a
new population. The process is repeated until some predefined ending condition
is met.

More precisely, the starting population consists of Npop members. Each
member S represents one possible solution to the problem at hand in the form
of a vector containing values for the Nvars variables to be optimized. In the
beginning, those values are randomly chosen. The quality of each member is
judged with a single quality factor L called ”loss function”. The way in which
the loss function is calculated depends on the specific problem to be addressed.

As a next step, Nmut mutants are created. For this purpose three random
members S a,b,c are chosen from the starting population and sorted by quality,
so that solution a is the best of the three, c the worst. A new mutant vector M
is then created as follows:

M = S a + rand(1) (S b − S c). (4.1)

rand(1) indicates a number randomly sampled between 0 and 1. This ensures
that in general the best of the three chosen solutions has the highest impact on
the mutant.

During the exponential crossover process, a number k of successive vector
components of a mutant M i is kept with probability (1− α)αk. All remaining
values are directly inherited from the parent member Si. We call α = 0.95 the
”crossover rate”. Furthermore, there is the possibility to introduce small random
mutations in the mutants’ vector components. Finally, the values of a mutant
are checked to be within the limits allowed for the respective variable [vmin, vmax]
and set equal to the respective boundary in case the limit is surpassed. The
process of mutant creation is repeated until the desired number of mutants is
reached. This results in a total number of solutions of Npop + Nmut. All those
solutions are sorted by quality and the best Npop are kept as new population for
the next generation.

A visualization of the process is given in figure 4.2.

The evolutionary process is finished if one of the following conditions is
met: Either a predefined number of iterations Nit is reached, the quality of
the best solution in the current population reaches a predefined goal Lgoal or
the algorithm converges. The algorithm is said to be converged if the relative
difference between best and worst solution in a population is smaller than a
given convergence limit Lconv: Lconv <

L(worst)−L(best)

L(best) . [9, 29]
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Figure 4.2: Visualization of the optimization process.

4.3 Implementation of the Differential Evolu-

tion Algorithm

Since it is nearly impossible to manually determine the voltages for all ten active
electrodes of the IM setup presented in section 4.1, this task is instead performed
by implementing the DE algorithm presented in the previous section 4.2.

In this case of ion microscopy, the population’s members are 10-dimensional
vectors containing the voltages for the 10 active electrodes, hence Nvars = 10.
For the detection of positively charged ions, we want all electrode voltages to
be positive or zero, the detector being set to 0V. In case a value created by the
mutant creation formula 4.1 turns out to be negative, the term in parenthesis is
reversed for this specific value. Since this only prevents too small voltage values,
additionally, the allowed parameter range is set to [vmin, vmax] = [0V, 10 000V],
to confine the voltages on the high voltage side, as well. Larger maximum volt-
ages of 15 kV and 20 kV were tested but didn’t lead to a significant improvement
in the resulting resolution. [9]

The population size is set to Npop = 20, the number of mutants created in
each generation evaluates to Nmut = 10 and no random mutations are applied.

The maximum number of iterations per run is set to Nit = 50, since most of
the time the algorithm converges within 30 generations. To overcome the fact
that the algorithm sometimes gets stuck in a local minimum or can’t find a good
starting point in the vast parameter space, usually three runs were conducted
in a row while keeping the best solutions of the prior run as part of the starting
population of the consecutive run. The solutions taken over to the consecutive
run are dubbed ”presets” and their number is determined by the preset ratio.
It is usually set to 0.05. For a population size of 20, this corresponds to one
inherited solution. It is also possible to include a preset solution already for the
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first run of the algorithm, if a similar problem has already been solved by the
algorithm, e.g. with a similar but slightly different magnification.

The criterion to be optimized is the resolution and the accuracy of the mag-
nification. Since the initial ion position is not accessible in a real experiment, a
realistic optimization procedure has to be performed with the entire ion distri-
bution. To this end, we shift the laser focus to various predefined positions along
a grid in the object plane. Because of the cylindrical symmetry, it is sufficient
to move the focus position only to Ngroups = 3 positions along the z-direction
across the FOV. A number of Ngroups = 5 positions has previously been tested
as well but didn’t show a significant improvement. A typical resulting image is
depicted in figure 4.3, assuming a good voltage setting is already found and the
image shows no notable aberrations.

Figure 4.3: Resulting effective grid by combining the images obtained from three
focus positions shifted along the z-axis in one image. Image from Haniel et al.
[9].

The two shifted distributions are then compared with the initial unshifted
one, taking into account the applied amount of shift and the nominal magnifi-
cation. More specifically, we estimate the mean of the splat positions and their
variance along the z-axis. From this, we determine three different quality cri-
teria. The first one, ∆µ, is the absolute difference between the initial and the
shifted beam’s center coordinates in z after subtracting the applied shift times
magnification. The second one is the difference ∆σ2 between the variances of the
initial and the shifted ion distribution along z, and the third one is the variance
σ2 of the shifted ion distribution along z. Giving preference to small variances
ensures that the optimum resolution is reached for the respective magnification.
The resolution is mainly determined by how precise ions of the same starting
position but with different initial velocity are depicted to the same point in the
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image plane.
A visualization of those three parameters composing the loss function is

given in figure 4.4.

Figure 4.4: Visualization of the entities evaluated by the loss function. Grey
shapes on the left-hand side: Outline of focus at two positions in the object
plane, grey shapes on the right: Outline of expected position in the image plane,
orange shape on the right-hand side: Outline of an actual distribution suffering
from aberrations.

More concretely, for a magnification mag we choose the loss function

L =
1

Ngroups

Ngroups∑
i=1

li (4.2)

with

li =

{
w1 |∆µi|

mag
+

w2 |∆σ2
i |

mag2
( 10µm
FWHMe

)2 +
w3 σ2

i

mag2
( 10 µm
FWHMe

)2 if M > 20

w1 + w2 + w3 else.
(4.3)

with the expected ion beam width FWHMe and three weights w1, w2 and w3

as further parameters. M denotes the number of particles out of the N ions
started in the object plane which eventually reach the screen.

In case the number of particles hitting the detector is less than 20, the
loss function is set to a large constant value. In an experiment, this would
correspond to a significantly smaller number of detected ions than expected
and would indicate that most ions hit some other part of the microscope than
the detector.

The division by the magnification ensures that for solutions of the same
quality with different target magnifications the resulting loss function value is
the same.
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The same kind of scaling has to take place with respect to the beam width
by the factor ( 10

FWHMe
)2, as in reality, ion distribution FWHMs deviating from

the simulated value of 10µm are to be expected. Correspondingly, the expected
beam width FWHMe has to be given in µm. This has the obvious drawback
that one has to feed the algorithm an estimation of the expected ion distribution
width. As a consequence, it is preferable to perform the autofocusing with a
one-photon ionization process. In this case the ionization rate is proportional
to the laser intensity and hence the FWHM of ion beam and laser beam are the
same and can be easily estimated. Otherwise a conversion from laser FWHM
to ion FWHM has to take place.

