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Introduction

The desire to understand the world around us is intrinsic to human nature. Since
the beginning of mankind, humans have investigated our planet, plants, animals,
stars, the weather and other physical phenomena. Why does something behave
in a certain way? How does it function? How can we find out about this? How
can we prove it? We hypothesize about the answers. We design experiments to
test our hypotheses. If the experiment tested the right parameters, the experi-
mental results will get us closer to the answer to our questions and/or nourish
our scientific curiosity to think and ask more (detailed) questions.

As such, experiments are an integral part of any scientific study. Whether they
are Gedanken-experiments in theoretical research, simulations or real physical
experiments, they test our hypothesis in a controlled environment. The formu-
lation of a clear, testable hypothesis is a challenge and so is the identification
of the parameters that need to be controlled to perform a valid experiment that
will return accurate results. Cutting edge, scientific experiments often depend on
innovative, unconventional instrumentation. Burning scientific questions lead to
technological developments that define and push forward the instrumental state-
of-the-art for the sciences, and often the technological standard of our daily life
through spun-off user products.

Alfred Nobel realized that scientific discovery and instrumental development are
equally important to advance the sciences and mankind. Therefore, in his will
from 1895, he establishes the famous Nobel prizes as:

“.. prizes to those who (...) shall have conferred the greatest benefit
on mankind. (...) To the person who shall have made the most im-
portant discovery or invention within the field of physics. (...) To the
person who shall have made the most important chemical discovery or
improvement ...” [1].

Good experimental design is an art. This art has given us valuable instrumen-
tation and numerous techniques that have changed everyday life. Examples [2]
include the “development of wireless telegraphy” by Guglielmo Marconi and Karl
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Chapter 1. Introduction

Ferdinand Braun (Nobel Prize in Physics, 1909); the “development of laser spec-
troscopy” by Nicolaas Bloembergen, Arthur Schawlow, Kai Siegbahn (Nobel Prize
in Physics, 1981). John Bardeen, William Shockley and Walter Brattain obtained
the Nobel Prize in Physics in 1956 “for their researches on semiconductors and
their discovery of the transistor effect” on which most of modern electronics are
based. Charles Kao, Willard Boyle and George Smith received the Nobel Prize
in Physics in 2009 “for groundbreaking achievements concerning the transmis-
sion of light in fibers for optical communication” (Kao) and “for the invention of
an imaging semiconductor circuit the CCD sensor” (Boyle and Smith), which is
applied in countless devices such as portable cameras, mobile phone cameras and
laptop computers.

1.1 Understanding the World Around Us

The research presented in this thesis represents a contribution to the toolbox
available to investigate the world around us. In particular, it adds technology
that helps us in understanding the building blocks of nature: atoms, molecules
and molecular complexes.

The first part of this thesis investigates the spatial distribution and molecular
structure of biologically relevant, complex macromolecular systems. In partic-
ular, the relationship between molecular structure and biological or chemical
functionality is investigated by mass spectrometry imaging (MSI). In the second
part of this thesis, a technique is highlighted which bears the potential to provide
fundamental understanding of chemical reactions and reaction dynamics of atoms
and small molecules. This technique is applied to molecular spectroscopy and is
called velocity map imaging (VMI).

MSI and VMI target similar questions at different levels of complexity. From an
instrumental point of view, however, the differences between the two techniques
are subtle. Both in MSI and VMI, the analytes of interest are ionized by the inter-
action of the analyte with an ionization source, the ionized analytes are extracted
from the interaction region, sent through a time-of-flight mass spectrometer and
projected onto a position-sensitive detector by means of electrostatic fields. As a
result, the research questions in both fields call for similar instrumental develop-
ments, which are described in this thesis.

The investigation of subcellular detail in MSI, as well as good momentum /energy
resolution in VMI are -among other parameters- dependent on the detection sys-
tem, which must deliver ultra-high spatial resolution. Position- and time-sensitive
detection of multiple analytes/fragments in one acquisition cycle is crucial for
both techniques. Furthermore, it is necessary to perform these experiments at
a high experimental throughput. Large-area biological tissue imaging requires
high throughput MSI detection systems due to the depletion of biological sam-
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1.2 Mass Spectrometry Imaging

ples. The acquisition of statistically relevant data sets within a reasonable time
interval ensures reproducibility and stability of the experimental parameters in
VML

1.2 Mass Spectrometry Imaging

Atoms, molecules and molecular complexes form the basis of life. They are the
building blocks of biomolecules like peptides, proteins, lipids and DNA. The in-
vestigation of the interaction of these macromolecules reveals insights into the
dynamic processes that determine the state of biological systems. It is crucial
to understand how biological (mal)function is related to molecular organization.
Neurodegenerative diseases, like Alzheimers, and cancer, for instance, change the
cellular biochemistry. Therefore, disease studies and diagnosis can benefit from
a fundamental understanding of protein identity, distribution and modification.
The investigation of this relationship has given rise to several molecular imag-
ing techniques. In particular, the complexity of biological systems both in the
healthy and in the diseased state calls for high spatial resolution molecular imag-
ing techniques that can identify a wide range of biological analytes simultane-
ously. Several imaging techniques, such as atomic force microscopy and scanning
electron microscopy, enable high spatial resolution analysis of biological systems
but lack chemical identification capabilities. Other techniques distinguish prede-
fined analytes by fluorescent, antibody or radioactive labeling. These techniques
require prior knowledge about the sample composition and interfere with the
sample integrity. Mass spectrometry imaging [3] is a discovery tool that provides
both chemical specificity via the determination of the analyte’s mass and analyte
localization by the position-correlated detection of the analyte without any prior
knowledge of the imaging target.

1.3 The Study of Atoms and Molecules by their
Interaction with Light

Fundamental physical/chemical processes of atomic or molecular dissociation or
ionization are studied in experiments where the system, i.e. the atom or molecule,
absorbs one or more photons from a coherent light source. As the photodisso-
ciation of a molecule breaks molecular bonds, it can be considered the inverse
reaction for the bond formation between the dissociation fragments.

The study of (inverse) chemical reactions and the dynamics thereof has greatly
benefitted from the development of ultra-short laser pulses. In particular, the mo-
tion of atoms and molecules has directly been probed by femtosecond pulses and
the motion of electrons within molecules and atoms by attosecond laser pulses.



Chapter 1. Introduction

The interaction of atoms or molecules with light can be described by the laws
of energy and momentum conservation. Therefore, the experimental ion imaging
technique has to simultaneously measure the relevant particle velocities and the
internal energies of the reaction participants. Velocity map imaging (VMI) [4] [5]
is designed to provide these measurements of molecular reaction dynamics. In
VMI, molecular dissociation and ionization is investigated for isolated molecules
from a beam in the gas phase. After the molecule-light interaction, the electrons
and/or ions are guided towards a position-sensitive detector by electric fields.
The technique measures the full three-dimensional (3D) velocity distribution of
the scattered reaction fragments in one two-dimensional (2D) image. Information
on both the kinetic energy and the angular distribution can be extracted from
the spatial appearance of the 2D image.

1.4 Outline of this Thesis

The research presented in this thesis was carried out in the Biomolecular Imaging
Mass Spectrometry (BIMS) group at the FOM-Institute AMOLF in Amsterdam.
The research of the BIMS group focuses on the development and application of
analytical tools for mass spectrometry based molecular imaging. The develop-
ment of novel instrumentation and methodology for ultrahigh spatial resolution
MSI is prerequisite to enable fundamental and applied research in molecular his-
tology, biochemical and biomedical research. At the same time, the analysis time
of readily degrading biological samples must be kept short. In previous years,
ultrahigh spatial resolution and high throughput MSI has been enabled with the
AMOLF mass microscope [6].

Chapter 2 of this thesis introduces mass spectrometry imaging as an analyti-
cal tool for biological and biomedical tissue research. The current state of the
technique is evaluated and emerging technologies for high spatial resolution MS
imaging and high sample throughput studies are introduced, among other tech-
niques. The evaluation of state-of-the art MSI technology, in particular for high
spatial resolution and high throughput TOF-MSI, reveals that adequate detector
technology is the key to successful microscope mode MSI measurements.

The detector technology employed for microscope mode MSI has thusfar not
delivered the required performance features. Chapter 3 of this thesis gives an
overview of state-of-the-art ion, electron and photon detection and imaging tech-
nology. This chapter evaluates imaging detection systems, which have been used
for (microscope mode) MS(I), as well as other techniques. Additionally, active
pixel detectors are identified as a promising candidate for high resolution and
high throughput imaging experiments.

In the scope of this thesis, this novel imaging approach based on active pixel
detectors is evaluated, investigated, implemented and, for the first time, applied
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to biological TOF-MSI on an ion microscope and VMI. This involved the trans-
fer of detector technology developed for the fundamental (high energy) physics
community to the fields of mass spectrometry (imaging) and fundamental atomic
and molecular physics research. Therefore, the project involved close collabo-
ration with the Medipiz collaboration hosted by the European Organization for
Nuclear Research (CERN) (Geneva, Switzerland) and the Detector Research &
Development group of the National Institute for Subatomic Physics (NIKHEF)
(Amsterdam, The Netherlands). The detection system, active pixel detectors of
the Medipix/Timepix chip family, were initially designed and intended for X-ray
and ~v-ray detection. Hence, the presented project transferred this technology
into a different field of application with different experimental requirements.
Chapter 4 presents the first high spatial resolution MS imaging study with such
an in-vacuum pixelated detection system. For these experiments, the Medipix
detection system had to be prepared to detect ions/electrons (instead of pho-
tons) by the placement of mircochannel plates in front of the detection system.
An additional challenge was the transfer of an “ambient” environment detection
system into a high-vacuum environment. In this first proof-of-concept study, the
focus was to test the feasibility of such a detection system for MSI and evaluate
the attainable spatial resolution.

Position- and also time-sensitive time-of-flight detection of multiple, simultane-
ous events is demonstrated in Chapter 5. Most importantly, a Timepix chip was
implemented for these experiments, which can measure the arrival position of
the electrons/ions, i.e. imaging as with the Medipix, but also the arrival time
of these events. The Timepix measurements add the time- and hence the mass
spectral-dimension to the TOF-measurements. Chapter 5 evaluates the spectral
performance of this new detection system and compares it to established acqui-
sition and detection systems.

Chapter 6 applies this detection system to the study of biological tissue sections.
While the research in Chapter 4 € 5 mainly used biologically relevant standard
mixtures and benchmark samples, Chapter 6 describes the application of this new
technology to biological tissue samples, i.e. mouse testis tissue sections. The ex-
periments presented in this chapter investigate how the new detection system per-
forms on “real world” samples, which contain biological analytes at physiological
concentrations, which are difficult to handle and degrade quickly. Additionally,
large-area tissue samples require “mosaic” measurements, due to their relatively
large size (up to several centimeters-squared). In mosaic measurements, the tis-
sue surface is rastered and analyzed area-by-area and a complete image/data
cube (z, y, TOF) has to be reconstructed from individual experiments. Chapter
6 demonstrates that the Timepix detection system possess promising analytical
capabilities for biological tissue imaging by evaluating the spatial resolution on
tissue, commenting on the spectral performance and by showing that large-area
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imaging is feasible.

Chapter 7 outlines how the analytical capabilities of this detection system can be
extended by the application of additional extraction fields. The measurements
presented in Chapter 4 to Chapter 6 were conducted in positive ion mode. How-
ever, it is crucial to extend the system’s analytical capabilities to negative ion
mode to provide a tool capable of returning complementary data, i.e. positive
and negative mode analytes, off biological samples. This is achieved by electri-
cally isolating the detection system from the mass spectrometer and by floating
the detection system on up to +12 kV /-8 kV, which results in ion acceleration
energies of up to 15 keV/11 keV (compared to 5 keV in the standard setup).
Additionally, the high extraction fields provide the capability to analyze large
intact proteins.

Chapter 8 introduces the new detection method to velocity map and slice imaging
and was carried out in collaboration with the Extreme Ultraviolet Physics group
of AMOLF. The system’s capabilities are used to study the photodissociation of
NOs. The experiments establish that the system is very well suited for molecular
studies of this type, since it provides high resolution images and hence high en-
ergy resolution VMI experiments. Also, the timing capabilities enable convenient
“slice images”.

The detection system developed within the scope of this thesis represents a valu-
able analytical tool for highly sensitive, spatially resolved, in-vacuum particle
detection. In particular, the microchannel plate/Timepix detection system on an
ion microscope delivers the MSI community an extremely powerful instrument for
high dynamic range, high mass range and high detector homogeneity studies of
lipids, peptides and intact proteins of biomolecular relevance. Ultra-high spatial
resolution studies of biological analytes at physiological concentrations directly
from tissue demonstrate the power of this system, whose capabilities can be uti-
lized for biological or biomedical MSI studies, fundamental atomic and molecular
imaging research or other particle detection-based areas of research.



Emerging Technologies in Mass
Spectrometry Imaging

Mass spectrometry imaging (MSI) as an analytical tool for biomolec-
ular and biomedical research targets accurate compound localization
and identification. In terms of dedicated instrumentation, this trans-
lates into the demand for more detail in the image dimension (spatial
resolution) and in the spectral dimension (mass resolution and ac-
curacy), preferably combined in one instrument. At the same time,
large-area, biological tissue samples require fast acquisition schemes,
instrument automation and a robust data infrastructure. This chap-
ter discusses the analytical capabilities of an “ideal” MSI instrument
for biomolecular and biomedical molecular imaging. The analytical
attributes of such an ideal system are contrasted with technological
and methodological challenges in MSI. In particular, innovative in-
strumentation for high spatial resolution imaging in combination with
high sample throughput is discussed. Detector technology that tar-
gets various shortcomings of conventional imaging detector systems
1s highlighted. The benefits of accurate mass analysis, high mass re-
solving power, additional separation strategies and multimodal three-
dimensional data reconstruction algorithms are discussed to provide
the reader with an insight in the current technological advances and
the potential of MSI for biomedical research.

2.1 Introduction

Mass spectrometry imaging (MSI) measurements target the visualization of the
spatial organization and the identification of molecular masses from biomolecu-
lar surfaces [3, [7} [§]. Ideally, a single MSI experiment on one instrument would
return an accurate biochemical map of a sample surface. It would identify and
localize all compounds with a subcellular lateral resolution, a high mass accuracy
and zepto-molar sensitivity. The analysis speed would be so high that large-area
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imaging and high sample throughput would be guaranteed. Not solely mass anal-
ysis would be performed over a wide mass range but also structural information on
sample molecules would be revealed by on-the-fly, data-dependent tandem mass
spectrometry. The localization of specific analytes of biomolecular or biomedical
samples would be placed in the context of tissue and/or organ functionality using
three-dimensional reconstruction algorithms.

Unfortunately, the ideal MSI experiment is far from reality and a single instru-
ment unifying the above capabilities has not been realized to date. A variety of
different types of imaging mass spectrometers deliver a range of specific analytical
capabilities that can be used in concert. In these spectrometers, a clever piece
of instrumentation or artificial intelligence enable measurements that approach
one or few of the desirable attributes of the “ideal” MSI experiment. In addi-
tion, the field is pushing novel instrumental innovations and the integration of
several analytical capabilities into one instrument. Novel multimodal approaches
are pursued that analyze one sample with different molecular imaging instru-
ments. Subsequent data correlation analysis is used to combine the generated
complementary information and to employ it for revealing more molecular detail.
This chapter briefly describes the current state of MSI. It identifies technological
and methodological challenges and recent advances in mass spectrometry imaging
technology. Emphasis is put on innovative instrumentation for high spatial reso-
lution imaging in conjunction with high sample throughput. Detector technology
that targets various shortcomings of conventional imaging detector systems is in-
troduced. Accurate mass identification, enhanced analytical MSI capabilities
and multimodal 3D data reconstruction algorithms are described and discussed
to provide the reader with an insight in the current technological advances in
mass spectrometry imaging.

2.2 MSI and its Challenges in a Nutshell

Mass spectrometry identifies compounds based on the atomic composition of the
sample molecules and their charge state. Therefore, no detailed prior knowledge
of the sample composition is required and analysis becomes feasible. The chemical
identification is not limited by analyte preselection as, for instance, in imaging
techniques based on fluorescent or radioactive labeling. Hence, the technique
itself does not introduce any functional changes on the biomolecules under in-
vestigation. The combination of unlabeled identification and analyte localization
within a sample provides the possibility to visualize and understand biomolecu-
lar modifications and pathways. Depending on the mass analyzer, the detection
range of this technique covers single atoms up to macromolecules. In principle,
MSI can detect and identify hundreds of compounds with sub-micrometer resolu-
tion from complex biological samples surfaces, while maintaining a relatively high
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throughput. These features of MSI provide a solid basis to molecular pathology.
Currently, MSI is applied to the fields of proteomics [9, [10], lipidomics [IIHIJ]
and metabolomics [T4HI6]. In addition, disease studies like the fundamental un-
derstanding of the biochemistry of neurodegenerative diseases [17), [I8] or cancer
[19], drug distribution studies [16] 20] and forensics [2I] 22], among others, ben-
efit from the information revealed by MSI.

Compound localization and identification form the core of MSI as an analytical
tool for biomedical research. In terms of MSI instrumentation, these require-
ments translate into the demand for more detail in the image dimension (spatial
resolution) and in the spectral dimension (mass resolution, accuracy and tandem
MS capabilities for compound identification) -preferably combined in a single in-
strument. At the same time, large-area tissue samples call for fast acquisition
schemes, instrument automatization and robust data infrastructure, among other
desirable features. Figure depicts the workflow of a typical MSI experiment.
The generic MSI workflow is briefly discussed and challenges are identified. Some
advances towards the solutions of these problems are pointed out and will be dis-
cussed in more detail further on.

Generally, MSI experiments consist three distinct parts, each of which poses its
own challenges but also offers a variety of opportunities for specific sample anal-
ysis.

Workflow of a Mass Spectrometry Imaging Experiment

High Spatial Resolution & '
High Troughput:
Microscope Mode MSI

High Mass Accuracy &
Mass Analysis & 555 Identification: FT-ICR MS,
Analyte Localization _ FT-Orbitrap, Tandem MS

' High Spatial Resolution & .
High Sensitivity: Novel
Detector Technology

Figure 2.1: General workflow of a mass spectrometry imaging experiment. Technological
developments which will be highlighted in this chapter are indicated.
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2.2.1 Sample Preparation

The first step in an MSI experiment is adequate sample preparation specifically
targeted to the envisioned type of study. Sample preparation methods and pro-
tocols are an active area of research which merits in depth description and review
[23H25] but is beyond the scope of this chapter.

2.2.2 Mass Analysis and Analyte Localization

The second step in the MSI workflow represents the mass analysis and the an-
alyte localization, i.e. the actual mass spectrometry and imaging. Generally,
MSTI requires transferring solid state analytes into the gas phase. Then, the ana-
lytes are ionized. The different compounds are separated by their mass-to-charge
ratio and eventually detected. In terms of MSI technology, this translates into
three distinct areas of instrumentation: image generation, ion separation and ion
detection.

Image Generation

The image generation comprises the ionization and desorption as well as the
formation of an ion optical image. The biomolecules have to be desorbed and
ionized such that analytes are transferred from the sample surface into the gas
phase. Among others [26H35], this is achieved with photons ((matrix-assisted)
laser desorption/ionization, (MA)LDI [26] 27, [36140] ) or primary ions (secondary
ion mass spectrometry, SIMS [26, 27, 41H43]) in such a way that the spatial or-
ganization of the sample surface is retained. Different ionization methods call
for specific sample preparation protocols and target different groups of analytes.
The process of ion generation is a crucial part of MSI experiments [27]. The
fundamentals of ion/image generation and different ionization sources for MSI
are not treated in further detail in this chapter.

The ion/image generation and the obtainable spatial resolution in MSI experi-
ments are intricately related. In microprobe (“sample rastering”) MSI, the spa-
tial resolution is directly determined by the area of ion formation on the sample
surface. Hence, most efforts approach the challenge of increasing the spatial res-
olution by decreasing the spot size of the ionization beam, i.e. the spot size of
the laser or primary ion beam.

Alternatively, the spatial resolution can be increased by stepping away from the
sample rastering (microprobe mode) approach to microscope mode imaging [6].
This fundamentally different approach decouples the spatial resolution of the sys-
tem from the desorption/ionization spot by using magnifying ion optics and a
position-sensitive detector. Microscope mode MSI is treated in detail in section

of this chapter.
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The analysis speed and sample throughput of a MSI study greatly depend on
the (frequency of) ion/image generation. Microscope mode MSI experiments en-
able high sample throughput MSI studies due to the large desorption/ionization
spot as compared to microprobe mode MSI. Sample throughput in microprobe
mode MSI experiments has recently been targeted by several groups and will
briefly be commented on in section [2.3.3

By now, impressive technology is available for high throughput microprobe MSI
studies on MALDI time-of-flight (TOF) instruments. However, TOF-instruments
intrinsically lack the mass resolving power and the mass accuracy that some
biomolecular and biomedical imaging studies require. Typically, TOF-MS sys-
tems have mass resolving powers below 40,000 and mass accuracies after external
calibration larger than 1-5 ppm which is insufficient for accurate compound iden-
tification. In the mass range m/2<500, accurate compound identification can
be possible with TOF-MS. However, chemical noise! complicates the compound
identification in this mass range. To overcome these limitations, several other
MS analyzers are under development to overcome the loss of chemical informa-
tion due to instrumental mass resolving power and mass accuracy limitations (see
ion separation/mass analysis section).

Ion Separation/Mass Analysis

After desorption and ionization, the analytes are separated on the basis of their
mass-to-charge ratio (m/z). The choice of mass analyzer depends on the required
mass resolving power, mass accuracy, mass range and also availability. Generally,
it is desirable and efficient to analyze all ions in one single analysis run.

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR
MS) determines the m/z of an ion from its ion cyclotron resonance frequency in a
static magnetic field. Similarly, the m/z of an ion in a FT-Orbitrap mass spec-
trometer is determined from its oscillation frequency in the electrostatic field of
the trap. Since frequencies can be measured with a higher precision than a TOF,
these instruments determine the ion mass with a significantly higher accuracy
than a TOF-analyzer. Unlike TOF-MS measurements, the mass measurement in
FT-MS is independent of the kinetic energy distribution of the ions. This is a
clear advantage of FT-MS over TOF-MS where the spread in the kinetic energy
distribution of the ions introduces mass inaccuracies. MALDI FT-MS is the most
prominent technique in revealing chemically complete and accurate information
from a sample. This technique combines a high mass resolving power with a high
mass accuracy. It resolves and identifies ions at a single nominal mass that are

1The term “chemical noise” in (MALDI-) mass spectrometry [44] refers to background ion peaks
located at every m/z value, which can merge with “real analyte” peaks if the signal-to-noise
ratio of the measurement is low. Hence, chemical noise can distort analyte identification and
represents a practical limit to the sensitivity of MS measurements.
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commonly present in MALDI imaging mass spectra [45H47] and provides a highly
confident compound identification [48]. The accurate assignment of a molecular
formula to a specific mass spectral peak is crucial to MSI studies. Direct molec-
ular identification is only possible if an accurate mass measurement is available
from a FT-ICR/FT-Orbitrap MS measurement. Developments in this field will
be treated in section of this chapter.

Time-of-flight-MS (TOF-MS) is a technique in which all ions are accelerated
to a very narrow range of kinetic energies. Then, the ions are separated on the
basis of their m/z in a flight tube. TOF-instruments intrinsically lack the mass
resolving power and the mass accuracy that some biomolecular and biomedical
imaging studies require. To overcome these limitations, several new techniques
are under development to prevent the loss of chemical information due to limited
mass resolving power and mass accuracy. If no accurate mass determination is
possible, the molecular identity can be determined indirectly.

In particular, confident analyte identification from TOF-MS data can be achieved
by tandem MS. Here, a selected parent ion is identified by (repeated) fragmen-
tation and mass spectrometric analysis of the fragments [49]. While tandem MS
capabilities are readily available for MALDI-instruments, they are still scarce
for SIMS spectrometers where the primary ion beam readily damages the sam-
ple surface and ion yields are lower [50H54]. However, in recent years, cluster
beam sources have greatly improved the sensitivity, the available mass range and
the lateral resolution for biological SIMS [Tl [55, 56]. The development of Cgo-
SIMS TOF-MS instruments with tandem-MS capabilities is a logical consequence
B4, B7].

In addition, gas phase separation capabilities, like ion mobility separation,
have been incorporated. This technique separates ions of the same mass-to-charge
ratio (but that constitute different biomolecules) by their collisional cross section
in a collision gas [68HG0]. The gas phase separation step is typically conducted
prior to the mass analysis in a TOF-spectrometer. Thereby, traveling-wave ion
mobility separation reduces the complexity of the sample analysis. It also re-
covers errors in the spatial image introduced by unresolved peaks. Ion mobility
separation will be treated in section of this chapter.

Ion Detection

Rubakhin and co-workers describe that the ideal imaging technique for MSI can
“simultaneously detect and identify multiple known and unknown compounds
present in biological tissues with at least single-cell spatial resolution” [61]. Kop-
penaal and co-workers outline that the desirable analytical attributes of an ideal
MS detector [62] are unit ion-detection efficiency, low or no noise, a high stabil-
ity, the simultaneous detection of multiple ions, a wide mass range and mass-
independent response, a wide dynamic range, a fast response, a short recovery
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time and a high saturation level. They add operational attributes as a long life,
low maintenance, easy replacement as well as a low replacement cost [62]. The
spectrometer design or the envisioned application pose varying requirements to
the MS(I) detector technology. For instance, experimental conditions may call
for a detection system capable of handling high count rates (>10° counts/s) with
minimal recovery time [62], detectors with a rapid readout and response (par-
ticularly in TOF-MS) [62], single or multiple ion detection [62], low noise (in
the detector itself and the readout electronics) for good limits of detection, high
sensitivity, accuracy and precision [62]. Biomolecular or biomedical MS applica-
tions require detection uniformity in the mass range 102-10° m/z [62]. This poses
a challenge to conventional secondary-electron MS detectors (like microchannel
plates (MCP) or photomultiplier tubes) for which the mass response levels off for
larger ions [62]. This results in a detection disadvantage for macromolecules of
biomolecular or biomedical interest as for instance singly-charged, intact macro-
molecules like proteins studied by MALDI-MS [62]. This detection disadvantage
for macromolecules calls for new detector technology. Novel, highly parallel de-
tector technology for MSI is discussed in section [2.3.

2.2.3 Data Analysis and Interpretation

Finally, step three in the MSI workflow is the analysis and interpretation of the
acquired data. MSI experiments return thousands of spectral channels at thou-
sands of positions on the sample surface. Since mass spectra are measured at a
raster of positions on the sample surface, the amount of data generated requires
specific data treatment techniques. Therefore, software and algorithm develop-
ment forms an integral part of the MSI field. Data analysis and interpretation are
not extensively treated in this chapter as a result of the chosen focus on emerging
technologies. It needs little imagination that the bioinformatics aspects of MSI
will need a substantial amount of work in the future. An algorithm which recon-
structs the localization of specific analytes of biomolecular or biomedical samples
in three dimensions and hence places the analyte localization in the context of
tissue and/or organ functionality is presented in section

2.2.4 Choosing Mass Spectrometry Technology

In all of these steps (image generation, ion separation/mass analysis and ion de-
tection), the selected method depends on the information that the experiment
aims to reveal. In particular, the available mass spectrometry imaging technol-
ogy provides different analytical capabilities and has its limitations. Appropriate
instrumentation should be chosen to match the anticipated mass range, the mass
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resolution, the mass accuracy and the spatial resolution. Furthermore, the in-
strument’s capabilities to perform additional analysis on the ionized sample, as
for instance, fragmentation, tandem MS, spectroscopy or ion mobility separation
should be considered. Each of the three steps in an MSI experiment has to be
carefully planned and performed successfully for the generation of an adequate
mass spectrum and corresponding molecular images.

2.3 Novel Imaging and Detection Schemes for
MSI

Developments to Improve Sample Throughput, Spatial Image Resolu-
tion and Analyte Detection

For many applications, TOF-MS mass analyzers are a good choice for both
MALDI- and SIMS-MS. The speed, the obtainable sensitivity, the wide acces-
sible mass range (up to m/z=100k with MALDI) and the infrastructure for high
sample throughput make TOF-MS the mass analyzer of choice for applications
where extremely high mass accuracy and mass resolution are not imperative (or
tandem MS is available). Microscope mode MSI on a TOF-instrument is dis-
cussed as a high throughput, high spatial resolution MSI method.

In MSI, two acquisition modes can be distinguished namely the microprobe and
the microscope mode (Figure [2.2)).

2.3.1 Microprobe Mode MSI

Most commonly, the conventional microprobe mode of acquisition is employed
in MSI. In the microprobe mode, the sample is probed with a pulsed desorp-
tion/ionization beam (a laser beam in MALDI or a primary ion beam in SIMS),
for which either the desorption/ionization beam, the sample or both are moved
with respect to one another. At every raster point, a full mass spectrum is
generated. An image with a pixel resolution equivalent to the beam size is recon-
structed after the experiment provided that the step size/accuracy of the sample
or beam movement is not limiting. A disadvantage of small surface probe spots is
the small number of ions generated for analysis. Using highly focused primary ion
or laser desorption/ionization beams, microprobe mode MSI has delivered high
spatial resolution MSI studies. Pulsed primary ion beams [63] [64] and UV/IR
lasers in MALDI [65H68] have returned pixel sizes better than 4 ym and 7 pm,
respectively. Specifically, a MALDI laser spot diameter of less than 1 pm and
an according spatial resolution have been reported by the Spengler group [67].
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Figure 2.2: A schematic representation of microprobe and microscope mode MSI
(adapted from [6]). In microprobe mode MSI (a), the desorption/ionization beam rasters
the sample surface. At every raster spot, a mass spectrum is acquired. An image with a
pizel resolution equivalent to the beam size is reconstructed after the experiment. In mi-
croscope mode MSI (b), a larger area desorption/ionization beam illuminates the sample
surface. Ion optics magnifies the molecular images and retains the spatial information.
The molecular ion distributions are mapped on a position-sensitive detector.

However, a small surface probe area can bear the disadvantage of long measure-
ment times and the fluence available for surface desorption and ionization may be
limiting. Sweedler and co-workers have demonstrated MALDI microprobe MSI
at a lateral resolution better than the laser spot size using oversampling [69].
The Vickerman group has pioneered cluster SIMS-MSI, i.e. SIMS imaging with
polyatomic primary ions [41, 54] [56]. Polyatomic ions generate less subsurface
damage than atomic primary ions and hence enable imaging beyond the static
limit (primary ion density results in surface damage of less than 1%).
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2.3.2 Microscope Mode MSI

Ton microscope mass spectrometers provide an alternative technique to achieve
high spatial resolution MSI [6]. Here, surface molecules are illuminated by a large-
area desorption/ionization beam. In an ion microscope, the ionized analytes are
extracted from the sample surface and imaged onto a position-sensitive detector.
Initially all ions are accelerated by an electrical potential with the goal to give
every ion the same initial kinetic energy. The instrument’s ion optics typically
achieves a rather narrow kinetic energy distribution such that negligible errors are
introduced to the TOF-measurement and resulting mass assignment. The instru-
ment’s ion optics also magnify the initial ion distribution and retain the lateral
spatial organization of the surface molecules on their flight path to the detector.
Different molecular species are TOF-separated in the instrument’s flight tube.
The achievable spatial resolving power is on the order of 4 um [6]. Importantly,
the obtainable spatial resolution in microscope mode MSI is decoupled from the
ionization spot size. Rather, the quality and the capabilities of the ion optics
in combination with a position- (and time-) sensitive detector determine the lat-
eral resolution (reference [70] shows a schematic representation of such a system).
Very large sample surfaces are measured by few individual microscope spots which
are then pasted together to form a large microscope MS image [71]. The Heeren
group has pioneered microscope mode MSI on a TRIple Focusing Time-of-flight
(TRIFT) mass spectrometer (Physical Electronics, Inc., Chanhassen, USA) using
a detection system based on microchannel plates (MCP) in combination with a
charge-coupled device (CCD) camera [6], a delay-line-detector (DLD) [72] and
active, pixelated detectors of the Medipix [73]/Timepix [70] detector family.

2.3.3 Throughput

In ion microscopes, the desorption/ionization beam size is typically between 200-
300 pum, which is about a factor of 100 larger than a typical microprobe mode
ionization spot. Comparing the microprobe and the microscope acquisition modes
clearly indicates the high throughput capabilities of the latter. As an example,
consider a microprobe pixel size (i.e. beam spot) of 2x2 um? (4 um lateral
resolution) and a sample area of 1x1 mm?. Rastering the sample surface pixel
by pixel will results in (1,000x1,000 pm?)/(2x2 pm?)=250,000 measurement
points. Such a measurement can last several hours. In microscope mode MSI,
a field of view of 200x200 pm? is available. So, for the same sample size of
1x1 mm?, only (1,000x1,000 pm?)/(200x200 pm?)=25 measurement points are
required. A lateral resolution on the order of 4 yum is readily achieved with mi-
croscope mode MSI using an appropriate ion optical magnification factor and
position-sensitive detector. In microscope mode MSI, the large ionization spot
can result in large ion loads on the detection system. Several position-sensitive
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detection systems saturate at high ion loads such that the ion generation has to
be reduced and the integration time per raster position has to be increased to
ensure adequate ion imaging. This can be compensated by a combination of high
desorption/ionization beam repetition rates and detector technology that can ac-
commodate high ion loads. Hence, ion microscopes enable fast, automated, high
resolution large-area imaging provided that adequate, i.e. fast and position- (and
possibly time-) sensitive, detector systems are employed to record high quality
molecular images [74].

The improvement of sample throughput in microprobe mode MSI has recently
been studied by few groups. McDonnell and co-workers have designed and com-
missioned an automatic sample loading system for time-efficient, round-the-clock
spectrometer operation [19]. An alternative approach to high throughput mea-
surements is an increase in the raster frequency, which results in a decrease in
the measurement time without sacrificing analytical information. The Caprioli
group has presented such an approach, in which they reduce the measurement
time by up to a factor of two by operating a MALDI TOF-MSI system in a con-
tinuous scanning mode at a comparatively high laser repetition rate of about 5
kHz [75]. Stoeckli and co-workers generate images of drug distributions in rat
sections within less than 15 minutes by using a 1 kHz laser repetition rate and a
rastering speed of about 18 mm/s [76]. Sample throughput is a key factor in dis-
tinguishing MSI experiments as a robust, analytical technique for biomolecular
and biomedical research.

2.3.4 Detector Technology

The first microscope mode MSI implementation projected the ions on a position-
sensitive detector assembly which consisted of an MCP followed by a phosphor
screen and a charge-coupled device (CCD) camera [6]. This detector scheme al-
lowed for the proof-of-principle of the technique. However, the MCP, phosphor
screen, CCD camera assembly suffered from the limitation that it cannot link
the ion TOF (encoding the m/z) and the spatial distribution. During one acqui-
sition, the total ion current can be measured without m/z-specific localization
on the sample. Or alternatively, a particular m/z species can be selected to
pass to the detector by a pair of fast-switching electrodes, called the electrostatic
blanker. The combination of several mass-selected images from separate measure-
ments then gives information on the sample composition and according spatial
distribution. This detector approach calls for time consuming, highly repetitive
measurements on quickly depleting biological samples. A second, more advanced
implementation of microscope mode MSI used a delay-line anode for ion detection
[(2,[77]. A delay-line detector can measure both the ion arrival position and time
precisely [78] and thereby lifts the limitations of mass-selected imaging. In addi-
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tion, the ion arrival time can be measured precisely by registration of the TOF
signal from the MCP detector and correlating this information with the position
information from the delay-line anode [79]. A drawback of delay-line detectors is
that it can only register a small number of ion events that simultaneously arrive
at the detector [80]. This renders it unsuitable for high count rate (MALDI-)
MSI experiments. Furthermore, the mass-resolved image reconstruction can be
time consuming. Ion optical tuning of the instrument is tedious due to delayed
image feedback.

Recently, the implementation of an in-vacuum pixel detector for position- [73} [§1]
and time-resolved [70], [82] R3] electron and ion imaging was demonstrated and
applied to MST on an ion microscope [70} [73]. This novel detection approach uses
a fully integrated, active pixel detector of the Medipix/Timepix detector family
[84HR6]. Such a detector assembly consists of a chevron MCP followed by four
bare Timepix chips (with 256 x256 pixels of 55x55 um? each per chip). Each of
the Timepix pixels can return (1) the position of impact of an ion via its pixel
address and (2) the ion time-of-flight with respect to an external trigger with a
maximum time resolution of 10 ns. The maximum TOF that can be measured
per pixel is determined by the counter depth (counter overflows at 11,810). At the
maximum time resolution of 10 ns, the counters can measure maximum ion TOFs
of about 118 us. Conveniently, the simultaneous acquisition of the ion TOF and
arrival position removes the need for mass-selection using an electrostatic blanker.
Hence, mass-resolved images are generated during a single imaging acquisition.
Unlike the delay-line detector assembly, this pixelated detector facilitates parallel
detection of multiple molecular species and can accommodate significantly more
ion hits simultaneously. This bears great potential for both higher count rate
and large-area, high resolution molecular imaging experiments. Indeed, peptide
and protein mass spectra have been generated over a mass range up to 80 kDa
[70] on an ion microscope. An in depth comparison of the quality of the Timepix
acquired TOF spectra to established detection techniques such as the recording
of mass spectra using a time-to-digital converter (TDC) and an analog-to-digital
converter (ADC) was performed [70] (Chapter [5). This novel detector approach
outperforms the conventional technology easily in the detector dynamic range,
the signal-to-noise ratio, the multiplexed detection on several detector elements,
the available mass range, the detection homogeneity, the ability to detect single
particles and the detector response to varying MCP gains [70]. Note that the
current performance of this detection system is still limited by few technological
shortcomings. A future pixelated chip for microscope mode MSI should incorpo-
rate multi-stop pixels (i.e. pixels which can accommodate more than one hit per
measurements cycles), a larger counter depth (i.e. longer TOFs can be measured)
and TDC bins on the order of 100 ps such that the achievable mass resolution
becomes comparable to present commercial MSI instrumentation. An ion micro-
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scope equipped with such a detector assembly will provide a very powerful MSI
instrument for biomolecular or biomedical studies.

