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Instrumental developments for imaging and individual particle detection for biomolecular mass spectrometry
(imaging) and fundamental atomic and molecular physics studies are reviewed. Ion-counting detectors, array detection
systems and high mass detectors for mass spectrometry (imaging) are treated. State-of-the-art detection systems for multi-
dimensional ion, electron and photon detection are highlighted. Their application and performance in three different
imaging modes - integrated, selected and spectral image detection — are described. 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 oxide semiconductor (CMOS) chips — are introduced. The Medipix/Timepix detector
family is described as an example of a CMOS hybrid active pixel sensor. Alternative imaging methods for particle

detection and their potential for future applications are investigated. Copyright © 2012 John Wiley & Sons, Ltd.

1. INTRODUCTION TO SENSORS AND
DETECTORS

Webster’s New World Dictionary defines a sensor as a "device
to detect, measure, or record physical phenomena (...)".!"!
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 the 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
complex sensor/detector system. The sensor or detector
measures the ‘transduced” parameter and converts it into an
electrical signal which can be read by an instrument or user.

Measurement instruments are deeply engrained into our
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 name only a few examples.

Many of those ‘daily life” sensor and detection systems
were originally developed for scientific research. Only later
were they 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 developed 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 detection has progressed tremendously
over the past decades. In biomolecular mass spectrometry
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imaging and fundamental atomic and molecular physics
studies, such detection systems register ions, electrons and
photons among other particles. The (charged) particle detec-
tors in these fields are mainly instruments that detect, identify
or track particles. They measure such quantities as the
particle energy, the impact position, the particle charge, and
the intensity of particles. The state-of-the-art ion, electron
and photon detection and imaging technology, specifically
applied in the areas of mass spectrometry (MS), mass spectro-
metry imaging (MSI) and atomic and molecular physics
research, will be introduced in this article.

2. SELECTED SENSOR AND DETECTOR
TECHNOLOGY FOR MASS SPECTROMETRY

This section highlights two examples of the most important
detection systems employed for the detection of charged
particles in mass spectrometers. It does not attempt to give
an in-detail, historic overview of mass spectrometry detec-
tors, rather it emphasizes a few detection systems which are
in frequent use in mass spectrometry today and/or are
potential detection systems for MSI.

2.1. Array detectors

Array detectors are traditionally used to record the spatial
distribution of a variety of particles, ranging from photons,
to sub-atomic particles, atoms and ions. In mass spectrome-
try, array detectors are used for the simultaneous detection
of multiple ions of different mass-to-charge ratio (1n/z values).
Hence, detector arrays improve the detection limits and
measurement precision.'*?! They reduce the sam}:)le consump-
tion and increase the instrument’s duty cycle.* Array detec-
tors are a particularly interesting group of detection systems
since they are relevant both to MS and to MSI research.



2.1.1. Microchannel plate detectors

A microchannel plate MCP)™ is a thinly sliced plate that
consists of several millions of parallel, small diameter,
conductive glass tubes which have been fused together.
Typical pore diameters are 10 to 100 pm and the channel length-
to-diameter ratios are 1:40 to 1:100. 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 1 shows
a schematic representation of an MCP.

A single MCP 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 direc-
tion to 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
front side of the MCP into a multi-million electron shower
(gains >10° at the back side of the MCP stack. MCPs have a
fill factor, i.e. the ratio of the open pore area to the total MCP
area, of about 70 to 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 (MS)
and mass spectrometry imaging (MSI) are based on MCPs.
The MCP is used as a conversion/amplification medium!!
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 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 back side of the MCP
and the electron-receiving detection system.”!

Due to their fast response, MCPs can be used for time-
of-flight (TOF)-MS measurements in combination with a time-
to-digital converter (TDC) where timing resolutions on the
order of tens of picoseconds have been realized.®! In addition,
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 detector system, both for MS and
MSI. Examples include electro-optical imaging detectors
(section 3.2.1.) and charge-division detectors (section 3.2.2.).
These detection systems are also used in MSI and are therefore
treated in section 3. In MS research, MCPs have also been
combined with capacitively coupled detectors and discrete-
anode array detectors, which are not covered here.

As with 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” of the detector.
In a MCP, the ion detection depends on the generation of
secondary electrons. The generation of a secondary electron
avalanche is proportional to the velocity of the incoming
particle. As all particles in a TOF mass spectrometer are theore-
tically given the same kinetic energy, high-mass ions will
impinge on the detector with a relatively low velocity /momen-
tum. Hence, they deposit insufficient energy to create an
electron shower. Thus, the high-mass ions are not detected.
The limitations associated with MCPs in imaging experiments
are covered in section 3.2.4. Detection systems for high mass
ions are described in section 2.2.

MCPs are often used as an amplification/conversion stage
in the detection process. They are then combined with a
second detector stage. Such combinations are mainly used
in imaging applications and are covered in section 3.2. MCPs
are generally well understood and characterized detectors.
They are not covered in further detail here. The interested
reader is referred to references'>*! which cite some 20 publica-
tions that document the characterization of MCPs and their
performance under several experimental conditions.

2.2. High-mass detection systems

This section highlights selected high-mass detection systems
for MS. In particular, the Covalx HM high-mass detection
system for macromolecules up to 1.2 MDa is described. In
addition, cryogenic detectors based on superconducting
tunnel junctions, calorimeters/bolometers and recently
developed superconducting nanostripline detectors/nano-
membrane detectors are introduced.