It should be noted that FWHMe is the only parameter requiring some prior
knowledge about the ion distribution. Apart from that, all other parameters do
not even require the ions to follow a Gaussian distribution. The mean and vari-
ance of the distribution are reliable criteria for the image’s quality independent
of the underlying distribution.

The relative weights of the different terms in the loss function were deter-
mined empirically via simulations to w1 = 2.5e3, w2 = 1.5e5 and w3 = 2.0e5
and were found to yield a good balance between correct magnification and small
variance as compared to other weight combinations investigated.

The loss function’s performance is demonstrated in figure 4.5 where for a
couple of solutions previously found by the algorithm, the corresponding reso-
lution, deviation from desired magnification and attributed loss function value
are plotted. The majority of solutions attributed with a loss function value of
smaller than 6 have a resolution smaller than 2 µm. To be precise, the mean
resolution is (1.8 ± 2.1) µm based on the evaluation of 25 solutions with a loss
function smaller than 6. The resolution becomes (1.4±0.5) µm if one exception-
ally bad solution is neglected, which might be the result of a faulty data file.
Based on this, the loss function value of Lgoal = 6 was set as abort condition for
the DE algorithm.

The third abort condition apart from the loss function goal of Lgoal = 6 and
maximum number of iterations of Nit = 50, is convergence. The convergence
limit is set to Lconv = 0.08. However, abort due to convergence is only allowed
if a loss function value lower than a certain threshold Lconv min is reached. Oth-
erwise a very bad starting population where the minimum ion number of 20 is
not reached for any of the solutions will be judged converged, since the same
large constant loss function value of 3 · (w1 + w2 + w3) is attributed to every
population member. The consequence would be convergence after the first gen-
eration, which is not what we are looking for. [9]

An important point to be considered for the quality of the loss function is the
precision in differentiating solutions of different quality with it. As one might
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Figure 4.5: Performance of the loss function in correlating a good coincidence
with the desired magnification and a small resolution with a small loss function.

already surmise from figure 4.5, the loss function range we are interested in is
between 5 and 8. Solutions scored in this range have resolutions about 1 µm to
5 µm. As derived in the appendix section 7.2, the statistical error of the loss
function, however, evaluates to 0.91, which covers about one third of the range
of interest and prevents a more detailed resolution in the solutions’ quality.

To reach a loss function precision of 0.5 in its current version, one already
requires about 2700 ions. For the simulation, this would significantly increase
the calculation time and is not feasible. For a real setup with a laser of repetition
rate of 10 kHz, as available at the MPQ [30], even if only one ion is generated per
shot, within one second 10000 ions are generated. The time of the optimization
will not be bounded by the amount of generated ions anymore and the precision
of the loss function can be increased significantly, considering that 10000 ions
already correspond to an accuracy of 0.26.

Even though this is a drawback for the simulations, it is encouraging that in
a real setup the reliability of the loss function’s value attributed to a solution will
significantly increase and allow for a credible discrimination between solutions’
different quality graduations.

4.4 Simulations

To emulate an experimental ion distribution, we sample a three dimensional
Gaussian ion distribution in the object plane with a width of FWHMx,y,z =
10 µm, 100 µm, 10 µm in the x, y, z-directions, respectively.

The simulated FWHM is realistic, since when assuming a Gaussian laser
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beam with central laser wavelength of λ = 750 nm, a mirror focal length of
f = 10 cm and a beam FWHM at the focal mirror of wf = 0.2 cm, one obtains
a minimum beam waist of

FWHM =
f λ

π wf

= 12 µm. (4.4)

Schoetz et al. [30] report a beam waist of < 10 µm for the HORUS laser system,
which is to be used for the future implementation.

The FWHM in y-direction doesn’t directly influence the result of the algo-
rithm. In the end, only the z-coordinate of a particle hitting the detector is
evaluated. The criteria finally determining the simulated distribution width in
y-direction were twofold. For one thing, the distribution should look like the
elongated shape expected by a human analyzer and fill most of the FOV to
display any aberrations, if present. Secondly, the width has to be small enough
that the majority of the generated particles start within the FOV, even for the
largest tested magnification of 100. Every particle starting outside the FOV will
hit some other part of the IM than the detector. This just costs computation
time and doesn’t serve for the evaluation.

A point to keep in mind for the actual implementation is the need for com-
pensation for a rotated image. The simulation always assumed the laser to
be perfectly aligned with the y-axis and the shift to be performed exactly in
z-direction. In reality this will not be the case. Most probably the recorded
image has to be rotated by a few degrees before being fed to the analyzation
algorithm. If not, the extracted distribution’s FWHM will be larger than the
actual value and the loss function’s limits will not match anymore. However,
this should be a minor issue, as for one specific setting, the rotation is expected
to be always the same. It can be determined as soon as a first image is found,
however poor the resolution might be.

The distribution is sampled with 800 ions for each focus position. In order
to accelerate the convergence, we gradually increase the number of sampled ions
up to 800 in the course of the optimization. The times for increasing the ion
number are determined by the best solution of a population reaching a specific
loss function value. [9]

Each of the sampled ions has an initial kinetic energy of 0.05 eV. This
corresponds roughly to the expected mean thermal energy of Ekin = 3

2
kB T =

0.04 eV at a temperature of T = 300K. The kinetic energy gained from the laser
field is negligible since we are interested in the heavy ionic cores. The spatial
directions of the initial velocity vectors are random in all three dimensions.
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4.4.1 Optimum Number of Active Electrodes

The initial setup considered for the GIM featured in total 23 electrodes in order
to have a high flexibility. However, the larger the parameter space, the more
difficult it becomes for the algorithm to converge towards the global minimum.
Hence, a compromise for the size of the parameter space has to be found between
a high versatility and fast convergence.

Haniel et al. [9] found this to be reached when only the first 16 electrodes
are considered for the optimization. We call them the ”active electrodes”. The
remaining electrodes are grounded and not considered for the optimization by
the algorithm. Those electrodes are called ”inactive electrodes”. The result of 16
active electrodes was derived from a comparison of the number of solutions found
within 1000 iterations for a magnification of 100 and 25, varying the number of
active electrodes between 6 and 20. The optimization was conducted using a loss
function with the known ion starting positions and without any preset solution
in the starting population. For a magnification of 25, 16 electrodes reached
the highest number of satisfactory solutions within 1000 iterations, while for a
magnification of 100, 10 active electrodes would already be sufficient.

Based on this analysis, for this thesis the two settings with 10 and 16 active
electrodes are analyzed in more detail. The target magnifications under inves-
tigation are once again 25 and 100. To emulate realistic conditions, instead of
known ion positions, the loss function L analyzing the ion distribution is used
and one preset solution is granted to the algorithm. The preset has a slightly
different magnification, namely a magnification of 30 and 95, respectively, and
the number of active electrodes corresponding to the setting under investiga-
tion. Then the optimization is independently started 20 times for each of the
four settings (mag 100 and 10 electrodes, mag 100 and 16 electrodes, mag 25
and 10 electrodes, mag 25 and 16 electrodes). For each of the 20 optimizations,
the algorithm is granted two runs, or in other words, is restarted once using the
best solution of the first run as preset for the second run. The metric goal is
switched off to see which setting gives the overall best solution.