2.3.5 Considerations on the Spatial Resolution

On an ion microscope, the ultimate spatial resolution is determined by the ion
optical design and its ion optical aberrations. Still, ion optical aberrations often
do not turn out to be the limiting factor to the spatial resolution of the system.
Rather, the accessible spatial resolution is determined by the resolution of the
position-sensitive detection system. Both the MCP, phosphor screen, CCD cam-
era assembly [6] and the MCP, delay-line detection system [72, [77] do not deliver
spatial resolutions on the order of the ion optical aberrations. For example, the
Heeren group ion microscope (used in [6} [70, [72] [73] [77]) delivers a maximum ion
optical magnification of 100x. The spatial resolution of this system is limited by
ion optical aberrations beyond 600 nm [87]. This means that at the maximum ion
optical magnification, the detector spatial resolution should be no less than 60
pm (=100x600 nm). In this scenario, the 60 pm on the imaging detector probe
600 nm on the sample surface. The detection system is not limiting the spatial
image resolution. The pixelated Timepix detection system consists of an array
of 55x55 um? pixels. Hence, the full resolution delivered by the ion microscope
can be exploited with this detection system.

2.3.6 Pushing Detection Limitations

As mentioned in section the ideal imaging technique for MSI can “simulta-
neously detect and identify multiple known and unknown compounds present in
biological tissues with at least single-cell spatial resolution” [6I]. An evaluation
of the three afore mentioned detection systems (Table against these criteria
indicates that the MCP, phosphor screen, CCD camera system and the MCP,
delay-line detection system have difficulties meeting all those criteria. It should
be noted that individual characteristics of those systems may be significantly bet-
ter in detection systems tuned to specific needs of a particular experiment. An
example is the extremely high timing resolution of about 18 ps reported for an
MCP, delay-line detector system by Vredenborg and co-workers [79]. However,
only a very limited number of simultaneous hits can be accommodated by the
detection system. To our knowledge, no MCP, phosphor screen, CCD camera
system or MCP, delay-line detection system has been reported that combines
all of the exceptional performance aspects which could turn those systems into
candidates for the “ideal” MSI detection system. The MCP, active pixel detec-
tor assembly comes significantly closer to the desirable capabilities of an “ideal”
detector assembly for MSI. In particular, biomolecular or biomedical MS appli-
cations can benefit from the uniform ion detection in the mass range up to 80
kDa.
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Table 2.1: Comparison of three different detection systems used in microscope
mode MSI to the “ideal” MSI detection system.

Point of Ideal MSI MCP + MCP + MCP +
comparison detection phosphor delay-line active pixel
system screen -+ anode detector
CCD (Timepix)
camera
Position- and Yes. No. Yes. Yes.
time-
sensitive
detection
Single cell Yes. Yes.? Yes.? Yes.?
spatial
resolution (+
10 pm)
Unit ion Yes. Yes.? Yes.? Yes.?
detection
efficiency
Simultaneous Yes. Yes.? Yes.? Yes.?

detection of
multiple ions

High count Yes, >10° Yes./No.* No.? Yes, >10°
rates counts/s. counts/s.
Noise Low/no noise. Electronic Electronic No electronic

noise. noise. noise.
Stability High. High. High. High.
Mass range® Wide. MCP MCP < 80 kDa.
high-mass high-mass
roll-off roll-off
limited. limited.

Continued on next page

20n an ion microscope imaging mass spectrometer with an appropriate magnification factor.

3Yes, at sufficiently low count rates. Note, that the active area of a MCP is 70%-80%. Hence,
any detection system in combination with a MCP cannot deliver unit quantum efficiency.
However, it is advantageous if the second detector stage is capable of registering the MCP
electron showers with (near) unit detection efficiency.

4The phosphor screen can in principle deal with high count rates when operated in signal
integration mode, i.e. when no spatial information is collected from the phosphor screen.
Under high count rates conditions, the light intensity over-exposes the CCD-camera and all
spatial information is lost, making it unsuitable for direct imaging MS experiments under these
conditions.

5 Approximately, 10 counts/trigger have been realized at repetition rates of about 2 kHz [72].

60n ion microscope imaging mass spectrometer.
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Table 2.1 — Continued from previous page

Point of Ideal MSI MCP + MCP + MCP +
comparison detection phosphor delay-line active pixel
system screen -+ anode detector
CCD (Timepix)
camera
Mass- Yes. No, high No, high Reasonable.”
independent mass role-off mass role-off
response due to MCP. due to MCP.
Dynamic Wide. 1 1 262,144
range elements for
parallel
detection.
Response Fast. Phosphor 25 ps (TDC) 10 ns (pixel
decay time clock)
<100s of us,
138 ps
(TDC).
Recovery Short. Readout time | Readout time | Readout time
time dependent. dependent. dependent.
Saturation High. 1 1 262,144
level elements for
parallel
detection.
Readout/dead | Rapid./Short. + 1 ms <5ns 1 ms
time
High High (++). ++ + ++
(spectral)
sensitivity
Timing High. 138 ps (TDC) | 25 ps (TDC) 10 ns (pixel
precision clock)
Mass High. Determined Determined Determined
accuracy® by clock by clock by clock
stability. stability. stability.

Continued on next page

"Individual Timepix pixels are single-stop TDCs. Ions generated on the same position on the
sample surface and hence impinging on the same pixels on the detector cannot be distinguished
in a single shot experiment. There is a detection advantage for the lower mass ion. Practically,
this effect is not limiting since experiments are typically based on multiple laser shots and the
effect is smoothed out by sufficient measurement statistics [70].

8The dependence of the mass accuracy on the (stability of the) detection system is evaluated.
Note, that generally the mass accuracy is dependent on an instrument function that takes into
account the type and the mass accuracy of the mass analyzer itself, the detection system and
also the sample surface homogeneity.
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Table 2.1 — Continued from previous page

Point of Ideal MSI MCP + MCP + MCP +
comparison detection phosphor delay-line active pixel
system screen + anode detector
CCD (Timepix)
camera
Spatial High. Determined Determined Determined
accuracy by ion optics. | by ion optics. | by ion optics.
Spatial High. 4 pm 4 pm 3-4 pm
precision??
Life time Long. MCP limited. | MCP limited. | MCP limited,
but prolonged
by sub-
saturation
operation.
Maintenance Low. Low. Low. Low.
Replacement Easy. Standard Involved, Compact
assembly, bulky assembly,
readily assembly. readily
exchanged. Major changed.
replacement
effort.
Replacement Low ($). $ $$$ $
cost

2.3.7 Active Pixel Detectors for MSI

Considering the high potential of active pixel detectors for MSI, the
Medipix/Timepix detector -as a representative of this novel type of detection
system- and its outstanding capabilities are outlined in more detail. Very few ac-
tive pixel detectors with comparable functionality are currently available (Chap-
ter 3). An interesting alternative chip is currently being developed by the NA62
collaboration at CERN [88H92]. This readout chip achieves a timing resolution
of about 100 ps and is designed to accommodate about 73k hits per second per
pixel. However, the 45x40 (=1800) pixel matrix with a pixel size of 300x300
um? compromises the desirable spatial resolution and covers only a rather small
area. In addition, the power consumption of the chip is about two orders of

9The spatial precision on the sample surface is evaluated in terms of the spatial resolving power,

i.e. the sharpness of the sample feature edges. On an ion microscope, the spatial precision
depends on the ion optical magnification factor and the element/pixel size on the imaging
detector. In microprobe measurements, the spatial precision would be determined by the
combination of the ionization spot size and the element size of the detection system.
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magnitude higher than for the Timepix chip, which renders practical, in-vacuum
implementations on mass spectrometers difficult.

The Medipix/Timepix detector family is developed within the Medipixz collabora-
tion hosted by CERN [93]. The chips of the Medipix detector family in combi-
nation with a detection medium -often a semiconductor like silicon bump-bonded
on top- belong to the class of hybrid pixel detectors. There are two distinct types
of chips within the Medipix detector family: the Medipix single photon counting
chips and the Timepix chips, which in addition to the single photon counting ca-
pabilities can also be set to measure the time-of-arrival of an event with respect
to an external reference signal or to determine the amount of charge deposited
per pixel.

Semiconductor materials bump-bonded to Medipix 2 chips are silicon, gallium-
arsenide, cadmium telluride, cadmium-zinc-telluride or germanium depending on
the application of the detection system. Typically, a 300 pm silicon sensor (lightly
n-doped high-resistivity silicon with a p-type implementation in every pixel) is
bump-bonded on top of a Medipix chip. On the entrance side, the sensor layer is
coated with an aluminum layer of about 150 nm. Through this Ohmic contact,
the sensor material is biased by applying a voltage of about 100 V across the
sensor.

Depending on the polarity of the applied bias voltage, an electron or a hole cur-
rent can be collected by the pixels. In silicon, every 3.6 eV of deposited energy
creates one electron-hole pair. Hence, the amount of charges generated in the
sensor material is directly proportional to the energy deposited by the impinging
particle. With such a sensor layer photons and electrons can efficiently be de-
tected provided that the photon or electron kinetic energy exceeds the detection
threshold of about 4-5 keV.

When used for X-ray and electron detection, the detection medium converts
incident particles into electron-hole pairs, which are collected in the charge-
sensitive amplifier of the CMOS (complementary metal-oxide-semiconductor)
readout chip. Ions will usually not be accelerated to sufficient energies to pene-
trate into the sensor layer. However, ions can be detected indirectly by placement
of an MCP in front of the detector [73] [04]. The Medipix detector then regis-
ters the electron shower produced by each ion impact on the MCP. The particle
counting properties consist of the ability to count events that generate a number
of electron-hole pairs within a user-defined threshold/energy window.

The threshold energies that are chosen for the discriminator levels lie well above
the noise levels of the pixels (on the order of 150 electrons). Therefore, electronics
noise free measurements are possible, while background noise of chemical origin
or due to (cosmic) radiation can still be picked up. Three additional adjustment
bits can be used to equalize the pixel-to-pixel response over the full pixel array.
Measurements involving time-of-flight or ultra-high resolution measurements are
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performed using Timepix chips. The Timepix chip [86] is derived from the
Medipix 2 chip design. The dimensions and geometry of the chip are identi-
cal to its predecessor but the functionality on the pixel level is different. Each
pixel can be individually selected to operate in one of three modes:

1. The counting mode, in which each pixel counts the number of events.

2. The time-of-flight (TOF) mode, in which the occurrence time of an event
is measured with respect to an external trigger/shutter signal.

3. The time-over-threshold (TOT) mode, in which the time is measured during
which the charge resulting from the event exceeds the detection threshold
level.

The maximum measurement time in TOF and TOT mode is determined by the
pixel counter depth in combination with the measurement clock speed.

In the implementation on the MST ion microscope [70], it was chosen to use chips
without a sensor layer, so-called bare chips, to improve the response to electron
showers through reduced in-sensor electron diffusion. An detailed description of
the chips of the Medipix/Timepix detector family is given in Chapter

2.4 Identification Strategies

Imaging at High Mass Resolving Power and High Mass Accuracy

One of the key challenges in mass spectrometry imaging is the ability to accu-
rately identify the molecular species imaged. Until recently innovations were pre-
dominantly focused on new methods of image generation with time-of-flight MS.
TOF-based MS methods are shown to offer high spatial resolution and through-
put but lack the mass resolving power and mass accuracy needed for the iden-
tification of observed peaks. Unraveling the complexity of molecular profiles at
biological surfaces is, however, hampered by the limited mass resolution, sen-
sitivity, dynamic range and spatial resolution of conventional TOF-based mass
spectrometric systems. The lack of mass resolving power can result in obscured
spatial details when two closely neighboring peaks have different spatial distribu-
tions and are not resolved in the mass spectral domain. The availability of high
resolution and high mass accuracy mass spectrometers such as FT-ICR MS [95]
and FT-Orbitrap MS [96] for imaging MS is providing the needed capabilities for
accurate molecular identification.

The Orbitrap mass analyzer [96, [7] is an electrostatic trap wherein tangentially
injected ions rotate around a central electrode, being confined by an appropri-
ate voltage between the outer and central electrodes. Mass analysis is based on
image current detection of frequencies of axial oscillations. Therefore, its extent
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of mass accuracy is limited by the same factors as FT-ICR. The introduction
of the Linear Trap Quadrupole (LTQ)-Orbitrap has revolutionized high perfor-
mance, high throughput mass spectrometry. It is rapidly making its way into
high performance MS imaging. The first example that demonstrated the use-
fulness of high mass resolving power in an MS imaging strategy was provided
by Taban and co-workers [46] on an FT-ICR MS. Analyzing endogenous peptide
distributions on a rat brain, the authors revealed new spatial detail by separat-
ing mass spectral features that were unresolved with comparable lower resolution
experiments. Figure shows how the increased mass resolving power of an
FT-ICR MS system reveals such new spatial detail. Recently, the spatial resolu-
tion of FT-Orbitrap-based MSI was improved in an atmospheric pressure scan-
ning microprobe matrix-assisted laser desorption/ionization mass spectrometry
(AP-SMALDI MS) experiment using a tightly focused laser beam [08]. Verhaert
and co-workers [99] have employed high mass accuracy MSI procedures with an
FT-Orbitrap to localize physiologically active peptides in neuronal tissue from
American cockroach (Periplaneta americana) neurosecretory organs. Their re-
sults clearly illustrate that high mass accuracy and high mass resolving power of
the Orbitrap analyzer are now routinely achievable in direct tissue analysis and
molecular imaging experiments. This high mass resolution MS imaging approach
now allows the direct identification and structural analysis of lipids, peptides and
proteins from a variety of complex biological surfaces. This detailed information
provides new fundamental insight in dynamic biological processes such as cell
and tissue differentiation and signaling.

Fourier transform based technologies for imaging bring forward new challenges.
The Fourier based technologies provide exquisite molecular detail but are inher-
ently slow. The high mass resolving power requires long transients to be acquired
for each pixel. Transients of several seconds per pixel have been reported. This
limits the applicability of FT-MS based tissue imaging to compounds that are
stable to in-vacuum degradation. Alternatively, ambient pressure high spatial
resolution MALDI could be employed [98] to address the in-vacuum degradation
issue. New mathematical techniques such as the application of a filtered diago-
nalization method (FDM) [I00] as an alternative for the Fourier transform could
be instrumental in improving total acquisition time. The total data volume is a
significant limitation on the total analysis time in the generation of high resolu-
tion molecular images. This applies for both high spatial resolution as well as
high mass resolution approaches. Mass spectrometry imaging at higher resolution
therefore also requires developments in data storage, processing and visualization
methods. A significant speed up in statistical analysis was recently introduced
by the application of graphical processing units (GPUs) for principal component
analysis [I0I]. Parallel preprocessing with cluster approaches demonstrated for
high resolution Liquid Chromatography (LC)-MS datasets [102] can now readily
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be applied for rapid high resolution MSI. It is clear that on many levels the high
mass resolution approaches provide detailed molecular information that comple-
ments the MS based molecular imaging technologies. Consequently, more and
more researchers are resorting to multimodal imaging approaches in which as
much molecular information is gathered from one single piece of tissue.
Proteomics strategies have benefited from the availability of the high mass accu-
racy methods for a substantial time already. It has resulted in improved through-
put and identification capabilities of a wide variety of peptides and proteins and
their post-translational modifications [103]. Recently, these methods are estab-
lished as proteomics-based MS imaging workflows [9]. In the previous section, we
argued that increased mass resolving power reveals more spatial and molecular
detail. Increased mass accuracy will, similar to the developments in proteomics,
enhance the identification capabilities for imaging MS experiments. Imaging
small molecules (<400m/z) benefits directly as high accuracy allows the direct
determination of the elemental composition of a compound. This capability is
particularly useful for drug and metabolite imaging [104].

The increased mass accuracy also improves protein identification capabilities in
the analysis of tissue section where an on-tissue digestion protocol has been ap-
plied. This proteomics imaging strategy employs a similar protein identification
workflow as in conventional LC-tandem MS applied to each pixel. The identifi-
cation is clearly more challenging due to the lack of chromatographic separation
techniques after local on-tissue digestion. Here, the combination of high mass
resolution (separation power) and high mass accuracy (identification power) is
crucial. The high mass accuracy improves the peptide identification scores in
conventional protein database searches. Peptide Mass Fingerprinting (PMF) and
tandem MS based protocols are commonly used in concert.

Naturally, the combination of both high mass accuracy measurements and very
high spatial resolving powers is desirable to meet the demand for detail in the
image and in the spectral dimension. Spengler and co-workers used a coaxial
objective to generate a laser focus smaller than 5 um on several Thermo FT-
MS systems (Thermo Scientific GmbH, Bremen, Germany). This approach was
employed to generate various high resolution MALDI-based molecular images
at the cellular level [I05]. Smith and co-workers developed a MSI instrument
which combines the high spatial resolution capabilities of a Buckminsterfullerene
(Cgo) cluster ion source (Secondary Ion Mass Spectrometry) with the high mass
resolving power and high mass accuracy of FT-ICR MS [106]. This novel instru-
ment features a commercial Cgp primary ion source, a 12 T solariX FT-ICR mass
spectrometer and tandem MS capabilities (Bruker Daltonik GmbH, Bremen, Ger-
many). Smith and co-workers demonstrate a microprobe MSI measurement on
mouse brain at a 40 pm pixel size, a mass resolving power better than 100,000
(m/Amsgy) and a mass accuracy well below 1 ppm.
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Figure 2.3: High mass resolving power SIMS FT-ICR imaging study of a mouse brain.
This figure illustrates how within 0.3 Dalton several molecular peaks can be resolved that
all have different spatial distributions. (Previously unpublished result, courtesy of D. F.
Smith, R. M. A. Heeren and L. Pasa-Tolié).

Extremely high spatial resolution approaches are ultimately limited by the effi-
ciency of the ionization method. How many molecules are available for ionization
at the ultimate spatial resolution and how many of those molecules will be ion-
ized, i.e. what is the ionization efficiency? If the ionization efficiency is less than
100%, which holds for most ionization methods, the ionization efficiency will de-
termine a practical achievable resolution. One exception is the microscope mode
discussed earlier in this chapter (section [2.3.2)).

The previous section has emphasized mass accuracy and mass resolving power as
an essential element of MSI identification strategies. One other crucial element
in the identification of biomolecules at surfaces in MSI experiments is tandem
mass spectrometry. In particular in the absence of sufficient mass accuracy, it
is imperative to perform structural analysis by means of selective dissociation to
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establish or confirm the identity of the species imaged. The preferred dissociation
technique in MS imaging studies is collision induced dissociation (CID) as it is
fast, easy to control and the fragment spectra are reasonably well understood
or interpretable. A number of tandem MS imaging studies is focused on tryptic
peptide identification for proteome imaging studies. These studies can be com-
plicated by overlapping isobaric ions. Ion mobility separation, discussed later
in this chapter (section , prior to tandem MS has proven useful to enhance
peptide identification scores from tandem MS studies.

Tandem MS is significantly limited by the signal persistence in most MS imaging
experiments. As a result it is not possible to perform tandem MS analysis of
each and every peak found in a pixel. Intelligent tandem MS target selection is
becoming a prerequisite for focused molecular imaging studies. Target lists based
on prior quantitative proteomics analysis from tissue homogenates is a strategy
followed by a number of researchers in proteomics. This allows the utilization of
a priori knowledge on interesting up- and down-regulated proteins relevant for
the experimental condition that is tested. Alternatively, a regular MS imaging
experiment can be used to identify interesting spatial molecular structures that
can subsequently be utilized for further tandem MS imaging experiments. Tar-
geted tandem MS profiling studies on areas of interests can also be employed to
identify the molecules found in those areas.

With the introduction of Multiple Reaction Monitoring (MRM) based imaging
strategies [107], it is now also possible to perform quantitative tandem MS stud-
ies. Pirman and Yost [I08] have used a similar strategy to quantitatively image
the distribution of acetyl-L-carnitine in mouse brain tissue sections.

In summary, it is imperative that imaging MS researchers use a smart combina-
tion of high mass resolution, high mass accuracy and complementary tandem MS
strategies to identify molecular distributions found on biomedical tissue surfaces.

2.5 Adding a New Dimension: 3D-MSI

Anatomical atlases based on optical images are widely used for anatomical and
physiological reference in the medical profession. These atlases are employed
to evaluate healthy and diseased tissue for diagnostic and treatment purposes.
Often general disease treatment or management protocols are established solely
based on morphological aberrations observed in biopsies. A new method needs
to be established that provides a molecular basis for these anatomical atlases.
This requires a molecular imaging method that provides a detailed insight in the
spatial distribution of a broad range of elements and molecules. These molecular
tissue atlases should combine three-dimensional position information with molec-
ular information.

Mass spectrometry imaging is typically a discipline in two spatial dimensions
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(b)

Figure 2.4: Three dimensional molecular reconstruction of a xenografted breast tumor
using fiducial marker alignment of individual sections [II0]. This reconstruction is
generated from molecular ion distributions obtained from the central section of the breast
tumor. The fiducial marker ion Chresyl Violet at m/z 262.1 is shown in green in all
images. a) Distribution of the molecular ion PC(16:0/0:0) [M+HJ" at m/z 496.3 is
shown in red. b) Distribution of molecular ion PC(18:1/18:1) [M+KJ" at m/z 824.5 is
shown in blue. ¢) The overlay of (a) and (b). Figure courtesy of K. Chughtai.

(2D). Positioning the laser or the primary ion beam to different locations on the
surface results in a comprehensive set of mass spectra. A two-dimensional image
of each individual mass spectral peak (m/z) can be generated. The 2D spatial
information in combination with the m/z information of the spectra is often re-
ferred to as a datacube. The generation of a three-dimensional (3D) dataset
requires an additional z-dimension. In MALDI-MSI this is achieved by succes-
sive tissue sectioning with well defined and measured spatial intervals [109] [110].
MSI-data is acquired and subsequently processed to reveal the three-dimensional
molecular features. Figure shows an example of a 3D MALDI-MSI approach
in which lipid volumes in a xenografted tumor are revealed. The processing proto-
col can include spectral and spatial binning to reduce the total dataset size prior
to molecular feature visualization. Different software tools have been developed
to visualize these three dimensional reconstructions [I11, I12]. Individual mass
spectral peaks can be simultaneously displayed using a color scheme in which
each color represents a specific molecular feature.

An alternate approach towards the generation of 3D imaging MS datasets at
cellular resolution is found in the SIMS domain. The introduction of ion cluster
based sputter guns for depth profiling allowed gentle removal of surface layers
without the induction of subsurface damage. Sputter sources that employ Cgg
molecular ions or large argon cluster ions [I13] [I14] can sputter with a depth
resolution of tens of nanometers. This depth resolution enables 3D MSI on a
subcellular scale with dynamic SIMS. Chandra and co-workers demonstrated the
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generation of 3D elemental images of the mitotic spindle from T98G human
glioblastoma tumor cells with dynamic SIMS [I15]. Their study demonstrated
that 3D SIMS imaging was essential for the analysis of mitotic cells, where spe-
cialized regions such as the mitotic spindle were hidden beneath the cell surface.
A combination of sputter and analysis cycles with these sources is now employed
for SIMS-based molecular 3D imaging. This was demonstrated by Fletcher and
co-workers in their visualization of the 3D distribution of phosphocholine and
inorganic ions in single cells using a TOF-SIMS approach [116].

In the future, the generation of 3D molecular atlases can be employed to populate
comprehensive molecular tissue biobanks, i.e. biological databases, for different
tissue types. These atlases can be used to study local molecular changes involved
in disease and therapy. Using e-science, grid or cloud technology these immense
data volumes can be validated and made available to the biomedical research com-
munity for comparative studies. Tissue biobanks should be complemented with
patient data, comprehensive proteomics data of tissue homogenates, microarray
data and conventional histological images. This approach has the potential to
generate new insights in diagnosis, development, treatment and prognosis of dis-
ease.

2.6 Ion Mobility: Adding the Shape of a Molecule

Alternate methods that are able to unravel the complexity of biochemical sur-
faces have become available to researchers in mass spectrometry imaging. It has
already been established that cells, a tissue section, a tissue extract or a body
fluid contain a huge amount of chemical and biological information. A single ana-
lytical method is usually insufficient when a better understanding of the function
of these different biological systems is targeted. It has been illustrated how high
mass resolution techniques can deal with this complexity. An alternate method
is to add a gas phase separation technique to the MS imaging workflow. Hyphen-
ated mass spectrometry techniques (e.g. LC-MS, gas chromatography (GC)-MS)
are common in the analytical domain and are widely used for increased sensi-
tivity and selectivity for biochemical analysis. Ion mobility spectrometry (IMS)
combined with mass spectrometry imaging is one of these approaches that has
the potential to provide direct insight in the shape, structure and position of
biomolecules. The combination of mass spectrometry with ion mobility spec-
trometry has already proven an extremely successful technique for determining
the structures of ions in gas phase as it allows the separation of different structural
isomers [117, T18]. The addition of a molecular imaging component enhances the
molecular detail provided [60].

MALDI-ion mobility MS brings an added value to MALDI-MS tissue imaging by
the separation of different compound families such as lipids and proteins [59] [119].
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The ion mobility cell, positioned between a quadrupole and a time-of-flight an-
alyzer, allows the separation of structural isomers, or compounds with similar
m/z, which cannot be separated by m/z only (due to TOF-instrument limita-
tions). Different ion conformations have different collisional cross-sections and
result in different drift times. This particular property is comparable to liquid
chromatography separation and allows the separation and identification of chem-
ical families such as matrix, drugs, lipids and singly or doubly charged peptide
ions by their retention time inside the ion mobility cell. Stauber and co-workers
[10] demonstrated the ability to separate isobaric ions with ion mobility prior
to tandem MS in a MALDI imaging experiment. The fragmentation profiles
of different ions enabled a database search with increased specificity by pooling
fragments associated to only one parent. The comparison between Mascot scores
[120] with and without drift time fragment pooling shows the power of the added
IMS separation. Gas phase ion mobility separation is frequently used to sepa-
rate small matrix ions and their clusters from tryptic peptides and lipids prior to
tandem MS. However, signal depletion prohibits extensive tandem MS imaging
experiments. This requires an efficient selection of relevant precursor ions that
can be realized with ion mobility separation. For example only tryptic peptide
ions can be selected for fragmentation when protein identification is targeted in
an imaging experiment [121].

The SYNAPT HDMS (Waters Corporation, Milford, USA) is one of the widely
implemented ion mobility instruments with MSI capabilities. This instrument
has a quadrupole orthogonal acceleration TOF geometry and is equipped with
a traveling wave (the so-called T-wave) ion mobility device located between the
quadrupole and the TOF analyzer. The ion mobility separator used consists of
three consecutive traveling wave regions. The first traveling wave (trap) is used
to store ions when IMS is performed, to maximize the duty cycle of the IMS.
The next traveling wave section is the actual ion mobility separation device. The
final traveling wave device (transfer) is used to transfer ions from the ion mobility
separator to the TOF mass analyzer maintaining the ions’ separation. Collision
induced dissociation (CID) can be achieved in either the trap or transfer T-wave
or in both. The instrument is equipped with an interchangeable MALDI source,
which can be replaced with atmospheric ionization (AI) sources, such as electro-
spray ionization (ESI) or atmospheric pressure chemical ionization (APCI). This
configuration allows for a variety of atmospheric and in-vacuum MSI experiments.
MALDI is performed in an intermediate-pressure environment (9-10~2 mbar) us-
ing a frequency-tripled Nd:YAG laser (355 nm). Imaging data are obtained in
the microprobe mode with a typical resolution of 80 um. The time per pixel,
pertaining to the throughput for MS imaging, is similar to that in conventional
TOF-based imaging experiment. The increased dynamic range stems from the
fact that per laser shot multiple orthogonal TOF-spectra are acquired following
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ion mobility separation.

MALDI-IMS MSI has the ability to improve the imaging of some drugs, metabo-
lites, lipids and peptides by separating such ions from endogenous or matrix-
related isobaric ions. It has been applied in variety of studies ranging from whole
body imaging of drug dosed rats to imaging signaling proteins in oncological
studies [20] [121].

2.7 Summary

The ideal or perfect mass spectrometry imaging experiment on tissue can still
not be performed as a result of several limitations in spatial resolution, molecular
identification capabilities and speed/throughput. In this chapter, we have shown
several technological innovations that address these hurdles towards the perfect
mass microscope. All of the innovations improve a specific aspect of the MSI
workflow described in Figure As such, the insight in the molecular organiza-
tion of molecules on tissue surfaces is drastically improved. Having stated this,
it is also clear that it is very difficult to integrate all of the innovations discussed
in one single instrument. This implies an intrinsic need for multimodal imaging
experiments, in which different molecular detail is brought together. This in turn
defines a need for more and improved bioinformatics tools that can integrate and
validate this multimodal data. This will, in our opinion, be one of the major
areas of innovation for the years to come.
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Detection and Imaging Systems
for Ions, Electrons and Photons

Instrumental developments for imaging and individual particle detec-
tion for biomolecular mass spectrometry (imaging) and fundamental
atomic and molecular physics studies are reviewed. Ion counting de-
tectors, array detection systems and high mass detectors for mass
spectrometry (imaging) are treated. State-of-the-art detection sys-
tems for multidimensional ion, electron and photon detection are high-
lighted. Their application and performance in three different imaging
modes -integrated, selected and spectral image detection- is highlighted.
Electro-optical and microchannel plate-based systems are contrasted.
The analytical capabilities of solid state pixel detectors -both charge-
coupled device (CCD) and complementary metal-ozide-semiconductor
(CMOS) chips- are introduced. The Medipiz/Timepiz detector fam-
ily is described as an example of a CMOS hybrid active pizel sensor.
Alternative imaging methods for particle detection and their potential
for future applications are investigated.

3.1 Introduction to Sensors and Detectors

Webster’s New World Dictionary defines a sensor as a “device to detect, mea-
sure, or record physical phenomena (...)” [122]. However, the definition of what
exactly distinguishes a sensor from a detector is often not clear cut and the
concepts “sensor”, “detector”, “sensor system” and “detector system” are used
interchangeably in literature. The part of the system that actually “interacts”
with the parameter of interest and transforms it into a measurable quantity is
generally referred to as a transducer. Hence, transducers are part of a more com-
plex sensor/detector system. The sensor or detector measures the “transduced”
parameter and converts it into an electrical signal which can be read by an in-
strument or user.

Sensor and detector systems form an integral part of our lives on planet Earth.
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Every living organism is equipped with thousands of highly complex biological
sensors that cover a wide range of functionality. Sound, light, motion, tempera-
ture, humidity, toxins, glucose levels and pheromones are only few quantities that
sensors in living organisms can be sensitive to. These sensors measure a specific
parameter and convert the acquired information into a signal that the organism
can process further.

Similarly, humans have developed electronic sensor and detector systems which
are designed to measure a specific parameter. Also here, the measurement out-
come is converted into a signal which can be recorded for further processing
and/or analysis.

Measurement instruments are deeply engrained into our western-world daily lives.
Many of us cannot imagine living without fever thermometers, motion-sensors,
central heating thermostats, television remote controls, digital photo cameras,
medical imaging equipment for X-ray absorption and computed tomography
scans, to only name few examples.

Many of those “daily life” sensor and detection systems have originally been de-
veloped for scientific research. Only later they were spun-off as user products.
Applied and fundamental physics research are active areas of sensor and detector
instrumentation development. In these disciplines, dedicated systems are devel-
oped for a specific experiment or application field. In this way, the detection
system is maximally sensitive to the parameter of interest.

The development of instrumentation for imaging and individual particle detec-
tion has progressed tremendously over the past decades. In biomolecular mass
spectrometry imaging and fundamental atomic and molecular physics studies,
such detection systems register ions, electrons and photons among other par-
ticles. The (charged) particle detectors in these fields are mainly instruments
which detect, identify or track particles. They measure quantities as the particle
energy, the impact position, the particle charge, the intensity of particles etc.
The state-of-the-art ion, electron and photon detection and imaging technology,
specifically applied in the areas of mass spectrometry (MS), mass spectrometry
imaging (MSI) and atomic and molecular physics research, will be introduced in
this chapter.

3.2 Selected Sensor and Detector Technology for
Mass Spectrometry

This section highlights two examples of the most important detection systems
which are employed for the detection of charged particles in mass spectrometers:

array detectors and high mass detection systems. This section does not attempt
to give an in-detail, historic overview of mass spectrometry detectors, rather it
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emphasizes few detection systems, which are in frequent use in mass spectrometry
today and/or are potential detection systems for mass spectrometry imaging.

3.2.1 Array Detectors

Array detectors are traditionally used to record the spatial distribution of a va-
riety of particles, ranging from photons, to subatomic particles, atoms and ions.
In mass spectrometry, array detectors are used for the simultaneous detection
of multiple ions of different mass-to-charge ratio values. Hence, detector arrays
improve the detection limits and measurement precision [123] [124]. They reduce
the sample consumption and increase the instrument’s duty cycle [123] [124]. Ar-
ray detectors are a particularly interesting group of detection systems since they
are both relevant to MS and MSI research.

Microchannel Plate Detectors

A microchannel plate [I25] is a thinly sliced plate that consists of several mil-
lions of parallel, small diameter, conductive glass tubes which have been fused
together. Typical pore diameters are 10-100 um and channel length-to-diameter
ratios are 40-100. The channel axes typically assume a small angle (<10°) with
respect to the normal to the MCP surface to enhance primary particle detection.
A bias voltage is applied across the plate(s). When a primary particle hits the
wall of a MCP channel, it liberates secondary electrons. Similar to the working
mechanism of a photomultiplier, these electrons free more electrons in turn. Each
channel works as an independent secondary electron multiplier. Figure [3.1]shows
a schematic representation of a microchannel plate.

A single microchannel plate typically has a gain of 10*. When higher gains are

used, instability and “ion feedback” are observed, i.e. atoms inside the channels
are ionized and travel in the opposite direction as the electron avalanche. For
higher gains, MCPs are typically arranged in a chevron stack of two plates or a
Z-stack of three plates, which translate a single ionizing particle at the frontside
of the MCP into a multi-million electron shower (gains >10°) at the backside of
the MCP. MCPs have a fill factor, i.e. the ratio of the open pore area to the total
MCP area, of about 70-80%. As a result, any detection system in combination
with a MCP cannot reach unit detection efficiency. However, it is advantageous
if the second detector stage is capable of registering the full particle load exiting
the MCP.
Many detection systems for both mass spectrometry and mass spectrometry
imaging are based on MCPs. The MCP is used as a conversion/amplification
medium [I25] which translates a single ion event into a measurable signal. MCPs
can be sensitive to electrons, ions, photons (in the ultraviolet (UV) and soft X-
rays) and neutrons (possibly in combination with an enhancing coating) etc.
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Figure 3.1: Schematic representation of a microchannel plate. A chevron or a Z-stack
of MCPs consists of two or three such plates, respectively. The dimensions of the output
electron shower depend on the MCP bias voltage (i.e. the gain of the plates), the channel
diameter and length, the channel bias angle and the distance between the MCP backside
and the electron-receiving detection system [126].

Due to their fast response, MCPs can be used for time-of-flight (TOF)-MS mea-
surements in combination with a time-to-digital converter (TDC) where timing
resolutions on the order of tens of picoseconds have been realized [79]. In addi-
tion, the large MCP area enables the integration of many counts on the detection
system. However, MCPs are also often used in combination with a second de-
tector system, both for MS and MSI. Examples include electro-optical imaging
detectors and charge-division detectors. These detections systems are also used
in MSI and are therefore treated in section In MS research, MCPs have
also been combined with capacitively-coupled detectors and discrete-anode array
detectors, which are not covered in this chapter.

As other detection systems which rely on translating particle momentum into a
particle count, a limitation of MCPs in MS is the so-called “high-mass roll-off”
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of the detector. In a MCP, the ion detection depends on the generation of sec-
ondary electrons. The generation of a secondary electron avalanche proportional
to the velocity of the incoming particle. As all particles in a TOF-MS are given
the same kinetic energy theoretically, high mass ions will impinge on the detec-
tor with a relatively low velocity/momentum. Hence, they deposit insufficient
energy to create an electron shower. The high mass ions are not detected. The
limitations associated with MCPs in imaging experiments are covered in section
[B:32] Detection systems for high mass ions are described in section [3.2.2}
MCPs are often used as an amplification/conversion stage in the detection pro-
cess. They are then combined with a second detector stage. Such combinations
are mainly used in imaging applications. MCPs are generally well understood and
characterized detectors. They are not covered in further detail here. The inter-
ested reader is referred to references [123], [124], which cite some 20 publications
that document MCP characteristics and performance in several experimental
conditions.