2.2.1. The Covalx HM high-mass detection system

The Covalx HM high-mass detection system (Covalx, Zurich,
Switzerland) provides an alternative detection method that
circumvents the high-mass roll-off.”#! The Covalx HM
system uses conversion dynode technology, which enables
the detection of macromolecules up to 1.2 MDa at nano-molar
sensitivity. This ion conversion detector system increases the
sensitivity for the detection of 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 sensitivity than the initial ions would be. Van Remoortere



and co-workers have employed the Covalx HM system for
matrix-assisted laser desorption/ionization (MALDI)-TOF MSI
and profiling of proteins from tissue, of up to 70 kDa and
110 kDa in mass, respectively.® 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 mass range of 60-600 kDal®! They compared the
performance of the Covalex to a standard secondary electron
multiplier (SEM) detection system. They concluded that the
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.

2.2.2. Cryogenic/bolometric detectors for high-mass ion detection

Cryogenic detectors!'**! involve a detection mechanism at

low, sub-Kelvin, temperatures. Cryodetectors are particularly
useful for the detection of high-mass (hundreds of kDa)
macromolecules, which cannot be registered with most other
detection systems such as, for instance, MCPs, due to the
detector roll-off at high masses. In a TOF mass spectrometer,
all ions are given the same kinetic energy of the order of
5-30 keV. Due to their high mass, macromolecular ions
impinge on the detector with a relatively low wvelocity/
momentum. They remain ‘unseen’ by most detection systems
since they do not liberate sufficient charge carriers within the
detection medium. Cryogenic detection systems have a mass-
independent response. They detect slow-moving particles
with near-unity efficiency. In addition, they not only detect
the arrival of the ion on the detector, but also measure the
energy deposited by the impinging biomolecular ion. 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 value, of the ion. Hence, the singly
charged monomer, doubly charged dimer and triply charged
trimer, etc., have the same m/z value and they cannot be
distinguished solely by their TOF.

One type of cryogenic detector is 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 excitations is proportional to the absorbed energy.
The macromizer (Comet AG, Flamatt, Switzerland) is a com-
mercial cryogenic detection system based on superconducting
tunnel junctions. Zenobi and co-workers have demonstrated
the analysis of megadalton compounds (>500 kDa) on a
MALDI-TOF mass spectrometer using the macromizer.™*!
The molecular protein characterization of human plasma
lipoproteins using the macromizer was shown by Heller and
co-workers.!"!

Another type of cryodetectors is calorimeters and bolometers
based on superconducting thermometers. In these detection
systems the macromolecular ion is received in an absorber
material. The kinetic energy of a particle is converted into an
increase in temperature, which is measured by a temperature
transducer. Similarly to superconducting tunnel junctions, the
arrival of high-mass ions is registered and their kinetic energy
is measured.

Recently, high-mass ion detection has been demonstrated
with superconducting nanostripline detectors (SSLDs).["**]
These detection systems comprise a number of narrow
(hundreds of nanometers), thin (few nanometers) supercon-
ducting Niobium nanowires arranged in a parallel configura-
tion. Zen and co-workers have demonstrated the detection of
macromolecules up to 132 kDa with such a detection system.!'®!
Advantages of the SSLDs are the sub-nanosecond response
time (compared with several tens of nanoseconds in supercon-
ducting 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 is
mechanical nanomembrane detectors for TOF MS.!"8! These
detection systems consist of a nanomembrane, an extraction
electrode, a microchannel plate (MCP) and an anode. Ion
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.

2.3. Mass spectrometry + imaging

In mass spectrometry, array detectors'>?! have the capability
to simultaneously detect multiple ions of different m/z values.
This has the advantages of increasing the detection limits and
the measurement precision, and it increases the duty cycle of
the instrument.”!

In addition to these advantages, sample-correlated, position-
sensitive detection can introduce another dimension of experi-
mental information to a mass spectrometric measurement. In
particular, MSI merges the benefits of analyte identification by
MS with the localization information from projecting sample
analytes onto 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 MSL!2!
Position-sensitive detector technology dedicated to MSI
(and related techniques) is treated in section 3.

3. STATE-OF-THE-ART IN MULTI-DIMENSIONAL
ION, ELECTRON, PHOTON IMAGING AND
DETECTION IN MSI, ATOMIC AND
MOLECULAR PHYSICS AND RELATED AREAS

3.1. Different modes of imaging and particle detection

It is important to distinguish between different modes of
imaging and particle detection since every application has
its distinct requirements on what information is to be
extracted from the detection of the ions, electrons, or photons.
The information recorded in the different imaging/detection
modes differs significantly, although all modes rely on the
detection of individual particle events. Figure 2 gives an
overview of the different modes of detection.

(1) Integrated image detection
Imaging typically involves the (untriggered) accumulation

of particle counts on the detector or the integration of particle
counts from multiple image acquisitions. The acquired image
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Figure 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 are
illustrated with the example of TOF MS imaging. On the left-hand side, the
sample is ablated with a surface probe, and ions are generated. The ions are
sent through the TOF mass 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 localiza-
tion 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.

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
relies on this type of image acquisition. A "total ion image’
in MS], i.e. an image of the full ion current, is also accumu-
lated in this way. In addition to the particle intensity, other
quantities such as, for instance, the particle velocity, momen-
tum or energy, may be extracted from such images in dedi-
cated experiments in which the specific projection method
and reconstruction algorithm allow the correlation of image
features with these quantities. An example of such a techni-
que is velocity map imaging (VMI)2122! 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 that makes use of integrated image
detection, where objects are investigated by illuminating
them with a wide range of optical wavelengths. Depending
on its composition, the object under investigation reflects
these wavelengths in a characteristic way such that a
position-sensitive sensor records a spectroscopic signature of
several spectral bands.