Interestingly, the results shown in figure 4.6 lead to a different conclusion
than Haniel et al. However, the two methods are not directly comparable, since
different simulation conditions were applied, like for example the different loss
functions.

Figure 4.6a shows that for a magnification of 100 and 16 active electrodes,
even after just the first run of the algorithm, almost all solutions are below the
threshold of a mean resolution over the FOV of 2 µm. When only 10 electrodes
are considered for the optimization, more than 80% of the solutions still reach
a resolution below 2.5 µm, only about 20%, however, reach 2 µm.
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(a) magnification 100x (b) magnification 25x

Figure 4.6: Portion of solutions with a mean resolution averaged over the FOV
below 2.5 µm (light blue) and below 2 µm (dark blue) out of 20 optimizations for
a target magnification of 100 (a) and 25 (b). For the two cases of 16 and 10
active electrodes, the result after the first run is plotted as the left column, the
result after the second run as the left column, respectively.

For a magnification of 25 and 16 active electrodes, 50% of the solutions are
below the resolution of 2.5 µm. 30% of the solutions are below 2 µm after the
second run of the algorithm. In the case of 10 active electrodes for the same
magnification, however, 80% reach the threshold of 2.5 µm, 60% reach 2µm.
With respect to the absolute best solution found, no significant difference is
observed between the four different settings.

Based on this, the number of 10 electrodes is judged sufficient for our goals
and even beneficial in the case of small magnifications. Additionally, in terms
of cost it is desirable to have a small number of active electrodes to reduce the
number of voltage supplies necessary to operate the IM. For this reason, all
further simulations as well as the final electrode design for the actual imple-
mentation use 10 active electrodes.

Once, tests have also been conducted to see whether the same imaging qual-
ity could be reached when the inactive electrodes were simply left out instead
of being grounded. It turned out that the algorithm can also find comparably
good solutions without the extra electrodes. But one cannot simply use a good
solution obtained with grounded electrodes, remove the inactive electrodes and
expect the solution to be of the same quality as before. The voltages have to be
optimized for the new setup before a sharp image is obtained. This is reason-
able, as the field free drift region is obtained without inactive electrodes as well,
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since the surrounding vacuum vessel is grounded, but the decay of the fields is
not equally fast for the two options with and without grounded electrodes.

4.4.2 Performance at Different Magnifications

The major outcome we wanted to achieve with the generic IM design was the
resilience towards different magnifications.

To analyze this, we let the same DE algorithm optimize the electrode volt-
ages of both our GIM and classical einzel lens microscope (ELM) for magnifi-
cations between 100 and 25 in steps of 5 towards the smaller magnifications.
As a starting point, the algorithm is granted the solution of the next bigger
magnification as part of the initial population. An exception is the starting
magnification of 100, which gets a mediocre solution of the same magnification
already previously found in other runs without preset. This procedure assumes
that similar magnifications will probably have similar solutions. Without the
preset the algorithm might get stuck far away from the optimum if all members
of the initial population lead to poor results for example if all initial voltage
sets create images where hardly any ions reach the screen. This is supposed to
be prevented by restarting the algorithm several times, but the use of preset
solutions significantly speeds up the process.

Figure 4.7: Performance of the GIM and ELM at different magnifications when
both optimized by the DE algorithm with the focus offset optimization described
in section 4.3. Solid line and shaded area mark the average and variation of the
resolution within the FOV, respectively.

The results are put together in figure 4.7. The general trend holds that the
GIM’s resolution is pretty constant in its resolution while the resolution of the
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ELM deteriorates towards smaller magnifications. One exception is the solution
of magnification 60 of the ELM. Somewhat unfortunately it didn’t manage to
converge to a better solution within the allowed number of iterations. For
magnifications larger than 75, the ELM performs better than the GIM with a
resolution typically below 2µm. The smaller the magnification becomes, the
worse the ELM’s resolution becomes up to a value of 13 µm at magnification 25,
as one moves away from the magnification for which the einzel lens positions
have been optimized. The GIM on the other hand has a mean resolution about
2 µm independent of the magnification and performs better than 3.5 µm in all
simulated cases. As a consequence, with this device one can take advantage of
a large FOV accompanied by a small magnification without suffering losses in
the resolution.

4.4.3 Influence of Imprecise Focus Positioning

As the optimized voltages are always just determined for one specific x position
of the object plane, we want to investigate the capability of the autofocus to
adapt to different laser positions along the x direction, hence the principal axis
of the IM. Additionally, the influence of the finite depth of the ion distribution
is examined.

To this end, the optimization is run for three different positions of the object
plane along the x axis with an offset of −0.5mm, 0mm and 0.5mm with respect
to the central position between repeller and extractor. The solution for offset
0mm can be transferred directly from the magnification scan performed in the
previous section without conducting a new optimization. The optimizations
for an offset of ±0.5mm start with the solution of 0mm offset as preset. The
procedure is conducted for magnifications of 25 and 100 and for both devices,
the ELM and the GIM.

The resulting solutions are analyzed with respect to their resolution along
different x positions without further adaptations to the voltages and the find-
ings are presented in figure 4.8.

The first result to be noted is that irrespective of the beam position in x
direction, the algorithm is able to adapt the voltages accordingly to obtain a
good resolution. This is valid for both tested magnifications and both devices.
As a consequence for the experiment, if the image becomes blurred due to a
slowly drifting beam position, one can simply re-run the autofocus to obtain a
sharp image once again.

It is notable, however, that once the optimization has been conducted, the
GIM is more sensitive to deviations of the object plane position than the ELM.
The reason for that is most probably the relatively large inner diameter of
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(a) GIM, magnification 25x (b) GIM, magnification 100x

(c) ELM, magnification 25x (d) ELM, magnification 100x

Figure 4.8: Resolution within the FOV as function of the position of the object
plane. Blue curves: Mean resolution within the FOV for pointing fluctuations.
Blue shaded area: Range between minimum and maximum resolution within the
FOV. Blue stars: Solution for a constant offset. Red shapes: Effect of the finite
extent of an ion distribution with an FWHM of 10 µm on the resolution. Note
that figure (c) has a different y-axis scale in comparison to the other subfigures.
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the GIM’s electrodes. Reducing the inner diameter of the extractor to use it
as intermediate aperture should increase the depth of field [31]. Nevertheless,
within the width of the simulated ion distribution of 10 µm, the effect of the
DOF dependence on the GIM’s resolution is sufficiently small.

This leads us to the conclusion that irrespective of the magnification in the
considered range and taking into account the ion distribution’s finite width,
even for the worst resolution within the FOV, we are able to reliably reach a
resolution below 3.5 µm with the GIM.

4.4.4 Influence of Electrode Voltage Fluctuations

The final factor to be evaluated is the influence of fluctuations of the voltages
applied to the electrodes.

Realistic voltage sources are not capable of perfectly accurately and repeat-
ably setting a voltage. When told to set a specific voltage, there will be an offset
between the desired value and the actual voltage applied by the power sources.