3.2.2 High Mass Detection Systems

This section highlights selected high mass detection systems for mass spectrome-
try. In particular, the Covalx HM high mass detection system for macromolecular
ions up to 1.2 MDa is described. In addition, cryogenic detectors based on super-
conducting tunnel junctions, calorimeters/bolometers and recently developed su-
perconducting nanostripline detectors/nanomembrane detectors are introduced.

The Covalx HM High Mass Detection System

The Covalx HM high mass detection system (Covalx, Ziirich, Switzerland) pro-
vides an alternative detection method that circumvents the high-mass roll-off
[127, 128]. The Covalx HM uses conversion dynode technology, which enables the
detection of macromolecular ions up to 1.2 MDa at nanomolar sensitivity. This
ion conversion detector system increases the sensitivity to detect higher mass ions
by colliding the ions of interest with a conversion dynode array. The conversion
dynode transforms the initial (macromolecular) ions into smaller “secondary”
ions, which are accelerated towards a secondary electron multiplier. Due to their
higher velocity, the accelerated “secondary” ions are detected with a higher sen-
sitivity than the initial ions would be. Van Remoortere and co-workers have
employed the Covalx HM system for MALDI-TOF mass spectrometry imaging
and profiling of proteins from tissue up to 70 kDa and 110 kDa, respectively [128].
Seyfried and co-workers employed the Covalex HM detector on a liner MALDI-
TOF MS instrument for the analysis of PEGylated (glyco)proteins in the range of
60-600 kDa [129]. They compared the performance of the Covalex to a standard
secondary electron multiplier (SEM) detection system. They concluded that the
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Covalex HM shows significantly better performance in the mass range above 100
kDa, while the standard SEM outperforms the Covalex HM for protein analysis
in the low mass range due to a better signal-to-noise ratio.

Cryogenic/Bolometric Detectors for High-Mass Ion Detection

Cryogenic detectors [62] T30HI32] involve a detection mechanism at low, sub-
Kelvin, temperatures. Cryodetectors are particularly useful for the detection of
high-mass (hundreds of kDa) macromolecular ions which cannot be registered
with most other detection systems as, for instance, MCPs due to the detector
roll-off at high masses. In a time-of-flight mass spectrometer, all ions are given
the same kinetic energy on the order of 5-30 keV. Due to their high mass, macro-
molecular ions impinge on the detector with a relatively low velocity /momentum.
They remain “unseen” by most detection systems since they do not liberate suf-
ficient charge carriers within the detection medium. Cyrogenic detection systems
have a mass-independent response. They detect slow-moving particles with near
unit efficiency. In addition, they cannot only detect the arrival of the ion on
the detector but they can also measure the energy deposited by the impinging
biomolecule. The kinetic energy of the ion is directly proportional to its charge
state z. Therefore, the energy measurement can be used to identify the charge
state of the ion. This is particularly interesting in TOF-MS, where the TOF
is proportional to the mass-to-charge ratio m/z of the ion. Hence, the singly
charged monomer, doubly charged dimer and triply charged trimer etc have the
same m/z ratio and cannot be distinguished solely by the TOF.

One type of cryogenic detector are superconducting tunnel junctions. In this
system, charge carriers (quasi-particles) are excited across a meV energy gap
similar to electron-hole pair generation in a semiconductor material. The current
of charge carriers is registered as the arrival signal. The number of created excita-
tions is proportional to absorbed energy. The macromizer (Comet AG, Flamatt,
Switzerland) is a commercial cryogenic detection system based on superconduct-
ing tunnel junctions. Zenobi and co-workers have demonstrated the analysis of
megadalton ions (>500 kDa) on a MALDI TOF-MS using the macromizer [133)].
The molecular protein characterization of human plasma lipoproteins using the
macromizer was shown by Heller and co-workers [134].

Another type of cyrodetectors are calorimeters and bolometer based on super-
conducting thermometers. In these detection systems the macromolecular ion is
received in an absorber material. The particle’s kinetic energy is converted into
an increase of temperature which is measured by temperature transducer. Simi-
lar to superconducting tunnel junctions, the high-mass ions’ arrival is registered
and their kinetic energy is measured.

Recently, high-mass ion detection has been demonstrated with superconducting
nanostripline detectors (SSLDs) [135] [I36]. These detection systems comprise
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a number of narrow (hundreds of nanometers), thin (few nanometers) super-
conducting Niobium nanowires arranged in a parallel configuration. Zen and
co-workers have demonstrated the detection of macromolecular ions up to 132
kDa with such a detection system [I35]. Advantages of the SSLDs are the sub-
nanosecond response time (as compared to several tens of nanoseconds in super-
conducting tunnel junctions) and the relatively higher operational temperature
of 4.2 K instead of 0.3 K.

Another novel development for high mass ion detection are mechanical nanomem-
brane detectors for time-of-flight MS [137]. These detection systems consist of a
nanomembrane, an extraction electrode, a microchannel plate and an anode. Ton
impacts excite mechanical vibrations in the nanomembrane. These oscillations
are detected on the MCP/anode by time-dependent field emission of electrons
from the vibrating membrane. MALDI TOF-MS on proteins up to 150 kDa has
been demonstrated with this system.

3.2.3 Mass Spectrometry + Imaging

In mass spectrometry, array detectors [123] [124] have proven the capability to
simultaneously detect multiple ions of different mass-to-charge ratio values. This
bears the advantages of increasing the detection limits and the measurement pre-
cision, and it increases the instrument’s duty cycle [123].

Besides these advantages, sample-correlated, position-sensitive detection can in-
troduce another dimension of experimental information to a mass spectrometric
measurement. In particular, mass spectrometry imaging merges the benefits of
analyte identification by mass spectrometry with the localization information
from projecting sample analytes on a position-sensitive detector. In this way,
MSI provides the capability to identify analytes of interest and localize them
in the “context” of their functionality on a sample surface. Many techniques
have been developed for MSI [3], I38] (Chapter [2). Position-sensitive detector
technology dedicated to MSI (and related techniques) is treated in section

3.3 State-of-the-Art in Multi-Dimensional Imag-
ing and Detection

3.3.1 Different Modes of Imaging and Particle Detection

This section describes state-of-the-art multi-dimensional ion, electron, photon
imaging and detection in mass spectrometry imaging, atomic and molecular
physics and related areas. It is important to distinguish between different modes
of imaging and particle detection since every application has its distinct require-
ments on what information is to be extracted from the detection of the ions, elec-
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trons, or photons. The information recorded in the different imaging/detection
modes differs significantly, even though all modes rely on the detection of in-
dividual particle events. Figure [3.2] gives an overview of the different modes of
detection.

Integrated Image Detection

Imaging typically involves the (untriggered) accumulation of particle counts on
the detector or the integration of particle counts from multiple image acquisi-
tions. The acquired image gives information on the spatial distribution of the
particles. The intensity distribution of registered events provides detail on the
relative quantity of particles.

Medical X-ray or computed tomography (CT) imaging rely on this type of image
acquisition. Also, a “total ion image” in mass spectrometry imaging, i.e. an
image of the full ion current, is accumulated in this way. Besides the particle
intensity, other quantities as, for instance, the particle velocity, momentum or
energy may be extracted from such images in dedicated experiments in which
the specific projection method and reconstruction algorithm allow the correla-
tion of image features with these quantities. An example of such a technique is
velocity map imaging (VMI) [4, [5] which is employed in fundamental atomic and
molecular physics studies. Another example is a laser beam profile measurement
where the spatial distribution of the beam intensity is measured with a position-
sensitive detector. Hyperspectral imaging is another technique which makes use
of integrated image detection. In hyperspectral imaging, objects are investigated
by illuminating them with a wide range of optical wavelengths. Depending on
its composition, the object under investigation reflects theses wavelengths in a
characteristic way such that a position-sensitive sensor records a spectroscopic
signature of several spectral bands.

Selected Image Detection

A specific, selected part of an event distribution is imaged by gating the detec-
tion system or by deflecting particles from reaching the detector, i.e. part of
the “spectrum” of information is collected. In this imaging method, the particle
selection or detector gating is triggered with respect to the origin of the event
creation.

For example, it is desirable to image a selected part of an event distribution in
microscope mode MSI [6]. Here, the total ion current can be measured without
m/z-specific localization on the sample during one acquisition (“integrated image
detection” as described in the previous section). Or alternatively, a particular
m/z-species can be selected to pass to the detector by a pair of fast-switching
electrodes. The combination of several mass-selected images from separate mea-
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AN
Fiem

Figure 3.2: Overview of the three different modes of imaging and particle detection:
integrated image detection, selected image detection and spectral image detection. The
differences between the three imaging modes is illustrated with the example of time-of-
flight mass spectrometry imaging. On the left hand side, the sample is ablated with
a surface probe. Ions are generated. The ions are sent through a TOF spectrometer,
in which they are mass separated. Different mass ions travel behind one another as
“molecular images”. In integrated image detection (middle), the total ion current is
received on the imaging detector. Different masses cannot be distinguished in the image.
In selected image detection (top), part of the ion cloud is selected and the localization
of this particular mass on the imaging detector is registered. In spectral image detection
(bottom), the detection system precisely registers the arrival time and the arrival position
of each mass.
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surements then gives information on the sample composition and according spa-
tial distribution. This detection approach allows the successive localization of
selected m/z-species. However, it bears the disadvantage of time-consuming,
highly repetitive measurements on quickly depleting (biological) samples.
Another example of gated imaging is “slice imaging” [I39HI41], a variant of VMI.
In slice imaging, the detection is restricted to particles with a specific time-of-
flight by rapidly gating the detector. This allows one to exclude all particles from
the measurement that have a non-zero velocity component perpendicular to the
detector plane, i.e. this method images the “center slice” of the reaction sphere.
By measuring the ion distribution of interest directly, slice imaging does not
require a mathematical reconstruction of this distribution from the total ion dis-
tribution. Therefore, slice imaging is a time-efficient and convenient alternative
to VMI.

Spectral Image Detection

The detection of individual particles typically involves the triggered and precise
registration of the particle’s impact position and its arrival time.

Time-of-flight mass spectrometry imaging identifies ions by measuring the indi-
vidual ion’s time-of-flight with respect to an external trigger and localizes them
by registering their position on the detector. The time- and position-sensitive
detection of individual ions enables identification and localization of the full ion
load in one experiment (contrary to the (gated) imaging) at sufficiently low count
rates.

In fundamental atomic and molecular physics research, cold target recoil ion
momentum spectroscopy (COLTRIMS) in “reaction microscopes” [142H144] co-
incidently measure the vector momenta of several ions and electrons from an
induced atomic or molecular reaction. A combination of electric and magnetic
fields guides all emitted ions and electrons to opposite time- and position-sensitive
detectors. The position of impact, the time-of-flight and the measurement geom-
etry enable the reconstruction of the particles’ trajectories and the reconstruction
of their initial momenta, which enables fundamental insight into the nature of
these reactions.

The imaging atom probe is the imaging variant of the atom probe field ion micro-
scope [I45] 146]. In an imaging atom probe setup, a position- and time-sensitive
detector is placed at a distance of several centimeters from the tip. The detection
system identifies the sample particles from the tip by time-of-flight mass spec-
trometry. The imaging ion probe also provides information on the localization
of the analytes within the sample by projecting the particles on the position-
sensitive detector while retaining the spatial information from the sample surface.
Specifically, the imaging atom probe is used to identify different species and their
distribution on a crystal surface. Note, that early imaging atom probes were op-
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erated in detector gating mode. The identification and localization of individual
particles on the atom probe tip provides the possibility of depth profiling and
three-dimensional sample reconstruction, i.e. atom-probe tomography.

The choice of detection system and imaging/detection method largely depends on
the mode of imaging or particle detection that a particular application requires.
Additionally, considerations as the measurement conditions (gas pressure, tem-
perature, chemical environment etc), practicability and system handling may play
a significant role in the choice of detection system.

3.3.2 State-of-the-Art Imaging/Particle Detection Systems

State-of-the art particle imaging and detection systems currently include electro-
optical image detectors, i.e. microchannel plates in combination with a photon
detector. In addition, there are charge division detectors such as MCP detectors
in combination with a resistive anode, delay-line detector (DLD), a shaped or a
cross-strip anode (XSA), or a hybrid active pixel detector (HAPS). Hybrid ac-
tive pixel detectors are often combined with a semiconductor sensor layer or a
gaseous particle conversion medium. Therefore, they do not necessarily require
to be combined with a MCP if the particle energy is sufficiently high (section
53).

For imaging applications, the spatial resolution obtainable with an MCP is par-
ticularly relevant. Here, it should be noted that the spatial resolution in such
a detector depends on the spread of the electron cloud exiting the MCP back-
side, and if applicable the element size of the detection system. The dimensions
of this electron cloud depend on the distance between the MCP backside and
the secondary detection stage, the potential between these two detection stages,
the pore bias angle, and the pores size [126]. The use of a microchannel plate
(stack) intrinsically limits the spatial resolution of the detection system due to
the dimensions of the pore size. Additionally, the ion-electron shower conversion
introduces uncertainty to the impact position information. Most electrons stay
within one channel of the MCP. However, the electron shower can spread from
one to several MCP pores when the electron avalanche transfers from the first,
to the second and possibly third MCP plate. This effect can be partially cor-
rected for using centroiding algorithms. Ultra-high spatial resolution has been
realized using MCPs in combination with a segmented second detector by means
of centroiding algorithms [94] 147, [T48].

Electro-Optical Imaging Detectors: MCP 4 Photon detector

Generally, photon detectors convert the MCP electron shower into a photon sig-
nal. The electron-to-photon conversion is typically performed in a phosphor
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screen or a scintillation crystal. The photons are then collected by a photo-
sensitive detector as, for instance, a photo-plate [I49], an array of photo-diodes
[150H152], a Vidicon camera system [153] or a charge-coupled device (CCD) cam-
era. Electro-optical imaging detectors used for MSI are MCP, phosphor screen,
CCD camera systems, which are described below. For details on the other sys-
tems, the reader is referred to the references [I49-152].

Phosphor screens € CCD cameras. A phosphor screen is a thin plate of
phosphorus material. Different types of phosphor screens are available, which
differ in their emission spectrum and their fluorescence lifetime. In a MCP, phos-
phor screen, CCD camera combination (Figure , the electron cloud from the
MCP backside is accelerated towards the phosphor screen. The phosphor screen
converts the electron signal into photons. The electron-photon conversion factor
depends on the phosphor material and the kinetic energy of the electrons. It is
typically 20-200 photons per electron. It is possible to coat the backside of the
phosphor screen with an aluminum layer to increase the number of photons that
are emitted towards the CCD camera [I54]. CCD cameras are described in detail
in section on solid state pixel detectors.

i electrons hotons
ions p

Figure 3.3: Schematic representation of the signal flow in a MCP, phosphor screen,
CCD camera detection system.

MCP in Combination with a Charge Division Detector

In charge division detectors, the electron shower from the MCP is collected by an
anode array, which divides the charge among several of its elements. Examples of
charge division detectors are resistive anodes, delay-line anodes, shaped-anodes,
cross-strip anodes and hybrid active pixel detectors.

Resistive anode encoders. A resistive anode encoder detections system [I551-

157], for secondary ion mass spectrometry, ion microscopy and other applications
[156, [157], typically consists of a chevron MCP behind which a resistive anode
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is mounted. When an electron cloud from the MCP is hitting the anode plane,
a current is delivered to each corner of the anode, typically four corners. The
electrodes at the corners of the anode plane are each capacitively coupled to a
charge-sensitive preamplifier. The x- and y-position of the event can be computed
from the amount of current flowing in each of the four corner electrodes. An ad-
vantage of resisitive anode encoders is the simplicity of both the detector itself
and the electronics. A major disadvantage of resistive anodes is their inability to
distinguish simultaneous events. Count rates in excess of 600 kHz are inaccessible.

Delay-line detectors (DLD). A delay-line detector is a two-dimensional,
position- and time-sensitive detection system. There are two major classes of
delay-line systems. A crossed delay-line detectors consists of two orthogonal
anodes (Figure . A hexanode delay-line system [80, 158 [159] comprises three
groups of two wires which are setup at a 120° angle with respect to one another.
In a delay-line system, the particles which are to be detected impinge on the two-
dimensional detector plane. They induce a signal on the delay-line wires, which
will travel towards both ends of the wires. The arrival of the two signal pulses at
the end of the wire is registered and the difference in arrival time is measured.
Since both signal pulses propagate the wire at the same speed, the difference in
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Figure 3.4: Schematic representation of a crossed delay-line detector.
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arrival time indicates which distance they have travelled and hence where the
particle has impinged on the detector plane. In a crossed delay-line assembly,
the position of particle impact is determined from two orthogonal delay-lines.
Multiple, (nearly) simultaneous hits cannot unambiguously be reconstructed
from a two-wire assembly. A hexanode delay-line system is capable of unam-
biguously distinguishing few simultaneous events because the three delay-line
wires introduce measurement redundancy [80, 158, 159]. The measurement
redundancy reduces the “dead area” of the position-sensitive detection system
after each event, which originates from the timing electronics’ dead time. Often,
each of the three “wires” consists of a pair of wires, hence the name “hexanode”,
in a Lecher-line configuration. Such a differential signal line provides almost
background free signals by transmitting high frequency signals with low damping
and dispersion. The pulses from the delay-lines are typically (pre)amplified, pass
a constant-fraction discriminator (CFD) and are then time-stamped by a high
timing resolution, on the order of 25 ps, time-to-digital (TDC) converter. Signal
reconstruction is necessary. Since the position of impact has to be retrieved
from the timing measurements, the reconstruction of integrated images can
be computationally involved and time-consuming particularly at high count rates.

Shaped anodes. Shaped-anode detectors smartly provide high spatial resolu-
tion detection with a small number of individual, “shaped” detector elements.
The original configuration is the so-called wedge- and-strip anode by Anger
(Figure . The y-position is determined by wedge-shaped electrodes, which
are obtained by dividing rectangular electrodes diagonally. The x-position is
measured by rectangular electrodes, the “strips”, which vary in width across the
array. All electrodes measure the deposited charge and the relative amount of
charge deposited on the different wedges and strips indicates the central position
of the MCP charge cloud. More sophisticated, simplified shaped-anode detectors
have been developed [160, I61]. Spatial image resolutions better than 20 um
[162] T63] have been reported. Distinguishing simultaneous events is problematic.

Cross strip anodes (XSA). Two sets of orthogonal (“cross”) strips are de-
posited on a substrate layer [148, [164, [I65]. The two layers of strips, the “x-
fingers” and the “y-fingers”, are separated from one another by insulating strips.
The area coverage of the detection system is close to unity. The signals from the
fingers are typically preamplified, shaped, digitized and time-stamped. When an
electron cloud impinges on the fingers of a XSA, the amount of signal detected
on the x- and y-fingers enables the reconstruction of the event’s impact position.

Hybrid active pizel sensors. Hybrid active pixel sensors (HAPS) are pix-
elated image sensors which are typically composed of an application-specific in-
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Figure 3.5: Wedge- and-strip anode as proposed by Anger.

tegrated circuit (ASIC) and a semiconductor substrate layer. Each ASIC pixel
is connected to a cell of the semiconductor layer. “Active” pixel sensors con-
tain much functionality on the pixel-level. In particular, each pixel has its own
charge-to-voltage converter, often a (pre)amplifier, noise correction, discrimina-
tors or other digital signal treatment functionality. Hybrid active pixel sensors
will be treated in detail in section 3.4.21

Areas of Application

Currently, MCPs in combination with crossed delay-line detectors or cross-strip
anodes are used for imaging atom probe, COLTRIMS [144], mass spectrometry
imaging experiments [72], [77], X-ray photoelectron spectroscopy (XPS) [166] and
Auger photoelectron spectroscopy [167] for surface chemistry. The MCP, phos-
phor screen, CCD camera combination is used for microprobe mode MSI [6] and
velocity map imaging experiments [b]. Pixelated detectors with a semiconductor
sensor layer are used for velocity map imaging [81]. An MCP in combination with
a bare pixelated detector is used for mass spectrometry imaging [70} [82], [83], [168].

Performance Overview of MCP-Based Detection Systems

Table gives an overview on which of the previously described detection sys-
tems can be operated in which particle imaging/detection mode. All detections
systems are capable of untriggered image acquisition by particle counting and
of gated imaging. Only the MCP in combination with the phosphor screen and
CCD camera, the resistive anode encoder and the shaped anode cannot register
the position and the time-of-flight of individual particles. The state-of-the-art
performance of these detection systems and their limitations are discussed below.
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Table 3.1: Imaging/particle detection systems versus different imaging modes.

Integrated Selected Image Spectral Image
Image Detection: Detection:
Detection: (z, y, intensity), (z, y, tof)
(z, y, intensity), triggered &
untriggered selective
MCP + phosphor Yes. Yes. No.
screen + CCD
camera
MCP + resisitve Yes. Yes. No.
anode encoder
MCP + crossed Yes. Yes. Indirect.”
delay-line
detector
MCP + hexanode Yes. Yes. Indirect.”
delay-line
detector
MCP + shaped Yes. Yes. No.
anode
MCP + cross Yes. Yes. Indirect.”
strip anode
(MCP +) hybrid Yes. Yes. Direct.
active pixel sensor

Vallerga, Tremsin, Siegmund and co-workers of the Space Science Laboratory
of the University of Berkeley have developed state-of-the-art detector technology
for high spatial, high temporal resolution, high count rate detection of UV pho-
tons, electrons, neutrons and small ions. They developed detection systems com-
posed of a MCP stack in combination with a crossed delay-line detector (XDLD)
[I69HI7T], a shaped anode [160], a cross strip anode [148], and a Medipix/Timepix
ASIC [94] 147, 172, [I73]. Table compares the performance of these systems
to each other and to a MCP in combination with a phosphor screen and a CCD
camera [154], a MCP followed by a hexanode delay-line system [80, [158] [159],
a MCP combined with a resistive anode encoder [I55HI57] and a shaped anode

detector [T60HIG3].

Hndirect spectral image detection via event reconstruction.
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3.3.3 Performance Criteria for Detector Technology

Besides application-specific analytical performance, practical performance crite-
ria play an important role in choosing an appropriate detection system for a par-
ticular application. Such criteria are, for instance, the available detector shape
and size, the required operating environment (pressure, temperature, chemical
requirements), the life time of the detection system, the required maintenance,
the ease and cost of replacement. Analytical attributes for both imaging and in-
dividual particle detection include the detector noise, the maximum event count
rates, the detector’s dynamic range, the quantum efficiency, the detector stabil-
ity and homogeneity, multihit capabilities, the detector response, recovery and
readout time.

Most of these performance criteria are relevant to any application. However, de-
pending on the quantities to be measured, some performance criteria are more
stringent than others. In the integrated image detection mode and in the selected
image detection mode, the (reconstructed) detector element size is one of the most
important performance criteria since it is directly related to the lateral image res-
olution. In the spectral image detection mode (z, y, TOF'), both the position of
impact and the time-of-flight of the particle have to be determined precisely. In
terms of detector performance this translates into fine detector segmentation for
unambiguous 2D position information, high time resolution measurements and
high particle count rates. The performance criteria of three detection systems
are compared for microscope mode mass spectrometry imaging in [I38] (Chapter

).

o1



Chapter 3. Detection and Imaging Systems for Ions, Electrons and Photons

+az1s a10d JDIN oY) £q pejruul] ST uornjosal [erpeds ajemwiyn oy, ‘WYILIOF[R SUIPIOIJUSD AJARIS-JO-I9JUD € SUISN POASIYDIR ST
uorjnoser wrf g-¢ oYy ‘epowr [ OL Ul “A[ear3oedser ‘epow (LOL) PIOYSeIY}-10a0-owlL], pue XIdIPSJA oY} Ul pourejqo SI UOIN[OSoL 9y I, ¢
'soxod JDIN 93 YSNoIy) yoeqpes) Uor Juesdld 03 snosfejueApe ST 3PS JDOIN UOIASYD Y,

abnd jTaU U0 PINULUO))

[curr?]
<JNHMA INHMA IWHMA UOLNOSal
§-¢ pue &g 0T~ 0¢ €l 0G-21~ ¢l 00¢-0¢ [erpedg
199 821 9< 9 v v I stoyrdury 7
ured JOIN
c0T-50T o0T ,01-c0T 0T 0T o0T q0T pormbay
[corea]
RBOIR OAT)OR
8¢ 0¥ 4¢ 04 0y gc 04-0¥ Tojourer(]
pesn
2610 T 4 4 (@ € 4 4 dDIN Jo #
-sdirgs
pue saSpom dp @)
Jo adeys uo spxid
-dmo "SOIIM oY) ur “IoTjour "SOIIM 000°Tx000°T
Tad spaxtd [eUOS0Y}I0 S9pOIYI9Td Quo 0} 071 [RUOSOT}10 ‘sopoue ‘U99I0s
94CX94¢ ¥9X¢ PoUPIRIN Je soIm ¢ [4 OATISISOI loydsoyq 1039939(]
(xXdxL R LBELEY o) JI9pOdUd eJIaured
/XdIN) spoue apoue aul[-Ae[op | oul[-Ae[op spoue anyn +
SAVH drags ssoao pedeys apouexay possoao SAI)SISaI Joydsoyd uostreduod
+ dOIN + dOIN + dOIN + dOIN + dOIN + dOIN + dOIN Jo jurod

fipaunf 1019239p (Xd.L/X ) wedowng, /dipapy oy fo (S VH) 40suas jarid 201400 priqliy
D pup ‘9poun diis $5040 D ‘Opoun padvys v ‘Ou-Aivjop IPOUDTIY D QUY-AID]IP PISSOLD D ‘UIPOIUI IPOUD I01YSISIL D
‘DLOUWDI (TD) D PUD UIILIS L0Ydsoyd D ypm U0UDULQUI0D UL JHOJT D UIIMIIQ UO0SIUDAUL0D 2DUDUWLOJUIT g°E 219D]

52



3.3 State-of-the-Art in Multi-Dimensional Imaging and Detection

ZHIN [=PUO029S/SIUSAD UOI[[IW [=PUO0Ids/sourer) )0(‘] X dUrelj/sjuond
000°T ‘eI0Jotoy I, ‘ZHY T e SUNI Inopeal Ad[eiog oy ], ouwel Jod sjuord ()0 T=SIUSAD ()GZ XF oIe 910y} ‘A|[quiosse dIyd gXg ® I0g
“(spoxtd g9 Jo poesn spxid (gg‘9=1uaas/spx1d ¢z xsjuase Ogg=) aurery 1od sjyuoAd ()Gg INOge are aI1oy) o1 ‘owrery rod pasn are sppxid
$,1030030p °U} JO %0T Inoqe ‘A[reordLy, -1030030p [oxid oyj uo spxid gg=sxid Gxg moqe sueds JDJN oY} WOIJ I03sn[d [ed1dL} vy,

"ogel qunod Y3y A[peuorydeoxs ue ST SIYT,q
‘uea1ds toydsoyd oYy jo owry Aedop oyj Aq pojrwiIg,
‘puodes/sowrely 00T PUR PUOILS/sowelj (g
uLom)oq e soyel owrely ‘A[[edldA], oyel owrely/T=UOIIN[OSOL SWIL], ‘BISUIRD O} JO OYel SWely 0} A POUIULIDIOP SI UOIIN[OSOL SULl} YL,

[requu]
wnnoea
a[qeAsIyoR
,_01 qr-0T 01 0T 01-01 01-0T 01-0T 601 Teotd4g,
SUO0I}0970 SUO0I309]d *9sTOU "osIou SUO0I}097d "9sTOU 1079939p
00T 00ST OTUOI}9[H OTUOI}O9[H] 000€ OTUOIIIS[H | SUOIIIS[d GF JO 9SION
, UoTn[08o1
LEI|
e ZHIN
1 ‘opowt
XdIN 9jer Junod
ur ZHD ZHIN ¢ ZHA 0§ ZHIN ¢ oZHIN T ZHY 009 ZHIN 1> Wnwixey
su UoIIN[osal
Su 01 sd ogL~ V/N sd ¢z gg-sd ogT1~ V/N S ge-T ouLy,
(xXdxL 1032919p I9POOUD elowred
/XdIN) apoue apoue aur-Ae[op | oul[-Ae[op apoue and +
SAVH drags ssoao pedeys apouexay possoao SAI)SISaI aoydsoyd uostredurod
+ dOIN + dDIN + dDIN + dDIN + dOIN + dDIN + dDIN jo jurod

abod snowaid woif panuiguoy) — g ¢ 9[qel,

[ap]
0



Chapter 3. Detection and Imaging Systems for Ions, Electrons and Photons

3.4 Solid State Pixel Detectors

Throughout the last decade, solid state pixel detectors have been introduced to
many areas of research and daily life. Solid state chips are widely used in applied
and fundamental (physics) research experiments as well as daily life appliances
like hand-held digital photo cameras and mobile phones. As the wide areas of
application suggest, these chips are practical and cost-efficient detection systems.
The following section highlights solid state pixel detectors systems in more de-
tail and explains why they represent an interesting and valuable addition to the
detector palette.

The individual detection elements of a solid state pixel detector are patterned as
a checkerboard. Each element of the sensor is connected to a matching element
of the readout electronics. The two layers are connected by, for instance, solder
bumps. In this way, these hybrid detectors combine the sensor and the charge
readout in a compact way. Each sensor pixel functions as a small “ionization
chamber” [174], in which incident particles are converted into an electron-hole
pair current. The pixel size is determined by the dimensions of the readout elec-
tronics. The dimensions of the readout electronics scale with the complexity
and size of the circuitry on the pixel level. Today, pixel pitches of 10-100 pm
are practically accessible. Often, the readout chip extends beyond the semicon-
ductor sensor. This “chip periphery” contains readout and control circuitry, and
wire-bonds for external connections. Multiple chips can be tiled together to cover
larger detection areas (>1 cm?). The periphery of the chips constrain full area
coverage of large chip arrays without dead spaces.

Currently, two major classes of pixel detectors are being used as image sen-
sors: charge-coupled device (CCD) sensors and complementary metal-oxide-
semiconductor (CMOS) chips [I74]. The classic high-resolution pixel array detec-
tor is the CCD. CMOS chips are a more recent development. The functionality,
working mechanism, requirements and constraints of CCD and CMOS chips are
fundamentally different. Hence, the suitability to a specific application of one or
the other highly depends on the application’s requirements.

3.4.1 Charge-Coupled Device

Since Boyle and Smith’s “Charge couple semiconductor devices” article in 1970
[2], the CCD has not only earned its inventors the Nobelprize (Nobelprize 2009
by the Royal Swedish Academy of Sciences, awarded “for the invention of an
imaging semiconductor circuit -the CCD sensor” [I75]) but it has also developed
into the most widespread wafer-scale silicon detector. CCD imagers consists of
a photoactive region (typically an epitaxial layer of silicon) and a transmission
region, i.e. a shift register. When a particle impinges on the image sensor, a
charge proportional to the energy of the particle is generated within the sensor
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pixel. This charge charges a capacitor within the pixel. In a CCD chip, this charge
is then transferred by shift registers from pixel-to-pixel along a pixel column, then
column by column. The last pixel in the array transfers the charge to an amplifier
(typically, one to few amplifiers for the entire pixel array) and a charge-to-voltage
converter. Often, an analog buffering step is included. The information collected
by the CCD chip is sent off the chip as an analog signal. Sampling and digitization
is performed off-chip. A CCD chip is designed and optimized to move electrical
charge between capacitive bins (from pixel-to-pixel). Since the charge has to be
transferred over thousands of pixels, the charge transfer efficiency must be close
to unity as not to lose sensitivity. Today, charge transfer is practically 100%
efficient over about 10* pixels. The sequential pixel-to-pixel, column-to-column
readout infers relatively long readout times which scale with the area of the pixel
array. CCD readout pixels can be small (10x10 pum? pixels). They achieve full
area coverage.

3.4.2 Complementary Metal-Oxide-Semiconductor

A CMOS chip is manufactured in the so-called CMOS technology for construct-
ing integrated circuits. Among others, microprocessors, microcontrollers, ready-
accessible memory (RAM) and many digital logic circuits are constructed in
CMOS technology. Also analog circuits, like image sensors in digital cameras,
can be CMOS technology based.

CMOS imagers are hybrid active pixel sensors (HAPS) or detectors. In hybrid
pixel detectors, the sensor medium and the integrated circuit are processed on
different substrates. The chip and the sensor are connected, i.e. hybridized, by
fine pitch bump bonding and subsequent flip-chip attachment to a semiconductor
sensor medium. Each ASIC (application-specific integrated circuit) readout pixel
consists of two distinct parts: an active input region, i.e. the “sensitive input
pad”, where an electron or hole current (generated in the semiconductor sensor
layer, for instance) is received, and a logical circuitry region where the current
signal is (pre)processed. Typically, the ratio of sensitive area to pixel area, i.e.
the fill factor, is about 20-30%.

CMOS circuits contain both p-channel and n-channel metal-oxide-semiconductor
field-effect transistors (MOSFETSs) on the same substrate. In a transistor, the
gate (input) is capacitively coupled to the output channel that is connected be-
tween the source and the drain electrodes. In a NMOS transistor, a conductive
channel is formed when the input electrode is positively biased with respect to
the channel. A PMOS transistor functions complementary. Here, a conductive
channel is formed when the gate is biased negatively with respect to the source.
By connecting the source and the drain of a PMOS and a NMOS transistor,
respectively, the signal that switches on one will switch off the other. The combi-
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Chapter 3. Detection and Imaging Systems for Ions, Electrons and Photons

nation of a NMOS and a PMOS transistor forms a complementary MOS (CMOS)
circuit. Conveniently, both NMOS and PMOS inverters have a low static power
consumption such that CMOS circuits draw no current in the high and the low
state of the transistor. Since current only flows when the transistors are switch-
ing, CMOS transistors greatly reduce the power consumption in logic circuitry.
In a CMOS chip, a lot of functionality can be located on the pixel level. The
density of transistors per pixel is high, hence the name “active pixel detectors”.
Typically, each pixel contains its own charge-to-voltage converter such that the
charge deposited can be locally converted and digitized. Often, the pixel also
comprises a (pre)amplifier, noise correction, discriminators or other digital sig-
nal treatment functionality. A CMOS chip outputs digital data in a predefined
binary format.

3.4.3 The Differences: CCD versus CMOS

Figure [3.6] illustrates the difference between the detection of an event by a CCD
or a CMOS chip. CCD imagers are typically more sensitive than CMOS imagers
since their pixels are constructed for high quality charge transport. CMOS im-
agers contain more per-pixel-functionality and signal treatment efficiency. More
functionality on the pixel level generally translates into more transistors and
hence limits the minimum pixel size and sensitive (input pad) area. Unlike a
CMOS chip, a CCD chip cannot provide any timing information on the individ-
ual particle events. A time stamp may be assigned to a particular image frame
(containing multiple events) on the basis of the CCD frame rate of typically 0.01-
1 kHz for standard commercial systems.

CMOS imagers can be readout faster than CCD sensors when use is made of their
more parallel output structure. Concerning (readout) speed, CMOS sensors have
the advantage that all camera functions can be placed on the chip. CMOS tech-
nology also enables windowing, i.e. the capability to selectively readout a portion
of the image sensor. In CMOS technology, the pixel can in principle be designed
to indicate the presence of a hit and to allow the selective readout of struck pix-
els. This increases the complexity of the pixel logic circuitry but enables higher
frame rates for smaller regions of interest.

The responsivity, i.e. the amount of signal that the sensor delivers per unit of
input energy, is slightly better in CMOS chips than in CCD chips since it is easier
to place gain elements in a CMOS circuit. CCDs have a better image uniformity,
i.e. the consistency of response for different pixels under identical illumination
conditions, since the CMOS in-pixel amplifiers suffer from offset variation. CCD
systems are not treated in further detail. Instead CMOS technology based sys-
tems will be focused on since the advantages of these hybrid active pixel detectors,
in particular the highly parallel detection and the on-pixel functionality, offer in-
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Figure 3.6: Event detection in a CCD chip versus a CMOS chip. For both detection
systems, an electrical charge proportional to the particle energy deposited in the sensor
is generated within the pizel. The deposited charge charges an in-pizel capacitor. In
a CCD chip, the charge is then transferred by shift registers from pizel-to-pizel along
a pizel column and an analog signal is sent off the chip. In a CMOS chip, there is
significantly more functionality on the pizel level, i.e. the signal (pre)processing takes
place in the pizel and a digital signal is sent off the chip.

teresting features for mass spectrometry imaging and fundamental atomic and
molecular physics research.