(2) Selected image detection

A specific, selected part of an event distribution is imaged
by gating the detection 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 MSL?*! 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 (1)). 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 measurements then gives infor-
mation on the sample composition and the according spatial
distribution. This detection approach allows the successive
localization of selected 11/z species. However, it bears the disad-
vantage of time-consuming, highly repetitive measurements
having to be made on quickly depleting biological samples.

Another example of gated imaging is ’slice imaging’,[z‘l’%]
a variant of VML 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 distribution. Therefore, slice imaging is a
time-efficient and convenient alternative to VML

(3) 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 individual ion’s TOF
with respect to an external trigger and localizes them by regis-
tering their position on the detector. The time- and position-
sensitive detection of individual ions enables the identification
and localization of the full ion load in one experiment (contrary
to the (gated) imaging described in (1) and (2)) at sufficiently
low count rates.

In fundamental atomic and molecular physics research,
cold target recoil ion momentum spectroscopy (COLTRIMS)
in ‘reaction microscopes’m’zg] measures the vector momenta
of several ions and electrons from an induced atomic or
molecular reaction coincidently. 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 TOF and the measurement geometry enable
the reconstruction of the particles’ trajectories and the recon-
struction 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 microscope.**!! 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 TOF
MS. The imaging ion probe also provides information on
the localization of the analytes within the sample by project-
ing the particles onto 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 operated in detector gating
mode (as described in (2)). The identification and localization
of individual particles on the atom probe tip provide 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. In addition,
considerations such as the measurement conditions (gas pres-
sure, temperature, chemical environment, etc.), practicability
and system handling may play a significant role in the choice
of detection system (see section 3.3, performance criteria).

3.2. State-of-the art imaging/particle detection systems

State-of-the art particle imaging and detection systems cur-
rently include electro-optical image detectors, i.e. microchannel
plates (MCPs) in combination with a photon detector. In addi-
tion, 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 active pixel detectors are often
combined with a semiconductor sensor layer or a gaseous
particle conversion medium. Therefore, they do not necessarily
require an MCP for sufficiently high energy particles (see
section 5).

For imaging applications, the spatial resolution obtainable
with an MCP is particularly relevant. Here, it should be noted
that the spatial resolution in such a detector depends on the
spread of the electron cloud exiting the back side of the
MCP, and if applicable the element size of the detection
system. The dimensions of this electron cloud depend on
the distance between the back side of the MCP and the
secondary detection stage, the potential between these two
detection stages, the pore bias angle, and the pores size.l”!
The use of a MCP (stack) intrinsically limits the spatial resolu-
tion of the detection system due to the dimensions of the pores.
In addition, the ion-electron shower conversion introduces
uncertainty to the impact position information. Most electrons
stay within one channel of the MCP. However, some electrons
leave one channel and enter others, thereby enlarging the
electron cloud. In addition, 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 corrected for by using
centroiding algorithms. Ultra-high spatial resolution has been
realized by using MCPs in combination with a segmented
second detector by means of centroiding algorithms.**=>%

3.2.1. Electro-optical imaging detectors: MCP + photon detector

Generally, photon detectors convert the MCP electron shower
into a photon signal. The electron-to-photon conversion is
typically performed in a phosphor screen or a scintillation
crystal. The photons are then collected by a photo-sensitive
detector such as, for instance, a photo-plate, Bl an array of
photo-diodes,[36"38] a Vidicon camera system,[39] or a CCD
camera. Electro-optical imaging detectors used for MSI are
MCP-phosphor screen-CCD camera systems, which are
described below. For details on the other systems, the reader
is referred to the literature.[>-%"]

Phosphor screens and 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 life-
time. In a MCP-phosphor screen-CCD camera combination
(Fig. 3), the electron cloud from the back side of the MCP is
accelerated towards the phosphor screen, which converts the
electron signal into photons. The electron-photon conversion
factor depends on the phosphor material and the kinetic energy
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Figure 3. Schematic representation of the signal flow in a
MCP, phosphor screen, CCD camera detection system.
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of the electrons, and it is typically between 20 and 200 photons
per electron. It is possible to coat the back side of the phosphor
screen with an aluminum layer to increase the number of
photons that are emitted towards the CCD camera.[*”) CCD
cameras are described in detail in section 4.1 on solid-state
pixel detectors.

3.2.2. 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,[4143] for second-
ary ion mass spectrometry, ion microscopy and other applica-
tions,*>*3! typically consists of a chevron MCP behind which
a resistive anode is mounted. When an electron cloud from
the MCP hits 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 pre-amplifier. The x- and y-positions of
the event can be computed from the amount of current flowing
in each of the four corner electrodes. An advantage 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. In addition, image distor-
tions have been reported.[41]

Delay-line detectors (DLD)

A delay-line detector is a two-dimensional (2D), position- and
time-sensitive detection system. There are two different
classes of delay-line systems. A crossed delay-line detector
consists of two orthogonal anodes (Fig. 4). A hexanode
delay-line system!**~*¢! comprises three groups of two wires
which are set up at a 120° angle with respect to one another.
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Figure 4. Schematic representation of a crossed delay line
detector.
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In a delay-line system, the particles which are to be
detected impinge on the 2D 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 arrival time indicates the
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 a few simultaneous events because
the three delay-line wires introduce measurement redun-
dancy."**¢! The measurement redundancy reduces the ‘dead
area’ of the position-sensitive detection system after each
event, which originates from dead time of the timing electro-
nics. 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, of 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 particu-
larly at high count rates.