To determine whether and how this influences the solutions found by the
DE algorithm, the simulation was manipulated in such a way that when the
optimization algorithm dictated a specific voltage, the voltage actually applied
to the SIMION electrodes deviated from this value by some random noise up to
a maximum deviation voltage Vdev. The tested deviations are 100V, 20V, 10V
and 0V. Their influence on the convergence is demonstrated in figure 4.9.

Fluctuations of up to 100V clearly disturb the convergence and no satisfying
solution could be found in all four optimization runs in figure 4.9a.

The effect becomes less pronounced for fluctuations of 20V. Here it is worth
looking at the resolutions obtained. The mean resolution achieved in the four
runs averaged over the FOV is (3.0 ± 2.0) µm in the case of 20V fluctuations.
Deviations of 10V on the other hand lead to a mean resolution of (1.3±0.4) µm
and show no notable difference to a simulation without voltage fluctuations
resulting in a resolution of (1.36± 0.20)µm.

This desired voltage precision of 10V corresponds to a realistic voltage set-
ting reproducibility of 10 kV voltage sources, as specified by different manufac-
turers [32–34].
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(a) Vdev = 100V (b) Vdev = 20V

(c) Vdev = 10V (d) Vdev = 0V

Figure 4.9: Influence of deviations of up to Vdev in the electrode voltage on the
convergence for a target magnification of 100. The optimization was started
four times in a row with the same preset for all four runs in each plot. The loss
function used for those optimizations was a former version and slightly altered
to the presented one, so that the loss function’s absolute values are different
to the previously presented loss function. However, this doesn’t influence the
conclusions drawn from the figures.
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4.5 Test of the Autofocus on an Existing Ion

Microscope

To test the feasibility of our autofocus, we planned running the algorithm on an
existing IM. We chose the IMT12 by the Stefan Käsdorf GmbH [23], namely the
exact same device at FORTH which has already been used for the experiments
presented in section 3.

Setup of the IMT12

The setup of this einzel lens microscope is in principle very similar to the generic
setup presented in figure 2.1. It consists of a repeller, an extractor and two einzel
lenses. The extractor is also called ”intermediate aperture”. The detector is
grounded. The detector consists of an MCP, a phosphor screen and, outside of
the chamber, a CCD camera.

The four voltages applied to the repeller, extractor and the lenses are in-
tended to be set manually via potentiometers. A view of the front panel is given
in figure 4.10. The stigmators mentioned on the front panel allow for further
aberration corrections but are not used in the experiments for this thesis. The
IMT12 can detect both electrons and ions. In our case only the use as ion
detector is of interest.

Figure 4.10: Front panel of IMT12 showing the control potentiometers of re-
peller, extractor aka aperture, lens1 and lens2.

Most of the information presented in this subsection is taken from the IMT12
manual [31].

Preliminary Considerations

The goal is to test whether the optimization presented in section 4.4 based on the
shifted laser foci does indeed lead to a sharp image under realistic conditions.
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If the initial population already contains a reasonable solution, the opti-
mization typically takes about 15 generations until a sufficiently good solution
is found. This translates to (#generations ·Nmut +Npop) = (15 · 10 + 20) = 170
voltage settings to be tested. Even for a test run not intended for daily usage
it is not feasible to do this manually. Hence, we have to automate the process.

To accomplish this task, the idea came up to connect four stepper motors
to the four potentiometers. The next question is whether the achievable resolu-
tion is sufficient to reach the desired accuracy of 10V. The decisive quantities
to answer this are the turning angle of the potentiometer until it reaches the
maximum voltage and the precision of the stepper’s steps. Ten turns can be
done until the potentiometer reaches its maximum value. This corresponds to
a voltage of 10 kV. It has been confirmed that the transformation ratio, the
number of turns of the knob divided by the corresponding number of turns of
the axis, is 1. A typical stepper motor’s resolution is an angle of 1.8◦. Hence,
the resolution is at least 10 kV

10 · 360◦ · 1.8◦ = 5V < 10V. This is sufficient for our
optimization algorithm.

The test optimization is supposed to take about half an hour. To ensure
this is feasible, the following paragraph will estimate the total time needed to
set the voltages. Based on that, one can extract the minimum number of ions
which have to be recorded per laser shot. If it were too many ions per shot, the
resulting space charge would distort the image.

As a first step, we have to have a second look at the motor’s step size. We
drive our motors in quarter step mode, or in other words, we use four microsteps.
This means that the actual mechanical step size of 1.8◦ is further broken down
to 1.8◦/4 = 0.45◦ by providing the voltages applied to the stepper’s coils in the
shape of a stepped sine wave rather than square pulses. The procedure is called
microstepping and allows for a smoother rotation of the motor [35].

The stepper motors can be driven with an acceleration of a = 16000 steps
s2

and a speed of 24000 steps
s

as maximum allowed speed. The maximum speed
is reached after 1.5 s of constant acceleration. Up to this time the motor has
moved 1

2
a t2 = 18000 steps, corresponding to 8100◦ or 22.5 turns. This is far

more than the 10 turns of the potentiometer. As a consequence, for our case
we can assume the movement to be continuously accelerated or decelerated,
without a section of constant speed in between.

How much time does the motor hence need to make 10 turns? Since we are
half of the time accelerating, half of the time decelerating with the same absolute
acceleration value, we may calculate with an effective acceleration of 1

2
a. The

desired angle α = 10◦ then relates to 1
2
(1
2
a) t2. Reorganizing the formula gives

the time it takes to reach this angle: t =
√

4α
a

=
√

4 · 10 · 360◦
16000 steps s−2 · 1.8◦/4 = 1.4 s.

- 43 -



4.5. Test of the Autofocus on an Existing Ion Microscope

Accumulating the time the steppers need for the optimization gives 170 · 1.4 s =
4.0min.

The time it takes the voltage sources to adapt to the new voltage setting is
on the order of a few hundred ms, according to the manufacturer, and negligible.

Now we can calculate the minimum number of ions to be recorded per laser
shot. To match with the simulations we require Nions = 800 ions per image.
To obtain the number of ions per shot we have to divide Nions by the time per
image and the laser repetition rate:

ions per shot =
Nions

time per image · laser rep rate
.

The latter one is read off directly from the laser parameters given in section 3.3
to be 10Hz. The time available for taking one image is calculated as a fraction
of the time allowed for the complete optimization topt by the number of images
needed for the complete optimization Nims:

time per image =
topt
Nims

Hence the resulting formula reads:

ions per shot =
Nions · Nims

topt · 10Hz

=
Nions · (Nmut · Nit +Npop) · 3

topt · 10Hz

=
800 · (10 · 15 + 20) · 3
(30min− 4min) · 10Hz

= 26.2

We need to record at least 27 ions per image. For this ion number no space
charge effects are to be expected.

Setup of the Test

To operate the steppers we for one thing need a corresponding driver and a con-
nection between the axis of the steppers and the corresponding potentiometers.