Mass spectrometry imaging and fundamental atomic and molecular physics re-
search has recently used the Medipix/Timepix CMOS detector family [70] [73]
[81l [82]. The following section gives a “market overview” of a selected number of
presently available and relevant CMOS imagers. These systems are contrasted
to each other and to the Medipix/Timepix detector family.
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3.4.4 CMOS Imagers Today: Medipix/Timepix versus
Other Fast Pixelated Detectors

Availble CMOS Systems

Many (CMOS) pixel imagers have originally been developed for high-energy parti-
cle physics applications but are now readily applied to a broader range of imaging
applications [I76HI78]. Typically, detectors for high energy particle physics regis-
ter individual, charged quanta of radiation with a relatively high spatial and time
resolution. On the contrary, many classical imaging applications, like radiology
(Medipix [84] and MPEC [I79]) or crystallography at synchrotron light sources
(XPAD [180HI82], PILATUS [183] and EIGER [I84]), accumulate untriggered
particle events by integration or counting techniques, often with count rates in
excess of 1 MHz per pixel (CT applications). The possibility to count individ-
ual particles and register extra information, as for instance the particle energy,
greatly enhances the image contrast [I85].

Single Photon Counting Detectors

At the present time, a variety of different CMOS active pixel detectors is avail-
able for imaging applications. Most of these detectors are single photon counting
chips, which -with some adaptations- can also more generally be used as parti-
cle counting devices. A few examples have been selected for comparison to the
Medipix 2 photon counting chip. There are other interesting CMOS active pixel
detectors available. However, one or more of their specifications, as for instance
the pixel size, the pixel matrix geometry, the operation temperature etc, are
not suitable for the imaging applications discussed in this thesis and are there-
fore omitted. Therefore, we compare the Medipix 2 [84] [85] [186] and Medipix
3 [I85, [186] chips with the PILATUS II chip [I83], the EIGER chip [I84], the
XPAD3 chip [I80HI82] and the PImMS chip [168] (Table [3.3).
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3.4 Solid State Pixel Detectors

CMOS Imagers with Timing Capabilities

Single photon counting chips do not have any timing capabilities on the pixel
level. A time stamp can only be assigned to an acquired image from the camera’s
frame rate (typically <1 kHz, time resolution ~1 ms), similar to a CCD camera.
Up to now, only few CMOS active pixel detectors with timing capabilities on the
pixel level have been developed. Table 4 compares the Timepix [86] chip to the
NAG62 collaboration’s timing chip [88-92].

Table shows that the Timepix currently is the most obvious and practical
choice for many imaging applications in mass spectrometry imaging, atomic and
molecular physics research and beyond. The current Timepix chip already deliv-
ers a reasonable time resolution and the next generation of chips will improve this
point significantly (section. Additionally, the pixel size, the large pixel ma-
trix, the tileability to larger areas and the very high fill factor make the Timepix
attractive. The NA62 chip, on the other hand, delivers an outstanding time reso-
lution and measurement range for time-of-flight experiments. However, the large
pixel size, the small pixel matrix and the cooling requirements make this chip
less attractive for imaging applications.

There are few other ultra-high time resolution CMOS-based developments. Jans-
son and co-workers have designed an ultra-high time resolution CMOS circuit,
which has a time resolution of 12.2 ps and measurement range of 204 us [187].
Another interesting development are the CMOS-based single photon avalanche
diodes (SPADs) of Charbon and co-workers [I88HI90].These detection devices
achieve a time resolution down to 50 ps. However, the maximum measurement
time is tens to hundreds of nanoseconds, which is insufficiently long for the time-
of-flights mass spectrometry but are used for on-chip fluorescence detection and
fluorescence lifetime imaging microscopy [191]. Additionally, the fill-factor of the
SPADs is only 2% (up to 14% using microlenses) such that a full event coverage
cannot be achieved with the detections system and high spatial resolution imag-
ing is inaccessible.

61



Chapter 3. Detection and Imaging Systems for Ions, Electrons and Photons

Table 3.4: Comparison between two selected CMOS imagers with timing capabil-
ities, the Timepiz and the NA62 chips.

Feature Timepix NAG62 chip
Technology 0.25 pm CMOS 0.13 pm CMOS
Counting modes Event counting, Time-over-threshold,
time-of-flight, event counting (by
time-over-threshold. counting TOT events),
time-of-flight.
Pixel size [pmX pm] 5555 300x300
Pixel array 256 x 256 45x%40
Pixels/chip 65,536 1,800
Chip tiling [n=0,1,2,...] 2x2n 2x5
Typical sensor materials Si Si
Sensor sensitive thickness 300 pm 200 pm
ENC? [electrons] 100-113 130-185
Power dissipation/pixel 15 uW 1.8 mW
Maximum number of 30-50 ~73 khits/s per pixel
frames/second
Dead time/readout time 300 ps/10 ms®* Per 5 pixels: 10 ns
Counter depth 13 bits Infinite.”®
ASIC binning time, i.e. 10 ns 100 ps
time resolution
Charge sharing between Yes. Yes.
multiple pixels
Online correction Bad pixel map. No.
mechanisms
Field of view selection No. Yes, by masking a pixel
it is taken off the data
path and the data
bandwidth is increased.

23The ENC for chips with/without sensor is different (see . The numbers stated in the
table give an indication of the ENC.

24For a 100 MHz readout clock, the chip can be readout serially (all 32 CMOS lines in series)
in 10 ms. When reading out the CMOS lines in parallel, the readout takes 300 pus.

25The basic time bin is 100 ps. The dynamic range extends to 6.4 us. However, the chip is
certainly readout within these 6.4 pus. The readout electronics board keeps track of how many

times 6.4 us are “filled” by events. In this mode of operation, there is no dead time and the
counter depth is infinite.
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3.5 The Medipix/Timepix Detector Family

3.5.1 Chips of the Medipix/Timepix Detector Family

The Medipix detector family is developed within the Medipix collaboration hosted
by CERN [93]. Currently, the Medipiz collaboration consists of about 20 collab-
orating institutes from all over the globe that work together on the development
of the Medipix chips, readout interfaces and software packages for various ap-
plications ranging from high energy particle physics to medical X-ray imaging
[186]. The chips of the Medipix detector family in combination with a detection
medium -often a semiconductor like silicon bump-bonded on top- belong to a
new class of hybrid pixel detectors. There are two distinct types of chips within
the Medipix detector family: the Medipix single photon counting chips and the
Timepix chips, which in addition to the single photon counting capabilities can
also be set to measure the time-of-arrival of an event with respect to an external
reference signal or to determine the amount of charge deposited per pixel. Thus-
far, three generations of Medipix chips and one generation of the Timepix chip
have been developed. Developments of new (variants of the) chips are ongoing.
In MSI and atomic and molecular physics research, so far chips of the Medipix
2 [84HRE6] generation, i.e. the Medipix 2 and the Timepix chips, have been used.
Table compares all chips of the Medipix/Timepix detector family.

Medipix 1

The Medipix chip (or PCC, photon counting chip) [192] was originally designed
for counting X-ray photons, without noise or dark current, at high particle fluxes
(several gigaphotons/cm?/s). The Medipix 1 chip consists of 64x64 pixels with
a pixel size of 170x170 um?. Each of the identical pixels has a preamplifier, a
discriminator and a 15-bit counter. The chip was bump-bonded to silicon (Si) and
gallium-arsenide sensors (GaAs) for direct photon conversion and hence minimum
image blurring.

Medipix 2

The Medipix 2 [84], [85] detector is the successor of the earlier Medipix 1 chip.
The dimensions of a single Medipix chip are 1.4x1.6 cm? and the pixel matrix
contains 256 x256 pixels of 55x55 um? each. The chips are three-side buttable
so that chip arrays of 2x2n chips (n=1,2,...) can be tiled without dead space
between the chips.

The Medipix 2 chips are typically combined with a semiconductor detection
medium bump-bonded on top. Semiconductor materials are silicon, gallium-
arsenide, cadmium telluride, cadmium-zinc-telluride or germanium depending on
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the application of the detection system (section . Alternatively, a metal
grid on insulating pillars can be suspended above the chip [193], a so-called mi-
cromegas [I94]. The space between the ASIC and the grid is filled with an
interaction gas, in which charge amplification occurs due to an electric field bias
voltage. These systems are typically used as time-projection-chambers and will
not be treated in further detail here.

Typically, a 300 pm silicon sensor (lightly n-doped high-resistivity silicon with
a p-type implant in every pixel) is bump-bonded on top of a Medipix chip. On
the entrance side, the sensor layer is coated with an aluminum layer of about 150
nm. Through this Ohmic contact, the sensor material is biased by applying a
voltage of about 100 V across the sensor. An electron or a hole current can be
collected by the pixels. In silicon, every 3.6 eV of deposited energy creates one
electron-hole pair. Hence, the amount of charges generated in the sensor material
is directly proportional to the energy deposited by the impinging particle. With
such a sensor layer, photons and electrons can efficiently be detected provided
that the photon or electron kinetic energy exceeds the detection threshold of
about 4-5 keV.

When used for X-ray and electron detection, the detection medium converts in-
cident particles into electron-hole pairs, which induce a current in the charge-
sensitive amplifier of the CMOS (complementary metal-oxide-semiconductor)
readout chip. Ions will usually not be accelerated to sufficient energies to pene-
trate into the sensor layer. However, ions can be detected indirectly by placement
of an MCP in front of the detector [73, [04]. The Medipix detector then registers
the electron shower produced by each ion impact on the MCP. The particle count-
ing properties consist of the ability to count events that generate a number of
electron-hole pairs within a user-defined threshold/energy window. Each individ-
ual pixel comprises an analog and a digital part. The analog input stage consists
of a preamplifier and two identical pulse height discriminators. These discrim-
inators generate a digital pulse if the output of the preamplifier falls within a
pre-defined energy window. These digital pulses increment a 13-bit pseudo ran-
dom counter. A pseudo-random counter is a linear feedback shift register. In
this type of shift register, each successive register value is generated by a feed-
back loop from the previous register value. Since all successive register values are
predictable and known, these registers can be used as counters. Every register
reading encodes a counter value. The shift register values can be converted into
ordinary, decimal counter values via a look-up table. Pseudo-random counters
are set up such that the combination of binary values in the register is always
composed of roughly the same number of ones and zeros. This prevents rapid
voltage changes when the counter value is incremented, which is desirable for
densely packed electronic circuits like the Timepix chip. Other advantages are
that pseudo-random counters are fast counters and that they can be implemented
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in hardware.

The threshold energies that are chosen for the discriminator levels lie just above
the noise levels of the pixels. Therefore, electronics noise free measurements are
possible. Three additional adjustment bits can be used to equalize the pixel-to-
pixel response over the full pixel array.

Equivalent noise charge. For both Medipix 2 and Timepix chips, the mini-
mum detectable charge per pixel is given by the pixel’s noise, i.e. by the “equiv-
alent noise charge (ENC)” [195]. By convention, the minimum charge required
to trigger an above-pixel-noise signal is set to 6-ENC. The ENC per pixel was
determined to be 100 electrons for a bare chip and 113 electrons for a chip bump-
bonded to a 300 um silicon sensor layer. Thus, the minimum detectable charge is
approximately 600 electrons for a bare chip pixel and approximately 678 electrons
for a chip pixel with a 300 pum silicon sensor layer. The overall chip minimum
detectable charge is estimated by adding the pixel-to-pixel mismatch. Typically,
a Timepix chip shows a pixel-to-pixel threshold mismatch of about 35 electrons
if properly threshold equalized (i.e. if the response of the pixels is homoge-
nized) and a pixel-to-pixel threshold mismatch of about 250 electrons if it is not
equalized. Therefore, a bare Timepix chip has a minimum detectable charge of
6-1/(1002 4 352)=635 electrons for an equalized chip and 1,616 electrons for a
non-equalized chip, respectively. A Timepix chip with a 300 pum silicon sensor
layer has a minimum detectable charge of 710 electrons for an equalized chip and
1,646 electrons for a non-equalized chip, respectively. Importantly, these num-
bers of electrons can easily be achieved in the electron showers that results from
the impact of an ion on a chevron MCP detector (even at sub-saturation MCP
gains).

Timepix

The Timepix chip [86] is derived from the Medipix 2 chip design. Figure dis-
plays a microscope image of a bare Timepix chip. The dimensions and geometry
of the chip are identical to its predecessor but the functionality on the pixel level
is different.

Each pixel can be individually selected to operate in one of three modes.

1. The event counting mode: Each pixel counts the number of events. This
mode is particularly interesting for integrated image detection.

2. The time-of-flight (TOF) mode: The occurrence time of an event is mea-
sured with respect to an external trigger/shutter signal (Figure . The
chip returns the localization of the event via the pixel address (x- and y-
coordinate) and the corresponding TOF. In MSI and VMI, this mode can
both be used for selected image detection and spectral image detection.

65



Chapter 3. Detection and Imaging Systems for Ions, Electrons and Photons

3. The time-over-threshold (TOT) mode: The time is measured during which
the charge resulting from the event exceeds the detection threshold level
(Figure 3.8). The chip returns the localization of the event via the pixel
address (x- and y-coordinate) and the corresponding TOT, i.e. a measure
for the charge deposited on the pixel. Ultra-high resolution images can be
generated with this mode [94]. If an event covers multiple pixel elements,
the TOT information of the event distribution reflects the charge distribu-
tion throughout the event. Using this intensity information, the centroid
of the event distribution can be computed using a centroiding algorithm.

The maximum measurement time in TOF and TOT mode is determined by the
pixel counter depth times the measurement clock speed. The Timepix pixel
counter is a 13-bit pseudo-random counter. The maximum counter value of the
Timepix chip is 11,810, i.e. 11,810 is the pixel overflow value. This overflow value
represents the number of possible pseudo-random counter values for the Timepix
chip. Therefore, at the maximum clock speed of 100 MHz (i.e. 10 ns clock cy-
cles), a maximum measurement interval of 118,10-10 ns=118.1 us is available.
Each individual pixel in the chip can be programmed to operate in one of the
three modes. Hence, it is possible to use the chip in “checkerboard” mode (or
any other desired pattern) where half of the pixels are programmed to operate
in the TOF mode and the other half in the TOT mode. If events cover multiple
pixels, such an arrangement enables the measurement of the TOF of the event
and the high-resolution position determination via a centroid calculation (if the
overlap between multiple events on the detector is limited).

In MSI and VMI so far, chips without a sensor layer, so-called bare chips, were
used to improve the response to electron showers through reduced in-sensor elec-
tron diffusion, i.e. by reducing the charge sharing between neighboring pixels
[196-199].

Medipix 3

The Medipix 3 chip [I85] is a single photon counting chip that takes the same
geometry as the Medipix 2 chip. However, the inter-pixel architecture is funda-
mentally changed in order to reduce the effect of charge sharing between multiple
detector pixels. Charge summing between groups of 2x2 pixels has been intro-
duced. Within such a cluster of pixels, the information obtained by individual
pixels is combined to reconstruct the total charge which is then assigned to the
pixel with the largest charge. In this way, the 55 pm spatial resolution is main-
tained, while the spectral distortion due to charge diffusion in the sensor layer is
reduced.

The Medipix 3 chip can be operated in several configurations.
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Figure 3.7: Schematic representation of the working mechanism
of the TOF mode. The TOF of an event is measured with respect
to an external shutter. When an above-threshold signal is induced
in the pixel, the pizel counter counts clock cycles until the end of
the external shutter interval. The TOF can then be determined
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Figure 3.8: Schematic representation of the working mechanism of
the TOT mode. The TOT of an event is measured by counting the
number of clock cycles during which the pixel is over the threshold.
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Fine pitch mode versus spectroscopic mode: In the fine pitch mode, every pixel of
the chip is connected to a sensor element of the same pitch (55 pum) as typically
done for the Medipix 2 chip. In the spectroscopic mode, only one pixel per cluster
of 2x2 pixels is connected to a sensor pixel of 110 pum pitch. As every 55 um
pixel has two discriminators and two counters, the resulting 110 um pixel can
use up to eight thresholds and counters.

Single pizel or charge summing mode: As in the current Medipix 2 chip, each
pixel works as an individual photon counting element independent of its neighbor
pixels in the single pixel mode. Charge summing between groups of 2x2 pixels
has been introduced. Within such a cluster of pixels, the information obtained
by individual pixels is combined to reconstruct the total charge which is then
assigned to the pixel with the largest charge. In this way, the 55 pm spatial res-
olution is maintained, while the spectral distortion due to charge sharing in the
sensor layer is eliminated. Charge summing can be used both in the fine pitch
and in the spectroscopic mode.

High gain mode versus low gain mode: The pixels can be run at high or at
low gain.

Data acquisition and readout sequentially or continuously: In the sequential ac-
quisition mode, two threshold levels and both of the pixel’s 12-bit counters can
be used, i.e. a 24-bit counter depth. Readout occurs after each acquisition and
results in a dead time. In the continuous acquisition mode, only one threshold
level and one 12-bit counter is available for the measurement, while the other one
is readout. There is no dead time due to readout in the continuous acquisition
mode.

The Medipix 3 is particularly interesting for integrated image detection. In the
spectroscopic mode, the eight thresholds and counters will enable colour X-ray
imaging, for instance. In addition, the charge summing mode can provide higher
resolution images by counter acting the “charge sharing” effect between neigh-
boring pixels.
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Future Medipix/Timepix Chips

At this point, the collaboration has decided to add two new ASICs to the Medipix
detector family, the Timepix 3 and the SmallPix 3 chips. The design specifications
for both chips have not been finalized at the point of writing this thesis and may
be subject to changes. Planned design features that are particularly interesting to
the field of mass spectrometry (imaging) and fundamental atomic and molecular
physics research are highlighted.

The Timepix 3 chip will probably have the same dimensions as the Medipix
2/Timepix chip. Major differences between the Timepix and the Timepix 3 chips
are that the Timepix 3 chip will acquire both the time-of-arrival and the time-
over-threshold in two separate registers in each pixel. In addition, the Timepix
3 will have a so-called “data-push” readout, i.e. pixel readout occurs on an
event-by-event basis rather than reading out the entire pixel matrix at the end
of the measurement interval. The pixels that are being readout are dead and
cannot accommodate any new events during readout. However, the rest of the
pixel matrix can still acquire data. Therefore, the data-push readout removes
an overall dead time due to reading out the entire pixel matrix at the end of
a measurement interval. The time measurements of the Timepix 3 will have a
higher timing resolution than the current Timepix chip.

As the name “SmallPix 3”suggests this chip will deviate from the 55 pum pixel
pitch of the Medipix 2/Timepix chips. By designing this ASIC in 0.60 gm or 0.130
pm CMOS design, the pixel pitch could be smaller while preserving (or possibly
increasing) the on-pixel functionality of the Timepix ASIC. An obvious advantage
of a smaller pixel pitch is an increase in spatial resolution. However, through the
implementation of super-pixels also applications for which the current 55 pm
pixel pitch suffices benefit from a smaller pixel pitch. Similar to the Medipix 3
design, those super-pixels could share registers. This results in a larger available
bit depth (and hence measurement time, for instance, in TOF mode).

3.5.2 Chips with/without a Sensor Layer
Sensors

The semiconductor layer on top of the ASIC is typically referred to as a “sen-
sor” [200] in the field of ASICs. The chips of the Medipix/Timepix detector
family are typically combined with a semiconductor3® sensor. The pixels of the
semiconductor sensor material assume the same pitch as the chip’s pixels. Each
sensor pixel is attached to an ASIC pixel by a solder bump (“bump-bonding”).
The choice of sensor material largely depends on the application of the chips.

35Materials are classified as semiconductors if their electrical resisitivity is about 103-10° Q-cm
and their band gap is a few eV.
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Silicon is commonly used as a “multi purpose”’sensor for particle detection, for
instance, in tracking applications in high energy particle physics. However, its
stopping power for photons with energies higher than of 20 keV is low. Since the
photon energies in medical radiography can be significantly higher, alternative,
high-Z sensor materials are required. Gallium-arsenide, cadmium telluride, and
cadmium-zinc-telluride are possible sensor alternatives. These room-temperature
semiconductor materials are typically used for high-energy X-ray and v-ray de-
tection. However, the production of large areas of homogenous, defect-free sensor
materials is challenging. Germanium, though requiring cooling to liquid nitro-
gen temperatures, is used for X-ray experiments at synchrotron light sources
[2011, 202).

Sensor Layer or MCP?

When used for X-ray and electron detection, the detection medium converts inci-
dent particles into electron-hole pairs, which are collected in the charge-sensitive
amplifier of the CMOS readout chip. The charge created in the sensor layer
typically spreads out over multiple pixels. This charge sharing effect blurs the
image. lons typically do not have sufficient energy to penetrate into the sensor
layer. Ions can be detected indirectly by placing a MCP in front of the detector
[73, 94]. The (bare) chip then registers the electron shower produced by each
ion impact on the MCP. The introduction of an MCP decreases the detection
efficiency due to the 70-80% fill factor of the MCP.

3.5.3 Tiling to Larger Areas

For large-area imaging applications, seamless detectors can be desirable. This
still poses a challenge. A single chip has an area of about 2 cm?. However,
many (imaging) applications require larger detector areas. Currently, the 3-side
buttable chips can be arranged in rectangular 2x2n (n=1, 2, 3, ...), full-coverage
arrays of chips. Larger detector areas can be achieved by tiling multiple 2x2
units of detector together as, for instance, suggested by the ReLAXD project
[203]. A drawback of tiling larger areas from 4-chip units is the inactive space
between detector modules. This dead space is due to the periphery of the chips
and the wire-bonds that are located on one side of the ASIC (Figure [3.10).

A step towards the reduction of dead space between chips are through silicon
vias (TSV) [204], i.e. vertical electrical connections through the silicon chip,
which replace the wire-bonds. The T'SVs enable a more compact chip periphery
and therefore, reduce the inactive space in large-area, multi-pixel arrays. Unlike
wire-bonds, the TSVs do not extend above the chip surface. Therefore, larger
semiconductor sensor layers (>2x2 chip array) can be connected to the chip
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Figure 3.10: (a) Photograph of part of a Timepixz chip. The chip periphery, wire-bond
pads and wire-bonds are displayed. (b) Microscope image of part of a Timepix chip. The
chip periphery, the on-chip wire bond pads and wire-bonds are shown.
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array. Still, the sensor size can limit the detector area depending on the semi-
conductor sensor material. The production of large-area semiconductor sensors
is still difficult. Si sensors are routinely produced up to 12 inches in diameter
(circular), GaAs up to 6 inches, CdTe up to 3 inches.

3.5.4 Readout Hardware & Software for the
Medipix/Timepix Detector Family

Control and Acquisition Software

Most users within the Medipiz collaboration control and interact with the chips
using the dedicated acquisition software “Pixelman” [205, 206] developed and
maintained by the Pospisil group (IEAP CTU Prague, Czech Republic). Pixel-
man allows to setup measurements, equalize the pixels and test the chips (digital
and analog tests, test pulses etc). In addition, the user can extend the function-
ality of Pixelman via plug-ins. There are few alternative control and readout
software packages which have specifically been developed for a particular readout
interface.

Among other file formats, the data from the chips can be saved in ASCII (Amer-
ican Standard Code for Information Interchange) format. Typically, the data is
saved sparsely, i.e. only pixels that have registered an event are listed in the out-
put data file. The data file is organized in three columns, the x- and y-coordinate
of the pixel and the number of events (Medipix mode), time-over-threshold or
the time-of-flight. Data processing software depends largely on the specific ap-
plication in which the ASICs are used.

Hardware

USB. A number of universal serial bus (USB) readout interfaces have been de-
signed by the Pospisil group. In particular, the USB 1.0 readout [207], the USB
Lite [208], the USB 2.0 Rapid Universal Interface (RUIN) and the Fast Interface
for Timepix Detectors (FITPIX) [209] readouts. Conveniently, these readout
boards directly click into the ASIC carrier and the necessary voltages are in-
ternally derived from the voltage provided by the USB connection such that no
external power supplies are needed. These compact readout interfaces are very
well suited for portable measurement setups.

MUROS2. The MUROS2 readout [2I0] represents an interface between the
Medipix 2 chip and a general-purpose commercial PCI-based acquisition card
(National Instruments, Austin, USA). The on-board FPGA transmits data be-
tween the chip(s) and the measurement PC. In addition, the board comprises a
number of registers to control the chip operation. Per chip, the CMOS data lines
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are readout in series. The MUROS?2 is designed to readout chip carriers with a
maximum of eight chips. Individual chips are readout in series (Daisy chain).

ReLAXD readout. The ReLAXD readout [203] [211] is a gigabit per second (1
Gbit/s) readout system developed within the framework of the ReLAXD project
(high Resolution Large Area X-ray Detector) (Figure . The ReLAXD mod-
ule reads out the 4 chips of a 2x2 chip array in parallel (CMOS lines in series)
and achieves frame rates of up to 120 Hz. The user interacts with the chip via the
dedicated acquisition software and graphical user interface Pixelman or the so-
called ReLAXD DAQ, dedicated readout and control software for the ReLAXD
module. The ReLAXD board needs a supply voltage of about 12 V and pro-
vides the Timepix ASICs with the required supply voltages. An on-board FPGA
(Lattice LFSC15, Lattice Semiconductor Corporation, Hillsboro, USA) controls
the signals to and from the chips. The board communicates with the measure-
ment PC via standard 1 Gbit/s Ethernet such that the hardware requirements
are a 1 Gbit/s Ethernet cable (1 Gbit/s, CAT. 5, STP) and a 1 Gbit/s Ether-
net card (Intel PRO/1000 PT Server Adapter, Intel Corporation, Santa Clara,
USA) in a measurement PC. The ReLAXD readout board and the chip carrier
are clicked together in a T-shape configuration. The measurement clock of the
Timepix is derived from a 25 MHz local oscillator and can be set between 5 MHz
and 100 MHz in steps of 5§ MHz. This results in a minimum time resolution of
200 ns and a maximum time resolution of 10 ns. An external trigger (start and
stop) can be applied to the chips via the ReLAXD board’s external trigger input.
Using the Pixelman readout software, the chips can be tested, the adjustment
and measurement parameters can be set. A maximum number of 10-30 readout
frames per second (frames/s) can be reliably achieved with Pixelman (for acqui-
sition time < readout time). Using the ReLAXD DAQ software, one can readout
about 120 frames/s. In Pixelman, the frame rate is limited by the online “de-
randomization” of the pixel counter values, while the ReLAXD DAQ reads-out
the frames untreated and the de-randomization is carried out offline. So far, the
ReLAXD DAQ is a pure readout program with limited features to configure the
chips. It is possible to prepare the chips for a measurement in Pixelman and then
use the faster ReLAXD DAQ to acquire the data.

Berkeley quad Timepix parallel readout. The Berkeley quad Timepix par-
allel readout [I73] represents a highly parallel readout system dedicated to mea-
surement setups using 2x2 Timepix ASICs. The readout system both reads-out
all four chips and all 32 CMOS signal lines from the parallel ASIC output at
the same time. A frame rate of about 1 kHz can be achieved. The Berkeley
readout consists of three subsystems. The first element of this system is the
ASIC carrier on which the four Timepix chips are mounted. The CMOS signal
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Figure 8.11: ReLAXD readout board top and bottom side.

of two chips is readout from the ASIC carrier by the second subsystem, i.e. two
interface boards. On these two interface boards, a field programmable gate array
(FPGA) converts the digital data from the ASIC into LVDS (low-voltage dif-
ferential signaling) logic levels. In this format, the data flows to the third part
of the system, in particular to the ROACH (Reconfigurable Open Architecture
Computing Hardware) board. The ROACH board is a standalone FPGA-based
processing board on which events are extracted from the data stream and passed
on to the measurement PC via a 10 Gbit/s Ethernet connection. It should be
noted that saving the entire pixel matrix poses a challenge at such high frame
rates, which limits the applicability to high count rate experiments.

More readout systems. Within the collaboration, several readout interfaces
have been developed to target specific applications. Among others, there is the
“Parallel Readout Image Acquisition for Medipix” (PRIAM) [212] system for
reading out the Medipix 2 chip at kilohertz frame rates. The “Dear-Mama Ac-
quisition System” (DEMAS) [213] reads-out the Medipix 2 chip at 500 Hz and
is capable of both data transfer modes, i.e. chip readout via the serial LVDS
lines and chip readout via the 32-bit CMOS parallel bus. Another gigabit Ether-
net readout system was developed for use in the “Medipix All Resolution System
Computed Tomography” (MARS-CT) scanner. A “Speady PIxel DEtector Read-
out” (SPIDER) for 1 kHz operation is under development.

3.6 Alternative Imaging Detectors

We realize that in the past couple of years, a number of alternative (ion) imaging
detectors have been put into operation, few of which are highlighted below.
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3.6.1 IonCCD

The ionCCD (OI Analytical, Pelham, USA) is a modified CCD array detector
for direct charged particle imaging. In particular, the semiconductor part of the
CCD (in which the electron-hole pair current is generated upon photon impact)
is replaced by a conductive layer of TiN. The conductor collects charge from the
impinging ions by charge neutralization. The ionCCD consists of 2,126 pixels.
Each pixel has dimensions of 21x1.5 um?. There is a 3 um gap between individual
pixels. The fill factor of the ionCCD is 87.5%. Hadjar and co-workers have
successfully tested the ionCCD for electrons and (biomolecular) ions [214] 215].
They report that the ionCCD’s detection efficiency does not depend on the ion
energy, flux and angle of incidence. However, the detection efficiency is directly
dependent on the charge state of the incident ion. The quantum efficiency of
the chip is about 25-33%. The authors establish the ionCCD as a robust, high
potential electron and ion analyzer, which could also be employed as a pixelated
readout anode for MCP-based detection systems.

3.6.2 Single Photon Avalanche Photodiode (SPAD)

Similar to the work of Charbon [I88HI90], Wilman and co-workers have imple-
mented a commercial photon-counting silicon detector (Hamamatsu multi-pixel
photon counting (MPPC) sensor, Hamamatsu, Japan) in combination with a
scintillator for TOF-MS [216]. The ion impinges on the scintillator and causes
the photon emission. The photons are registered by the silicon sensor of the
SPAD. The active area of this sensor is 1 mm? and the pixel pitch is 25 pm.
While the time resolution of the MPPC is on the order of 200-300 ps, the achiev-
able time resolution (and hence mass resolution) is limited by the 40 ns decay
time of the scintillator. The authors suggest that an improved version of the
scintillator-SPAD detector system could provide a valuable alternative to MCP-
based detection systems. Improvements should include a shorter decay time
scintillator for more competitive time/mass resolution measurements and larger
area detectors (possibly in the form of SPAD arrays).

3.7 Conclusions

The detector technology for ions, electrons and photons has greatly advanced over
the past decades. Depending on the specific application, several fundamentally
different detection mechanisms for ions, electrons and photons have successfully
been put into operation. Many novel detector concepts for integrated image de-
tection, selected image detection or spectral image detection have been proposed
and are on their way to routine operation. The choice of a specific detection
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mode and corresponding detector system is largely application-dependent. How-
ever, most modern experiments demand high-performance, robust technology,
which delivers precise particle detection. The developments of the past years
-hybrid active pixel detectors, single photon avalanche photodiodes and the ion-
CCD among others- are highly exciting pieces of technology. In particular, the
Medipix/Timepix active pixel detector family has a high potential for high res-
olution, time-resolved imaging applications in MS(I), fundamental atomic and
molecular physics research and beyond. These detection systems provide unique
analytical capabilities and operational attributes, which conveniently complement
the existing particle detection toolbox.
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Fast, High Resolution Mass
Spectrometry Imaging Using a
Medipix Pixelated Detector

In mass spectrometry imaging, spatial resolution is pushed to its limits
with the use of ion microscope mass spectrometric imaging systems.
An ion microscope magnifies and then projects the original spatial
distribution of ions from a sample surface onto a position-sensitive
detector, while retaining time-of-flight mass separation capabilities.
Here, a new type of position-sensitive detector based on a chevron
microchannel plate stack in combination with a 512x 512 complemen-
tary metal-oxide-semiconductor based pizel detector is coupled to an
ion microscope. A spatial resolving power better than 6 pm is demon-
strated by secondary ion mass spectrometry and 8-10 pum spatial re-
solving power is achieved with laser desorption/ionization. A detailed
evaluation of key performance criteria such as spatial resolution, ac-
quisition speed and data handling is presented.

4.1 Introduction

Mass spectrometry imaging (MSI) [3, 36, 217] measurements allow the visual-
ization of the spatial structure and identification of the molecular masses from
complex surfaces. High spatial resolution is accomplished with ion microscope
mass spectrometers, where ions are extracted from the sample surface and pro-
jected onto a position-sensitive detector. A spatial resolution better than 4 pm
has been reported using UV /IR laser surface probes in matrix-assisted laser des-
orption/ionization (MALDI) [6l [65HGS]. A pulsed primary ion beam as a surface
probe can achieve higher spatial resolving powers (1 pm) [63,[64]. The spatial res-
olution can be further improved by using a more focused primary ion/laser desorp-
tion/ionization surface probe. However, fragmentation of the surface molecules
and long measurement times are undesired side effects of decreasing the surface
probe area. For instance, at a 2x2 um? pixel size (4 um lateral resolution) and a
sample size of 1x1 mm?, a typical measurement comprises 250,000 measurement
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points and can last several hours.

An alternate approach to increase the spatial resolution is the use of microscope
mode MSI. In the microscope mode, surface molecules are desorbed and ionized
over a large sample area, typically 200-300 ym in diameter. An ion microscope
employs ion optics to project the ionized surface compounds onto a position-
sensitive detector while magnifying the image and retaining the spatial informa-
tion defined by the sample surface. With a field of view of 200x200 um? and
a sample size of 1x1 mm?, a microscope mode imaging experiment involves 25
measurement points and retains the 4 pm lateral resolution given the correspond-
ing ion optical magnification factor and position-sensitive detection system. The
ion optical magnification allows high resolution images to be obtained indepen-
dent of the ionization source. Microscope mode MSI enables fast, high resolution
large-area imaging provided that an adequate, i.e. fast and position-sensitive,
detector is used to record high quality molecular images [6].

Position-sensitive detectors most commonly used for microscope mode MSI are
combinations of microchannel plates (MCP), a phosphor screen and a charge-
coupled device (CCD) camera [6]. In such an approach, an incident ion is con-
verted into an electron shower by the MCP. The phosphor screen converts the elec-
tron shower into photons whose spatial distribution is detected by a CCD camera
in the form of an electrical signal/digitized image. MCP, phosphor screen, CCD
camera detectors are a reliable and well-established imaging technology. How-
ever, the luminescence decay time of the phosphor screen (decay of the intensity
from 90% to 10%) amounts to typically hundreds of ns to a few ms. This is slow
compared to the obtainable MCP time resolution (138 ps in the AMOLF setup,
time-to-digital converter limited). The time resolution required to resolve differ-
ent m/z species on the basis of their time-of-flight towards the detector (~15 ns
between m/z 1,000 and 1,001, in the AMOLF setup). Therefore, mass-resolved
imaging is only possible with an MCP-phosphor screen combination if prior mass-
selection in the ion optics has taken place, or if the MCP is gated at a selected
arrival time. Both acquisition modes allow only one mass to be recorded at the
same time.

Recently, an MCP stack combined with a delay-line detector has been imple-
mented in combination with a Cgp primary ion beam for secondary ion mass
spectrometry (SIMS) on an ion microscope for high spatial resolution MSI [72] [77].
The spatial resolving power measured with this setup was 4 pm. However, sub-
stantial signal processing is required to convert the timing signal for every hit
on the delay-lines into position information. Subsequently, the image has to
be reconstructed, which makes the data collection slow. Furthermore, two-layer
delay-line detectors cannot support large count rates or and do not have multi-hit
capabilities for ions hitting the same spot on the detector. While the development
of three-layer delay-line detectors enables the unambiguous detection of two si-
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multaneously arriving particles and the detection of particle showers [80], it does
not lift above mentioned limitations inherent to this approach.

Complementary metal-oxide-semiconductor (CMOS) pixel detectors can solve a
number of the shortcomings of the present-day imaging detectors for ion mi-
croscope MSI and can advance this field of research. Pixel detectors contain
thousands of individual channels that can be exploited for parallel detection and
are capable of fast measurements. Pixel detectors accommodate large count rates
and provide multi-hit capabilities, while the recorded image is the real image and
no image reconstruction is needed. Pixel detectors have previously been used for
the detection of ions in combination with gas electron multipliers [2T8] 219]. In
combination with an MCP stack, pixel detectors are capable of high-resolution,
position-sensitive imaging of ions. They represent a compact, robust and cheap
alternative to presently used microscope mode MSI detectors.

Possible future advances based on CMOS pixel detectors are the ease of data
acquisition and data processing (direct image acquisition), the high spatial reso-
lution (possibly enhanced by centroiding algorithms), the single-particle counting
mode (noise-free particle counting as opposed to charge integration in CCD-based
detectors) and the capability of some detector generations to take time-resolved
images. In perspective of these attractive CMOS detector features, we describe
the in-vacuum implementation and capabilities of a novel type of charged-particle
detector -a chevron MCP stack in combination with a Medipix 2 imaging read-
out chip [84] [85]- for microscope mode MSI. Spatial resolution and data handling
are key criteria in distinguishing the new detector from approved technologies.
Here, standards on transmission electron microscopy (TEM) grids (low mass ions,
m/2=358) are imaged by secondary ion mass spectrometry (SIMS) and laser
desorption/ionization (LDI) to characterize the MCP/Medipix 2 combination for
high spatial resolving power ion microscope MSI.