Shaped anodes

Shaped-anode detectors provide high spatial resolution
detection with a small number of individual, shaped” detec-
tor elements. The original configuration is the so-called
wedge-and-strip anode (Fig. 5). 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 the strips indicate the central position
of the MCP charge cloud. More sophisticated, simplified
shaped-anode detectors have been developed.”*® A spatial
image resolution of better than 20 pum!*? has  been
reported. Distinguishing simultaneous events can, however,
be a problem.

Cross-strip anodes (XSA)PP'™3!

Two sets of orthogonal (‘cross’) strips are deposited on a
substrate layer. 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 pre-amplified,
shaped, digitized and time-stamped. When an electron cloud
impinges on the fingers of an XSA, the amount of signal
detected on the x- and y-fingers enables the reconstruction
of the event’s impact position.
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Figure 5. Wedge-and-strip anode.

Hybrid active pixel sensors

Hybrid active pixel sensors (HAPS) are pixelated image sensors
which are typically composed of an application-specific inte-
grated circuit (ASIC) and a semiconductor substrate layer. Each
ASIC pixel is connected to a cell of the semiconductor layer.
"Active’ pixel sensors contain much functionality on the pixel-
level. In particular, each pixel has its own charge-to-voltage
converter, often a (pre-) amplifier, noise corrections, discrimina-
tors or other digital signal treatment functionality. Hybrid
active pixel sensors will be treated in detail in section 4.2.

3.2.3. Areas of application

Currently, MCPs in combination with crossed-delay line
detectors or cross—stri]p anodes are used for imaging atom
probe, COLTRIMS,?*! MSI experiments,[54’55] X-ray photo-
electron spectroscopy (XPS),*®! and Auger photoelectron
spectroscopy!™ for surface chemistry. The MCP, phosphor
screen, CCD camera combination is used for microprobe
mode MSI®! and velocity map imaging experiments.'?*>"!
Pixelated detectors with a semiconductor sensor layer are
used for velocity map imaging.””’ An MCP in combination
with a bare pixelated detector is used for MSL[*0-64]

3.2.4. Performance overview of MCP-based detection systems

Table 1 gives an overview on which of the detection systems
can be operated in which particle imaging/detection mode.
All detection systems are capable of untriggered image acqui-
sition 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 TOF of individual
particles. The state-of-the-art performance of these detection
systems and their limitations are discussed below.

Vallerga, Tremsin and co-workers of the Space Science
Laboratory of the University of Berkeley (Berkeley, CA,
USA) have developed state-of-the-art detector technology
for high spatial, high temporal resolution, high count rate
detection of UV photons, electrons, neutrons and small ions.
They have developed detection systems composed of a
MCP stack in combination with a crossed delay line detec-
tor, 057081 o shaped anode,*”! a cross-strip anode,[34'69] and
a Medipix/Timepix ASIC.’>”*7%] Table 2 compares the
performance of these systems and with those of a MCP in
combination with a phosphor screen and a CCD camera,*”!
a MCP followed by a hexanode delay-line system,*4],
MCP combined with a resistive anode encoder,*'~*%!
shaped anode detector.[*”>!

a
and a

3.3. Performance criteria for detector technology

In addition to application-specific analytical performance,
practical performance criteria play an important role in
choosing an appropriate detection system for a particular
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, and the
ease and cost of replacement. Analytical attributes for both
imaging and individual particle detection include the
detector noise, the maximum event count rates, the detector

Table 1. Imaging/particle detection systems versus different imaging modes

Integrated image
detection: x,y, intensity;

Selected image
detection: x,y, intensity;

Spectral image
detection: x,y,tof;

*Indirect spectral image detection via event reconstruction.

untriggered triggered & selective triggered
MCP + phosphor screen + CCD camera yes yes no
MCP + resisitve anode encoder yes yes no
MCP + crossed delay-line detector yes yes indirect*
MCP + hexanode delay-line detector yes yes indirect*
MCP + shaped anode yes yes no
MCP + cross strip anode yes yes indirect*
(MCP +) hybrid active pixel sensor yes yes direct
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dynamic range, the quantum efficiency, the detector stability
and homogeneity, multi-hit capabilities, the detector response,
recovery and read-out time.

Most of these performance criteria are relevant to any
application. However, depending 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 resolution. In the
spectral image detection mode (x,y, TOF), both the position of
impact and the TOF of the particle have to be determined
precisely. In terms of detector performance this translates
into fine detector segmentation for unambiguous 2D position
information and 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 Jungmann and Heeren.*!

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 in daily life appli-
ances such as 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
detail 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 read-
out electronics. The two layers are connected by, for instance,
solder bumps. In this way, these hybrid detectors combine the
sensor and the charge read-out in a compact way. Each sensor
pixel functions as a small “ionization chamber’,”” in which
incident particles are converted into an electron-hole pair
current. The pixel size is determined by the dimensions of
the read-out electronics. The dimensions of the read-out
electronics scale with the complexity and size of the circuitry
on the pixel level. Today, pixel pitches of 10 to 100 pm are
practically accessible. Often, the read-out chip extends
beyond the semiconductor sensor. This ’‘chip periphery’
contains read-out 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 constrains full area coverage of large chip arrays
without dead spaces.

