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Abstract

The development of sensors capable of detecting particles and radiation with both high time
and high positional resolution is key to improving our understanding in many areas of science.
Example applications of such sensors range from fundamental scattering studies of chemical
reaction mechanisms through to imaging mass spectrometry of surfaces, neutron scattering
studies aimed at probing the structure of materials, and time-resolved fluorescence
measurements to elucidate the structure and function of biomolecules. In addition to
improved throughput resulting from parallelisation of data collection — imaging of multiple
different fragments in velocity-map imaging studies, for example — fast image sensors also
offer a number of fundamentally new capabilities in areas such as coincidence detection. In
this Perspective, we review recent developments in fast image sensor technology, provide
examples of their implementation in a range of different experimental contexts, and discuss
potential future developments and applications.

1. Introduction

Charged particle imaging is widely employed in many areas of science, including particle physics, electron
microscopy, ultracold plasma dynamics, chemical photodissociation and reaction dynamics, and imaging
mass spectrometry. Imaging is often carried out in tandem with a time-of-flight measurement, which
allows particles to be separated according to their kinetic energy, velocity, or mass. As the name suggests,
a time-of-flight measurement records the distribution of flight times over a fixed distance for a population
of particles released from a source at a well-defined time. Under field-free conditions, the flight time
provides a measure of the particle velocity, and therefore its kinetic energy, and provides a means for
measuring velocity or kinetic energy distributions for the population of particles. Alternatively, the
particles may be accelerated through an electrostatic potential, V, to a kinetic energy given by
K = gV = % mVv?, where g, m and v are the particle's charge, mass, and velocity, respectively. Particles of
different mass are therefore accelerated to different velocities, and for a given acceleration potential, each
mass has a characteristic arrival time at the detector. Such a measurement forms the basis of time-of-flight
mass spectrometry, a ubiquitous technique in the analytical sciences for identifying and quantifying
chemical species in a wide variety of contexts.
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Figure 1: Particle detection schemes: (a) High-energy charged particles can be detected using
a scintillator in combination with a pixel or photomultiplier array; (b) Low energy particles can
be imaged at high count rates using one or more microchannel plates in combination with a
phosphor screen and a camera, and at low count rates using (c) one or more microchannel
plates in combination with a delay-line anode.

The detection scheme employed in a particle imaging experiment depends upon the particle energy.
Three generic approaches are illustrated schematically in Figure 1. High energy particles, with energies in
the range of hundreds of keV or higher, are generally imaged by employing a scintillator screen to convert
the charged particle image into an optical image, which is then captured by a photomultiplier or silicon
pixel array (Figure 1(a)). It is also common to use pixelated silicon detectors directly, as the incident
particles deposit enough energy into the silicon to be registered. At lower incident particle energies,
scintillators become inefficient, and alternative detection schemes are required. Typically, one or more
microchannel plates are used to convert the incident charged particle into a burst of electrons, which is
then incident on a phosphor screen (Figure 1(b)) or delay line anode (Figure 1(c)). In the former case, the
optical image on the phosphor screen is recorded using a CCD (charge-coupled device) or CMOS
(complementary metal-oxide semiconductor) camera, while in the latter case the position of each charged
particle impact is determined by recording the time taken for the resulting current pulse to reach either
end of a pair of wires coiled along the x and y axes of the anode.

While the detection schemes outlined above are extremely sensitive, with the ability to detect
individual charged particles in most cases, they are limited in their timing and throughput capabilities. A
delay line measurement takes around 100 ns, including the time required to reset the electronics for the
next measurement. Most delay lines can therefore locate one particle in position and time every ~100 ns,
with some of the more advanced detectors’ incorporating additional anodes to enable them to reduce the
measurement dead time to around 10 ns or better. Detection of several individual particles with flight
times separated by more than the measurement time is therefore possible. However, the ability to detect
just one (or a few) particles at a time across the whole detector means that in experiments employing delay
lines, signal levels must be kept very low, typically to less than one event per cycle, and repetition rates in
the kHz range or higher are required in order to allow data acquisition to proceed at a reasonable rate.
Phosphor-based detectors are capable of detecting large numbers of particles simultaneously, but
phosphors that are sufficiently bright for use in such detectors tend to have relatively long emission
lifetimes of around 100 ns or more, limiting the achievable time (and therefore mass or energy) resolution.
More importantly, the frame rates of most CCD or CMOS cameras used to capture images from the
phosphor only permit acquisition of one image per time-of-flight cycle. In an ion imaging experiment, this
is not a limitation if there is only one ion of interest to be imaged, as the microchannel plates or an image

intensifier positioned in front of the CCD/CMOS sensor can be time-gated to the arrival time of the ion of
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interest. However, in experiments for which there is a desire to record multiple images on each
experimental cycle, this must generally be achieved by repeating the image acquisition sequence with a
number of different time-gates, which quickly becomes a time-consuming process.

Recently, there have been a number of advances in CCD and CMOS image sensor technology which
promise to deliver a new generation of detectors combining the best features of each type of detector
described above. Such detectors are capable of recording the positions and arrival times of large numbers
of particles on every time-of-flight cycle. In this Perspective we will outline the technology underlying these
new detectors, and provide an overview of the exciting new science which they are already enabling.