4.2 Experimental

4.2.1 The Medipix Detector Family

In this chapter, a detection system based on a Medipix 2 chip [84] [85] is em-
ployed. A detailed description of the Medipix/Timepix chips is given in Chapter
3. Attractive features of the Medipix chips for mass spectrometry applications
are (1) a mass dependence determined only by the MCP that is placed in front
of the detector, (2) digitization of the incident signals by means of integrated
counting circuitry and (3) a wide dynamic range (13-bit counter per independent
pixel). The Medipix detector provides essentially noise-free measurements, since
the energy threshold level can be set well above the noise level of the pixels. Addi-
tionally, the response of all pixels can be equalized by three software-controllable
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adjustment bits. The Medipix acquisition software, Pixelman (Pixelman soft-
ware, version 2008/03/30, [205, 206] ), controls parameters such as the acquisition
time (from fractions of seconds to hours), the acquisition type (individual frames
or data accumulation on the chip) and the file type (text, ASCII file, binary file).
A data file typically contains a matrix indicating the number of counts registered
per individual pixel.

After an acquisition period, the serial chip readout may last from several ms to
several seconds depending on the size of the chip array (1x1 or 2x2n, n=1, 2, ...)
and the readout interface. Different readout interfaces are available for accessing
the data generated on the chip [203] 207, 210] (see Chapter 3 for a detailed de-
scription of the available readout interfaces). Here, a 2x2 Medipix 2 detector is
combined with a universal serial bus (USB) readout interface [207]. This inter-
face board is compact (75x46 mm?) and can directly be coupled to the Medipix
printed-circuit board (PCB) without intermediate cabling. The readout speed is
6 Mbit /s, which yields a readout time for the entire chip of hundreds of ms. Dur-
ing chip readout the pixels cannot accommodate new counts, resulting in a dead
time equivalent to the readout time of the chips. The effect of this readout/dead
time can be minimized by measuring multiple frames, accumulating the images
on the chip prior to readout and readout only after a given amount of frames has
been measured.

4.2.2 Instrumentation

In the implementation on the AMOLF ion microscope, the 2x2 chip Medipix 2
detector (with a 300 um silicon sensor layer) is suspended 2.5 mm behind a ¢=4
cm chevron micro-channel plate (MCP). The pores of the MCP have a diameter
of 12 pym on a 15 pum center-to-center spacing. The MCP front- and backsides
are biased on voltages of -2.1 kV and -0.6 kV, respectively. This corresponds
to an MCP gain of 8:10°. These settings result in optimal electron shower sizes
on the Medipix 2 detector with the corresponding optimal spatial resolution.
The MCP /Medipix 2 detector ensemble -including the USB readout interface- is
mounted in a vacuum chamber.

The Medipix detector readout electronics out-gasses and is not designed for
high-vacuum compatibility. Therefore, the detector is operated in a differential
pumping geometry (Figure7 where the vacuum chamber is constructed in such
a way that the MCP represents the conduction limit between the mass spectrom-
eter vacuum system (P=1.3-10"% mbar) and the vacuum chamber that houses the
detector and its associated electronics (P=1.3-10~7 mbar). A bypass between the
mass spectrometer vacuum chamber and the detector vacuum chamber protects
the MCP from pressure differences during pumping. The power dissipation of
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Figure 4.1: (a) Picture of the detector during assembly. The chevron MCP stack (I) is
mounted onto the vacuum flange. The Medipixz 2 detector is mounted on its aluminum
heat sink at a distance of 2.5 mm from the MCP. The Medipiz 2 chips face towards
the MCP (down in the picture). The USB readout interface (II) is connected to the
printed-circuit board (III). The copper strand is part of the active cooling system (IV);
it is clamped to the Medipiz heat sink and fed out of the vacuum to the active Peltier
element cooling system. The hole in the Medipiz heat sink (V) enables the installation
of a PT-100 temperature probe, which indicates the heat sink temperature close to the
point where the Medipiz 2 chip is supported. The black arrow indicates the direction
of incident ions arriving from the mass spectrometer on the imaging detector. (b) The
differential pumping scheme of the setup. The detector chamber contains the detector
and its electronics, which out-gas. The MCP separates the spectrometer and detector
vacuum. A bypass between the two chambers protects the MCP from critical pressure
gradients during pumping.
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the detector and readout electronics (estimated 5 W) requires active cooling and
temperature monitoring of the chips in the vacuum. For example, without cooling
the detector reaches temperatures above 140 °C within 45 minutes of in-vacuum
operation, which is fatal to the detection system and indicates the need for an
active cooling system. Therefore, the chips’ aluminum heat sink is connected to
a ¢=2 cm copper wire which is fed to a cooling platform outside the vacuum
chamber and cooled by Peltier elements. The temperature of the heat sink is
monitored by means of a PT-100 temperature probe. Thus, the chips’ heat sink
temperature can be maintained between 15 °C and 45 °C.

The MCP/Medipix 2 detector system is mounted on a time-of-flight (TOF) ion
microscope mass spectrometer (TRIple Focusing Time-of-flight (TRIFT), Physi-
cal Electronics, Inc., Chanhassen, USA). The TRIFT mass spectrometer typically
delivers an ion optical magnification of a factor of 100x (dependent on the ion
optics). Thus, a 55x55 um? pixel actually probes an area of 550x550 nm? on
the sample surface. However, spatial resolving powers of this order of magnitude
are inaccessible with the current setup due to ion optical aberrations [87]. A
schematic representation of the setup elements is displayed in Figure and a
detailed description of mass spectrometric ion microscopes is covered in detail
elsewhere [6].

4.2.3 Experimental Conditions

The system was tested with SIMS and LDI. A Cs* ion gun with a beam diameter
of 270-300 pm was used for SIMS and a Nd:YAG laser (operated at the third
harmonic; Bright Solutions, Wedge, Model 355, Cura Carpignano, Italy) at a
repetition rate of 187 Hz and a beam diameter of 150-180 pum was used for LDI.
The mass range is 200<m,/z<1850.

After desorption and ionization from the sample surface, ions traverse the ion-
optics and strike the MCP while retaining their original spatial distribution. The
time-of-flight of the ion is related to the m/z value, and thus single masses can
be selected (based on their time-of-flight) by the electrostatic blanker in front
of the MCP (Figure . This approach has been described in detail elsewhere
[6]. Wincadence software (Version 4.4.0.17, ULVAC-PHI, Inc., 2008) is used for
instrument control.

4.2.4 Samples

Nickel/copper transmission electron microscope (TEM) grids (Agar Scientific,
Stanstead, United Kingdom) were used to characterize the performance of the
Medipix 2 detector on the ion microscope. The TEM grids are hexagonal with
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Figure 4.2: (top) Schematic representation of the setup elements such as the sample,
surface probe, ion microscope, electrostatic blanker, MCP and Medipiz 2 detector. The
surface probe desorbs and ionizes the sample surface. The ionized surface particles
are electrostatically extracted and guided through the mass spectrometer by the ion op-
tics. Particular m/z species can be selected from the full-ion load with the electrostatic
blanker. The (mass-selected) ion load is detected by the chevron MCP stack and Medipiz
2 detector. (bottom) Potential diagram of the experimental setup.

pitches of 37 pum and bar widths of 8 um. The grids are glued (silver paint,
Agar G302, Agar Scientific, Stanstead, United Kingdom) on top of a layer of
green organic dye (green permanent marker, Staedler Lumocolour 318-5, Niirn-
berg, Germany) deposited on an indium tin oxide (ITO)-coated glass slide. The
inset of Figure shows an optical image of a hexagonal TEM grid used in the
experiments.

85



Chapter 4. Mass Spectrometry Imaging Using a Medipix Pixelated Detector

4.3 Results and Discussion

4.3.1 SIMS and LDI Images

Figure [£:3p displays a total ion image of a hexagonal grid sample generated by
positive mode SIMS using the Cs™ surface ionization probe. The field of view
is 260 pm and the ion optical magnification is 85x. This image is obtained by
on-chip integration of ~100 acquisitions of 0.5 s each. The chip measures 100
acquisition frames of 0.5 s each. The data of those frames is meanwhile accumu-
lated on the chip under control of the acquisition software. After 100 frames are
acquired, the integrated image is read out. Alternatively, one could measure 100
individual frames of 0.5 s, read out every frame after its acquisition and build the
image by offline integration of the frames. However, this results in substantial
readout and thus dead time. The online image builder of the acquisition soft-
ware updates the image after each acquired frame. In these measurements, the
hexagonal grid structure is clearly resolved by the detector. The image quality
does not improve for longer acquisition periods. Typical intensity values of the
integrated images range between 200 and 2,600 counts per pixel such that the bit
depth of 2'3 is not limiting the image acquisition method.

Several characteristic artifacts can be observed in Figure The cross indi-
cates where the four individual chips of the detector are connected and consists of
three times larger area edge pixels. Therefore, these pixels display higher count
intensities and can be observed in the image. This artifact is inherent to the de-
tector geometry and well-defined such that it can be corrected for. There are less
signal counts registered in the center of the detector due to a depleted area at the
center of the MCP. The image of the grid is slightly distorted due to ion optical
distortions which occur especially at a large field of view. An intensity gradient
is apparent throughout the image and might be related to sample deterioration.
Possibly the intensity gradient is due to a temperature gradient across the chips.
The copper cooling wire is attached to one side of the chip heat sink and this side
is cooled more efficiently than the opposite side which results in a temperature
gradient across the heat sink and chips.

Figure shows part (140x140 pixels) of an MSI image of the hexagonal grid
sample, which was generated by the laser surface probe (LDI). Here, the hexago-
nal grid was placed over an organic dye deposited on a glass slide. The mass of the
organic dye (m/2=358) was selected by the electrostatic blanker (310<m/2<410)
and shows a strong signal in the “holes” of the hexagonal grid. The field of view
is 130 pm and the ion optical magnification is 42x. The hexagonal grid struc-
ture only covers about one quadrant of the detector surface. Therefore, part of
the full detector image -showing the full field of view- is displayed. The small
field of view is most likely due to a non-optimized alignment of the laser beam.
The image is generated by on-chip integration of ~50 acquisitions of 0.5 s each
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Figure 4.3: Images as generated with the ton microscope (a) in SIMS mode and (b) in
LDI mode, acquired at the same Medipiz 2 threshold levels. Figure [[.3a displays the
Jull m/z range (200-1850) obtained by on-chip integration of ~100 acquisitions of 0.5 s
each. The copper peak is the dominant feature in this experiment. The full 512x 512-
pizel image is displayed. Figure shows the mass-selected organic dye (m/z=358)
image which displays a strong signal in the “holes”of the grid. The image is obtained
by on-chip integration of ~50 acquisitions of 0.5 s each. The inset in (a) displays an
optical tmage of a TEM grid.
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Figure 4.4: (a) Evaluation of the resolving power the MSI image of Figure (inset).
The red line indicates the data over which the resolving power is evaluated. The graph
shows a line scan of the intensity per pizel in arbitrary units as a function of the distance

on the grid in microns. The graph reveals a resolving power of about 5 um. (b) Idem
for the LDI image of Figure [{.3b.
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(one frame of 0.5 s corresponds to 93 or 94 laser shots since ion generation and
detection are not synchronized). The LDI image uses a large surface probe (laser
spot size ~150-180 pm) compared to the spatial resolution obtained in the im-
age. The spatial resolving power in this image (see below) is about two orders of
magnitude better than the surface probe spot size.

Figure and demonstrate the ability of “complementary” ion detection
with this novel detector approach. The figures show complementary images of
the metal grid and the organic dye (“holes”) obtained in positive mode SIMS and
LDI surface ionization mode, respectively.

4.3.2 Spatial Resolving Power

The spatial resolving power [3, [72], i.e. the sharpness sample feature edges, is
typically calculated instead of the resolution in terms of pixel size (55x55 ym?)
and ion optical magnification (approximately a factor of 85x in SIMS and a
factor of 42x in LDI) resulting in one pixel probing 650x650 nm? (SIMS) and
1.31x1.31 um?(LDI) on the sample surface, respectively. The spatial resolving
power has been previously defined as the distance between 80% to 20% intensity
of a feature within the image [3] [72]. Testing our images against this criterion
of resolving power is realized by making a line scan through the image intensity
(Figure , which yields the pixel-to-pixel intensity properties.

The spatial resolving power of the images shown in Figures [I.3p and [£:3p is eval-
uated in Figure and . A line scan (red line in the inset of Figure
and white line in the inset of Figure |4.4p) is drawn through features of the image
(several hexagonal cells of the grid). Figure displays the signal intensity
throughout the sample features (in arbitrary units) versus the spatial distance
on the sample (in pm) for the SIMS measurement. The horizontal green and red
lines indicate the 20%- and 80%-level of the image features. The spatial resolving
power of this measurement is about 5 pm (for the high intensity part of the im-
age) at an ion optical magnification of a factor of 85x. A similar analysis of the
LDI image (Figure [£.4b) reveals a spatial resolving power of about 8-10 pm (for
the high intensity part of the image) at an ion optical magnification of a factor
of 42x. The resolution of LDI and SIMS scale with the inverse of the ion op-
tical magnification, thus the spatial resolving power obtained with this detector
assembly is independent of the surface ionization probe. Figure shows that
the detector image matches the physical dimensions of the grid well.

The on-chip integration of hundreds of individual acquisition frames limits the
resolution of the detector. Individual ion hits on the MCP are translated into an
electron shower which typically spans a circle on several pixels on the Medipix 2
detector (depending among others on the MCP gain, the distance between the
detector and MCP, the voltage across this gap and the threshold on the Medipix
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detector). Reconstruction of an image of these “smeared” electron signatures
blurs the ion image and limits the spatial resolving power. However, these “clus-
ter” event signatures can be exploited for imaging at sub-pixel spatial resolution
by means of centroiding [220].

4.3.3 Spatial Resolving Power as a Function of the Thresh-
old Level

The dependence of the spatial resolving power on the chip detection threshold
level of the chips was studied to determine optimal operation conditions. The
total ion image of a hexagonal grid sample generated by positive mode SIMS and
the Cs™ surface ionization probe (bottom inset Figure was used to evaluate
this relationship. The field of view was 300 pym and the ion optical magnification
was 60x. The resolving power was evaluated along the red line (procedure analo-
gous to the analysis of Figure[4.4)). Figure displays the spatial resolving power
in microns versus the increasing detection threshold level in arbitrary units for
three peaks along the line scan (red, green, blue data points). The lowest thresh-
old level (number 1) was placed just above the chip intrinsic noise edge. At the
highest threshold level (number 10), the features in the figure are just not dis-
criminated away. The threshold level was systematically incremented in ten steps
between those two levels. The figure indicates that the spatial resolving power
improves from about 10 pm to about 5 pm with an increasing detection threshold.
The MSI image insets at threshold level 1, 4, 7 and 10 illustrate how the resolving
power improves with higher detection threshold levels. Higher threshold levels
cut the image’s intensity distribution closer to the top of the distribution, which
improves the spatial resolving power as expected. The resulting system resolving
power determined here is a convolution of the instrument transmission function
and the detector resolving power. As a result, the intrinsic detector resolving
power will exceed the values presented in this analysis.

4.4 Conclusion and Outlook

We have presented the technical implementation and initial performance of a
chevron MCP stack in combination with a Medipix 2 ASIC for direct organic
ion imaging using an ion microscope. This detection system has 55x55 pym? de-
tector pixels and an ion optical magnification of a factor 85x (SIMS) and 42x
(LDI) such that an individual pixel probes an area of 650x650 nm? (SIMS) and
1.31x1.31 ym? (LDI) on the sample surface. The detector is capable of imaging
organic material with <6 pm spatial resolving power by positive mode SIMS and
with 8-10 um spatial resolving power using LDI mass spectrometry imaging.
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Figure 4.5: FEwvaluation of the spatial resolving power as a function of the detection
threshold level. The spatial resolving power of an MSI image (bottom inset) is evaluated
by the line scan method (red line). The spatial resolving power versus the increasing
detection threshold level is determined for 8 peaks along the line scan (red, green, blue).
The insets at threshold level 1, 4, 7 and 10 illustrate how the MSI image changes by
increasing the chips’ threshold level of detection.

The Medipix detector family has a large potential for imaging mass spectrom-
etry on biological tissue sections in the near future. Current imaging detectors
provide 2D imaging capabilities such that the spatial distribution of a particular
ion species, i.e. m/z value, can only be imaged by selecting the particular ion
(based on its time-of-flight) and blanking all other particles. In the presented
work, this is achieved with the electrostatic blanker. The implementation of an
MCP /Timepix detector assembly will alleviate the need for selective ion blanking.
The Timepix detector is a variant of the Medipix 2 detector, which -among other
features- can measure the time-of-flight of an impinging particle on the pixel level
with a time resolution of roughly 10 ns. While the MCP timing will ensure an
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accurate mass determination of all incoming ions (accurate mass spectra), the
Timepix detector images and measures the time-of-flight of different ion species
on the pixel level during the same measurement -thereby eliminating the need for
mass-selecting specific ions. The Timepix detector captures time-resolved images
of several m/z species in one measurement, which largely facilitates the data tak-
ing and reduces the measurement time.

The current experimental setup is limited in its ability to analyze complex biolog-
ical samples by limited acceleration voltages. A revision of the setup, including
high voltage acceleration capabilities for both ion polarities as well as mass-
selection based on a Timepix chip, will allow for the analysis of tissue samples
by microscope mode imaging mass spectrometry. The work presented in this
chapter represents a step into this direction as it demonstrates the in-vacuum
implementation of a Medipix 2 detector in combination with an MCP on an
ion microscope. Imaging capabilities and data handling are successfully estab-
lished. The new detection system combines high spatial resolution imaging with
direct imaging capabilities (no image reconstruction/complicated data handling),
a mass-independent detector response and a high dynamic range.
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High Dynamic Range
Biomolecular Ion Microscopy
with the Timepix Detector

Highly parallel, active pixel detectors enable novel detection capabil-
ities for large biomolecules in time-of-flight (TOF) based mass spec-
trometry imaging (MSI). In this work, a 512x 512 pizel, bare Timepiz
assembly combined with chevron microchannel plates (MCP) captures
time-resolved images of several m/z species in a single measurement.
Mass-resolved ion images from Timepiz measurements of peptide and
protein standards demonstrate the capability to return both mass-
spectral and localization information of biologically relevant analytes
from matriz-assisted laser desorption/ionization (MALDI) on a com-
mercial ion microscope. The use of a MCP/Timepix assembly deliv-
ers an increased dynamic range of several orders of magnitude. The
Timepiz returns defined mass spectra already at sub-saturation MCP
gains, which prolongs the MCP lifetime and allows the gain to be op-
timized for image quality. The Timepiz peak resolution is only limited
by the resolution of the in-pizel measurement clock. Oligomers of the
protein ubiquitin were measured up to 78 kDa.

5.1 Introduction

MSI [3, 36, 217, 221] measurements aim at the identification and localization
of molecules from complex surfaces [6l, 63H68]. High spatial resolution and high
throughput studies have been demonstrated with ion microscope mass spectrom-
eters [74].

Microprobe mode MSI has enabled high spatial resolution studies with highly
focused primary ion or laser desorption/ionization surface probes, which have re-
turned pixel sizes better than 4 um and 7 pm, respectively. In particular, UV /IR
lasers in MALDI [65H67] and pulsed primary ion beams have delivered spatial
resolving powers on this order of magnitude [63]. Decreasing the surface probe
area bears the disadvantage of long measurement times.
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In microscope mode MSI, surface molecules are desorbed and ionized over a large
sample area, typically 200-300 pym in diameter. The large field of view enables
fast, large-area image acquisitions [74]. An ion microscope employs ion optics
to project the desorbed and ionized surface compounds onto a position-sensitive
detector. The initial ion distribution is magnified and the lateral spatial organiza-
tion of the surface molecules is maintained on their way to the detector. Molecular
images are time-of-flight separated, as all ions are accelerated by the same elec-
trical potential and a narrow distribution of ion kinetic energies is achieved by
the instrument’s ion optics. The ion optical magnification returns images with
a high spatial resolving power, on the order of 4 um [6]. The spatial resolution
is not limited by the ionization beam. It is determined by the quality and ca-
pabilities of the ion optics and the position-sensitive detector. For a given set of
ion optics, the ultimate spatial resolution is limited by ion optical aberrations.
However, a spatial resolution on the order of the ion optical aberrations is often
inaccessible due to insufficient detector spatial resolution. We show that with
a pixelated complementary metal-oxide-semiconductor detector the obtainable
spatial resolving power is only limited by the ion optics.

Microscope mode MSI enables fast, high resolution, large-area imaging provided
that a fast, two-dimensional, time- and position-sensitive detector is used to
record high quality molecular images [6]. In existing implementations, the ions
are projected on a position-sensitive detector assembly which consists of an MCP
followed by (i) a phosphor screen and a charge-coupled device (CCD) camera or
(i) a resistive/delay-line anode. In the latter case, the ion arrival time is pre-
cisely measured as well [78]. Various techniques have been developed where the
ion arrival time is measured by decoupling of the TOF signal from the MCP detec-
tor [79]. In TOF-MS based MSI, specific molecular masses are distinguished and
recorded by simultaneously acquiring the impact position and the TOF of the ion.
However, the MCP, phosphor screen, CCD camera assembly cannot link the ion
TOF (i.e. the molecular weight) and the spatial distribution. Different molecular
masses under observation cannot be measured during one acquisition with this
configuration. A pair of fast-switching electrodes, called the electrostatic blanker,
are used to select which ions are imaged on the detector. Several mass-selected
images from combined separate measurements provide detailed information on
the sample composition and according spatial distribution. A delay-line detector
combines space- and time-information. However, it can detect only a small num-
ber of multiple simultaneous events. A significant amount of time is needed to
reconstruct a mass-resolved image, which makes ion optical tuning hard due to
the lack of direct image feedback.

In view of the importance that imaging techniques have acquired in biological,
biomolecular and biomedical MSI, it is remarkable that the basic technology, i.e.
2D image detection and separate arrival time acquisition, has hardly changed
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over the years. Only recently, the use of in-vacuum pixel detectors for position-
[73, B1] and time-resolved [82] [83] photoelectron and ion imaging was demon-
strated.

In this chapter, the application of such an in-vacuum pixel detector for biomolec-
ular MSI on an ion microscope is demonstrated for the first time. This detec-
tor concept comprises a fully-integrated, hybrid solid state pixel detector of the
Medipix/Timepix detector family [84H86]. The presented assembly consists of a
chevron MCP followed by four Timepix chips, which on the pixel level return (1)
the impact position of a particle and (2) the TOF of this particle. The implemen-
tation of a Timepix detector for MSI on a TOF microscope mass spectrometer
removes the need for mass-selection using an electrostatic blanker as used previ-
ously [73]. Mass-resolved images are acquired during a single imaging experiment
with this new detector setup (Figure |5.1)).

The current project builds on the previous successful implementation of an
MCP /Medipix 2 imaging detector assembly for MSI [73] (Chapter [4]). This ear-
lier work focused on the imaging capabilities and image quality of this pixe-
lated detector. The present work discusses the additional information that an
MCP /Timepix detector assembly offers the MSI community. Timepix-acquired
TOF spectra are contrasted with established detection techniques such as the
recording of mass spectra using a time-to-digital converter (TDC) and an analog-
to-digital converter (ADC). Features of interest are the detector dynamic range,
the available mass range, the detection homogeneity, the ability to detect sin-
gle particles, the ability to resolve isotopes and the detector response to varying
MCP gains.

5.2 Experimental

5.2.1 The Medipix/Timepix Detectors

In this chapter, a MCP/Timepix detection system is used. A detailed description
of the Medipix/Timepix detector family is given in Chapter 3. In this experiment,
the bare Timepix assembly is read out using a gigabit per second (1 Gbit/s) read-
out system [203, 2T1] developed within the framework of the Relaxd project (high
Resolution Large Area X-ray Detector) [203] (Chapter [3). The Relaxd module
reads out the 4 chips in parallel and achieves frame rates of 10-30 frames/s. The
user interacts with the chip via the dedicated acquisition software and graphical
user interface “Pixelman” [205]. Details on the Medipix/Timepix chips, available
readout interfaces and various applications are reviewed in reference [I86] and
Chapter
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Figure 5.1: A schematic representation of the experimental setup. An MCP/Timepiz
detector assembly is coupled to an ion microscope. Mass spectra, total and mass-selected
ion images are generated from one data set without the need for mass selection and repet-
itive measurements. The decoupled MCP signal provides a single signal that integrates
all events and is acquired by a multi-stop TDC and an ADC.

5.2.2 Timepix Spectra and Images

The Timepix detector is run in TOF mode exclusively in this work. The detection
system and the MALDI laser are triggered by the master trigger of the ion micro-
scope (Figure so that one measurement frame on the detector corresponds
to the image and spectral information of one laser shot. During a single mea-
surement frame of typically 118 us, 512x512=262,144 pixels act as individual,
parallel detectors. Each Timepix pixel is a single-stop time-to-digital converter
(TDC), i.e. each pixel delivers the position (x- and y-pixel coordinate) and the
TOF of one event per measurement frame. For every measurement frame, a sep-
arate data file is saved, which contains a list of pixel addresses and corresponding
TOF's of all pixels that have registered an event. The acquisition of several mea-
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Figure 5.2: The trigger scheme of the experiment ensures that one measurement frame
corresponds to one laser shot. The down-sampled trigger of the TRIFT ion microscope
is used to trigger the surface probe (Nd:YAG, MALDI laser), the ADC reference mea-
surement system and the Timepiz ASIC. On the pizel level, the Timepiz ASIC is capable
of measuring the TOF of a particle with respect to a reference time (To). Depending
on the expected TOF of the particles of interest, the Timepix measurement interval is
delayed with respect to To, i.e. the laser shot. The TDC reference measurement sys-
tem is directly triggered by the TRIFT master trigger. The Timepix, ADC and TDC
measurements can be directly compared to each other.

surement frames is required to obtain a mass spectrum with sufficient statistics
as the Timepix pixels are single-stop TDCs and a large fraction of pixels can
be covered by the ions generated by a single laser shot. Timepix acquired TOF
spectra are then generated by accumulating the measured TOF values of several
measurement frames in a histogram. This histogram represents a TOF spectrum
of the sample which is subsequently mass calibrated. Typically, 1,000 measure-
ment frames are collected for one spectrum. At a repetition rate of 10 Hz, the
accumulation of 1,000x262,144 (maximally) individual mass spectra takes about
100 s.

The maximum Timepix measurement interval of 118 us accommodates part of
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a typical ion TOF spectrum. For instance, one Timepix measurement window
accommodates the mass range from 0 Da to 1,650 Da. A delay is introduced
between the laser shot and the actual measurement interval to allow a molecular
weight range of interest to be sampled by the Timepix detector. If required, an
extended mass range data set is obtained by measuring the sample for different
laser-to-acquisition delays. The spectrum is then stitched together. Total ion
images are generated by summing up 1,000 single-frame position measurements.
Mass-selected images are generated by extracting the pixel positions correspond-
ing to a particular mass (=TOF) peak from the data set.

5.2.3 Imaging Setup on the Ion Microscope

The TOF ion microscope is a TRIple Focusing Time-of-flight (TRIFT) mass spec-
trometer (Physical Electronics, Inc., Chanhassen, USA) [6]. The spatial resolving
power of the mass microscope is determined by the homogeneity of the sample
surface exposure during desorption and ionization, the ion optical aberrations
and magnification, the field of view, and the quality of the imaging detector.
Depending on the settings of the ion optics, the TRIFT ion microscope delivers
a variable field of view and an ion optical magnification between 40x and 100x.
Thus, a 55x55 pm? detector pixel corresponds to, respectively, areas of 1.38x1.38
um? and 550x550 nm? on the sample surface. The latter value extends beyond
the spatial resolving power that is accessible with the current setup due to ion
optical aberrations [87].

We have used the third harmonic (355 nm) of a neodymium-doped yttrium alu-
minum garnet laser (Bright Solutions, Wedge, Model 355, Cura Carpignano,
Ttaly) for the MALDI measurements. It is operated at a repetition rate of 10 Hz,
a pulse energy of about 13 pJ and a beam diameter of 300-335 pm.

The Timepix assembly is mounted 2 mm behind a ¢=4 cm MCP (12 pm pores,
15 pm pitch). Unless stated otherwise, the MCP is operated at a bias voltage of
2.0 kV (MCP gain=6.5-10%). The bias voltage between the MCP back and the
chips was 0.45 kV. The MCP emitted electron cloud spans multiple pixels on the
Timepix detector and divides its charge among the individual detector elements.
Smaller electron clouds allow for more ion events to be detected. This enables
higher count rates and a higher dynamic range. Charge sharing [222] is reduced
to a minimum by the use of bare Timepix chips, i.e. the effect of the MCP’s
charge cloud spreading over multiple pixels and sharing its charge between sev-
eral detector elements is reduced.
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5.2.4 Reference Measurement Systems

Reference spectra were simultaneously acquired using established detection tech-
niques, namely a TDC and an ADC, to assess the quality of the Timepix TOF
spectra (Figure . The signal intensity and background noise of the TDC
spectra are not influenced by the acquisition of several measurement frames as
opposed to one longer measurement. The ADC spectra benefit from this acqui-
sition mode as the noise averages out. The ADC and TDC spectra are recorded
from the signal that is decoupled from the high voltage line of the MCP backside
(Figure . The TDC spectrum is generated using the standard spectral acqui-
sition equipment of the TRIFT mass spectrometer. The analog ion signal passes a
constant-fraction discriminator (CFD) and is then digitized by a multi-stop TDC
with 138 ps time bins. The ADC spectrum is acquired using an 8-bit, high-speed
digitizer (Acqiris, DP214, Agilent Technologies, Santa Clara, USA) that was run
at 500 MHz resulting in 2 ns bins, 10° samples and a 200 js measurement interval.

5.2.5 Samples

A peptide sample was prepared by positioning a nickel hexagonal thin bar trans-
mission electron microscopy (TEM) grid (700 mesh, G2760N, 3.05 mm diameter,
37 pm pitch, 8 um bar width; Agar Scientific Limited, Stansted, UK) on top of a 2
ul droplet of 1 mg/ml Bruker Peptide Calibration Standard II (Table Bruker
GmbH, Bremen, Germany; pepmix in 50% Acetonitrile (ACN), 50% H»0, 0.1%
trifluoroacidic acid (TFA)) mixed with 10 mg/ml a-Cyano-4-hydroxycinnamic
acid (HCCA in 50% ACN, 50% H20, 0.1% TFA) on an indium-tin-oxide (ITO)
coated glass slide. The protein sample is a solution of 1 mg/ml ubiquitin (Sigma-
Aldrich, St. Louis, USA; 50% ACN, 50% H20, 0.1% TFA) and 20 mg/ml sinap-
inic acid (Fluka Analytical, now Sigma-Aldrich, St. Louis, USA; 50% ACN, 50%
H50, 0.1% TFA) homogeneously sprayed onto an ITO slide with a Bruker Im-
agePrep device. Ubiquitin has a [M+H]* average mass of 8,565.76 Da.
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Table 5.1: Peptides and corresponding mono isotopic and average mass of the
Bruker Peptide Calibration Standard II.

Peptide [M+H]" mono [M+H]" average
isotopic mass [Da] mass [Da]

Bradykinin 1-7 757.3992 757.86
Angiotensin 11 1,046.5418 1,047.19
Angiotensin I 1,296.6848 1,297.49
Substance P 1,347.7354 1,348.64
Bombesin 1,619.8223 1,620.86
Renin Substrate 1,758.9326 1,760.03
ACTH clip 1-17 2,093.0862 2,094.43
ACTH clip 18-39 2,465.1083 2,466.68
Somatostatin 28 3,147.4710 3,149.57

5.3 Results and Discussion

5.3.1 3D Timepix Measurements: Imaging and Spectral
Information

The peptide-TEM grid sample is used to demonstrate the ability to acquire a com-
plete 3D MSI data set in one measurement without the need of mass-selection
using an electrostatic blanker. Figure [5.3] displays a data set corresponding to
1,000 laser shots and Timepix frames. The mass spectrum of the peptide stan-
dard, the total ion image and the mass-selected images are extracted from the
data set. The mass-selected images show different distributions for the analytes
on the sample which indicates the ability to localize and identify molecular species
from a patterned sample surface. The electrostatic blanker is used to blank ions
with m/z<700 (matrix peaks) to reduce the count rate to the detector and mea-
sure the peptide molecular ion peaks over their entire mass range simultaneously.
The measurements are performed at an ion optical magnification factor of about
68x so that a 55x55 um? pixel on the detector probes an area of 800x800 nm?
on the sample surface. The spatial resolving power [3| [72], i.e. the sharpness of
the sample feature edges, is evaluated by making a line scan through the total
ion image. The spatial resolving power of the image features is 3.4 pm. The
spatial resolution is not limited by ion optical aberration at this ion optical mag-
nification. Rather, the spatial extent of the MCP electron shower (50-600 pixels
depending on the MCP gain) blurs the theoretically accessible 800x 800 nm? pixel
size.
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Figure 5.3: A grid on top of a peptide standard solution is imaged by MALDI using the
Timepiz detector. The full ion spectrum and the corresponding images are acquired in
one single measurement. The insets display the mass-selected images corresponding to
the respective peptide peaks.

5.3.2 Comparison of Spectral Quality between Timepix,
ADC and TDC Detection

The effect of the MCP gain, the dynamic range of the spectra, and the peak
resolution at the full width at half maximum (Am)sgy are used as criteria for
comparison of the spectra.

Spectra as a Function of the MCP Gain

A MSI experiment is performed on the peptide-TEM grid sample for MCP gain
settings between 4-10° (low amplification) and 6.5-10° (saturation). Figure
displays the total ion spectra of the three measurement systems (596<m,/z<3,596

for different MCP gains. The peptide mass spectra are recorded within one sin-
gle measurement window by all measurement systems. Table summarizes the
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differences between the measurement systems relevant to the acquisition of mass
spectra.

The Timepix delivers a spectrum containing all spectral features throughout the
entire range of MCP gains (Figure ) Even for low MCP gains (4-10°), the
Timepix gives a high response and thus high quality spectra. This provides the
advantage of not having to run the MCPs in saturation which enhances their life-
time and enables the user to tune the MCP gain for optimum image quality and
spatial resolution, which is typically in the low gain range [94]. The high response
of the Timepix detector to low gain MCP signals is due to the amplification of
one ion hit into an electron shower which impinges on multiple Timepix pixels
and results in multiple counts in the mass spectrum. The MCP gain determines
the number of pixels covered by an electron shower and hence how many counts
are added to the Timepix spectrum for a single ion hit on the MCP. Contrary
to a standard TDC, the Timepix detector distinguishes several ions arriving on
the MCP at the same time as separate ion events whose counts contribute to the
spectrum. The electronics noise-free detection of the Timepix ASIC, i.e. Timepix
pixels only fire for real particle events, also adds to the high quality spectra at
low MCP gain.

The ADC and the TDC only return spectral info (signal-to-noise (S/N)>3) start-
ing from MCP gains of 4-10% because they integrate all events. For these acqui-
sition systems, the spectral features get more distinct the closer the MCP gain
approaches saturation. A maximum of one ion count per electron shower is

recorded for both the ADC and the TDC.

Table 5.2: Comparison between Timepiz, ADC & TDC spectral acquisition.

Feature Timepix ADC TDC
MCP gain 4-10° 4-10° 4-10°
threshold
Time resolution 10 ns 2 ns 138 ps
TOF range (single 118 us 200 us 60 ms’
experiment)
Multiplexed Yes. No. No.
detection
Detection of ions Yes. Yes. No.
arriving at the
same time
Multi-stop per No. N/A. Yes.?
detection element
Electronic noise Yes. No. No.
free

Hn this experiment.
20ne single element.
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Figure 5.4: Total ion spectrum of the peptide standard sample at MCP gains from 4-10°
to 6.510°% recorded with (a) a Timepiz detector, (b) an ADC and (c) a TDC.
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The ADC samples the transients of the amplified MCP pick-up signal, i.e. it
digitizes the TOF spectra of the individual measurement frames, which are sub-
ject to noise. Small pulses are discriminated by a fixed level trigger so that mass
spectra cannot be acquired with an ADC in combination with low gain MCP
settings (Figure ) The TDC time-stamps the ion arrival times using the
amplified MCP pick-up signal pulses after it has passed through a CFD. At low
MCP gains, insufficient signal is provided to the CFD and TDC to return mass
spectra of relevant S/N ratio (Figure[5.4k). Contrary to the multiplexed detection
with the Timepix, ions arriving at the MCP at different locations at the same
time will be counted as one single ion event so that both spatial and intensity
information is lost. The CFD/TDC-based detection, results in a significantly
lower S/N ratio in the spectra than the Timepix and the ADC detection. The
quality of the TDC lies in the capability to assign time stamps with a resolution
of 138 ps to the events which allows higher resolution mass measurements. The
TRIFT system comprises a multi-stop TDC which prevents depleting the signal
at high count rates. The acquisition of mass spectra with a TDC is different from
ADC and Timepix measurements and results in a lower S/N. A fair comparison
to TDC spectra is impossible. Therefore, the Timepix spectra will be evaluated
with respected to ADC spectra.