Currently, two major classes of pixel detectors are
being used as image sensors: charge-coupled device (CCD)
sensors and complementary metal oxide semiconductor
(CMOS) chips.” The classic high-resolution pixel array
detector is the CCD, while 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 depends highly on the applica-
tion’s requirements.

4.1. CCD

Since Boyle and Smith’s “Charge couple semiconductor
devices” article in 1970,"”*! the CCD has not only earned its
inventors the 2009 Nobel Prize (awarded “for the invention
of an imaging semiconductor circuit — the CCD sensor””?}),
but it has also developed into the most widespread wafer-
scale silicon detector. CCD imagers consist of a photoactive
region (typically an epitaxial layer of silicon) and a transmis-
sion 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 pixel. This charge
charges a capacitor within the pixel. In a CCD chip, this
charge is transported row-by-row along the column to a shift
register row at the bottom of the pixel matrix. The charge is
read out of this shift register row pixel-by-pixel. 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
are 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 so as
not to lose sensitivity. Today, charge transfer is practically 100%
efficient over about 10* pixels. The sequential readout implies
relatively long readout times which scale with the area of the
pixel array. CCD readout pixels can be small (10 pm x 10 pm
pixels), but they achieve full area coverage.

4.2. CMOS

A CMOS chip is manufactured in the so-called CMOS tech-
nology for constructing integrated circuits. Among others,
microprocessors, microcontrollers, RAM (ready-accessible
memory) 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 detection systems comprise CMOS imagers and
CMOS hybrid active pixel sensors (HAPS) or detectors. The
two categories are mainly distinguished by the number of
transistors per pixel: CMOS imagers typically contain less
than ten transistors per pixel and HAPS can contain hundreds
of transistors per pixel. 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. hybri-
dized, 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 is received, and a logical circuitry
region where the current signal is (pre-)processed.

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
between 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 complementarily. 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 combination of a NMOS and a PMOS transistor
forms a complementary MOS (CMOS) circuit. Conveniently,
both the NMOS and the PMOS inverters have 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 switching,
CMOS transistors greatly reduce the power consumption in
logic circuitry.

When a particle impinges on the image sensor, a charge
proportional to the energy of the particle is generated within
the sensor pixel of the chip. In a CMOS chip, a lot of function-
ality can be located on the pixel level. The density of transis-
tors 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 corrections, discriminators or other
digital signal treatment functionality. A CMOS chip outputs
digital data in a predefined binary format.

4.3. The differences: CCD vs. CMOS7%7677]

Figure 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 imagers
contain more per-pixel-functionality and signal treatment

charge transfer
from pixel-to-pixel

‘ amplification

C-V conversion

|
analog| /|
signal |~

digitiza- L data
tion storage

efficiency. More functionality on the pixel level generally
translates into more transistors and hence limits the mini-
mum pixel size and sensitive (input pad) area.

Unlike a CMOS chip, a CCD chip cannot provide any
timing information on the individual 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
10 Hz — 1 kHz for standard commercial systems.

CMOS imagers can be read out faster than CCD sensors
when use is made of their more parallel output structure. Con-
cerning (read out) 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
read out 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 pixels. 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 unifor-
mity, i.e. 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 systems will be focused on since
the advantages of these hybrid active pixel detectors, in parti-
cular the highly parallel detection and the on-pixel functional-
ity, offer interesting features for MS, MSI and fundamental
atomic and molecular physics research.

\ CMOS chip
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Figure 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 pixel. The deposited charge charges an in-pixel
capacitor. In a CCD chip, the charge is then transferred by shift registers from
pixel-to-pixel along a pixel column and an analog signal is sent off the chip. In a
CMOS chip, there is significantly more functionality on the pixel level, i.e. the signal
(pre-)processing takes place in the pixel and a digital signal is sent off the chip.



MSI and fundamental atomic and molecular physics
research has recently used the Medipix/Timepix CMOS
detector family.”*"%? 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.

4.4. CMOS imagers today: Medipix/Timepix vs. other fast
pixelated detectors

4.4.1. Available CMOS systems

Many (CMOS) pixel imagers were originally developed for
high-energy particle physics applications but are now readily
applied to a broader range of imaging applications./”*5"!
Typically, detectors for high-energy particle physics register
individual, charged quanta of radiation with a relatively high
spatial and time resolution. On the contrary, many classical
imaging applications, such as radiology (Medipix®"! and
MPECE?)) or crystallography at synchrotron light sources
(XPAD,[83_85] PILATUS®®! and EIGER[87]), accumulate untrig-
gered particle events by integration or counting techniques,
often with count rates in excess of 1 MHz per pixel (CT appli-
cations). The possibility to count individual particles and reg-
ister extra information, as for instance the particle energy,
greatly enhances the image contrast.®!

4.4.2. Single photon counting detectors

At the present time, a variety of different CMOS active pixel
detectors are available 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 with the Medipix2 photon-counting chip. There
are other interesting CMOS active pixel detectors available.
However, one or more of their specifications, such as for
instance the pixel size, the pixel matrix geometry, and the
operation temperature, are not suitable for (mass spectrometry)
imaging applications and are therefore omitted. Therefore,
we compare the Medipix2®#?%! and Medipix3!*¥! chips with
the PILATUS II chip,® the EIGER chip,®! the XPAD3
chip, 1 and the PImMS chip!®!! (Table 3).