2. Image Sensor Technology

The CCD, or charge-coupled device, was first developed in 1969 by Boyle and Smith” at AT&T Bell Labs. The
device was designed to transfer charge in a controlled way along the surface of a semiconductor between a
series of storage capacitors, and formed part of a larger project aimed at developing shift registers for new
types of memory device. Though Boyle and Smith were concerned purely with developing memory
devices, the first publication describing the device? also listed potential applications as a delay line and as
an imaging device. The first experimentally realised CCD imaging device was described by Tomsett and
coworkers® in 1971.

CCD image sensors are essentially very simple devices for storing and transferring charge. The
principle of operation is shown schematically in Figure 2. The device consists of an array of pixels, with one
column of pixels constituting the output register. During an exposure, light incident on a pixel generates
electron-hole pairs within the silicon, and the charge is stored by a capacitor within the pixel (Figure 2(a)).
Charge is moved around within and between pixels by switching the potentials on a series of gating
electrodes positioned at the pixel surface (Figure 2(b)). The 'image' is simply a two-dimensional plot of the
amount of charge detected within each pixel during an exposure. To read out the sensor at the end of the
exposure (as shown in Figure 2(c)), charge is transferred along the rows of pixels such that the entire image
is stepped one pixel to the right, placing the charge from the final column of pixels into the output register.
The charge is then transferred pixel by pixel along the output register, through a charge amplifier to
convert the charge to a voltage, to external readout electronics. The process is repeated for each column
of pixels until the entire image has been read out from the camera to the external readout.

The readout process for CCD sensors is inherently slow, and is one of the major limitations of this
technology. Standard frame rates are generally on the order of a few tens of frames per second, which is
far too slow to allow images to be captured for multiple different flight times on a timescale of tens of
microseconds in a time-of-flight experiment. Fast framing CCD cameras provide a potential approach to
overcoming this limitation by recording multiple images on-chip before readout. In a framing CCD, each
pixel comprises a light-sensitive element, which acquires charge on illumination as described above,
together with a set of memory elements. Figure 2(d) shows a schematic of a few pixels from such an array
containing 16 elements per pixel. During the first exposure, charge is accumulated at the light-sensitive
element. The sensor is then 'clocked' (triggered), and the accumulated charge is moved from the light-
sensitive element to the first memory element, leaving the light-sensitive element empty to acquire charge
during the second exposure. Following the second exposure, charge from the first filled memory element is
moved to the second, and charge from the light-sensitive element is moved to the (now empty) first
memory element, and so on until all memory elements are full. At this point the sensor must be read out
before further images can be acquired. Charge can be moved between memory elements within a pixel on
the nanosecond timescale, allowing very high frame rates to be achieved until all the memory elements
within each pixel are filled. The length of each exposure is determined by the clock signals driving the
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frame transfer process. In principle (and in practice for some cameras, for example the commercially-
available Dalsa Zenith), these can be programmed independently, which in the context of time-of-flight
measurements means that the exposures can be timed to coincide with the arrival times of particles of
. 13
interest ™.
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Figure 2: Schematic illustrating the operation of a simple CCD device (see text for details): (a)
charge collection within a pixel; (b) charge transfer within a pixel; (c) sensor readout; (d) a
frame-transfer CCD, in which each pixel contains a light sensitive element and an array of
memory registers, allowing multiple images to be stored on-chip before sensor readout.

While fast framing CCD cameras are in principle very attractive for time-of-flight imaging
applications, there are drawbacks. Frame capture needs to be synchronised with particle arrival times,
which means that the time-of-flight spectrum must be known in advance. Also, a limited number of frames
can be captured on each time-of-flight cycle, determined by the number of memory registers in each pixel.
While this number can be relatively large — some sensors developed by Etoh and coworkers have upwards
of 100 registers, for example® — increasing the number of memory elements comes at the expense of
sensitivity, since a smaller region of each pixel is photoactive. While this can be mitigated to some extent
by the use of microlens arrays to focus incident light onto the sensitive region of each pixel, there is a finite
limit to the number of registers that can physically be packed into a pixel. Finally, a data set comprising up
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to or in excess of 100 full-frame images may constitute many gigabytes of data, such that data handling can
become a major problem.

Recently developed 'intelligent’ CMOS or 'active pixel' sensors provide an alternative approach to
time-resolved imaging. In contrast to CCD pixels, which merely acquire and transfer charge, each pixel in an
active pixel sensor contains both a photodetector and an active amplifier. The pixels are fabricated using
the same CMOS technology employed in microprocessors, static RAM, and other digital control circuits, and
share their properties of high noise immunity and low power consumption. Of most interest for high-speed
imaging applications, the high density of transistors that can be incorporated into CMOS circuitry means
that logic functions can be built into each pixel, opening the way for intelligent pixel sensors. Two such
sensors have recently come to the attention of the time-of-flight imaging community: the TimePix/MediPix
sensor originally developed at CERN for particle physics applications®; and the PImMS (Pixel Imaging Mass
Spectrometry) sensor developed in Oxford, originally for applications in imaging mass spectrometry®.