When taking off the knob intended for manual potentiometer control, one
can directly access the potentiometer’s axis as seen in figure 4.11. With the use
of an adapter the steppers can then be connected to the IMT12. To achieve
some tolerance towards misalignment of the stepper’s axis towards the poten-
tiometer’s axis both in angle and position, a double joint with flexible couplings
together with an intermediate axis is planned, as depicted in figure 4.12.
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Figure 4.11: Potentiometer knob with and without cover.

Mounting the motors at the correct heights in front of the IM’s control panel
requires some additional construction work. The flexible joints just allow for
some small height differences on the order of a few millimeters. The motors’
positions still have to roughly match the potentiometers’ axes. To this end,
we built some custom made mounts for the steppers, including some clearance
allowing for final height and position adaptations on the setup. This mechanical
setup is depicted in figure 4.13.

(a) (b)

Figure 4.12: Double joint with intermediate axis straight (a) and bent to demon-
strate the allowance for an axis offset (b).

Steering a stepper requires a driver for taking care of applying the correct
voltages to the stepper’s coils. In this case we use four stepper motors of the
type NEMA-17 in combination with DRV8825 drivers. The commands are
transferred to the steppers via the drivers and an arduino microcontroller. The
general wiring scheme is depicted in figure 4.14 and the resulting real circuit
with all four motors connected is shown in figure 4.15.

A notable differences of the final setup to the schematic setup in figure 4.14
is that the schematic circuit drives the motor in half step mode. The degree of
microstepping is controlled by different wiring of the driver. In figure 4.14 the
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Figure 4.13: Mechanical setup of the steppers.

Figure 4.14: Wiring principle of the circuit. Left: arduino board, center: wiring
board with purple driver chip and black capacitor, right: voltage supply and
stepper motor. [36]
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Figure 4.15: Wiring of the real setup with all four drivers. The blue cables on
the left of the image run towards the voltage supply, blue-white being connected
to ground. The steppers are placed to the right of the image.

red wires to the left of the driver are responsible for the microstepping. The
setup in figure 4.15, however, uses quarter step mode.

A second difference between the two setups is the fault pin. If there is some
fault, which hinders the driver to continue its operation, typically overheating,
the fault pin is pulled down from the standard setting of 5V to 0V. In figure
4.14 this pin is not connected. It is the driver’s second pin counted from the
bottom right. For the final setup we did connect this pin to an input pin of the
microcontroller and included its value into the program to warn the user in case
of overheating.

The driver takes care of the actual voltage applied to the stepper to an
extent that for starting the motor’s movement, the user only needs to supply
two binary input signals: step and dir, meaning whether or not to do a step
and whether the turning direction should be positive or negative.

Onto the microcontroller we install the AccelStepper.h C++ library, which
delivers an openly accessible and easy programming environment for accelerated
stepper motor movements.

Those two components enable the user to do the final control via serial
commands sent to the microcontroller. Such serial commands can be created
by a python code and are for this reason easy to integrate into the existing
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python optimization algorithm. The communication with the steppers has been
successfully tested.

The mechanical and electrical construction work was mainly conducted by
Christian Blank. For the mechanical setup we received further help from Frank
Zeyer. Figure 4.16 gives an overview of the overall resulting stepper setup.

Figure 4.16: Overview over the stepper setup.

Connecting with the camera is more straightforward than the connection of
the steppers. The model in use is an acA 1300 - 30um of the Basler AG [37].
The company directly provides a python library named pypylon for control of
the camera including all relevant parameters like for example the integration
time.

For successful execution of the experiment, all devices have to be controlled
from one single program. A graphical user interface (GUI) depicted in figure
4.17 has been developed for simple control of all relevant parameters and steering
of the respective devices. Before running the autofocus one should already have
a reasonable IM image, which is to be further optimized. To obtain a first
image, the GUI features a voltage control environment shown in figure 4.17a. A
dummy image has been created as simulated camera feedback. One can track
the current electrode’s voltages and manually set specific voltages. An input
window for the actual voltages indicated by the IMT12 front panel is necessary
since the steppers cannot remember their absolute position and assume their
starting position to be zero. Hence, one should always turn off the IM and the
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(a)

(b)

Figure 4.17: GUI for the control of the autofocus via stepper motors, a CCD
camera and a mirror translation stage featuring two tabs: voltage control (a)
and autofocus control (b).
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steppers at an electrode voltage of zero. But for example unexpected electricity
cuts or drifts after long periods of operation make it necessary to include this
calibration option.

Once a reasonable setting is found, the voltages can be saved to be included
into the starting population of the autofocus.

Additionally, the laser position can be adjusted via the mirror stage.
Switching to the autofocus control tab reduces the number of knobs to an

input for the desired magnification, the possibility to take a background im-
age and the starting button for the actual autofocus program. After starting
the autofocus, an extra window shows the current status of the optimization
in terms of loss function versus generation. For a real optimization this should
resemble e.g. figure 4.9d. The image of figure 4.17b is the loss function based
on the dummy image in 4.17a plus some random noise.

But before running the first try of an autofocus, a few calibration and test
runs have to be conducted as explained in the following.

A crucial factor to the automatized voltage optimization is the repeatability
of the voltages. The motors might miss a step from time to time. Accumulated,
this might lead to an undesired offset between the voltage assumed by the motor
control and the actual voltage. To ensure this doesn’t influence our autofocus,
one should attach a motor to the IMT12 and program the motor to continuously
move from minimum to maximum voltage and back. This test program should
run for a time longer than the autofocus, say for example for 45min. The test
is successfully passed if the voltage assumed by the program and the actual
voltage do not deviate significantly.

Additionally one can confirm that the setting time of the voltage sources
doesn’t have to be taken into account. More precisely, one can measure the re-
lation between camera reaction time and voltage setting time. This is done by
taking an image directly after setting a voltage notably different to the current
one and taking some images with a delay of a few hundred milli seconds. In case
the images differ and hence the delay is notable, one has to force the autofocus
algorithm to wait some time after setting a new voltage set until no difference
is to be seen compared with the image obtained after a long waiting time.

Regardless of the previous efforts, the component which eventually forced us
to give up on the test for the time being is the translation stage for the mirror.
It is needed to translate the mirror in the course of the optimization. Control
of the angle of the mirror is not necessary after the first alignment since, within
first order approximation, for a spherical mirror a translational movement shifts
the focus by the same amount. This is qualitatively demonstrated in figure 4.18.

For the same reason as with the voltages, it is not feasible to do this by hand.
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Figure 4.18: Demonstration of the effect of translating a spherical mirror perpen-
dicular to the incident laser. The simulation has been created with Ray Optics
Simulator [38].

As each voltage setting is tested with three different laser positions, the number
of settings even triples for the mirror to (15 · 10 + 20) · 3 = 510. The mirror
control used for the NSDI experiments was fully manual, so the translation
stage had to be exchanged. The only vacuum compatible stage our colleagues
at FORTH had at hand is a slip-stick drive. However, it is an open loop system,
which doesn’t give any feedback on its actual position. This alone would not be
a problem if one could calculate back the position based on the starting position
or if the error was negligibly small. Conveniently, the actual step size does stay
constant for one specific motor as long as the load is constant. The problem is
the different step size in the forward and backward direction. In the worst case,
this difference is up to 100% of the step size, which is ≤ 30 nm [39]. In our case,
with at least 170 movements in the forward and backward direction (one laser
scan per voltage setting), it is impossible to reach the necessary resolution of
about 10 µm without a closed loop system.