4.4.3. CMOS imagers with timing capabilities

Single photon counting chips do not have any timing capabil-
ities 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®?! chip with the NA62 collaboration’s
timing chip.**7]

Table 4 shows that the Timepix is currently the most
obvious and practical choice for many imaging applications
in MS, MSI, atomic and molecular physics research and beyond.
The current Timepix chip already delivers a reasonable time
resolution and the next generation of chips will improve this
significantly (see section 5.1.5). In addition, the pixel size, the
large pixel matrix, the tileability to larger areas, and the very
high fill factor make the Timepix attractive. The NA62 chip,
on the other hand, delivers outstanding time resolution and

measurement range for TOF experiments. However, the
large pixel size, the small pixel matrix and the cooling
requirements make this chip less attractive for imaging
applications.

There are a few other ultra-high time resolution CMOS-
based developments. Jansson 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 ps.”®! Another interesting development is the CMOS-
based single photon avalanche diodes (SPADs) of Charbon
and co-workers."”*™%! 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 TOF MS but the devices are used for
on-chip fluorescence detection and fluorescence lifetime
imaging microscopy.'"! In addition, 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 detection
system and high spatial resolution imaging is inaccessible.

5. THE MEDIPIX/TIMEPIX DETECTOR
FAMILY

5.1. Chips of the Medipix/Timepix detector family

The Medipix detector family is being developed within the
Medipix collaboration hosted by CERN.!'%*I Currently, the
Medipix collaboration consists of about 20 collaborating
institutes from all over the globe that work together on the
development of the Medipix chips, readout interfaces and
software packages for various applications ranging from
high-energy particle physics to medical X-ray imaging./*"!
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 refer-
ence 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 Medipix2[®#%?% generation, i.e. the Medipix2
and the Timepix chips, have been used. Table 5 contains a
comparison of all the chips of the Medipix/Timepix
detector family.

5.1.1. Medipix1

The Medipix chip (or PCC, photon-counting chip)!"®! was
originally designed for counting X-ray photons, without
noise or dark current, at high particle fluxes (several gigapho-
tons per square-cm per second). The Medipix1 chip consists
of 64 x 64 pixels with a pixel size of 170 um x 170 pm. 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.
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5.1.2. Medipix2

The Medipix2##%%2 detector is the successor of the earlier
Medipix1 chip. The dimensions of a single Medipix chip are
1.4 cm x 1.6 cm and the pixel matrix contains 256 x 256 pixels
of 55 pm x 55 pm each. The chips are three-side buttable so
that chip arrays of 2 x2n chips (n=1,2, ...) can be tiled
without dead space between the chips.

The Medipix2 chips are typically combined with a semi-
conductor detection medium bump-bonded on top. The semi-
conductor materials are silicon, gallium-arsenide, cadmium
telluride, cadmium-zinc-telluride or germanium, depending
on the application of the detection system (see section 5.2). Typi-
cally, a 300 um 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 incident particles into electron-hole pairs,
which induce a current in the charge-sensitive amplifier of the
CMOS (complementary metal oxide semiconductor) readout
chip. Tons will usually not be accelerated to sufficient energies
to penetrate into the sensor layer. However, ions can be detected
indirectly by placement of an MCP in front of the detector.***"]
The Medipix detector then registers the electron shower pro-
duced 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 thresh-
old/energy window.

Each individual pixel comprises an analog and a digital part.
The analog input stage consists of a preamplifier and two identi-
cal pulse height discriminators. These discriminators 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-random 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 feedback loop from the previous
register value. Since all successive register values are predictable
and known, these registers can be used as counters. Every regis-
ter 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 combina-
tion 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 in hardware.

The threshold energies that are chosen for the discriminator
levels lie just above the noise levels of the pixels. Therefore, elec-
tronics 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 Medipix2 and Timepix chips, the minimum detectable
charge per pixel is given by the pixel’s noise, i.e. by the ‘equiva-
lent noise charge’ (ENC).'! By convention, the minimum
charge required to trigger an above-pixel-noise signal is set to
6 times the 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 pm silicon sensor layer. Thus, the mini-
mum detectable charge is approximately 600 electrons for a
bare chip pixel and approximately 678 electrons for a chip pixel
with a 300 pm 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 homogenized) 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 - V (100% +35%) =635 electrons for an
equalized chip and 1616 electrons for a non-equalized chip,
respectively. A Timepix chip with a 300 pm silicon sensor layer
has a minimum detectable charge of 710 electrons for an
equalized chip and 1646 electrons for a non-equalized chip.
Importantly, these numbers 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).

5.1.3. Timepix

The Timepix chip®® is derived from the Medipix2 chip

design. Figure 7 displays a microscope image of a bare Time-
pix chip. The dimensions and geometry of the chip are
identical to those of 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 measured with respect to an external trigger/
shutter signal (Fig. 8). The chip returns the localization of
the event via the pixel address (x- and y-coordinate) and

Figure 7. Microscope image of part of a bare Timepix chip.
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Figure 8. 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 pixel counter counts clock cycles until
the end of the external shutter interval. The TOF can then be
determined from: TOF = tshutter — tmeasured.

the corresponding TOF. In MSI and VMI, this mode can
both be used for selected image detection and spectral
image detection.