Dynamic Range: Timepix versus ADC

The detector dynamic range is defined as the ratio between the maximum and
the minimum detectable value of a parameter. The Timepix detector assembly
has 262,144 pixels, which represents the maximum detectable number of counts
within a single measurement frame. However, the MCP translates the molecular
ions into MCP clusters, which leave a footprint on multiple pixels of the Timepix
detector. For instance, at an MCP gain of 4-10° (low amplification), the average
cluster size is 50 pixels and about 5,250 events are distinguished on the detector.
Low MCP gains results in smaller clusters, which is favorable for a high dynamic
range. Also the voltage difference between the MCP back and the Timepix surface
influences the size of the electron showers footprint and hence the dynamic range.
The dynamic range of the 8-bit ADC is 256.

The mass spectra displayed in Figure [5.4] are accumulated from 1,000 laser shot
acquisitions. The influence of the detector dynamic range on the quality of these
built-up mass spectra, i.e. on the detectable range, is assessed. The difference in
peak height between the smallest and the highest peak in the total spectrum is a
practical measure for the detectable range of the data. These values are extracted
for the data sets of Figure (Timepix) and (ADC). The smallest peak in
the total spectrum is defined to have a minimum height of three baseline noise
standard deviations above the mean baseline. The Timepix system delivers a
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Figure 5.5: Comparison of the detectable range of the Timepiz (dark) and the ADC
(light) as a function of the applied MCP gain. The Timepiz and ADC spectra are each
based on 1,000 laser shots. The difference in intensity between the smallest and the
highest peaks in the accumulated spectra (of Figure 4a and 4b) is taken as a measure for
the detectable range.

considerable spectral dynamic range for all applied MCP gains (Figure. The
difference between the smallest and highest peak is between 7,000 and 75,000
counts for MCP gains from 4-10° to 2.5-106. For MCP gains above 4-10°, this
difference is up to 1.8-10° counts. For the ADC, the difference between the
smallest and the highest peak is between 740 and 1,310 counts for MCP gains
from 4-10° to 2.5-10%. Above a gain of 4-10°, this difference is up to 4.4-10* counts.
The Timepix detectable range outperforms the ADC by one order of magnitude,
which is accounted for by the electronic noise-free, multiplexed detection of the
amplified ion signal. Note that all electron clouds exiting the back of the MCP
are assumed to be related to single ion events on the front surface of the MCP.

Peak Resolution at FWHM: (Am)soy

The peak width of Timepix acquired spectra is determined by four factors. First,
the 100 MHz pixel clock limits the TOF measurements to a 10 ns time resolu-
tion. In the mass range from the peptide bradykinin (757.4 Da [M+H]" mono
isotopic mass) to the protein bovine serum albumin (66.5 kDa [M+H]|* average
mass), this TOF resolution translates into a mass channel width of about 0.3 Da
and 2 Da, respectively, for standard measurement conditions on the TRIFT ion
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microscope. Second, there is a clock cycle jitter between the laser shot and the
Timepix acquisition window which are currently not synchronized. This results
in TOF values that are maximally two clock cycles too short. Third, Timepix
peaks are broadened by a time gradient throughout the MCP clusters (Figure
5.6). Not all pixels within one cluster record the same TOF because there is
a relationship between the charge deposited on a pixel and the moment it goes
over threshold [73, [@1]. One ion arrival on the MCP is translated into a spectral
peak that spans multiple adjacent time bins (£5 time bins=450 ns difference in
TOF). Fourth, the presence of isotopes broadens the peaks due to a convolved
effect of the previous reasons.

The peak resolution at FWHM, (Am)sq%, was determined for the peptide peaks
in the Timepix and ADC spectra. The comparison is based on the highest MCP
gain spectra since these are the most favorable conditions for the ADC. Both the
Timepix and the ADC have insufficient time resolution (10 ns and 2 ns, respec-
tively) to distinguish isotope patterns. The peptide peaks represent convolutions
of the individual isotope peaks centered around the average mass. In the peptide
mass range between bradykinin and somatostatin 28 (3,149.57 Da [M+H]" av-
erage mass), the (Am)sgy ranges from 4 Da to 15 Da and is comparable for the
Timepix and the ADC.

Isotopic resolution is, theoretically, accessible with the Timepix detector if the
difference in TOF between the mono isotopic mass and the isotope is longer than
20 ns, i.e. there is more than one clock cycle between the arrival of two adjacent
isotopes (1 m/z difference between mass and isotope, standard measurement con-
ditions on the TRIFT ion microscope). Theoretically, resolving isotopes is pos-
sible in the mass range up to the peptide somatostatin 28 (3149.57 Da [M+H]™
average mass), for which the difference in TOF between the mono isotopic mass
and the isotope is 24 ns, i.e. more than 2 Timepix clock cycles. Since the peak
width of a single Timepix peak is + 5 clock cycles, the detection of isotopes is
practically inaccessible with the Timepix detector.

The single-stop TDC nature of the Timepix does not principally exclude isotope
detection. Only isotopes impinging on the same pixels of the Timepix detector
are not detected in the same acquisition frame. Since a Timepix spectrum is
generated from multiple acquisition frames, a range of different particle masses
are detected. Generally in MS, single-stop TDCs give a detection advantage to
lighter particles.

Improvement of (Am)sgy

Figure[5.6]investigates the broadening of Timepix peaks due to the TOF gradient
throughout a single ion cluster. Since the entire cluster corresponds to one ion
hit on the MCP, the lowest mass (shortest TOF) within a cluster indicates the
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Figure 5.6: (a) The arrival time gradient sketches the 3D spatial evolution of the MCP
electron cloud emitted by a single ion arrival. (b) Mass spectrum of a single laser shot on
the peptide miz sample. A zoom on the peak (m/z=2,211 Da) shows the broadened mass
peak (£5 Da). (¢) The MCP cluster evolves on the Timepiz detector. (d) “Normal”
(blue) and “rebinned” (=deconvoluted) (red) spectrum of the peptide standard. A zoom
on ACTH clip 18-39 (m/z=2,465.1983 Da mono isotopic mass) compares the “normal”
and “rebinned” peak to the theoretical localization and abundance of the ACTH clip
18-39 isotopes (green).
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actual ion mass. To extract this mass information from the Timepix data, the
same mass value has to be assigned to all counts within a cluster. This effectively
“rebins” the Timepix spectra by accumulating all counts of a broad Timepix peak
in the first mass bin. In a single-laser shot spectrum, the width of a peak is then
solely limited by the pixel clock. The Timepix data are “rebinned” on the single
frame level. The spectrum of a full measurement is generated by adding several
“rebinned” measurement frames. Additional peak broadening or a peak shift oc-
curs due to clock cycle jitter between the pixel measurement clock, the external
measurement shutter and the laser and is on the order of one to two clock cycles.
The Timepix peptide spectrum (Figure , highest MCP gain) is “rebinned”
(Figure [5.60). The “rebinning” increases the intensity difference between the
smallest and highest peak in the accumulated spectrum from 1.4-10° to 2.4-10°.
The (Am)sgy of the peaks is not significantly changed by the “rebinning”. By
building up the total spectrum from several single laser shot spectra, it is sta-
tistically possible to record isotope distributions. The individual peptide peaks
in the “rebinned” spectrum contain more structure (Figure ) However, the
m/z bin width in this mass range (+ m/2=2,465 Da) is about 0.6 Da so that
accurate isotope binning is hardly possible at this high mass.

5.3.3 Timepix Mass Range

The detectable mass range for our ion microscope combined with the Timepix
detector is assessed using the ubiquitin sample. Since the bit depth of the Timepix
detector limits the data acquisition to about 118 us, the ubiquitin spectrum is
acquired in seven successive portions (TOF range 540 us). These are acquired
by introducing an increasing delay between the laser shot and the measurement
interval. Due to some overlap in the spectra, it is possible to stitch together the
full TOF spectrum. The spectrum (Figure shows distinct spectral features
up to the nonamer (77.1 kDa) of ubiquitin which demonstrates that a mass range
up to 78 kDa is accessible at ion energies of 5 keV with the presented detection
system. In conventional mass spectrometers, acceleration voltages well exceeding
5 keV (20 keV or more) are needed to obtain such a high mass sensitivity.

5.4 Conclusions

The application of a chevron MCP stack in combination with a bare Timepix
chip for direct high dynamic range mass spectrometric imaging of peptides and
proteins is demonstrated on an ion microscope. Unlike current commercial MSI
detectors, the Timepix detector efficiently captures time-resolved images of a
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Figure 5.7: Ubiquitin spectrum up to 78 kDa.

wide range of m/z species in one measurement.

The comparison of Timepix-acquired spectra to “standard” acquisition tech-
niques (TDC and ADC) reveals that the Timepix delivers an order of magnitude
greater detectable range than an ADC and returns mass spectra for MCP gains
from 4-105-6.5-10%. The Timepix peak resolution at FWHM (Am)s09 and the
detection of isotope peaks are limited by the 10 ns pixel clock cycle. On the
TRIFT ion microscope, the Timepix assembly can detect oligomers of the pro-
tein ubiquitin up to 78 kDa.

The performance of the current Timepix detector is limited by the counter depth
and the single-stop pixels. As a future perspective, we envisage a successor
Timepix chip that incorporates 100 ps TDC bins, a 1 ms total measurement
interval and multi- (double-) stop pixels. Standard TOF-MS detection systems
are already shown to be outperformed by several unique Timepix system capabili-
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ties demonstrated in this chapter. These are the combination of S/N, multiplexed
detection, dynamic range and the simultaneous detection of position- and time-
information by a single detector system. The combination of this MCP /Timepix
detection system and an ion microscope constitutes an extremely powerful MSI
instrument for high dynamic range, high mass range and high detector homo-
geneity studies of intact proteins of biomolecular relevance.
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Biological Tissue Imaging with
a Position and Time Sensitive
Pixelated Detector

We demonstrate the capabilities of a highly parallel, active pizel de-
tector for large-area, mass spectrometric imaging of biological tissue
sections. A bare Timepix assembly (512x 512 pizels) is combined with
chevron microchannel plates on an ion microscope matriz-assisted
laser desorption/ionization time-of-flight mass spectrometer (MALDI
TOF-MS). The detector assembly registers position- and time-resolved
images of multiple m/z species in every measurement frame. We prove
the applicability of the detection system to biomolecular mass spec-
trometry imaging on biologically relevant samples by mass-resolved
1mages from Timepixz measurements of a peptide-grid benchmark sam-
ple and mouse testis tissue slices. Mass-spectral and localization in-
formation of analytes at physiological concentrations are measured in
MALDI TOF-MS imaging experiments. We show a high spatial reso-
lution (pizel size down to 740x 740 nm? on the sample surface) and a
spatial resolving power of 6 um with a microscope mode laser field of
view of 100-335 pm. Automated, large-area imaging is demonstrated
and the Timepiz’ potential for fast, large-area image acquisition is
highlighted.

6.1 Introduction

Mass spectrometry imaging (MSI) [3, B6, 217, 22I] measurements target the
identification and localization of molecules from complex surfaces [0, 63HGS].
Over the past decade, MSI has developed into a widely used analytical tool
for biomolecular and biomedical research. This is achieved as a result of tech-
nological developments and improvements in the areas of high spatial resolution,
high mass accuracy and high sample throughput [I38]. Matrix-assisted laser
desorption/ionization (MALDI) time-of-flight (TOF) MSI is commonly used for
biomolecular and biomedical studies because of the possibility for high spatial
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resolving powers and a wide accessible mass range at high acquisition speeds.
There are two major types of MALDI TOF-MSI: Microprobe and microscope
mode experiments. At present, commercial MALDI-MSI instruments for high
throughput microprobe MSI studies are readily available. In MALDI microprobe
MSI, a highly focused pulsed desorption/ionization laser beam probes the sam-
ple surface. A full mass spectrum is generated at every raster point. An image
is reconstructed after the experiment with a pixel resolution equivalent to the
beam size (provided the stepping size/accuracy of the sample/beam movement
is not limiting). Highly focused ultra-violet/infra-red laser beams [65H68] have
returned pixel sizes below 7 pm. In particular, the Spengler group has achieved a
spatial resolution of less than 1 pym with a tightly focused ultra-violet laser beam
[67]. Disadvantages of small surface probe areas include long measurement times
and the loss of sensitivity due to low laser fluence for desorption and ionization.
MALDI microprobe MSI at a lateral resolution better than the laser spot size
has been demonstrated by over-sampling [69].

Recent studies in microprobe mode MSI have focused on the improvement of
sample throughput to obtain more practical large-area or spatial resolution con-
ditions. McDonnell and co-workers use an automatic sample loading system for
time-efficient, round-the-clock spectrometer operation [I9]. Alternatively, high
throughput can be achieved by an increase in the raster/laser frequency. This
results in a decrease in the measurement time without sacrificing analytical in-
formation. The Caprioli group has reduced the measurement time by up to a
factor of two by operating a MALDI TOF-MSI system in a continuous scanning
mode at a comparatively high laser repetition rate of about 5 kHz [75]. Stoeckli
and co-workers measured images of drug distributions in rat sections within less
than 15 minutes with a 1 kHz laser repetition rate and a raster speed of about
18 mm/s [76].

MALDI microscope mode MSI is an alternative approach to microprobe mode
imaging [0l 156]. In the microscope mode, a large surface probe desorbs and
ionizes surface molecules over a large sample area, typically 200-300 pm in di-
ameter. The large field of view in microscope mode MSI enables fast, large-area
image acquisition at high spatial resolution [74]. An ion microscope uses ion op-
tics to project the desorbed/ionized surface compounds onto a position-sensitive
detector. Importantly, the initial ion distribution is magnified and the lateral
spatial organization of the surface molecules is retained on the flight path to the
detector. While the ionization spot size determines the obtainable spatial resolu-
tion in microprobe mode, the spatial resolution in microscope mode is decoupled
from the ionization spot size. Rather, the spatial resolution is determined by
the quality and the capabilities of the ion optics in combination with a position-
(and time-) sensitive detector. Spatial resolving powers on the order of 4 pm
have been achieved where a 10 pum charge-coupled device (CCD) camera pixel
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probed 1 um on the sample surface [6].

A large desorption/ionization spot size ensures high throughput in microscope
mode MSI. The microscope mode ionization beam size of about 200-300 pm is
about one hundred times larger than a typical high spatial resolution microprobe
mode desorption /ionization spot size. Hence, analyzing an area of 200x200 pm?
corresponds to one measurement in microscope mode MSI. In microprobe mode,
the analysis of the same area corresponds to 40,000 measurements, which would
be significantly more time consuming at the same experimental repetition rate.
The large ionization spot in microscope mode MSI can result in large ion loads
on the detection system, which can lead to detector saturation. As a remedy,
the ion generation is reduced (by, for instance, decreasing the laser power) and
the integration time is increased to ensure adequate ion imaging. This effect can
be counteracted with high desorption/ionization repetition rates and detector
technology that can accommodate high ion loads. MALDI-TOF ion microscopes
enable fast, automated, high resolution large-area imaging provided that ade-
quate, i.e. position- (possibly time-) sensitive and fast, detector systems are used
to record high quality molecular images [70].

Many ion microscope implementations project the ions on a position-sensitive
detector assembly, which is traditionally a microchannel plate (MCP) followed
by a phosphor screen and a CCD camera system [6] or a resistive/delay-line an-
ode [72] [77]. The MCP, phosphor screen, CCD camera detection system cannot
link the ion arrival time (i.e. the molecular weight in TOF-MSI) to the spatial
distribution. Typically, different molecular masses cannot all be measured in one
acquisition but must be mass-selected for imaging. The information on the sample
composition and associated spatial distribution is obtained by combining several
mass-selected images from separate measurements. Delay-line detectors deliver
space- and time-resolved information. Additionally, they have the advantage of
precise ion arrival time measurements [78]. Alternatively, techniques are available
for arrival time measurement via a decoupling circuit from the MCP stack [79].
Delay-line detectors still lack sufficient multi-hit capabilities for MALDI-MSI.
Also, the reconstruction of the mass-resolved images is time-consuming, which
renders ion optical tuning difficult due to the lack of direct image feedback.
Imaging detector technology has acquired an important role in biological, biomolec-
ular and biomedical MSI. In-vacuum pixel detectors, which allow for position-
[73, BI] and time-resolved [70, [73], B3] photoelectron and ion imaging, have been
increasingly used in the past few years. Brouard and co-workers have imple-
mented an adapted velocity map imaging apparatus in combination with a fast
framing CCD camera for microscope mode MST [I68]. In this alternative setup,
a detector pixel probes 56 ym on the sample surface and a mass resolution of 5
Da was reported in the mass range from 300-500 m /.

Recently, we demonstrated the successful implementation of MCP /Medipix 2 [73]

113



Chapter 6. Biological Tissue Imaging with the Timepix Detector

and MCP /Timepix [70] imaging detector assemblies for MST at a spatial resolving
power of few micrometers. In these experiments, a fully-integrated, solid state
pixel detector of the Medipix/Timepix [84H86] detector family was combined with
a chevron MCP and installed on an ion microscope imaging mass spectrometer.
The major characteristics of this application-specific integrated circuit (ASIC)
are 256x256 pixels of 55x55 um? each per chip, no electronics noise and per
pixel functionality. On the pixel level, the Timepix detector can be programmed
to return both the position of impact of a particle (via the pixel address) and the
time-of-flight of this particle (with respect to an external trigger, with a maxi-
mum time resolution of 10 ns). Thereby, the Timepix detector eleviates the need
of mass-selection and repetitive measurements that were required with systems
that could not measure the time-of-flight (i.e. an MCP/phosphor screen assem-
bly). In a single experiment, mass-resolved images were acquired using this new
setup [73]. These earlier experiments focused on the imaging capabilities and
image quality of the Medipix 2 pixelated detector for MSI [73]. Further, the
mass spectral capabilities of the Timepix system were investigated, with respect
to the detectable mass range and the sensitivity [70]. It was demonstrated that
the pixelated detector unit facilitates the parallel detection of multiple molecular
species and significantly reduces the measurement time for large-area, high reso-
lution molecular imaging experiments.

The present work discusses the first results of an MCP/Timepix detector assem-
bly for large-area, high resolution biological tissue imaging on a MALDI-TOF ion
microscope mass spectrometer. In particular, the spatial resolution, the image
quality and the analytical capabilities of an MCP /Timepix assembly in biological
MST are determined and discussed. The implementation of automated, large-area
microscope mode MSI is demonstrated on mouse testis tissue sections. Large-
areas of tissue are rastered by the microscope beam and individual images (from
each microscope mode position) are stitched together. The Timepix’ potential
for fast, large-area image acquisition is highlighted.

6.2 Methods

6.2.1 The Medipix/Timepix Detectors and the Imaging
Setup on the Ion Microscope

The ASIC detection system and ion microscope used for the research presented in
this chapter is equivalent to the one described in Chapter [f] For the experiments
presented in this chapter, the MCPs are biased at a voltage of 1.85 kV (standard
sample) and 2.25 kV (tissue sample), which corresponds to an MCP gain of 10°
and 5-107, respectively. The voltage between the MCP back and the chips was

114



6.2 Methods

set to 0.6 kV. Typically the charge of one MCP electron shower is divided among
multiple Timepix pixels. This effect and its relation to the dynamic range of the
detection system were discussed previously [70] (Chapter [5)).

6.2.2 Timepix-Generated Spectra

In this work, the Timepix ASIC is operated exclusively in TOF mode. The mas-
ter trigger of the TRIFT-MS ion microscope triggers both the detection system
and the MALDI laser so that one measurement frame of the Timepix detector
corresponds to the image and spectral information from one laser shot (the trig-
ger scheme was described previously [70]). The 512x512 (=262,144) pixels act
as individual parallel detectors, which each deliver the position (x- and y- pixel
coordinate) and the TOF of an event per measurement frame (i.e. the Timepix
pixels are single-stop time-to-digital converters). The data of every measurement
frame is saved in a separate sparse data file that contains the pixel address and
the corresponding TOF. Timepix-acquired TOF spectra are built by filling the
TOF values of several measurement frames into a histogram. This TOF spec-
trum is mass-calibrated using calibration coefficients calculated from a standard
mixture sample. The maximum TOF interval of 118 us, its relation to the ac-
cessible mass range and how wide mass range measurements can be set up by
stitching together shorter spectral acquisitions have been discussed in reference
[70] (Chapter [)).

6.2.3 Timepix-Generated Large-Area Images

Total ion images are generated by summation of multiple single-frame position
measurements. Mass-selected images are generated by extracting the pixel po-
sitions corresponding to a particular mass peak (i.e. TOF) from the data set.
Large-area “mosaic mode” images are generated by probing a macroscopic area
on the sample surface with the diffuse (¢=100-335 pm) laser beam as a surface
probe. For example, an area of about 2x2 mm? is analyzed in 32x32 “mosaic”
tiles. Per mosaic tile, the images/TOF information corresponding to 150-300
laser shots are collected. Then, the stage is moved by 62.5 ym (=2 mm/32) and
the next acquisition is started via the TRIFT II control software (Wincadence,
version 4.4.0.17, ULVAC-PHI, Inc., 2008). The MALDI laser spot used here has
an elliptical shape, thus the oversampling between the acquisition of tile n and
n+1 ensures that the full sample surface is probed. A home-built software pack-
age developed in Matlab (Matlab, Mathworks, Natick, USA; version 7.110.584,
R2010b, 32-bits) stitches the mosaic images into a large-area image by partially
overlapping the images of the individual tiles. In the “overlap region” pixel in-
tensities are corrected for double-counting by averaging. The program converts
the data set into the format of the AMOLF Datacube Explorer [I11], which is
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used for data analysis. Larger surface areas can be analyzed using larger mosaics
or by stitching together a number of smaller-area mosaics.

6.2.4 Samples

All samples were prepared on indium-tin-oxide (ITO) coated glass slides. A
grid benchmark sample was prepared to assess the spatial resolving power of the
system. A nickel hexagonal thin bar transmission electron microscopy (TEM)
grid (700 mesh, G2760N, 3.05 mm diameter, 37 um pitch, 8 pm bar width; Agar
Scientific Limited, Stansted, UK) was placed on top of a 2 ul droplet of 1:1 (by
volume) mixture of Bruker Peptide Calibration Standard II (Chapter [5| Table
5.1, Bruker GmbH, Bremen, Germany) and 2,5-dihydroxybenzoic acid (DHB; 20
mg/ml in 50% methanol, 50% water, 0.02% TFA).

Mouse testicle (Harlan Laboratories, Boxmeer, The Netherlands; male balb/c
mouse) were chosen as biologically relevant benchmark tissue samples. The mouse
testis was cryo-sectioned to 20 pm thickness and thaw mounted on an ITO slide.
The tissue slices were optically scanned prior to the MS experiments (Mirax
Virtual Slide Scanner, Carl Zeiss AG, Oberkochen, Germany). To ensure small
matrix crystals, the tissue was coated with a homogeneous layer of DHB matrix
(10 mg/ml DHB in 50% methanol, 50% water, 0.02% TFA) with a home-built
pneumatic spray device similar to that described by [223] (Figures [6.3f6.5)). For
large-area MS imaging (Figure [6.6), DHB (20 mg/ml DHB in 50% methanol,
50% water, 0.02% TFA) was applied with the Bruker ImagePrep, which allows
fast, large-area matrix coverage at matrix solution droplet sizes of ~50-80 pm.

6.3 Results and Discussion

6.3.1 Imaging Capabilities

The peptide-TEM grid sample is used to test the large-area imaging capabilities.
In particular, the image quality of the stitched mosaic microscope mode image
and the spatial resolution is assessed. In this experiment, an automated micro-
scope mode acquisition of 32x 32 tiles is used. The ion microscope probes an area
of 2.24x2.24 mm? with a raster of 70.1 ym between tiles at a magnification factor
of about 62x. At this magnification factor, each Timepix pixel probes 880x880
nm? on the sample surface. One hundred individual Timepix acquisition frames
corresponding to 100 laser shots are acquired per position and integrated offline.
The peptide standard spectrum of this experiment contains the expected peptide
peaks in the mass range 700<m/2<3,500 (data not shown). The spectral quality
is in accordance with the time resolution of the Timepix detection system and
has been investigated and discussed in detail elsewhere [70]. Figure displays
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Figure 6.1: Total ion image of the peptide standard-TEM grid sample. The image
is composed by stitching together 32x 32 microscope mode images. (a) Full Timepix
resolution, one detector pizel probes 880x 880 nm? on the sample surface. (b,c,d) Images
at different image resolutions obtained from the same experiment by spatially binning
the Timepiz data.
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the stitched “mosaic” images of a microscope mode MSI experiment on the pep-
tide standard-TEM grid sample at four different pixel sizes. At the full spatial
resolution, i.e. when one detector pixel probes 880x880 nm? on the sample sur-
face, the image is composed of 3,147x 3,147 pixels (Figure ) This number of
pixels is about 7 times higher than the number of pixels on a standard modern
computer screen and corresponds to about 28,800 dots per inch. Hence, to fully
appreciate the amount of detail revealed by the high spatial resolution, part of
the mosaic image can be zoomed into (Figure . The inhomogeneity of the
intensity across the stitched total ion image originates from inhomogeneities in
the amount of analytes located in the different areas underneath the TEM grid.
The high resolution, large-area microscope mode image obtained at Timepix res-
olution (Figure ) is contrasted with images of the sample at lower spatial
resolutions. Figure [6.1] displays the stitched mosaic image at resolutions where
one pixel probes 18 x18 pm? (Figure), 60x60 ym? (Figure ) and 119x119
pm? (Figure ) on the sample surface. These images are obtained by spatially
binning the Timepix-acquired data. In particular, one pixel probes 18x18 pm? if
the counts of 20x20 Timepix pixels are binned into a single pixel. Similarly, one
pixel probes 60x60 pm? or 119x119 um? on the sample surface if the counts of
68x68 and 135x135 Timepix pixels are binned into a single pixel. The compari-
son between the different spatial resolutions demonstrates the increase of spatial
detail that is revealed with the increase of the spatial resolution.

The peptide mixture underneath the TEM grid is clearly observed in the image
at full Timepix resolution (880x880 nm?) and with somewhat less detail at the
18x18 pm? pixel size. At the pixel sizes of 60x60 ym? and 119x119 um?, the
image spatial resolution ranges in regime of standard, commercial MALDI mi-
croprobe instruments. At these pixel sizes, the spatial resolution is insufficient to
reveal the structure of the TEM grid. The signal intensities displayed in Figure
[6-1] represent absolute measurement intensities and are not scaled. As expected,
the image contrast is better at larger pixel sizes (maximum intensity=926,268)
than at full resolution (maximum intensity=258) since the same number of ion
counts on the detection system is displayed in less spatial bins.

Note that the intensity values represent relative intensities. No conclusions
should be drawn from the absolute intensity values delivered by the Timepix de-
tection system. The Timepix pixels are single-stop time-to-digital converters, i.e.
each pixel can accommodate one count per measurement frame and is blind for
other ions to arrive later in time-of-flight during the same measurement frame.
Operation in a moderate count rate regime minimizes this effect. Figure [6.2] is
used to assess the image spatial resolution at full Timepix resolution, i.e. 1 de-
tector pixel probes 880x880 nm? on the sample surface. Figure displays a
line scan through part of the high resolution image. Figure [6.2b shows a zoom
on part of the full resolution Timepix image, where the position of the line scan
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Figure 6.2: (a) Line scan through the image of the peptide mizture-TEM grid sample to
assess the spatial resolving power of the imaging setup. The red and green lines indicate
80% and 20% of the maximum peak intensity, respectively. The spatial resolving power is
defined as the distance between these two points. (b) Zoom on part of the high resolution
image of the peptide standard-TEM grid sample. One pizel in the image corresponds to
880x 880 nm? on the sample surface. The line used to generate (a) is shown in white.
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is indicated. The line scan spans a distance corresponding to 74 pm on the TEM
grid sample such that two grid cells (pitch 37 pum) are included. The spatial
resolving power, i.e. sharpness of a feature edge, has previously been defined as
the distance between 20% to 80% signal intensity of a feature within an image [3].
With this criterion, a spatial resolving power of ~6 pum is achieved with the ion
microscope in combination with the Timepix detection system. A spatial resolv-
ing power on this order of magnitude is expected (i.e. not 880 nm) due to the need
for multiple pixels to resolve the feature. Specifically, the MCP electron showers
create signal clusters of about 6-10 pixels in diameter on the Timepix detector.
Such a cluster corresponds to (cluster diameter-pixel size)/(magnification factor)
pum on the sample surface, i.e. (6-55 pm)/62=5.3 um to (10-55 pm)/62=8.9 pm.
A decreased cluster size would result in a higher spatial resolving power. In addi-
tion, large DHB matrix crystals due to the dried droplet sample application can
decrease the image resolution. To fully exploit the benefit of the high spatial reso-
lution, significant sample preparation effort is required to ensure that the spatial
resolution is not hampered by the sample treatment. This would occur if the
matrix crystal size was significantly larger than the achievable pixel size is [223].
The subtle vertical and horizontal lines in Figure [6.2b represent artifacts from
the stitching of the mosaic tiles (one tile is emphasized by the broken white lines)
and can be removed using smoothing algorithms that have not been applied in
these raw images. Note that the borders of these lines define the area of a single
measurement tile. Also note that the peptide mixture deposited underneath the
metal TEM grid unlike the metal grid itself is readily ionized in this MALDI-MSI
experiment, which leads to broadening of this image feature.

6.3.2 Spectral Capabilities on Tissue

The spectral capabilities of the detection system on biological tissue samples are
investigated with the mouse testicle sample. Figure 6.3 shows a mass spectrum
from 93,000 integrated Timepix acquisition frames (i.e. 93,000 laser shots) at a
spectral bin size of 1 Da (the interested reader is referred to [70] for a detailed eval-
uation of the spectral capabilities of the MCP /Timepix detection system). The
spectrum is obtained by integrating eight selected-area images that are similar to
the two images displayed in Figure [6.4] This number of acquisition frames cor-
responds to probing about 7% of the testis surface area. The total ion spectrum
was baseline subtracted with a linear regression method (window size 5 points,
step size 3 points). Tons between 700-900 m/z can be attributed to commonly
observed lipid species, which demonstrates that spectral analysis at physiologi-
cal analyte concentrations on tissue is feasible with this Timepix-based detection
system. The inset of Figure displays the spectrum at 1,500<m/2<7,130. In
this m/z region, distinct peaks are observed which shows that species beyond the
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Figure 6.3: Summed, baseline subtracted mass spectrum from 93,000 acquisition frames
from mouse testis measured with the Timepiz. Many ions are observed in the lipid mass
range (700-900 m/z) and the zoom inset shows higher mass ions.

lipid mass range are accessible with the Timepix-based detection system.

6.3.3 Mass-Selected Imaging on a Biological Sample

The imaging capabilities of the detection system are tested on the mouse testis
sample. Figure displays an optical scan of the tissue slice that is used for
the MS imaging experiment. The sample was coated with DHB by a pneumatic
sprayer to ensure small matrix crystals of ~10 pm in length. Two large-area
acquisitions are carried out at an ion optical magnification factor of 75x. The
experiment shown in Figure ,c probes an area of 0.5x0.5 mm? with 8x8
microscope mode mosaic tiles. The tile-to-tile raster shift is 62.5 ym and 150
Timepix images (i.e. laser shots) are acquired per tile. The second experiment
(Figure 7e) images an area of 1x1 mm? with 16x16 microscope mode mo-
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saic tiles. The tile-to-tile raster is 56.3 pm and 150 Timepix acquisition frames
(i.e. laser shots) are collected. Figure displays the total ion image of these
experiments (Figure [6.4b,d) and corresponding mass-selected ion images (Figure
).

The images are displayed at the full Timepix resolution and are scaled to 25%
of the maximum pixel intensity for increased image contrast. The mass-selected
images clearly reveal the distribution of biomolecular analytes at physiological
concentrations from the tissue surface. The detection of these analytes at the
current acceleration voltage of the ion microscope of 5 keV demonstrates the sen-
sitivity of the detection system.

The total ion image of the 16x16 mosaic shows image artifacts due to detector
saturation. The count rates in this MALDI experiment are high, which results
in detector saturation effects that are observed in some tiles as the vertical flares
in Figure [6.4d. This detector saturation effect can be eliminated from the data
set in two ways. First, the mass-selected images do not contain the saturation
effects. The pixels that are in saturation do not return valid TOF/mass spec-
tral information and can be excluded by this criterion. Secondly, the Timepix
acquisition frames that contain saturated images contain significantly more pixel
counts than the average MALDI frame, in which about 40-70% of the Timepix
pixels are triggered. Hence, the corresponding data files are larger in size and
can be excluded from further analysis by this criterion. Note that the detector
saturation effect prevents the detection of ion events in this area of the detection
system and hence distorts the ion optical image and relative image intensity.
Accurate peak assignment remains challenging with the Timepix detection sys-
tems in combination with the TOF mass spectrometer. The Timepix clock cycles
of 10 ns result in wide mass bins and wide peaks in the spectrum. Thus, the
current mass resolution does not enable analyte identification, as outlined in [70]
(Chapter . Successor chips with a higher time resolution will improve the capa-
bilities for mass assignment significantly. Figure[6.4k shows mass-selected images
with m/z=491-495 (blue), m/2=595-599 (green), m/2=621-624 (red) for the 8x8
mosaic. Figure displays mass-selected images with m/2=504-507 (green) and
m/z=621-624 (red) for the 16x16 mosaic. The analyte at m/z=621-624 might
be heme, since the optical image in Figure displays blood in the area where
the analyte is localized in the mass-selected image. The walk “discrepancy” in
the mass relates to the above mentioned limitations. The m/z=595-599 analytes
might be a di-acyl-glycerol.
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6.3.4 Advantages of Microscope Mode Imaging for High
Spatial Resolution

The capabilities of high spatial resolution imaging are investigated in closer detail
in the 8x8 microscope mode mosaic on the mouse testis sample (Figure ,c).
Figure[6.5|shows the total ion image and mass-selected ion images of this mosaic
at different pixel sizes. At the ion optical magnification factor of about 75x and
at the full Timepix resolution, one Timepix pixel probes 740x740 nm? on the
sample surface (Figure [6.5h, scaled to 25% of the image intensity for increased
image contrast). The Timepix acquired data is spatially binned by combining the
counts of 20x20 (pixel size: 15x15 um?, Figure ), 68x68 (pixel size: 50x50
pm?, Figure )7 and 135x135 (100x 100 pm?, Figure ) pixels, respectively.
The comparison between the different spatial resolution images demonstrates
that accurate analyte localization is only ensured at the fine pixel pitches. In
particular, the two distinct areas of the analytes at m/2=595-599 (displayed
in green) is not resolved by the pixel sizes of 50x50 pum? and 100x100 pm?,
respectively. The pixel size of 15x15 ym? and the pixel size of 740x 740 nm? in
even greater detail reveals the spatial structure of this analyte.

6.3.5 Large-Area Imaging and Throughput Capabilities

Large-area tissue imaging typically targets areas of several square centimeters.
Fast, automated MSI technology is required to ensure high throughput exper-
iments. The Timepix detection system in combination with a high frame rate
readout system is a potential candidate for high throughput MSI experiments.
In the proof-of-principle setup presented here, however, the full potential of the
Timepix system cannot be exploited as it could be in a dedicated measurement
system, due to data readout limitations.

Figure [6.0] displays mass-selected images from a selected-area imaging exper-
iment on the mouse testis sample. The field of view is 1.8x1.8 mm?, which
corresponds to about 11% of the area of the mouse testis section. This area is
imaged in 32x32 microscope mode mosaic tiles at a raster of 56.3 ym. The ion
optical magnification factor is 75x such that the pixel resolution corresponds to
740x 740 nm? on the sample surface. Per position, 150 frames corresponding to
150 laser shots are acquired. This typical imaging experiment is based on a total
of 32x32x150=153,600 laser shots. At a repetition rate of 10 Hz, this corre-
sponds to a measurement time of 4 hours and 20 minutes. If the experimental
repetition rate was 1 kHz, the measurement would only take 2.5 minutes. This
means that the entire mouse testicle section (5.4x5.4 mm?) could be measured
within a microscope mode MSI experiment of about 23 minutes. For comparison,
a microprobe experiment under the same experimental conditions takes signifi-
cantly longer due to the small ionization probe size. An ionization probe of about
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Figure 6.5: Mouse testis selected-area images at different pizel sizes: 1 pizel probes (a)
T40X 740 nm?, (b) 15x 15 um?, (c) 50x50 um? and (d) 100x 100 pm? on the sample
surface. (left) total ion images. (right) mass-selected images with m/2=491-495 (blue),
m/2=595-599 (green), m/z2=624-624 (red).
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450 pm

Figure 6.6: Mass-selected mouse testis images at the full Timepiz resolution. The field
of view is 1.8x 1.8 mm? (32x 32 microscope mode mosaic tiles, 2,868x 2,868 pizels) and
one pizel probes T40x 740 nm? on the sample surface. The selected analyte mass range
of m/z=320-322 (green) appears to be matriz-related since it is observed off-tissue and
m/2=618-621 (red) might correspond to heme. The analyte at m/z=726-729 (blue) is
most likely a lipid. The mass range was blanked below m/z 300. (Note that the color
scheme used here is not the same as in Figure and )

3 pm results in (1.8 mm/3 pm)2=360,000 measurement positions. Hence, the ex-
periment requires about 360,000x150=54,000,000 laser shots and takes about
350 times longer than a microscope mode experiment.