The second approach of bringing a stage with us from Munich unfortunately
failed since a satisfactory stage could not be found in time. The time window
for execution of the experiment was already fixed since the autofocus test was
supposed to run during the same visit at FORTH as the NSDI experiments
presented in section 3. Ordering a new stage would have taken about 30 weeks.

Possible Improvements

In case the experiment will be conducted at a later point in time, there are a
few things to be considered that might be improved with respect to the current
version.

For one thing, the usage of servo motors might be more practical since
those type of motors do remember their absolute position even after loss of
power. Calibration would become easier in this case. Nevertheless, an option
for calibration has to be kept, for example in case of drifts of the voltage sources
over time.
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It might be even better to re-design the experiment in a way that the poten-
tiometers are not touched at all. Instead, one can take off the IMT12 front panel
and directly access the output cables of the potentiometers. The potentiometers
simply deliver an output voltage between 0V and 10V, which becomes ampli-
fied to the resulting high voltage. Instead of automatizing the potentiometer
control, one can generate the corresponding low voltage control signal and put
it onto the cables running towards the amplifier. [23]

It is also worth spending a thought on whether to migrate the control GUI
to another programming language better suited for live control than python,
like for example C++.

4.6 Implementation of the Generic Ion Micro-

scope

To test the reliability of our so far only theoretical results, we started building
an IM at the MPQ based on the simulations presented above.

The laser designated for testing the future prototype is a Ti:Sapphire system
at MPQ with a central wavelength of 750 nm and a pulse duration of 4.5 fs in
FHWM of the intensity envelope. Pulse energies up to 0.7mJ are possible. [30,
methods section]

The basis of the new IM consists of a vacuum chamber of a former velocity
map imaging device shown in figure 4.19. The chamber includes a turbomolec-
ular pump attached to it below the table. The laser will propagate along the
y-axis on the height of the glass window seen in the lower part of the image.
The detector will be mounted at the top of the chamber.

The glass window facing the observer on image 4.19 shall be replaced by
a flange holding a spherical mirror on a translation stage inside the chamber.
Placing the focusing mirror inside the chamber has the advantage of a more con-
fined focus facilitated by a short focal length. The mirror’s translation stage’s
movement has to be controllable in an automatized manner along the z axis
for the optimization and be at least manually controllable along the x and y
direction for beam alignment.

Detector

Regarding the detector, in principle, different options are possible.
Typically, IMs use a combination of an MCP, a phosphor screen, a glass

window and a CCD camera for the signal detection. The disadvantage of this
is the loss of the temporal information. The main reason for using an IM, in

- 52 -



Chapter 4. Autofocus for Ion Microscopy

Figure 4.19: Vacuum chamber of the former velocity map imaging device, which
will serve as a basis for the future IM.
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contrast to a TOF, is the spatial resolution or, in other words, having the data
in a not volume-integrated form. However, if the information about the exact
splat timing is lost, one still averages over one dimension. In our notation this
is the x axis.

For this reason, our preferred detector would have a temporal resolution on
the order of 1 ns. Common CCD cameras cannot reach the required repetition
rate. A fast up-to-date CCD camera system can for example be bought with a
framerate of 200 frames per second, corresponding to a time resolution of 5ms
[40]. Gating the MCP gives the possibility to obtain some temporal resolution.
But this can normally only reach down to a magnitude of 50 ns, which is just
sufficient to separate different ionic species but does not resolve features within
the TOF peak of one species. Using special measures one can reach a gating
pulse of 8 ns, which already allows for some temporal resolution [41]. However,
all other information outside the gating window is lost. It would be desirable
to have this temporal resolution as a standard feature of the detector system
without the need for gating the detector.

To this end, a detection concept different from the CCD camera has to be
used. In our case we already have a combined detector consisting of an MCP
and a delay line anode available at the institute. The detector has an overall
temporal resolution of < 0.2 ns [42]. A picture of it can be found in figure 4.20.

Figure 4.20: Detector consisting of an MCP and a delay line. Annotations based
on [43, figure A.2].

The working principle of a delay line detector is the following: The detector
itself is simply a plane spanned by a grid composed of two wires. One wire
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is wound along the x axis, the second wire is wound perpendicular to the first
one. If a charged particle hits the MCP, an avalanche of particles is generated.
Particles which hit the MCP in between two channels can still be detected
to some extent due to the two meshes in front of the MCP, which accelerate
secondary electrons moving away from the MCP back towards the detector. The
secondary electrons hit the two delay line wires and generate an electric pulse
traveling along the wire. From the arrival time of the four pulses at the wire
ends one can extract the splat position.

A significant disadvantage is that only very few particles can be detected
within the time interval of signal travel. Otherwise the electrical pulses of one
wire cannot be assigned properly to their respective counterparts generated on
the second wire anymore, which is crucial for the determination of the splat
position. By proper tuning of the laser intensity and target gas density one can
ensure a sufficiently small event rate.

However, our preferred detection system would be not the delay line detector
but another camera setup. Other camera concepts than classical CCDs can
indeed reach the desired temporal resolution of about 1 ns, like for example
the TPX3CAM by Amsterdam Scientific Instruments [44] with a resolution of
1.5 ns.

The next difficulty is finding a phosphor screen fast enough to satisfy this
temporal precision. Even fast decaying P47 phosphor screens typically have a
decay time of about 100 ns and for this reason cannot be used in this detector
scheme [45, 46].

Fortunately, the TPX3CAM detection chip can detect both photons and
electrons and withstand vacuum. Hence, one can place the chip directly behind
the MCP in the vacuum chamber.

Regarding the fact that the delay line detector is already available at MPQ,
in contrast to the TPX3CAM, our current plan is to use the delay line detector,
even though it doesn’t support high event rates per shot. At the same time, we
want to keep an eye on opportunities for a setup with a fast camera.

Vacuum Conditions

Whichever detector we choose, all three considered options require an MCP. An
MCP should be operated under vacuum conditions better than 2 · 10−6mbar
[42]. Additionally, space charge effects are to be expected for pressures on the
order of ≥ 3 · 10−6mbar [41].

Our GIM doesn’t feature a gas jet as it has been used for the NSDI ex-
periments of section 3. Instead, we plan to record the ions generated when
homogeneously flooding the chamber with the target gas at low pressures.
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A gas jet might decrease the chance to obtain an aberration free IM image.
In case of a protruding gas nozzle, as used in the IMT12 experiments, the field
lines between repeller and extractor become distorted. Repeller and extractor
do not form a simple plate capacitor with homogeneous field lines anymore,
which complicates the process of obtaining a sharp image. Admittedly, even
without nozzle the setup is not an actual plate capacitor since the extractor has
an annular shape. But including a protruding nozzle into the repeller introduces
even more undesired complexity to the system.