(3) The time-over-threshold (TOT) mode: The time is mea-
sured during which the charge resulting from the event
exceeds the detection threshold level (Fig. 9). 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.** If an
event covers multiple pixel elements, the TOT information
of the event distribution reflects the charge distribution
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 11810, i.e. 11810 is the pixel overflow value. This
overflow value, 11810, represents the number of possible
pseudo-random counter values (values with roughly equal
amounts of ones and zeros) for the Timepix chip. Therefore, at
the maximum clock speed of 100 MHz (i.e. 10 ns clock cycles),
a maximum measurement interval of 11810-10ns=118.1 ps
is available.
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Figure 9. 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.

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 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 mea-
surement 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, have been used to improve the response
to electron showers through reduced in-sensor electron diffu-
sion, i.e. by reducing the charge sharing between neighboring
pixels.'%71%! In other applications, a metal grid on insulating
pillars can be suspended above the chip,"” a so-called
micromegas.""! 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.

5.1.4. Medipix3

The Medipix3 chip® is a single photon counting chip that
has the same geometry as the Medipix2 chip. However, the
inter-pixel architecture is fundamentally changed in order to
reduce the effect of charge sharing between multiple detector
pixels. Charge summing between groups of 2 x 2 pixels has
been introduced. Within such a cluster of pixels, the informa-
tion 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
maintained, while the spectral distortion due to charge
diffusion in the sensor layer is reduced. The Medipix3 chip
can be operated in several configurations:

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 um) as typically done for the
Medipix2 chip. In the spectroscopic mode, only one pixel
per cluster of 2 x 2 pixels is connected to a sensor pixel of
110 pm pitch. As every 55 pm pixel has two discriminators
and two counters, the resulting 110 pm pixel can use up to
eight thresholds and counters.

Single pixel or charge summing mode: As in the current
Medipix2 chip, each pixel works as an individual photon-
counting element independent of its neighboring pixels in
the single pixel mode. Charge summing between groups of
2 x 2 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 resolution is maintained, while the spectral
distortion due to charge sharing in the sensor layer is elimi-
nated. 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 read-out sequentially or continuously:
In the sequential acquisition 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 are available for
the measurement, while the other one is readout. There is no
dead time due to readout in the continuous acquisition mode.

The Medipix3 is particularly interesting for integrated
image detection. In the spectroscopic mode, the eight thresh-
olds and counters will enable color X-ray imaging, for
instance. In addition, the charge summing mode can provide
higher resolution images by counteracting the ‘charge sharing’
effect between neighboring pixels.

5.1.5. Future Medipix/Timepix chips

At this point, the collaboration has decided to add two new
ASICs to the Medipix detector family, the Timepix3 and the
SmallPix chips. The design specifications for both chips have
not been finalized at the point of writing this article and may
be subject to changes. Planned design features that are parti-
cularly interesting to the field of mass spectrometry (imaging)
and fundamental atomic and molecular physics research are
highlighted.

The Timepix3 chip will probably have the same dimensions
as the Medipix2 /Timepix chip. Major differences between the
Timepix and the Timepix3 chips are that the Timepix3 chip will
acquire both the time-of-arrival and the time-over-threshold in
two separate registers in each pixel. In addition, the Timepix3
will have a so-called 'data-push’ read-out, i.e. pixel readout
occurs on an event-by-event basis rather than by reading out
the entire pixel matrix at the end of the measurement interval.
The pixels that are being read out are dead and cannot accom-
modate 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 Timepix3 will have a higher timing
resolution than the current Timepix chip.

As the name "Smallpix3” suggests this chip will deviate
from the 55 pm pixel pitch of the Medipix2/Timepix chips.
An obvious advantage of a smaller pixel pitch is an increase
in spatial resolution. Through the implementation of super-
pixels a larger available bit depth (and hence longer measure-
ment time, for instance, in TOF mode) could be obtained.

5.2. Chips with/without a sensor layer
5.2.1. Sensors™?!

The semiconductor layer on top of the ASIC is typically
referred to as a ‘sensor’ in the field of ASICs. The chips of
the Medipix/Timepix detector family are typically combined
with a semiconductor [note that materials are classified as
semiconductors if their electrical resisitivity is about 10° to
10” O cm and their band gap is a few eV] 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 intended application
of the chips. Silicon is commonly used as a ‘'multi-purpose’
sensor for particle detection, for instance, in tracking applica-
tions 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 typi-
cally used for high-energy X-ray and y-ray detection. How-
ever, the production of large areas of homogenous, defect-free
sensor materials is challenging. Germanium, although
requiring to be cooled to liquid nitrogen temperatures, is used
for X-ray experiments at synchrotron light sources. 131141

5.2.2. Sensor layer or MCP?

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 readout chip. The charge created in the sensor layer
typically spreads out over multiple pixels. This charge
sharing effect blurs the image. Ions 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.**!l The (bare) chip then registers the electron
shower produced by each ion impact on the MCP. The intro-
duction of an MCP decreases the detection efficiency due to
the 70 to 80% fill factor of the MCP.

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 three-sided buttable
chips can be arranged in rectangular 2 x 2n (n=1, 2, 3, ...),
full-coverage arrays of chips. Larger detector areas can be
achieved by tiling multiple 2 x 2 units of detector together as,
for instance, suggested by the ReLAXD project. (1151 A drawback
of tiling larger areas from four-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 (Fig. 10).

A step towards the reduction of dead space between chips
is through the use of silicon vias (TSVs),11¢! je. vertical
electrical connections through the silicon chip, which replace
the wire-bonds. The TSVs 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 semiconduc-
tor sensor layers (> 2 x 2 chip array) can be connected to the
chip array. The sensor size can, however, still limit the detec-
tor area depending on the semiconductor 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, and CdTe up to
3 inches.