The main limiting factor to the throughput of the Timepix system is the rep-
etition rate which is determined by the repetition rate of the readout system in
combination with the readout software package. Since the chip itself can, in prin-
ciple, be readout within 300 us (parallel readout through the 32-bit CMOS lines
[86]), repetition rates of 1 kHz are feasible. Within the Medipiz collaboration, sev-
eral readout interfaces are under development to specifically target high frame
rate applications (see Chapter . For the Medipix 2 chip, there are the “Parallel
Readout Image Acquisition for Medipix” (PRIAM) and the “Dear-Mama Acqui-
sition System” (DEMAS) systems for reading out frames at kilohertz [212] and
500 Hz [2T3] frame rates, respectively. Recently, the Berkeley quad Timepix par-
allel readout [I73] was presented. It is a highly parallel readout system dedicated
to the readout of 2x2 Timepix ASICs at a frame rate of 1 kHz. These readout
systems would enable high throughput MSI measurements for the Timepix sys-
tem described herein. However, the applicability of these kHz readout systems
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for MALDI-TOF count rates needs to be investigated.

6.4 Conclusions and Outlook

Mass spectrometry imaging (MSI) on biologically relevant samples was shown us-
ing a chevron microchannel stack in combination with a bare Timepix application-
specific integrated circuit on an ion microscope mass spectrometer. Unlike com-
mercial MSI detection systems based on a MCP, phosphor screen and charge-
coupled device camera, this novel detection system provides two-dimensional
imaging information, i.e. localization and arrival time measurements (m/z of
the ions) from a single detection system within every single measurement frame.
Hence, the Timepix facilitates faster MSI measurements by removing the need
for repetitive measurements on different m/z-species.

The spatial resolution of this detection system on the ion microscope results in
pixel sizes of 740x 740-880x880 nm? and a spatial resolving power of about 6 xm.
The imaging capabilities on biologically relevant samples indicate the system’s
potential for biomolecular and biomedical MSI, since significantly more structure
can be resolved with the Timepix system in microscope mode than at commer-
cially available pixel sizes. Mass-selected images can be generated and the mass
spectra show high signal-to-noise ratios. The mass resolution is in accordance
with the expectations for a 100 MHz measurement clock.

The throughput of the current Timepix detector in large-area imaging is lim-
ited by the low repetition rate of the readout system. Readout systems that
perform two orders of magnitude faster repetition rates are feasible and need to
be tested at matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI TOF-MS) count rates. A Timepix successor chip (as sketched
in Chapter [3]) in combination with a kHz readout system and an ion microscope
will result in a state-of-the-art microscope mode MALDI TOF-MSI instrument.
Such a system will possess a high dynamic range, a high signal-to-noise ratio, a
high mass range, an extremely high spatial resolution and will be capable of the
simultaneous measurement of both localization and arrival time of various m/z
ions during one single measurement.

The presented work demonstrates the analytical capabilities of this novel de-
tection system for mass spectrometry imaging on biologically relevant samples.
Conveniently, the high degree of flexibility in the design of the MCP/Timepix
detector assembly enables the implementation of this detection system on any
time-of-flight mass spectrometer. The combination of the system’s high spatial
resolution capabilities with a high mass resolution, tandem MS or ion mobility
mass spectrometer in the future will expand the high end toolbox for MS imaging.
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Implementation of an
In-Vacuum, High-Voltage,
Pixelated Detection System for
Positive and Negative Mode
Ion Microscopy

The analytical capabilities of our Timepiz detection system for mass
spectrometry imaging are extended by the application of additional
extraction fields. FElectrically biasing the detection system at a high
potential (+12 kV/-8 kV) delivers effective ion acceleration energies
of 15/11 keV, which is comparable to the extraction fields in commer-
cially available ton spectrometers. This high voltage detector upgrade
enables measurements on both ion polarities and enables a more sen-
sitive analysis of higher molecular mass ions. The technical imple-
mentation of this system and first results are presented.

7.1 Introduction

The analysis of large biomolecular and biomedically relevant macromolecules by
mass spectrometry (imaging) is highly challenging and interesting to various ar-
eas of application. The reliable and sensitive detection of high-mass ions, in par-
ticular large proteins, protein complexes, viruses and bacterial clusters, would
provide the life sciences with a powerful, analytical tool, which could also find
applications in (bio)medical routine analysis and diagnosis in the future. While
technology for efficient ion generation and accurate mass analysis has actively and
rapidly developed over the past century, technology for ion detection -particularly
of high mass macromolecular complexes- has been lagging behind.

Few examples of high mass detection by electrospray ionization (ESI) in com-
bination with Fourier transform ion cyclotron resonance (FT-ICR) MS or time-
of-flight (TOF) MS have been reported. Chen and coworkers have detected col-
iphage T4 DNA ions of 100 MDa on an FT-ICR MS [224]. Sanglier and co-workers
have detected 2.2 MDa native hemocyanins from deep-sea and shore crabs with
ESI in combination with a TOF and quadrupole-time-of-flight (Q-TOF) mass
analyzer [225]. Similarly, DiFilippo has measured intact viral particles of the to-
bacco mosaic virus at 40.5 MDa with ESI-TOF [220]. Fuerstenau and co-workers
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reported ESI-TOF MS on macromolecules in the MDa range [227]. Electrospray
ionization is very efficient for the detection of high mass ions, since it readily
produces multiply charged species, which can be detected more easily. However,
matrix-assisted laser desorption/ionization, as a “soft” ionization technique, is
generally considered a more appropriate choice of ionization source for large in-
tact macromolecules. MALDI is also suitable for mass spectrometry imaging
where the lateral organization of the analytes from the sample surface is re-
tained.

Detection systems in MALDI-MS, specifically in MSI, are often based on mi-
crochannel plates (MCP, see Chapter . A limitation of this secondary-electron
multiplier, however, is the so-called “high-mass roll-off” of the detector. In a
MCP, the ion detection depends on the generation of secondary electrons. The
generation of a secondary electron avalanche proportional to the velocity of the
incoming particle. As all particles in a TOF-MS are given the same kinetic en-
ergy theoretically, high mass ions will impinge on the detector with a relatively
low velocity/momentum. Hence, they deposit insufficient energy to create an
electron shower. The high mass ions are not detected as a result.

Alternative detection systems for high-mass measurements with MALDI TOF-
MS have been suggested. Park and co-workers presented an inductive detector
specifically for MALDI TOF-MS, whose detection efficiency is not ion velocity-
dependent and does not saturate at high count rates [228]. Imrie and co-workers
reported the detection of above 300 kDa ions with a Faraday cup detector on
a MALDI TOF-MS [229]. Spengler and co-workers used a metallic conversion
dynode for ion detection/conversion and observed that the detection efficiency
of large molecules from MALDI can benefit from optimization for secondary-ion
yield rather than secondary-electron detection [230]. This approach is similar to
the commercially available Covalex detector (Chapter . Cryogenic detectors
are another approach to the detection of high mass ions (Chapter [3)).

In this chapter, the technical implementation of a Timepix-based detection sys-
tem for higher mass molecular ions of both polarities is suggested. This system
will be both suitable for MS and MSI experiments and will be implemented on
the AMOLF ion microscope mass spectrometer. In the previous Medipix 2- and
Timepix-based setups for MSI [70, [73] [231] (Chapter , the detector was held
at ground potential. Therefore, the imaging system was limited in its ability
to analyze high-mass biological samples by limited acceleration voltages. The
upgraded detector assembly presented here is operated floating at a voltage of
+12 kV /-8 kV. This provides high voltage (HV) acceleration capabilities for both
ion polarities. Previously, only positive mode ion imaging of basic and/or salt
adduct species was possible with the MCP /Timepix detection system on our ion
microscope. The extension to negative mode ion imaging enables the study of
acidic species, which enables the analysis of different moieties, i.e. different lipids,
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acidic peptides and proteins. Therefore, the capability to study a tissue sample
in both positive and negative mode provides complementary information on the
biological analytes. In addition, the higher acceleration voltages provide the ca-
pability to detect higher mass intact proteins.

Several technical challenges are related to the in-vacuum mounting of the Timepix
detector. In earlier work, detectors of the Medipix/Timepix detector family were
mounted in-vacuum including substantial parts of the readout electronics in the
vacuum chamber [73, [8I] (Chapter . Here, the implementation of a new, high
vacuum compatible chip carrier is presented for the first time. This chip carrier
functions as a vacuum seal. As a result, the chips are mounted in-vacuum while
the readout electronics is located in-air outside the vacuum chamber. The in-
vacuum mounting of the Timepix chips requires active cooling of the in-vacuum
components of the system as to prevent overheating. An active cooling system
and a temperature monitor with overheating control are presented.

7.2 Experimental

The Medipix/Timepix detectors are covered in Chapter 3l The detection system
presented in this chapter is similar to the one described in Chapter |5} The ion
microscope mass spectrometer has been described in detail in Chapter

7.2.1 High Voltage Capabilities: Detector Floating on
+12/-8 kV.

The implementation of the Timepix detector on our ion microscope aims at the
efficient, position- and time-/mass-resolved analysis of complex biological sam-
ples for molecular histology. In earlier Medipix-/Timepix-based imaging systems,
the detector was held at ground potential [70] [73, [231]. Therefore, the detection
system was limited to acceleration voltages of about 5 kV, i.e. applied by the
sample potential of +3 kV and the MCP front bias of -2 kV. In addition, the
experiments were limited to the positive ion mode (Chapter .

To enable the detection of higher mass ions, the entire Timepix detector as-
sembly -including the chips, readout electronics, power supplies, cooling system-
presented here is floating at a voltage of about +12 kV (in negative ion mode)
and -8 kV (in positive ion mode). This provides high voltage acceleration capa-
bilities for both ion polarities and allows for the analysis of macromolecular ions.
Figure displays a potential diagram for the operation of the floating Timepix
detector assembly in positive and negative ion mode.

Since the Timepix detector assembly is floating at HV, it has to be electrically
insulated and shielded from the mass spectrometer and surrounding. Figure
and respectively, illustrate the mechanical and electrical design of the setup,
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Figure 7.1: Schematic representation of the ion microscope mass spectrometer and po-
tential diagram for the operation of the floating Timepix detector assembly in positive
and negative ion mode.

which contains two cylindrical shells: (1) the “inner” setup shell, which is floated
at HV and (2) the “outer”, which is held at ground potential. The floating detec-
tor assembly is attached to but electrically insulated from the mass spectrometer
via a ceramics tube. The MCP /Timepix detector assembly, the ReLAXD readout
board (Chapter 7 the cooling system (Peltier elements, temperature controller,
fans) and mechanical parts in the inner setup shell are all floated at HV. The
floating HV is applied to the inner detector shell from the standard TRIFT II
(Physical Electronics, Inc., Chanhassen, USA) power supplies of the ion micro-
scope via a home-made converter situated in the outer/ground potential setup
shell. The MCP back- and frontside are powered by the original TRIFT MCP
power supplies. A decoupling circuit for the MCP backside signal is in place for
signal diagnostics on an oscilloscope or to acquire mass spectra both with the
Timepix system and/or an ADC/TDC in parallel (Chapter [5)). The ReLAXD
board, the Peltier elements, the temperature controller and the fans are powered
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by two home-made, switching mode power supplies which are located within the
inner detector shell and are also floating at HV. Since the Ethernet signal from
the ReLAXD board is at HV, the signal has to be converted to enable the sig-
nal transfer into a PC at ground potential. Therefore, the Ethernet signal is
translated to an optical fiber protocol via a media converter (Ntron Industrial
Ethernet media converter, 1002MC-SX, N-Tron Corporation, Mobile, USA). The
non-conducting optical fiber is sent out of the HV setup and the signal is re-
converted to the Ethernet protocol via a optical-to-Ethernet media converter
(Ntron Industrial Ethernet media converter, 1002MC-SX, N-Tron Corporation,
Mobile, USA). Then the signal is coupled to the Ethernet card of the measure-
ment/control personal computer.

85880088894

Figure 7.2: Representation of the mechanical design of the HV setup. The inner shell
contains the detection system, readout board, temperature control system and signal-
converter at high voltage. The outer shell functions as a protective housing.
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Figure 7.8: Schematic representation of the electrical design of the high voltage setup.
The electronics inside the shaded box is floating on HV and is physically contained within
the inner shell of the mechanical design (Figure . The electronics outside the shaded
box is at ground potential and is located outside the outer protection shell of the setup.

7.2.2 High-Vacuum Compatible Chip Carrier and Vacuum
Seal

The Medipix/Timepix detector assemblies and readout electronics are not origi-
nally designed for in-vacuum use. The chips are standard mounted on a printed
circuit board (PCB) to which another readout PCB is connected. The PCBs
are made up of multiple, outgassing FR-4 (fiberglass reinforced epoxy laminates)
layers and other non-vacuum compatible electronics components. In earlier proof-
of-principle experiments, the Medipix/Timepix detectors and readout electronics
were mounted either directly in the spectrometer chamber or a differential pump-
ing stage was used. This resulted in typical pressures of P=10"7 mbar |73, 81].
Despite the high vacuum pressure, the benefits of a new generation of imag-
ing detectors in mass spectrometry imaging and gas-phase atomic and molecular
physics research could be established in these experiments.
In this chapter, a new, high-vacuum compatible chip carrier (Figure and
vacuum seal are presented (Figure that increase the performance and imple-
mentability of those detectors in ultra-high vacuum applications like MSI.

The carrier acts as a vacuum-tight seal between the vacuum of the mass spec-
trometer and the in-air components of the system. The chips are mounted in-
vacuum while the readout electronics is located in-air outside the vacuum cham-
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Figure 7.4: Schematic representation of the high-vacuum compatible chip carrier. The
chip carrier consists of a standard, multilayer FR-4 PCB to which a layer of liquid
crystalline polymer (LCP) is applied on the top and bottom side. The edge of the board
is sealed with a layer of copper and indium to prevent outgassing and to provide a metal
surface for the vacuum seal between the carrier and the vacuum chamber of the mass
spectrometer.

Figure 7.5: Fotos of the high-vacuum compatible chip carrier glued into the stainless
steel support. (a) In-vacuum (front) side of the carrier. The four drilled and threaded
holes mark the positions on which the MCP support will be attached. (b) In-air (back)
side of the chip carrier. The copper block provides mechanical support and functions as
a heat sink. The readout interface board can be clicked into the connector located at the
center of the chip carrier. (c) Zoom on the bonding pads and wire-bonded chips.

ber. The chip carrier also consists of a standard, multilayer FR-4 PCB. This
carrier supports the chips and connects the chips with the readout interface PCB.
The FR-4 PCB is coated with Liquid Crystalline Polymer Circuit material (LCP,
R/flex 3600 Single Clad Laminate, Rogers Corporation, Advanced Circuit Ma-
terials, Chandler, USA) on the top and bottom side which prevents the PCB
from outgassing. This material has successfully been applied as a coating for
high-vacuum parts in mass spectrometry [232]. The use of standard PCB mate-
rial bares the advantages of easy, cheap, reliable and well-established electrical
design and fabrication. In addition, PCBs can be manufactured in various shapes
(rectangular versus circular) and sizes (from few mm up to tens of cm in diame-
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ter). In this application, the PCB is circular in shape, has a diameter of about 50
mm and a thickness of about 1.6 mm. The edges of the PCB are (partly) bevelled
under an angle of 45° for optimal vacuum sealing in the stainless steel mount.
Since the PCB is only coated with LCP on the top and bottom surfaces, the
board can outgas via its edges. Therefore, the edges of the board are sealed with
a layer of copper (Cu) and indium (In). To ensure the temperature control of
the chips, thermal vias are distributed all over the PCB. In addition, a Max6642
(Maxim Integrated Products, Inc., Sunnyvale, USA) temperature sensor is incor-
porated in the PCB which allows to monitor the temperature of the chips at all
times.

The presented chip carrier is mounted in a stainless steel support (Figure .
Since the LCP-coated chip carrier represents a vacuum seal of this system, the
connection between the chip carrier and the stainless steel support needs to be
vacuum-tight. The support is machined such that the bevelled edge of the chip
carrier can be glued (vacuum-compatible, two-component silver epoxy, Hysol
TRA-DUCT 2902, Henkel, Diisseldorf, Germany) into the stainless steel support
(Figure ), which is bevelled at the same angle. This vacuum seal was tested on
a leak tester (130 1/s high vacuum pump, ASM 180T, Alcatel, Annecy, France).
A leak rate of less than P=10"° mbar-1/s was measured. The leak testing gas,
helium at an inlet speed of 4.4 1/s, could not be detected (smallest detectable
signal at full pumping speed is 5.1-10712 mbar-1/s).

In addition, the chip carrier is mechanically supported by a copper disc (Fig-
ure )7 which prevents mechanical stress due to the pressure difference be-
tween the vacuum on the chip-side of the carrier and the ambient pressure on
the electronics-side of the board. The chip carrier and the copper support disc
are connected by an electrically and thermally conducting, two-component silver
epoxy glue (EPO-TEK EE129-4, Epoxy Technology, Inc. , Billerica, USA). This
copper disc also functions as a heat sink and connects the chip carrier to the
active, Peltier element-based cooling system. The stainless steel support of the
carrier is connected to the mass spectrometer by a ¢=1.5 mm indium thread
(Degussa, Hanau, Germany). The combination of the two seals returns the same
leak rate, i.e. less than P=10"? mbar-1/s, and the helium leak testing gas could
still not be detected.

The detector system was assembled through the following procedure: (1) glue
the chip carrier to the copper cooling disk and into its stainless steel support,
(2) probe the Timepix chips, (3) glue them to the chip carrier, (4) wire-bond the
chips, (5) mount assembly via indium seal, (6) leak test assembly, (7) install the
chip carrier vacuum assembly on the TRIFT ion microscope.

The spectrometer was baked for 48 hours. A spectrometer pressure of P=2.10"9
mbar could be established. This represents an improvement of almost two orders
of magnitude compared to previous efforts (P=10"" mbar) which had involved
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differential pumping or in-vacuum mounting of the readout electronics.

7.2.3 Active Peltier Cooling System

The four Timepix chips dissipate about 4 W in total. Therefore, the in-vacuum
mounting of the Timepix chips requires active cooling to prevent overheating. In
the presented setup, the chips are cooled actively with two Peltier elements. The
Peltier elements and the chips are connected by a series of copper parts. The
assembled chip carrier is glued to the copper support/heat sink with thermally
conducting glue. The copper heat sink is connected to a copper heat conductor
that terminates in a platform on which the two Peltier elements (PE-127-10-13-S,
sealed, 37.2 W cooling power at AT=0 and maximum current=3.9 A, maximum
AT=70 °C at maximum current=3.9 W and power=0; Global Component Sourc-
ing, Hong Kong) are installed. The Peltier elements are cooled with a heat sink
and a fan. The cooling temperature is probed with a PT-100 temperature probe,
which is attached to the copper platform next to the Peltier elements. The cool-
ing platform temperature is controlled and held at a given set point, typically 8
°C, with a temperature controller (¢TRON M electronic microstat, JUMO GmbH
& Co. KG, Fulda, Germany). The temperature of the chips is monitored via the
Max6642 temperature sensor, which is located in the chip carrier PCB below the
four chips. The FPGA (field-programmable gate array) on the readout board
is cooled with a fan (via a cooling tube). The FPGA temperature is also given
by the Max6642 which reads a FPGA-internal sensor diode. The chip and the
FPGA temperature readings are transferred to the measurement personal com-
puter (PC) via the Ethernet readout connection.

A dedicated temperature monitoring and control software was developed. This
software package was incorporated into the Medipix/Timepix readout software
Pixelman (Pixelman software, version 2010/03/29, [205, 206]) as a “plug-in”.
The temperature monitoring and control software (system overview in Figure
grabs the chip and FPGA temperature readings from the Ethernet data
stream and displays the temperature readings in a graphical user interface (GUI)
window. In the GUI, the user can specify an “alarm” and a “switch-off” tem-
perature (0<alarm/switch-off temperature<100 °C) for the chips. If the chip
temperature reading is higher than the user-specified alarm temperature for a
user-set amount of time (O<alarm time-out<100 s), the GUI goes into alarm
status (turns red) and an acoustic alarm sets in. Once the chip temperature
exceeds this switch off temperature for a user-set period of time (O<alarm time-
out<100 s), the software will shut down the chips’ and readout board’s power
supplies to prevent overheating. The switch-off procedure is enabled via a multi-
function DAQ unit (NI USB-6008, 12-Bit, 10 kS/s Low-Cost Multifunction DAQ),
National Instruments, Austin, USA) and a home-made power supply controller,
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which converts the TTL signal from the NI I/O into a “disable” signal for the
Timepix and ReLAXD board power supplies.

Typically, the system is operated at an “alarm” temperature of 35 °C and a
“switch off” temperature of 45 °C. The software writes the chip and FPGA tem-
peratures as well as the user-set “alarm” and “switch off” temperatures to a log
file. This temperature control program enables user-unattended measurements,
which is convenient for long and/or over-night experiments.

Personal Computer

Medipix &
Relaxd read- & 3 Netwe
out board h ] ‘Care Pixelman

Temperature
Power Monitor and

supplies

Control
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Figure 7.6: Schematic representation of the hardware components and software working
mechanism of the temperature monitoring and control implemented for this setup.

7.2.4 Samples

A sample of Bruker Protein Calibration Standard I (Bruker Daltonik GmbH,
Bremen, Germany, Table was prepared on an indium-tin-oxide (ITO) coated
glass slide. The protein solution was mixed 1:1 (by volume) with sinapinic acid
matrix solution (20 mg/ml in 50% water, 50% acetonitrile) and spots of 1 ul were
spotted on the ITO slide.

138



7.3 Initial Results and Discussion

Table 7.1: Proteins and corresponding average masses of the Bruker Protein
Calibration Standard I.

Protein [M+H]" average m/z
Insulin 5,734.51
Ubiquitin I 8,565.76
Cytochrome C 12,360.97
Myoglobin 16,952.30

7.3 Initial Results and Discussion

The system described in this chapter has been used for MS in both positive and
negative ion mode. The system is operated at a constant MCP gain of 107 and
with a potential difference of 900 V between the MCP backside and the Timepix
detector.

7.3.1 Negative Ion Mode

Figure [7.7p shows negative ion mode mass spectra of the protein calibration
standard in the mass range from 0-15 kDa as a function of the ion acceleration
energy from 4-13 keV. The total ion acceleration energy is calculated by the sum
of initial kinetic energy given to the ions in the source of the mass spectrometer
(~3 keV) plus the post-acceleration voltage at the detector (2-10 keV for singly
charged ions, see Figure . Each spectrum is generated from one mosaic mode
acquisition of 5,000 frames, i.e. 5,000 laser shots. The mosaic acquisition rasters
a sample area of 0.9x0.9 mm? with 16x16 positions. This method ensures that
every measurement covers the same size of sample area. Also, the mosaic mode
acquisition averages out hot spots on the sample surface.
In this mass range up to 15 kDa, the calibration standard includes three pro-
tein peaks; insulin ([M-H]~=5,732.51), ubiquitin I ([M-H] =8,563.76) and cy-
tochrome C ([M-H]~=12,358.97). These peaks are clearly observed in the spectra
at all ion post-acceleration energies. Figure [7.7h demonstrates that the intensity
of the signal (peak and baseline) increases as a function of the ion acceleration
voltage. Note that the amount of ions generated in the source region is inde-
pendent of the acceleration voltage. However, the increase in the signal intensity
can be explained by the fact that an increased ion kinetic energy results in an
increased ion momentum for a given ion mass. The higher ion momentum upon
impact on the MCP increases the probability of creating the first electron needed
to start an electron avalanche in the MCP. If the first electron is created, the
MCP amplification (107) is sufficient to ensure detection on the Timepix pixels
since only about 650 electrons are required to trigger a pixel.

It is expected that the increase in signal with a higher extraction field levels
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Figure 7.7: (a) Mass spectra of the protein calibration standard in the mass range from
0-15 kDa acquired in negative ion mode at an ion acceleration voltage of 4 keV (blue), 7
keV (green), 10 keV (red) and 13 keV (black). (b) Time-of-flight spectrum of the protein
calibration standard in the mass range of about 10-18 kDa acquired in negative ion mode
at an ion acceleration voltage of 7 keV (green), 10 keV (red) and 13 keV (black).
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Figure 7.8: (a) Mass spectra of the protein calibration standard in the mass range from
0-14.5 kDa acquired in positive ton mode at an ion acceleration voltage of 5.5 keV (blue),
8 keV (green), 10.5 keV (red), 18 keV (black). (b) Time-of-flight spectrum of the protein
calibration standard in the mass range of about 10-18 kDa acquired in positive ion mode

at an ion acceleration voltage of 5.5 keV (blue), 8 keV (green), 10.5 keV (red) and 13
keV (black).

off or is not observed at higher count rates and/or higher acceleration voltages,
since the number of available pixels is finite. Each pixel is a single-stop TDC,
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thus if the count rate is high without additional acceleration voltage, then the
extra counts due to the increased acceleration voltage will not be registered if all
of the pixels in the field of view have been triggered already.

Figure displays the time-of-flight spectrum® of the protein calibration stan-
dard in the mass range of about 10-18 kDa acquired in negative ion mode at ion
acceleration energies of 7-13 keV. In this mass range, the calibration standard
includes two protein peaks; cytochrome C and myoglobin ([M-H]~=16,950.30).
Both peaks could be detected in the Timepix-generated specta at ion accelera-
tion energies exceeding 7 keV. At lower ion acceleration energies no significant
peaks (signal-to-noise>3) could be acquired in this mass range, which proves the
benefit of additional post-acceleration fields for the Timepix detection system.
The spectra in Figure [7.7] clearly demonstrate the extension of the previously
available analytical capabilities from positive ion mode to negative ion mode. In
combination with the instrument presented in this thesis, this enables negative
mode ion microscopy, which adds a previously unavailable analytical tool for MSI
research.

7.3.2 Positive Ion Mode

Figure shows positive ion mode mass spectra of the protein calibration stan-
dard in the mass range from 0-14.5 kDa as a function of the total ion acceleration
energy (5.5-13 keV). The spectra are acquired as outlined in section As ex-
pected, the spectrum shows the peaks of the proteins insulin ([M+H]*=5,734.51),
ubiquitin ([M+H]"=8,565.76) and cytochrome C ([M+H]"=12,360.97), as well
as lower mass peaks in the mass range m/z<4,000. Interestingly, the intensities of
the protein peaks (insulin, ubiquitin, cytochrome C) decrease with increasing ac-
celeration voltages on the detector, i.e. with increasing ion acceleration energies.
In the lower mass region (m/z<4,000), the inverse is observed, the intensities of
the peaks increase with increasing acceleration voltages on the detector. This
effect is related to the ion load on the detection system in combination with the
single-stop TDCs in the Timepix pixels. The count rates in these positive mode
measurements are high, i.e. (nearly) all pixels within the field of view detect an
event even at the lowest ion acceleration energy (5.5 keV). With increasing ion ac-
celeration energies, the ion momentum increases and the probability to score a hit
(and induce an electron shower) on the MCP increases per ion. Since the Timepix
pixels are single-stop TDCs (i.e. once fired the pixels are blind for events arriving
later during the same measurement interval), this gives a detection advantage to
lower mass (earlier arrival time) ions. In high count rate measurements, higher

1Figure is displayed as time-of-flight spectrum instead of a mass spectrum due to the peak
shifts observed as a function of the ion acceleration energy. This effect is commented on in

section @
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acceleration voltages result in spectra where the lower mass signal is enhanced
(as observed in the mass range m/z<4,000 of Figure [7.8h) and where the higher
mass signal is decreased (as observed for the protein peaks in Figure )
Figure shows the time-of-flight spectra of the protein calibration stan-
dard in the mass range of about 10-18 kDa acquired in positive ion mode at
ion acceleration energies of 5.5-13 keV. The cytochrome C and the myoglobin
([IM+H]T=16,952.30) peaks can be detected in the Timepix-generated spectra.
A clear increase of the signal with the increasing ion acceleration energy is ob-
served since the count rates in these measurements are sufficiently low to enable
extra counts on previously “unused” pixels.

The higher mass protein spectrum is displayed as a time-of-flight instead of a mass
spectrum. In this representation, it becomes apparent that the peaks of the pro-
teins are being shifted to a shorter time-of-flight as a function of the acceleration
voltage. This phenomenon can be explained by the increased post-acceleration
applied to the ions. As indicated in Figure the ion acceleration is composed
of two acceleration stages, i.e. the initial acceleration at the sample stage (£3
kV) and the final acceleration behind the mass spectrometer towards the detector
(2-10 kV) in the ~15-20 c¢m long post-acceleration region. The magnitude of the
post-acceleration field determines the final time-of-flight of the ions.

7.4 Conclusions and Outlook

This chapter describes a high voltage extension of the Timepix detection system
for MS(I). This system upgrade can extend the already established advantages
of the Timepix, i.e. position- and time-sensitive measurements, measurement of
different masses simultaneously, high dynamic range, high throughput and high
spatial resolution, among other advantages. In particular, this system will en-
able positive and negative mode MALDI TOF-MSI in the microscope mode. The
high voltage capabilities will enable the analysis of high mass macromolecules. In
addition, a detection system with these capabilities is not only suitable for MSI
but also more generally for other analytical techniques that depend on time- and
position-sensitive measurements.

First experiments were performed with the “high voltage” ion microscope/Timepix
system. These experiments establish ion detection capabilities in both positive
and negative ion mode, which provides the capability to collect complementary
analytical information. The initial experiments indicate that the ion signal is
enhanced with an increased post-acceleration voltage in moderate count rate
regimes. Future studies should investigate the signal increase as a function of the
post-acceleration voltage in different count rate regimes, which will provide sys-
tematic experimental guidelines for the optimum application of post-acceleration
voltages.
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A New Imaging Method for
Understanding Chemical
Dynamics: Efficient Slice
Imaging Using an In-Vacuum
Pixel Detector

The implementation of the Timepix CMOS pizel detector in velocity
map slice imaging is presented. This new detector approach eliminates
the need for gating the imaging detector. In time-of-flight mode, the
detector returns the impact position and the time-of-flight of charged
particles with 12.5 ns resolution and a dynamic range of about 100 us.
The implementation of the Timepix detector in combination with an
MCP additionally allows for high spatial resolution information via
centre-of-mass centroiding. Here, the detector was applied to study
the photodissociation of NOs at 452 nm. The energy resolution ob-
served in the experiment was AE/E=0.05 and is limited by the exper-
imental setup rather than by the detector assembly. All together, this
new, compact detector assembly is well-suited for slice imaging and
a promising tool for imaging studies in atomic and molecular physics
research.

8.1 Introduction

Interest in imaging of reaction products of atomic and molecular collisions, of
molecular photodissociation and of photoionization events has triggered the de-
velopment of several imaging methods and detectors. The detection of the veloc-
ity distribution of fragments gives insight into the chemical reaction dynamics.

A well-established technique that is used in this context is velocity map imaging
(VMI) [4,[5]. In this technique, charged particles -which are either created directly
in the reaction or by the application of an ionization laser after the reaction- are
extracted from the interaction region and accelerated by an electrostatic field to-
wards a position-sensitive imaging detector (Figure. The electrostatic optics
of a typical VMI spectrometer consist of a repeller plate and a ring extractor plate
that together create an electrostatic lens that is constructed such that particles
with an identical initial velocity in the detector plane are mapped onto the same
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Figure 8.1: Schematic representation of the VMI spectrometer. The molecular beam and
the photolysis laser intersect at right angles in between the repeller and extractor elec-
trodes. The potentials applied on the electrodes accelerate the charged particles created
in the interaction region towards the imaging detector. At the end of the flight tube, the
composite MCP/Timepiz detector assembly is mounted in-vacuum.

position on the detector, independent of their starting position in the interaction
volume. Therefore, the impact position of a charged particle directly reflects its
initial velocity vector in the detector plane.

The position-sensitive detector in a VMI spectrometer usually consists of a set

of microchannel plates (MCPs), a phosphor screen and a CCD (charge-coupled
device) camera which records the two-dimensional (2D) velocity distribution of
the incident ions or electrons. If the detector plane contains an axis of cylindrical
symmetry, the 3D velocity distribution can be reconstructed from the 2D image
via an inverse Abel transform.
Slice imaging is an imaging method -derived from VMI- that so far has only been
applied to ions and that requires no mathematical reconstruction. In slice imag-
ing the detection is restricted to particles with a specific time-of-flight by rapidly
switching the MCPs on and off. This allows one to exclude all particles from
the measurement that have a non-zero velocity component perpendicular to the
detector plane. Slice imaging exploits the dependence of the ion’s arrival time on
its initial velocity along the detector axis. These time-of-flight differences can be
enhanced by using delayed pulsed extraction of the reaction products [139] or by
applying very low voltages to the electrodes (DC slicing) [141]. Typically, a time
gate of 40 ns is applied to the detector.
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Instead of a phosphor screen and a CCD camera, a delay-line detector or a
wedge-and-strip anode [81] may be used to record the arrival time and position
of electrons and ions. However, this approach necessarily poses limitations on
the number of charged particles that can be detected per event/laser shot [233].
The reader is referred to references [811 234] for an evaluation and comparison of
the conventional, established detector approaches.

Here, we propose an alternative imaging detector concept relying on an in-vacuum
pixel detector [RI]. This hybrid pixelated CMOS detector, a detector of the
Medipix/Timepix family [84H80], records (1) the position of impact of a particle
and (2) the time-of-flight of this particle with respect to an external trigger with
a maximum time resolution of a 12.5 ns and a dynamic range of 13 bits (about
100 us at the optimum time resolution). A typical Timepix detector arrange-
ment consists of 4 chips comprising 256 x256 pixels of 55x55 um? each. Every
individual pixel provides the dual functionality of giving the impact position and
the time-of-flight information of the impinging particles. In combination with
a chevron MCP stack, pixel detectors are capable of high-resolution, position-
sensitive imaging of charged particles, where the spatial resolution can be better
than the pixel size if an appropriate centroiding algorithm is used [220]. Con-
veniently, the implementation of a high time resolution, in-vacuum camera re-
moves the need to gate the imaging detector in slice imaging. In this chapter,
a proof-of-principle slicing experiment on the photodissociation of NOsy is pre-
sented. The results obtained demonstrate the utility of pixel detectors like the
Medipix/Timepix detector in slice imaging, and furthermore pave the way for
the use of this detector in high-repetition rate coincidence imaging experiments.

8.2 Experimental

8.2.1 The Medipix/Timepix Detector Family

The Medipix detector family has been developed within the Medipiz collaboration
hosted by CERN [93] and is described in detail in Chapter

The experiment described in this chapter uses a Timepix chip assembly. The
time resolution of these measurements depends on the clock speed applied via
the readout interface. For instance, a 2x2 Timepix chip array read by a MUROS2
interface [2I0] can be operated at a maximum clock speed of 80 MHz, resulting
in a time resolution of 12.5 ns. Since the data is accumulated in a 13-bits counter
per pixel, each pixel has a dynamic range of 213-12.5 ns=102.4 us.

The MUROS2 readout interface is coupled to the Timepix printed-circuit board
via an ultra SCSI cable (Ultra 0.8 mm 68 male (VHDCI) to Ultra 0.8 mm 68
male (VHDCI)). The MUROS2 and the PC are interfaced by a National Instru-
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ments DIO-653X card (National Instruments Corporation, Austin, USA). The
maximum achievable readout speed for a single chip is 160 Mbit /s, which yields
a readout time for the entire chip of about 6 ms [210]. Using a 2x2 bare Timepix
array, we observe that the readout speed depends on the number of chips in the
array and the length of the readout cable. In our experimental configuration, the
typical readout time amounts to 80 ms.

The 2x2 Timepix detector is read by means of the dedicated Medipix acquisition
software, Pixelman (Pixelman software, version 2007/07/24, [205]). Saved data
files list the coordinates of pixels that have registered a count in combination
with the value registered by the pixels: Either the number of particles counted or
the moment it went over threshold (TOF) or the time it remained over threshold
(TOT).

The TOF and TOT modes are particularly interesting for sub-pixel spatial res-
olution imaging provided an event is detected in multiple pixels. Particles can
be registered by multiple pixels, for instance, via charge sharing between neigh-
bouring pixels [222]. It also naturally accompanies the use of an MCP in front
of the Medipix/Timepix detector, when the detector records an electron shower
consisting of thousands of electrons [220]. More details on the advantages of this
approach are given below.

8.2.2 Setup and Experimental Conditions

In the experiment, a gas sample containing 10% NO, seeded in Ar is expanded
into the source chamber via a home-made piezoelectric pulsed valve. The pulsed
molecular beam passes through a skimmer into the spectrometer chamber. In
this chamber, it is orthogonally crossed with a tuneable 452 nm laser beam,
obtained from a Nd:YAG laser (Quanta-Ray DCR-3, Santa Clara, USA) pumped
dye laser (Spectra Physics PDL-3, Santa Clara, USA) with Coumarine-47 dye.
The repetition rate of the laser is 10 Hz and the pulse duration is 10 ns. The
NO5 molecules are photodissociated by two 452 nm photons. Subsequently, the
NO photofragments are ionized via a (242) Resonance Enhanced Multi Photon
Tonization (REMPI) scheme.