Another possibility is to incorporate the nozzle into the repeller to obtain an
even surface. In this case one still faces the challenge of an inhomogeneous gas
distribution, which has to be considered and calibrated during data analyzation.
For this reason it is preferable to record the signal from a homogeneous gas
distribution, which has already been successfully done in other experiments [6].

In order to be able to distinguish the gas under investigation from other
residual gases, the actual vacuum conditions have to be even better than the
above mentioned 2 · 10−6mbar. Our target conditions are on the order of 1 ·
10−8mbar. To introduce the low target gas pressures with a high precision, a
needle valve is required.

All components of the GIM have to be compatible with those required ultra
high vacuum conditions.

Electrodes

The electrodes were designed with the help of the MPQ technical team and
manufactured by the MPQ technical workshop. The main task was finding a
way to build the so far only schematic setup presented in figure 4.1. We ended up
with a design based on four ”rods” carrying the annular electrodes as depicted
in figure 4.21. The rod setup is stable enough to support the electrodes and at
the same time open-spaced to allow for reliable pumping.

In the first section containing the active electrodes, the rods are made from
PEEK, a plastic compatible with ultra high vacuum. They are serving as in-
sulator and mount at the same time. The rods carrying the inactive electrodes
are made from steel. In this manner, all inactive electrodes can be grounded by
the rods and the mounting, which are mechanically and hence also electrically
connected to the grounded vacuum chamber, without the need for additional
cables. The electrodes are fastened in their positions by inserting them into the
notches along the rods.

The grounded electrode closest to the interaction region has a larger diam-
eter. Apart from its purpose as electrode, it serves as a shield of the electric
fields of the voltage-bearing electrodes towards the drifting area and stabilizes
the setup. Additionally, the voltage-bearing cables are fixed at the rim of this
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Figure 4.21: Design of the future GIM’s electrodes. Drawing by Tobias Klein-
henz.

electrode. Fixing the cables at an intermediate position between their respec-
tive electrodes and the feed-through facilitates the task of keeping the necessary
distance between the cables to avoid an electric breakdown.

Since the former VMI chamber is too short for placing the complete IM inside
of it, an additional tube will be designed containing all the necessary cable feed-
throughs. This tube will be inserted in the middle section between the target
chamber and the upper part of the VMI chamber. The electrodes are fixed
via the ring on the right-hand side of figure 4.21 at the transition between the
central tube and upper tube. In the future, dismantling or updating the device
can be easily accomplished by removing the upper tube and then either removing
the central tube including the electrodes or directly taking the electrodes out
of the chamber. A possible improvement of the setup might be for example
the addition of field flattening electrodes behind the repeller carrying the same
voltage as the repeller itself. An overview of the complete construction is given
in figure 4.22.

A picture of the ready-made electrodes is presented in figure 4.23.

Voltage Sources

Finally, for the operation of the IM we need to apply the voltage determined
by the algorithm to the electrodes. Each of the 10 active electrodes requires a
voltage up to 10 kV, which has to be computer controllable and feature a repro-
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Figure 4.22: Overview over the design of the future GIM. Drawing by Tobias
Kleinhenz.

Figure 4.23: The GIM’s electrodes manufactured by the MPQ workshop.
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ducibility of at least 10V (cf. sections 4.4.1 and 4.4.4). Additionally, a fast volt-
age setting time is desirable on the order of 1 s. If the algorithm is supposed to
converge within about 15min, the setting time should not exceed 2 s. Assuming
the algorithm needs 50 generations for convergence and the main contribution
to the duration of the autofocus is the voltage-setting time, one obtains a run-
time of (#generations · Nmut+Npop) · setting time = (50 · 10+20) · 2 s = 17min
for a setting time of 2 s.

Since we hardly need any current, it is a reasonable idea to use one single
voltage source, connect the electrodes in parallel and apply the required volt-
age to them via voltage dividers. However, for those high voltages no remote
controllable voltage dividers exist. Digital potentiometers advertised as high
voltage devices operate with an output voltage on the order of 10V, far below
the 10 kV necessary for our IM [47–49].

Instead, we plan to purchase 10 separate voltage sources. Possible suppliers
providing sources with suitable specifications are for example FuG Elektronik
GmbH [50], Heinzinger electronic GmbH [51] and iseg Spezialelektronik GmbH
[52]. In what follows, their respective devices (available at the present time)
fulfilling our requirements are presented in brief.

FuG offers devices of the type ”HCE 35-12500 NEG”. They feature a pre-
cision of 0.01% · Vmax = 1V and a setting time at nominal load of < 500ms for
changes of the output voltage from 10% to 90% or 90% to 10% [34]. Our load is
less than the nominal load, hence the setting time is expected to be even faster.
Via a ”Probus V interface USB MOD” module one can communicate with the
devices using a USB cable and ASCII codes. Such ASCII commands can for
example be generated by a python program.

Heinzinger suggests its ”LNCE 20000 - 02” devices, featuring a precision
of 0.1% · Vmax = 10V and a setting time of up to 100ms. This fast setting
time can be reached if the high voltage is switched on and off every time the
voltage is set to a new value, which can be done remotely. The voltage control
is achieved via an analog signal between 0V and 10V. An additional digital to
analog converter is necessary.

Iseg sells devices of the type ”EHS 40 100p S10”. Their precision reaches
0.01% · Vmax = 1V and the setting speed is up to 10 kV

0.2 ·Vmax s−1 = 10 kV
2000V s−1 = 5 s.

Up to 0.75 · Vmax s
−1 can be reached in principle, but in this case the voltage

oscillates around the target value for the first few seconds with a magnitude of
100V and the advantage of the fast setting time is lost. The device’s controller
can be addressed via python scripts.
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Since all of the mentioned devices have the disadvantage of high cost and
current delivery times on the order of several months, the actual implementation
of the voltage supplies is beyond the scope of this thesis.
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5.

Summary and Conclusion

In conclusion, the first part of this thesis presented an experiment investigating
the generation of doubly charged argon ions via the strong field ionization of
singly charged argon. Due to a sub-optimal XUV laser spectrum dedicated to
prepare the target ions, we did not only generate the expected charge state,
but most probably also a non-negligible contribution of other excited states of
argon. This inhibited a clear conclusion from the obtained results. A modified
setup circumventing this problem was proposed.

In the second part of the thesis, a novel generic IM design was presented
along with the DE algorithm for the control of the voltages applied to the de-
vice’s electrodes. The algorithm has the capability to automatically determine
the correct parameters to obtain a sharp image, comparable to an autofocus.
The novel IM has been tested for its performance with respect to different pa-
rameters. It has been demonstrated that for simulations of realistic conditions,
resolutions below 3.5 µm can be reached in a large range of magnifications be-
tween 25 and 100.

Additionally, a test of the autofocusing algorithm on a real IM has been
presented. The necessary components and programs have been discussed. In
the end, the test could not be performed due to a missing component.