5.4. Readout hardware and software for the Medipix/
Timepix detector family

5.4.1. Control and acquisition software

Most users within the collaboration control and interact
with the chips using the dedicated acquisition software
"Pixelman’t”"!¥1 developed and maintained by the Pospisil
group. Pixelman allows the user to set up measurements,
equalize the pixels and test the chips (digital and analog tests,
test pulses, etc.). In addition, the user can extend the
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Figure 10. (a) Photograph of part of a Timepix chip mounted on a vacuum-
compatible chip carrier. The chip periphery, wire-bond pads and wire-bonds
are displayed. (b) Microscope image of part of a Timepix chip. Part of the chip
periphery, the on-chip wire bond pads and wire-bonds are shown.

functionality of Pixelman via plug-ins. There are also a 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 (American 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
output 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.
The data-processing software depends largely on the specific
application in which the ASICs are used.

5.4.2. Hardware

USB

A number of universal serial bus (USB) readout interfaces have
been designed by the Pospisil group: the USB 1.0 readout,'*!
the USB Lite,!"”! the USB 2.0 Rapid Universal Interface (RUIN),
and the Fast Interface for Timepix Detectors (FITPIX)[*?! read-
outs. Conveniently, these readout boards directly click into the
ASIC carrier and the necessary voltages are internally 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 MUROS?2 readout!'??! represents an interface between the
Medipix2 chip and a general-purpose commercial PCI-based
acquisition card (National Instruments Corporation, Austin,

TX, USA). The on-board field-programmable gate array
(FPGA) transmits data between the chip(s) and the measure-
ment PC. In addition, the board comprises a number of regis-
ters to control the chip operation. Per chip, the CMOS data
lines are read out in series. The MUROS2 is designed to read
out chip carriers with a maximum of eight chips. Individual
chips are read out in series (daisy chain).

ReLAXD readout

The ReLAXD readout!'>'**! 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)
(Fig. 11). The ReLAXD module reads out the four 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 provides the Timepix ASICs with the required
supply voltages. An on-board FPGA (Lattice LFSC15,
Lattice Semiconductor Corporation, Hillsboro, OR, USA)
controls the signals to and from the chips. The board com-
municates with the measurement 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 Ethernet card (Intel PRO/1000 PT Server Adap-
ter, Intel Corporation, Santa Clara, CCA, USA) in a mea-
surement PC. The ReLAXD readout board and the chip
carrier are clicked together in a T-shape configuration.

Figure 11. ReLAXD read-out board: (a) top and (b) bottom side.



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 soft-
ware, the chips can be tested, and the adjustment and
measurement parameters can be set. A maximum number
of 10 to 30 readout frames per second (frames/s) can
be reliably achieved with Pixelman (for acquisition time
< < read-out time). Using the ReLAXDAQ software, one
can read out about 120 frames/s. In Pixelman, the frame
rate is limited by the online ‘de-randomization” of the
pixel counter values, while the ReLAXDAQ reads out the
frames untreated and the de-randomization is carried out
offline. So far, the ReLAXDAQ 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 ReLAXDAQ to acquire the data. Data
de-randomization has to be carried out offline.

Berkeley Quad Timepix Parallel Readout

The Berkeley Quad Timepix Parallel Readout!!?4 represents a
highly parallel readout system dedicated to measurement
setups using 2 x 2 Timepix ASICs. The readout system 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 of two chips
is read out 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 differential
signaling) logic levels. In this format, the data flows to the
third part of the system, in particular to the ROACH (Recon-
figurable Open Architecture Computing Hardware) board.
The ROACH board is a stand-alone 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 Ether-
net 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 read-out systems

Within the collaboration, several read-out interfaces have
been developed to target specific applications. Among others,
there is the 'Parallel Readout Image Acquisition for Medipix’
(PRIAM)!'®! system for reading out the Medipix2 chip at
kilohertz frame rates. The ‘Dear-Mama Acquisition System’
(DEMAS)*?®! reads out the Medipix2 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 Ethernet readout system
was developed for use in the 'Medipix All Resolution
System computed tomography’ (MARS-CT) scanner. A
’Speedy Pixel Detector Readout’ (SPIDR) for 1 kHz operation
is under development.

6. ALTERNATIVE IMAGING DETECTORS

In the last two years, a number of alternative (ion) imaging
detectors have been brought into operation, a few of which
are highlighted below.

IonCCD

The ionCCD (OI Analytical, Pelham, AL, 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 2126 pixels.
Each pixel has dimensions of 21 x 1.5 pum?. There is a 3 pm
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.['?812]
They report that the detection efficiency of the ionCCD 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%. These authors have established
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.

Single photon avalanche photodiode (SPAD)

Similar to the work of Charbon and co-workers,””~'!] Wilman
and co-workers have implemented a commercial photon-
counting silicon detector (Hamamatsu multi-pixel photon-
counting (MPPC) sensor) in combination with a scintillator
for TOF MS."*! The ion impinges on the scintillator and causes
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 of the order of 200-300 ps, the achievable time resolu-
tion (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).

7. CONCLUSIONS

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 detection, selected image detection or spec-
tral image detection have been proposed and are on their way
to routine operation. The choice of a specific detection mode
and corresponding detector system is largely application-
dependent. However, 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 ionCCD among others — are highly
exciting pieces of technology. In particular, the Medipix/ Time-
pix active pixel detector family has high potential for high-
resolution, time-resolved imaging applications in MS and
MSI, 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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