NOs + 2hw ~  NO(X?Ug(J")) + O(GP! D)
NO(X?Tg(J")) +2hy — NO(A%+ (J) (8.1)
NO(A?2 + (J"))+2hv  — NO%t +e”

The dissociation of NOs requires at least 3.11 eV. In this case both the NO- and
the O-fragments are left in their ground state. For oxygen, this is the *P state.
Dissociation producing the oxygen 3Py, 3Py or D state requires an additional
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energy of 0.0196 eV, 0.0281 eV and 1.9673 eV, respectively [235]. The maximum
translational energy of the NO fragments (i.e. for ground-state NO) follows from
momentum and energy conservation and is 0.81-0.82 eV or 0.14 eV, when the
oxygen fragment is left in either one of the 3P ; states or in the 'D-state, respec-
tively.

The NO™ ions are accelerated through the 10-cm flight tube towards the imaging
detector. Voltages on the repeller and extractor were set to -1620 V and -1670 V,
respectively. The 2x2 bare Timepix detector is mounted approximately 2.5 mm
behind a ¢=4 cm chevron MCP-stack. It is desirable to minimize the distance
between the MCP backside and the Timepix detector chips in order to minimize
the spatial expansion of the MCP electron cloud, which determines the spatial
resolution that can be obtained. Currently, the wire-bonds of the chips limit
reducing this distance. However, the resulting spatial expansion of the MCP
cloud can be counteracted by applying appropriate potentials to the MCP front-
and backside. The pores of the MCP have a diameter of 12 ym on a 15 um
centre-to-centre spacing. In typical experiments, the MCP front- and backsides
are biased at voltages of -2.1 kV and -0.4 kV, respectively. The latter voltage is
used to accelerate the electrons towards the Timepix detector that is at ground
potential. Note that the flight-tube is not at ground, but at the same potential
as the front of the MCP stack.

In the current slicing experiment, an external shutter signal of 6 us is applied
to the detector (via the MUROS2 interface) at a repetition rate of 10 Hz. The
shutter is synchronized to the Q-switch of the Nd:YAG laser. The Timepix chips
are operated in time-of-flight (TOF) mode, which means that each pixel records
the time ¢ between the moment it went over threshold and the end of the shutter
signal (tsputter). In the remainder of this chapter we will define the time axis by
the convention tspqy¢ter=0. The time-of-flight of the detected particles is denoted
by tof, where tof =tspytter-t.

Tons impinging on the MCP create an electron shower that shows up as a cluster
of several pixels on the Timepix detector. A typical cluster for a single impact is
depicted in the inset of Figure [8.2] The colour scale indicates the recorded time.
Pixels that went over threshold earlier are coloured white, and the ones that went
over threshold later are red, while pixels that did not fire at all are black. There
seems to be a relationship between the amount of charge deposited on a pixel
and the moment the pixel goes over threshold, i.e. the more charge is deposited
on a detector element, the earlier it goes over threshold. Therefore, pixels at the
center of the MCP electron cloud footprint go over threshold first, pixels at the
rim of the cluster go over threshold last. The typical time difference within a
cluster (the difference between red and white pixels in the inset of Figure
is 20 time bins. One clock cycle is 12.5 ns and thus this corresponds to 250 ns.
The cluster is from a single ion impact and the observed temporal spread cannot
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Figure 8.2: Time-of-flight spectrum of NO* fragments after NO2 photodissociation and
(2+2) REMPI at ~451.64 nm (1 bin=12.5 ns). The raw data time-of-flight peak (black)
is based on the t measurements of the Timepix detector. This curve displays an “unphys-
ical” asymmetry caused by the Timepix detector. This is mostly due to charge sharing
between pizels and a relationship between the charge deposited per pixel and the moment
the pizel goes over threshold. The time resolution, and with that the symmetry of the
peak, can be improved by selecting only the minimum-tof pizel for clusters that corre-
spond to the detection of a single particle (blue). There also is a relation between the
size of the cluster and the registered arrival time: on average, small clusters show a too
late arrival. When omitting clusters comprising four pizels or less, one can correct for
the asymmetry in the TOF peak even more (red). Note that the “raw data” curve has
been scaled by dividing the amount of pizels that fired by 23, the average cluster size.

be caused by the travel time through the MCP’s and from the MCP’s to the
Timepix detector, which is in the order of 1 ns.

The reduced time resolution is caused by charge sharing, i.e. the MCP charge
cloud spans multiple pixels on the Timepix detector and divides its charge among
those individual detector elements. This effect is reinforced in detectors where
a semiconductor sensor layer in direct contact with the readout chip is present.
Here, the charge sharing is amplified by the combined effect of the scattering and
the diffusion of charge carriers in the silicon sensor [222]. The relative charge
sharing between neighbouring pixels depends on the impact particle energy [222]
and the drift time in the semiconductor sensor layer, which depends on the ma-
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terial characteristics of the sensor layer, the electric field bias and distribution
across the sensor and the interaction depth of the incident particle. The average
size of a cluster can strongly be influenced by changing the MCP gain and the
acceleration potential between the MCP back and the Timepix detector.

Since the time difference between ions that have their initial velocity towards,
respectively, away from the detector is only of the order of a few 100 ns, the
“raw” temporal resolution, as delivered by the Timepix, is insufficient for slicing
experiments. The main plot in Figure displays the NOT time-of-flight trace
based on the ¢t measurements of the Timepix. Here, summed over 30,000 laser
shots the number of counts (black line) is given as a function of ¢ in units of
Timepix bins (12.5 ns). While the actual ion velocity distribution is symmetric
along the time-of-flight axis, the observed time-of-flight peak is strongly asym-
metric. This is due to the blurring introduced by charge sharing as described
above.

To enhance the spatial resolution in our experiments, we applied a centroiding
routine to the raw data. We use only the pixel in the cluster that went over
threshold first to estimate the arrival time of the ion, while we use the “centre-
of-mass” of the cluster to calculate the position of impact via:

C = th” (8.2)

Here, r; is the coordinate corresponding to the centre of pixel “i”. The weights
t; are the difference between the arrival time on pixel ¢ and the first arrival time
that is not encountered anymore within cluster i (thereby giving pixels beyond
the cluster boundary zero weight).

To enhance the temporal resolution, we used only used the minimum tof pixel
for clusters (blue line in Figure , i.e. the time recorded by the pixel that went
over threshold first within a cluster. As expected this peak is sharp and more
symmetric than the raw data curve. However, a slight asymmetry can still be
observed. This asymmetry can be traced back to a dependence of the measured
arrival time of the electron cloud (and thus the ion) on the size of the cluster
and can be reduced by omitting clusters consisting of four pixels or less. Such
small clusters on average return “later” arrival times than clusters comprising
more pixels, possibly due to a dependence of the charge migration time on the
total amount of charge deposited. The red line in Figure [8.2] shows the time-of-
flight trace when selecting only the minimum tof pixel for clusters (as for the
blue line) and also omitting clusters comprising less than five pixels. Clearly,
the time-of-flight peak is much more symmetric, as it should be. All data shown
in the remainder of this work were treated in this way. Note that for each ion
impact (and resulting cluster of events on the Timepix detector) we store one
arrival time, i.e. the minimum tof, and one set of arrival coordinates calculated
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via “center-of-mass” centroiding.

In the current experiment 30,000 acquisition frames were recorded. Due to the
millisecond readout time of the chips the effective repetition rate of the exper-
iment was 5 Hz and the acquisition lasted about 1.5 hours. In one frame, the
detector registered on average 2.6 events. The signal rate was limited to this
value in order to keep the probability of double impacts at the same position
small.

8.3 Results and Discussion

Figure [8:3] displays a series of slices through the NO velocity sphere after pho-
todissociation of NOy at 451.64 nm. The numbers in the bottom corner of the
images indicate the time-of-flight bins used to generate the images. Recall that
each bin is 12.5 ns and that high numbers relate to early events. Bins 85-87
correspond to the centre of the distribution (maximum of the red line in Figure
8.2). The results in Figure demonstrate clearly that slices through the NO
velocity distribution using the Timepix detector were successfully recorded.

Figure displays the velocity distribution of the NO photodissociation frag-
ments in the plane of the detector. The distribution of the centre slice (12.5
ns) is displayed in red, while that of the full (crushed) image, i.e. integration
over all time bins, is shown in black. This corresponds to the in-plane velocity
distribution observed in a common raw VMI image. The velocity distribution of
the centre slice is clearly sharper than the velocity distribution of the full data
set. An image of the centre slice (bin 86) is displayed in the right panel of Figure
along with the integrated image. The kinetic energy distribution, calculated
from this slice is compared in Figure 8.5 to that obtained via an iterative inverse
Abel transformation of the time-integrated image [236]. The overall shape of the
two curves is similar. Still, the quality of the slice image is superior; the noise in
the “inversion” (a result of the iterative inversion that recovers the 3D velocity
distribution from the 2D projection) exceeds the noise in the slice. Noise in the
experimental data is the most likely cause of the difference. A longer integration,
and thus reduction of the noise in the experimental image is expected to improve
the correspondence between the result from the inversion and from slicing. Note
that the centroiding algorithm in principle provides sub-pixel spatial resolution
and the slicing result contains more bins than the result from the inverse Abel
transform (1,024 instead of 512).

The two peaks that dominate the spectrum (the two dominant rings in the
images), correspond to the different states of the oxygen fragment. The peak at
0.8 eV (outer ring in the image) relates to the NO[X?IIq(J”)]+O(®*P ;) products,
while the peak at 0.1 eV (inner ring) relates to the NO(X?II(J”))+O(!D) prod-
ucts which necessarily have a lower kinetic energy. Recall that the maximum
kinetic energy of the NO fragments (when left in the ground state) is 0.82 eV
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94-100

Figure 8.3: Series of slices through the NOT welocity distribution, recorded with a 2x 2
Timepix detector and represented on a logarithmic colour scale. Fach impact position is
calculated from the centre-of-mass of the cluster, while the moment of impact is approz-
imated by taking the moment when the first pizel within the cluster went over threshold.
Clusters of less than 5 pizels were omitted. The data was binned onto a 512x 512 matriz.
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Figure 8.4: The left panel shows the in-plane velocity distribution of the centre slice
(red) and the integral over all slices (black). The right panel shows the ion images that
correspond to the curves in the left panel.
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Figure 8.5: Kinetic energy distribution of the center slice (bin 86, red curve) and of
the inverted integral image (bin 70-100, black curve). These curves follow from the
momentum distributions in Figure[8.)

when the oxygen fragment is left in one of the 3P states and that it is 0.14 eV
when the O fragment is in the 'D -state. The signal besides the two main peaks
is probably due to NO that upon dissociation is left in highly excited states.

The rotational state of the probed NO products can be resolved by tuning the
dye laser wavelength. To calibrate the dye laser, the spectrum from a beam of
rotationally cold NO was measured, after which a spectrum of NO from NO,
dissociation was recorded. Both spectra are plotted in red in Figure and
compared to simulated spectra [237] represented in black. For reference pur-
poses, the spectrum for NO from dissociation is compared to a two photon A «
X spectrum for NO(v=0) simulated at 300 K. We assume that in this wavelength
range ionization via the A 2XT state dominates the spectrum. However, upon
dissociation NO may be left in very highly excited rotational and vibrational
states and ionization may occur via different intermediate states than just the
A state [238], which means that the actual spectrum is more complex than the
simulated one to which it is now compared. Roughly speaking, the right part of
the spectrum in the bottom panel of Figure corresponds to NO in low rota-
tional levels of the 2115 /2 state which is formed in the NO2 dissociation, while the
left part corresponds to NO in the 2H1/2 state. Around 452.4 nm, the spectrum
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shows the signature of some cold NO that is contained in the NOs molecular
beam. The current experiments were performed at 451.64 nm, at the top of the
peak that is depicted in the top-right panel of Figure This peak has a width
of approximately 0.03 nm.

Within the peak at 451.64 nm, a few rotational states of NO(v=0) may be probed.
The most likely spectroscopic transitions are provided in Table[8.1]with the recoil-
energy of the corresponding NO fragments. The comparison of the experimental
spectrum from photodissociation of NOs with a simulated 300 K spectrum of NO
(Figure suggests an important role for NO(J”=8.5) and NO(J”=5.5) in the
experiment. However, this does not fit with the energy distribution observed in
Figure 85} The first peak should in that case be at 0.14 eV, and not at 0.10 eV
as is the case in the current experiment. The latter number does fit reasonably
well to the Roa+S12(17.5) transition which should be found within the same peak
(see Table and Figure [8.6)).

The signal besides the two main peaks in Figure [8.5]is most likely due to NO in

highly rotationally and vibrationally excited states. The spectrum is very dense
and hence it is difficult to select a single rotational state of NO. Recently Wilkin-
son and co-workers [238] studied NOy dissociation in a slice imaging experiment
similar to ours, but using a single photon of 226 nm for dissociation, one for
excitation and one for ionization. Although their results are dominated by NO
fragments in relatively low rotational levels (J”<21) of the vibrational ground
state that ionize via the A 2X* intermediate state, they also observe signatures
of highly rotationally and vibrationally excited states of NO. Ionization of NO
molecules in vibrationally excited states (v=5 until v=9) at this wavelength pro-
ceeds via higher lying intermediate states.
The signal may have been influenced by amplified spontaneous emission (ASE)
in our laser beam, which may also cause some of the signal within the two main
peaks in Figure ASE leads to a slight broadening of peaks in Figure
towards lower energy, because the experiment was performed close to the short-
wavelength edge of the Coumarin 47 wavelength range (444-476 nm when pumped
with 355 nm light). If one of the photons in the dissociation process originates
from ASE, this leads to a broadening of 0.05 eV towards lower energy or 0.02 eV
towards higher energy. In addition, photons from ASE may cause ionization of
NO molecules in other than the selected state.

Table 8.1: List of A < X transitions that may be probed around 451.64 nm.

Transition Position [eV]
A [nm)] (AN, A, F7, F°, J7) ™ P, P, Py
451.627 | 5911(8.5)+5R21(8.5) 0.132 0.817 0.81 0.807
451.634 tS21(5.5) 0.136 0.82 0.813 0.81
451.647 rR22(17.5)41512(17.5) 0.109 0.793 0.786 0.783
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Figure 8.6: Simulated and experimental spectra are depicted in black and red, respec-
tively. The top-left panel shows spectra for cold (4K) NO and is used to calibrate our
dye laser. The red line in the bottom panel shows the spectrum for NO from NO2 dis-
sociation, while the top-right panel zooms in on the peak at which the experiment is
performed. As a reference, a simulated 2-photon absorption spectrum for NO at 300 K
is provided (black line in the bottom panel).

A better experiment with a higher quality (a narrower laser bandwidth and a
lower level of ASE) would be needed to make definitive statements about the in-
terpretation of the measured data and the underlying physics. For an elaborate
discussion on the underlying physics, the reader is referred to references [238] and
reference cited therein.

The energy resolution in the current experiment is estimated to be AE/FE=0.05
from the peak at 0.8 eV, which corresponds to 3 pixels or 165 pm on the detector.
This number is most likely governed by (1) the ion optics and applied voltages
thereon, (2) the simultaneous presence of several velocity components (see above)
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and (3) the fact that oxygen fragments in all three 3P ; states contribute to this
peak (leading to at most 0.01 eV energy difference of the NO atoms).

The experiment was performed at non-optimal VMI conditions. The repeller and
extractor electrodes carried relatively high voltages (<-1.6 kV), while the differ-
ence between the two electrodes was only 50 V. Recall that the flight tube and
front of the detector was also at high voltage (-2.1 kV). As a result, the impact
position on the detector may be more sensitive to the initial creation position of
the ions than in optimized VMI conditions. Since the ionization volume can be
approximated as a cylinder along the laser propagation direction with 1.5 mm
length and 100 pm diameter, this effect can significantly contribute to the deteri-
oration of the spatial resolution. This hypothesis is supported by the shape of the
centre spot in the bottom right panel in Figure which is stretched along the
laser propagation axis and approximately measures 2x5 pixels (110x275 um?).
This indicates non-ideal VMI conditions and corresponds reasonably well with
the observed experimental resolution (3 pixels). The voltages on repeller and ex-
tractor were chosen such that the size of the centre spot was as small as possible.
It is the combination of the effects described above that leads to the observed
resolution, rather than that of the Timepix detector itself.

8.4 Conclusions

In conclusion, the use of an MCP/Timepix in-vacuum detector assembly for slice
imaging was presented. The combination of high resolution, position-sensitive
imaging and time-of-flight measuring on the pixel level makes this detector a
well-suited, simple and attractive alternative to conventional ion imaging detec-
tor technology.

This new detector approach delivers a timing resolution of 12.5 ns per slice and
-so far- an energy resolution of AE/FE=0.05. Recently Vallerga and co-workers
[94] [147] demonstrated that the spatial resolution of the Timepix detector in com-
bination with MCPs can be pushed to 8.8 yum when operating the pixels in TOT
mode, using a center-of-gravity centroiding algorithm and collecting sufficient
statistics. This indicates that the Timepix detector (in combination with the
MCP stack) bears outstanding spatial resolution capabilities and that the spa-
tial resolution of the experiment presented here is limited by the experimental
setup rather than by the detector approach itself. Still, in the presented exper-
iment, the Timepix detector performs comparable to conventional slice imaging
and inversion-algorithm based VMI.

The effective/raw time resolution was found to be worse than 12.5 ns. The mea-
sured arrival time within a cluster depends strongly on the position of a pixel in
the cluster and also depends somewhat on the cluster size. This is due to charge
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sharing of the MCP electron cloud between multiple pixels and to the amount
of charge deposited on the individual pixel. This problem has successfully been
addressed in this experiment. The relatively long readout time of the detector
currently limits the experiment to 5 Hz, but this will be improved in the near
future.

The Medipix/Timepix detector family has a large potential for gas-phase re-
search in atomic and molecular physics in the near future. The work presented
in [73, [81] and the current work represent first steps towards this. An impor-
tant next step will be coincident photoelectron and ion detection based on this
type of in-vacuum pixel detector, in which the above mentioned difficulties and
limitations are less relevant. The combination of the Timepix detector with an
MCP and the Timepix’s position-sensitive TOF and TOT functionality enable
pixel spatial resolution via centroiding algorithms as well as timing information
on the tens of ns level. Integrating this functionality and sub-ns timing infor-
mation from the MCP will enable the coincident detection of photoelectrons and
ions in a simple, compact setup.
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SUMMARY

In the framework of this thesis, an in-vacuum, high-voltage electron and ion
imaging camera was developed. Among other particles, the system is particu-
larly suitable for the detection of macromolecular ions of either polarity. The
new camera is successfully tested on benchmark systems as wells as biologically
relevant marcomolecular tissue samples. Already now, TOF-MSI systems can
benefit from several unique system capabilities. These are the combination of
high signal-to-noise ratios, the multiplexed detection of events by the highly par-
allel detection system, the high sensitivity, the dynamic range, the large mass
range and the simultaneous detection of position- and time-information by a sin-
gle detector system.

The first part of this thesis investigates the spatial and molecular structure of
biologically relevant, complex macromolecular systems. In particular, the rela-
tionship between molecular structure and location, and biological or chemical
functionality is investigated by the technique mass spectrometry imaging (MSI).
In the second part of this thesis, a technique is highlighted which bears the po-
tential to provide fundamental understanding of chemical reactions and reaction
dynamics of atoms and small molecules. This technique is applied to molecular
spectroscopy and is called velocity map imaging (VMI).

Mass spectrometry imaging as an analytical tool for biological and biomedical
tissue research is introduced in Chapter 2. The current state of the technique
is evaluated, technological and methodological challenges and recent advances in
MSI technology are identified. Emerging technologies for high spatial resolution
imaging and high sample throughput studies are introduced. In particular, mi-
croscope mode MSI is suggested as a technique for high throughput, high spatial
resolution MSI imaging. Among other innovations, detector technology that tar-
gets various shortcomings of conventional imaging detector systems is introduced.
Challenging experimental conditions in biomolecular MSI require detection sys-
tems which can handle high count rates with a minimal recovery time, provide
a rapid readout and response, can detect multiple ions simultaneously, have low
noise levels, a high sensitivity and detection uniformity. Conventional secondary-
electron MS detectors (like microchannel plates (MCP) or photo-multiplier tubes)
cannot deliver all these attributes and their mass response levels off for larger mass
ions, which results in a detection disadvantage for macromolecules of biomolec-
ular or biomedical interest. The capabilities of various ion, electron and photon
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detectors are compared and evaluated against the above-mentioned criteria in
Chapter 8. A novel, highly parallel class of pixel detectors is introduced and
its capabilities for imaging studies are outlined. Chapter 4 through 8 cover the
implementation of such a hybrid active pixel detector for MSI and VMI.
Chapter 8 gives an overview of state-of-the-art ion, electron and photon detection
and imaging technology, specifically applied in the areas of mass spectrometry
(MS), mass spectrometry imaging (MSI) and atomic and molecular physics re-
search. Three modes of imaging/particle detection -integrated image detection,
selected image detection and spectral image detection- are distinguished and ar-
eas of application are identified. Various position- and time-sensitive detection
systems are introduced. Most importantly, the Medipix/Timepix detector family
is highlighted and its potential for mass spectrometry imaging and fundamental
atomic and molecular physics research is outlined.

Chapter 4 describes a high spatial resolution imaging study with a detection
system composed of a chevron microchannel plate stack in combination with a
Medipix pixelated detector on an ion microscope. A spatial resolving power bet-
ter than 6 pm is demonstrated by secondary ion mass spectrometry (SIMS) and
8-10 pum with laser desorption ionization (LDI). The 55x55 um? detector pixels
in combination with an ion optical magnification factor of 85x (SIMS) and 42x
(LDI) probe an area of 650x650 nm? (SIMS) and 1.31x1.31 ym? (LDI) on the
sample surface. The spatial resolution, the acquisition speed, and the data han-
dling are investigated in detail.

The high spatial resolution MSI experiments with this MCP/Medipix assembly
deliver a proof-of-concept for the use of hybrid active pixel detectors in MSI. How-
ever, as other current imaging detectors, the MCP/Medipix assembly provides
2D imaging capabilities only. Hence, the spatial distribution of a particular ion
species, i.e. m/z value, can only be imaged by selecting the particular ion (based
on its time-of-flight) and blanking all other particles. These measurements are
repetitive and time-consuming. The implementation of an MCP /Timepix detec-
tor assembly alleviates the need for selective ion blanking. The Timepix detector
is a variant of the Medipix 2 detector, which -among other features- can measure
the time-of-flight of an impinging particle on the pixel level with a time resolution
of 10 ns. Chapter 5 through 8 demonstrate the implementation and application
of a Timepix-based detection system for MSI and VMI.

Novel detection capabilities for large biomolecules in time-of-flight (TOF) based
MSI are investigated in Chapter 5. In that chapter, a bare Timepix assembly
combined with chevron microchannel plates (MCP) captures time-resolved im-
ages of several m/z species in a single measurement. Mass-resolved ion images
from Timepix measurements of peptide and protein standards demonstrate the
capability to return both mass-spectral and localization information of biologi-
cally relevant analytes from matrix-assisted laser desorption ionization (MALDI)
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on a commercial ion microscope. Timepix mass spectra deliver an increased dy-
namic range of over one order of magnitude. The Timepix returns defined mass
spectra already at sub-saturation MCP gains, which prolongs the MCP lifetime
and allows the gain to be optimized for image quality. The Timepix peak res-
olution and isotope detection are only limited by the resolution of the in-pixel
measurement clock. Oligomers of the protein ubiquitin were measured up to 78
kDa at comparatively low ion energies of 5 keV with the MCP /Timepix detection
system. In conventional, commercially available mass spectrometers, acceleration
voltages well exceeding 5 keV (20 keV or more) are needed to obtain such a high
mass sensitivity.

In Chapter 6, we demonstrate the capabilities of a highly parallel, active pixel
detector for large-area, mass spectrometric imaging of biological tissue sections.
We prove the applicability of the detection system to biomolecular mass spec-
trometry imaging. The MCP/Timepix system is tested on biologically relevant
samples as a peptide-grid benchmark sample and mouse testis tissue slices. Mass-
spectral and localization information of analytes at physiological concentrations
are measured in MALDI TOF-MS imaging experiments. We show a high spatial
resolution (pixel size down to 740x 740 nm? on the sample surface) and a spatial
resolving power of 6 pym with a microscope mode laser field of view of 100-335
pm. Automated, large-area imaging is demonstrated and the Timepix’ potential
for fast, large-area image acquisition is highlighted.

Chapter 7 outlines how the analytical capabilities of this detection system can
be extended by the application of additional extraction fields. In particular, the
detection system is electrically isolated from the spectrometer and can be op-
erated at +12 kV/-8 kV, which delivers ion acceleration energies of 15 keV /11
keV. Hence, this high voltage detector upgrade enables measurements on both
ion polarities and enables a more sensitive analysis of higher molecular mass ions.
These capabilities prove useful in biological or biomedical studies of lipids, pep-
tides and large intact proteins.

In Chapter 8, the implementation of our detection system to velocity map imaging
and a variant thereof, slice imaging, is presented. The Timepix detector approach
is particularly attractive to slice imaging where only part of the molecular distri-
bution is imaged. The Timepix conveniently eliminates the need for gating the
imaging detector. The implementation of the Timepix detector in combination
with a microchannel plate additionally enables high spatial resolution informa-
tion via center-of-mass centroiding. Here, the detector was applied to study the
photo-dissociation of NOy at 452 nm. The energy resolution observed in the ex-
periment was AF/FE=0.05 and is limited by the experimental setup rather than
by the detector assembly.

All together, this new, compact detector assembly is well-suited for imaging stud-
ies in mass spectrometry imaging, atomic and molecular physics research and
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related areas of research. The implementation and the application of this state-
of-the art, pixelated, solid state detector has proven highly successful.
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In het kader van dit proefschrift werd een elektronen- en ionen-imaging kamera
ontwikkeld die op hoge spanningen in een vacutim opstelling gebruikt kan worden.
Het kamerasysteem is zeer geschikt voor de detectie van macromoleculaire ionen,
zowel positief als negatief geladen. Deze nieuwe kamera werd succesvol getest op
peptide- en eiwitstandaard-oplossingen en tevens op biologisch relevante macro-
moleculaire weefselmonsters. In het huidige stadium van onze detectorontwikke-
lingen kunnen vluchttijd-massaspectrometers nu al profiteren van verschillende
unieke aspecten van dit systeem. Het nieuwe detectiesysteem combineert de vol-
gende eigenschappen: Een hoge signaal-ruisverhouding door de gemultiplexde
detectie van events met het parallelle detectiesysteem, een hoge gevoeligheid, een
groot dynamisch bereik, een groot massabereik en de gelijktijdige detectie van
plaats- en tijdsinformatie door een enkel detectiesysteem.

Het eerste deel van dit proefschrift onderzoekt de spatiéle en moleculaire struc-
tuur van complexe macromoleculaire systemen die biologisch relevant zijn. In
het bijzonder wordt de relatie tussen de moleculaire structuur en positie, en de
biologische of chemische functionaliteit onderzocht aan de hand van de “massa-
spectrometrie imaging (MSI)” techniek. In het tweede deel van dit proefschrift
wordt de nadruk op de “velocity map imaging (VMI)” techniek gelegd, een tech-
niek die het potentieel heeft om fundamenteel inzicht in chemische reacties en
de dynamiek van zulke reacties van atomen en kleine moleculen te geven. Deze
techniek werd toegepast in de moleculaire spectroscopie van NOs.

Hoofdstuk 2 introduceert MSI als een analytische techniek voor biologisch en
biomedisch onderzoek aan weefselmonsters. De huidige stand der techniek wordt
geévalueerd, technologische en methodologische uitdagingen en recente techni-
sche ontwikkelingen in de MSI worden benoemd. Opkomende technologieén voor
hoge spatiéle resolutie imaging en hoge verwerkingscapaciteit van monsters wor-
den geintroduceerd. In het bijzonder wordt microscoop mode MSI als een tech-
niek voor hoge verwerkingscapaciteit van monsters met een hoge spatiéle resolutie
gepresenteerd. Naast andere innovaties wordt er een detectortechnologie geintro-
duceerd die verscheidene tekortkomingen van conventionele imaging detectoren
overwint.

Uitdagende experimentele condities in de biomoleculaire MSI vereisen detec-
tiesystemen met de volgende eigenschappen: Het verwerken van hoge count rates
met een minimale hersteltijd, een snelle uitlezing en reactietijd, gelijktijdige de-

179



Samenvatting

tectie van meerdere ionen, een laag ruis niveau, een hoge gevoeligheid en een
uniforme detectie op het gehele detectorvlak. Conventionele secundaire electro-
nen detectoren voor massaspectrometrie (zoals “microchannel plates” (MCP’s)
of “photomuliplier tubes”) bieden deze eigenschappen niet en tevens neemt hun
gevoeligheid af voor hogere ionenmassa’s. Dit is een nadeel voor de detectie van
macromoleculen van biomoleculair en biomedische belang. In Hoofdstuk 3 wor-
den de mogelijkheden van verscheidene ionen-, elektronen- en fotondetectoren
vergeleken en op de eerder genoemde criteria gevalueerd. Een nieuwe, in hoge
mate parallel opgezette groep van pixeldetectoren wordt geintroduceerd en de mo-
gelijkheden hiervan voor imaging studies worden beschreven. De Hoofdstukkken
4 tot en met 8 beschrijven de implementatie en evaluatie van een dergelijke hy-
bride, aktieve pixeldetector voor MSI en VMI.

Hoofdstuk 3 geeft ook een overzicht van state-of-the-art ionen-, elektronen- en
fotondetectie- en afbeeldingtechnologie, die in het bijzonder wordt toegepast in
de vakgebieden van de massaspectrometrie (MS), de massaspectrometrie imag-
ing en de atoom- en molecuulfysica. Drie verschillende modes van imaging-
/deeltjesdetectie -namelijk geintegreerde, geselecteerde en spectrale beelddetectie-
worden onderscheiden en toepassingsgebieden van de drie modes worden bespro-
ken. Verschillende positie- en tijdgevoelige detectiesystemen worden geintro-
duceerd. En meest belangrijk, de Medipix/Timepix detectorfamilie wordt speci-
fiek beschreven en hun potentieel voor MSI en fundamenteel atoom- en fysicaon-
derzoek wordt geschetst.

Hoofdstuk 4 beschrijft een imaging experiment bij hoge spatiéle resolutie dat ge-
bruik maakt van voornoemde nieuwe detectorsystemen bestaand uit een MCP
in combinatie met een Medipix pixeldetector en geintegreerd met een ionenmi-
croscoop. Met secundaire ionen massaspectrometrie (SIMS) en met laser desorp-
tie ionisatie (LDI) worden oplossende vermogens beter dan 6 um, respectievelijk,
8-10 pum bereikt. De oppervlakte van 55x55 pm? van de detectorpixels in combi-
natie met een ionenoptiek vergrotingsfactor van 85x (SIMS) en 42x (LDI) komt
met een gebied van 650x650 nm? (SIMS) and 1,31x1,31 pm? (LDI) op het te
meten oppervlak overeen. De spatiéle resolutie, de acquisitie-snelheid en een op-
timale gegevensverwerking worden in detail onderzocht.

De hoge spatiéle resolutie MSI experimenten met deze MCP /Medipix detector-
samenstelling geven een “proof-of-concept” voor het gebruik van hybride, actieve
pixel detectoren in de MSI. Echter, zoals andere imaging detectoren die tegen-
woordig in gebruik zijn, geeft de MCP/Medipix samenstelling alleen 2D-beelden.
Daarom kan de ruimtelijke verdeling van een bepaald ion, dat wil zeggen een
bepaalde m/z-waarde, alleen afgebeeld worden indien dit betreffende ion vooraf
geselecteerd wordt (op basis van zijn vluchttijd) en alle andere ionen verwijderd
worden. Dit soort metingen vereisen veel bijna identieke metingen en zijn daarom
tijdrovend. De implementatie van een MCP /Timepix detector maakt deze ionen-
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selectie overbodig. De Timepix is namelijk een variatie van de Medipix2 detector,
die -naast andere eigenschappen- per pixel de vluchttijd van een deeltje kan meten
met een resolutie van 10 ns. De Hoofdstukken 5 tot en met § laten de implemen-
tatie en toepassing van een Timepix-gebaseerd detectiesysteem voor de MSI en
de VMI zien.

Hoofdstuk 5 onderzoekt nieuwe detectiemogelijkheden voor grote biomoleculen
in de vluchttijdgebaseerde MSI. Een kale MCP/Timepix samenstelling neemt
tijdsopgeloste beelden op van meerdere m/z-species in één enkele meting. We
laten massaopgeloste ionenbeelden van peptide- en proteine-standaard oplos-
singen zien. Deze tonen de prestaties van de Timepix, met name de massaspec-
trale en lokalisatie informatie van biologisch relevante materialen (gegenereerd
met MALDI op een commercieel ionen microscoop). Timepix massaspectra geven
een vergroot dynamisch bereik van meer dan een orde van grootte vergeleken met
huidige detectortechnologie. De Timepix kan massaspectra opnemen, ook als de
MCP niet in verzadiging wordt bedreven. Dit verlengt de levensduur van de MCP
en geeft de mogelijkheid om de versterkingsfactor aan te passen voor een optimale
beeldkwaliteit. Op dit moment zijn de piekresolutie in de massaspectra en de iso-
toop detectiemogelijkheden van de Timepix alleen gelimiteerd door de tijdsreso-
lutie van de pixel meetklok (10 ns). Het was mogelijk om met dit MCP /Timepix-
detectiesysteem oligomeren van de proteine ubiquitin tot een massa van 78 kDa
te detecteren met een verhoudingsgewijze lage ionen-energie van 5 keV. In een
conventioneel, commercieel verkrijgbare massaspectrometer wordt een dergelijke
hoge massagevoeligheid alleen met een veel hogere versnelspanning in de orde
van 20 kV of meer bereikt.

In Hoofdstuk 6 gebruiken we deze in hoge mate parallelle, actieve pixeldetector
om grote oppervlakken van biologische weefselmonsters met MSI te onderzoeken.
We tonen hiermee aan dat het detectiesysteem geschikt is voor de biomolecu-
laire MSI. Het MCP /Timepix-systeem wordt op biologisch relevante monsters
zoals een peptide-grid monster en een muistestis weefselmonsters getest. Op het
weefseloppervlak zijn biomoleculen in fysiologische concentraties aanwezig. Toch
kan massaspectrale- en plaats-informatie van biomoleculen worden verworven in
MALDI-vluchttijds-MSI experimenten met dit nieuwe detectiesysteem. In het
bijzonder laten we een hoge spatiele resolutie zien (pixels zo klein als 740x 740
nm? op het monsteroppervlak) en een oplossend vermogen van 6 ym met een
microscoopmode laserbundel met een diameter van 100-335 pum. Verder laten
we zien dat grote weefseloppervlakken op een geautomatiseerde manier kunnen
worden onderzocht en leggen we de nadruk op het potentieél van de Timepix om
snel zulke grote gebieden af te beelden.

Hoofdstuk 7 geeft aan hoe de analytische vaardigheden van het detectiesysteem
kunnen worden uitgebreid door extra elektrostatische versnellingsvelden op de
detector aan te leggen. In het bijzonder laten we zien hoe het detectiesysteem
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elektrisch geisoleerd kan worden van de massaspectrometer en op een potenti-
aal van +12 kV/-8 kV kan worden bedreven. Deze detectorvoltages resulteren
in ionenenergieén van respectievelijk 15 keV /11 keV. Deze detectoruitbreiding
met hoge voltages maakt metingen van ionen in positieve en negatieve mode mo-
gelijk en geeft de mogelijkheid de gevoeligheid voor ionen met hogere massa’s te
vergroten. Deze eigenschappen zijn belangrijk voor biologische en biomedische
studies van lipides, peptides en zware, intacte eiwitten.

In Hoofdstuk 8 wordt de implementatie van dit detectiesysteem voor VMI en
een variant ervan -namelijk “slice imaging”- getoond. Het tijdsgevoelige Timepix
detectiesysteem is bijzonder aantrekkelijk voor “slice imaging” waarin maar een
deel van de moleculaire distributie afgebeeld moet worden. Met de Timepix is
het namelijk niet nodig om een deel van de deeltjesdistributie weg te halen of
de detector selectief aan te zetten om slechts een bepaald gedeelte van de dis-
tributie te meten. Verder geeft de implementatie van de Timepix in combinatie
met een MCP de mogelijkheid om hoge spatiele resolutieinformatie te winnen
via massa-middelpuntbepaling. In dit onderzoek hebben we de detector gebruikt
voor een fotodissociatie studie van NOg met licht van een golflengte van 452 nm.
De energieresolutie die in dit experiment behaald werd was AE/E=0.05 en was
niet gelimiteerd door de detector maar ander onderdelen van de experimentele
opstelling.

Al met al is deze nieuwe, compacte detectorsamenstelling zeer geschikt voor de
massaspectrometrie imaging, atoom- en molecuulfysica en gerelateerde onder-
zoeksgebieden. De implementatie en toepassing van deze state-of-the-art, gepix-
eleerde, vaste stof detector heeft bewezen zeer succesvol te zijn.
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