The final section treated the physical implementation of the generic IM de-
sign with a discussion of all its components. Some of the components are already
implemented, others are pending. The presentation in this thesis shall give a
robust basis for others to finalize the actual realization of the prototype.

For the future, it remains to be seen whether there is the possibility to
conduct the experiment presented in the thesis’ first part with the proposed
corrections. This might give interesting insight into the nature of the ionization
processes involved.

With respect to the generic IM, the presented design has the potential to
simplify the research done with IMs due to its high flexibility with respect
to the set magnification, while it doesn’t show a notable loss in resolution.
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Further improvements of the design can be investigated, for example by taking
into account the electrodes’ inner diameter or the electrodes’ thickness for the
optimization. Furthermore, the autofocusing algorithm can be applied not only
to the presented IM but can in principle facilitate the operation of a broad range
of imaging devices.
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7.

Appendix

7.1 Extraction of XUV Spectrum

For extraction of the XUV spectrum there are four different spectra available:
one recorded with an indium filter, one with aluminum filter and a photoelectron
spectrum with and without aluminum filter.

Figure 7.1: Photoelectron spectra recorded with TOF and aluminum filter/no
filter (XUVAl TOF/XUV TOF, no filter) and the extracted aluminum filter
transmission (TAl extracted). TAl ideal shows the transmission ideally expected
for the aluminum filter [53].

The photoelectron measurement in figure 7.1 with and without aluminum
filter and the extracted transmission curve reveal that the actual transmission
is quite different to the ideal one. This is caused most probably by degradation
of the filter due to oxidation by air. The resulting Al2O3 surface layer modifies
the transmission properties. The main change for the considered XUV spectral
range due to oxidation is a reduced transmission for the lower energy side [54–
56]. This fits well with the observed deviations from ideal filter transmission
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seen in figure 7.1.
When working with the photoelectron spectrum one has to keep in mind

that the spectrum is obtained by photoionization of argon. Hence the electron
yields were multiplied with the photoabsorption cross section from Chan et al.
[27] to yield the actual spectrum. Furthermore, the 11th harmonic with 17.0 eV
is just above the ionization threshold of argon of 15.7 eV. For this reason,
the emitted photoelectrons have a very small kinetic energy and the detection
efficiency of the TOF is reduced in this energy range. Only the 13th and higher
harmonics should be considered reliable when obtained from the photoelectron
measurement.

As a consequence of the obvious aluminum filter degradations, we have to
bear in mind possible deviations in the indium filter as well, even though there
is no data available measuring the actual filter’s transmission. Only the ideal
transmission based on the data by Henke et al. [53] is available.

But indium hardly oxidizes with air at ambient temperature [57] and with
age barely any absorptive surface layers emerge. It is mainly the manufacturing
process and surface quality which play a crucial role in an indium filter’s actual
transmission. This will affect the overall transmission but typically not alter
the relative transmission of different wavelengths. [56]

For this reason it was assumed that the indium transmission only has to be
adapted by a constant prefactor with respect to the ideal curve. The factor is
determined by matching the intensity of the 13th harmonic obtained from the
data recorded with the indium and aluminum filter.

The spectra recorded and corrected with indium filter and aluminum filter
and the corresponding filter transmissions used for the eventual corrections are
depicted in figure 7.2.

The resulting spectrum after overlaying the two spectral ranges obtained
from In filter and Al filter still does not represent the spectrum present at
the focus. Before hitting the argon jet, the beam gets reflected from a gold
mirror. Its reflectance is calculated from the complex refractive index (n+ i k)
determined by Werner et al. [58] available at NIST [26], using the following
equation [21]:

R =

∣∣∣∣1− (n+ i k)

1 + (n+ i k)

∣∣∣∣2 . (7.1)

Finally, the resulting reflectance and spectrum at target are presented in
figure 7.3. The same spectrum can be found again in figure 3.12.
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Figure 7.2: XUV spectra recorded with aluminum filter and indium filter (XUVAl

corrected and XUVIn corrected) after correction by the worked out filter trans-
missions (TAl extracted and TIn).

Figure 7.3: Gold mirror reflectance RAu and final XUV spectrum on target
XUVfinal.
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7.2 Statistical Error of the Loss Function

In the following lines, the statistical error of the loss function will be derived.
As a reminder, the loss function in a slightly modified way reads

L =

Ngroups∑
i=1

w1 |X i −X1|+ w2 |S2
i − S2

1 |+ w3 S
2
i .

For simplicity, and since we are just interested in the statistical error of sam-
pling the ions in the object plane, we assume mag = 1, FWHMe = 10 µm and
M > 20. Ngroups evaluates to 3, as in the whole thesis. The previous µ were re-
placed by X and σ by S. From now on we have to clearly differentiate between
the mean µ and standard deviation σ of the actual underlying distribution and
the measured values of the splats’ mean X and standard deviation S. As a
consequence, X1 and S2

1 denote the mean position and variance of the splats
resulting from the unshifted beam.

The error of the loss function is derived via propagation of uncertainties of
its components.

The standard error of the mean for each of the beam positions i ∈ {1, 2, 3}
reads

∆X i = ∆X =
σ√
N
. (7.2)

The error of the variance S2 is calculated from a distribution’s central moments
µk [59, chapter 7]:

var(S2
i ) =

µ4

N
+

3−N

N(N − 1)
µ2
2. (7.3)

For a Gaussian function we have the following central moments [60, chapters 4
and 6]:

µ2 = σ2 , µ3 = 0 , µ4 = 3σ4

Additionally, we make use of the relation

σ =
FWHMe

2
√
2 log(2)

After plugging in, we obtain for the error of the distribution’s variance for all
i ∈ {1, 2, 3}

var(S2
i ) = (∆S2

i )
2 = (∆S2)2 =

FWHM4
e

32 log(2)2 (n− 1)
. (7.4)
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When plugging in the terms, it should be noted that the loss function value
attributed to the unshifted beam position i = 1 consists only of w3 S

2
1 , since the

two subtractions evaluate to zero. Keeping this in mind, the error of the loss
function becomes

∆L = [ (w3∆S2
1)

2+

+
3∑

i=2

(w1∆X i)
2 + (w1∆X1)

2 + (w2∆S2
1)

2 + ((w2 + w3)∆S2
i )

2 ]
1
2

=

√
(w3∆S2)2 + 4 (w1∆X)2 + 2 (w2∆S2)2 + 2 ((w2 + w3)∆S2)2

= 0.91

(7.5)

This fits with the uncertainty observed for the loss function when evaluating
the same solution several times.
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7.3 List of Abbreviations and Physical Con-

stants

c 299 792 458m s−1 (speed of light in vacuum)
π 3.141592654

DE differential evolution
ELM einzel lens ion microscope
FWHM full width at half maximum
GIM generic ion microscope
HHG high harmonic generation
IM ion microscope
IR infrared (800 nm)
LMU Ludwig-Maximilians-Universität München
MCP microchannel plate
MPQ Max Planck Institute of Quantum Optics
NSDI non-sequential double ionization
TOF time of flight
XUV extreme ultraviolet
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