Though the fabrication processes and detailed specifications of the TimePix and PImMS sensors
differ, the basic operating principles are similar. Rather than acquiring complete image frames, as in the
case of the CCD sensors described above, each pixel contains one or more counters, and operates
independently to detect particles. In the case of the 256 x 256 pixel TimePix sensor, the single counter
within each pixel can be set (independently for each pixel in the array) to operate in one of three modes.
On each acquisition cycle the counter either: (i) counts the number of incident particles; (ii) records the
arrival time of a single incident particle; or (iii) uses the number of clock cycles for which the signal remains
above a pre-defined threshold to determine the particle energy. Mode (ii) is of most interest for time-of-
flight imaging applications, allowing particle arrival times to be recorded with around 10 ns timing
resolution. Rather than detecting light, the TimePix sensor is configured for direct detection of charged
particles. The surface of each pixel comprises a metal pad which transfers charge directly to the pixel. If
signal levels are high enough then the TimePix sensor can be bump-bonded to a separate silicon pixel array
and used as a stand-alone particle detector via generation of charge within the silicon on particle impact.
Alternatively, if signal amplification is required then the sensor can be used in combination with one or
more microchannel pIates7. In the latter case, electrons emitted from the back face of the microchannel
plate are collected directly by the metal pads of the TimePix sensor, and the silicon sensor array is not
required.

In contrast, the PImMS sensor is configured solely to record particle arrival times. The sensor can
store up to four arrival times per pixel to allow detection of multiple particles on each time-of-flight cycle,
with a best time resolution similar to that of the TimePix sensor, at 12.5 ns. At the end of an acquisition
cycle, the sensor reads out an array of 'time stamps', which the acquisition software converts into a list of
(x,y,t) data points for each detected particle. The capacity to store four arrival times within each pixel
mitigates against a reduction in detection sensitivity for heavier or slower particles, which would not be
detected if a pixel had already detected an earlier particle on a given time-of-flight cycle. The prototype 72
x 72 pixel PImMS1 sensor is now in increasingly widespread use, and a larger 324 x 324 pixel version is
currently in the testing stages. While the sensor can detect high energy charged particles directly (see
Section 3.4 for an example), it is configured primarily as a visible light sensor, and is most commonly used in
combination with an MCP/phosphor position-sensitive detector. Future backthinned versions of the sensor
will be capable of detecting low energy charged particles in vacuum.

Intelligent pixel sensors largely overcome the shortcomings of framing CCD image sensors alluded
to earlier. Since each pixel logs particle arrival times independently, no prior information is needed on the
time-of-flight spectrum; in fact, the time-of-flight spectrum may readily be extracted from the recorded
data set simply by integrating over the spatial coordinates. The mass resolution is determined by the time
resolution of the sensor, which in turn is determined by design parameters, such as the base frequency of
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the pixel clock, and also fundamental physical limitations, such as the time required for charge generated
within the sensor to diffuse to the detection diodes within each pixel. For the PImMS sensor, this ultimate
limit is around 5 ns. While the number of different arrival times that may be imaged by a CCD sensor is
limited by the number of memory registers in each pixel, in an intelligent CMOS sensor it is limited only by
the bit depth of the pixel counters, which at 12 bits (4096) for the PImmS sensor and 14 bits (16384) for the
TimePix sensor, is unlikely to be a limiting factor. Finally, instead of recording large numbers of complete
frames, both the PImMS and TimePix sensors store and read out only the counter values within each pixel,
vastly improving efficiency and data handling relative to framing cameras through a dramatic reduction in
the amount of recorded information.

While we have focused our discussion on two ultrafast CMQOS image sensors, there are a number of
others currently in development. For example, the Gigatracker hybrid pixel detector®, currently being
developed for use on the NA62 Experiment at CERN, will record particle arrival times with better than 200
ps resolution, though the array size is relatively small. As we shall see in Section 4, there is also a great deal
of current research into new pixel technologies with the potential to provide imaging capabilities on the
sub-nanosecond timescale, with single-photon detection sensitivity. However, before looking to the future,
we will first provide an overview of some of the areas in which fast time-of-flight imaging sensors are
beginning to make an impact.

3. Applications

3.1 Reaction dynamics (velocity-map imaging)

%19 (M) is now well established in the field of small-molecule reaction dynamics as

Velocity-map imaging
the method of choice for studying molecular photofragmentation events and other process. Following a
chemical reaction or photofragmentation, the product velocity distributions are highly sensitive to the
detailed dynamics of the process under study, and when combined with state-of-the-art theory, can
provide information on the potential energy surface or surfaces accessed during the process, together with
bond strengths, transition state geometries, and energy partitioning between translational and internal
modes of motion. While early VMI studies focused on elucidating the fragmentation dynamics of diatomic
and triatomic molecules in as much detail as possible, in recent years the focus has shifted towards larger
chemical species of relevance in biology, synthetic organic chemistry, and other areas of interest. VMI is
now routinely used to study the fragmentation dynamics of a variety of organic molecules, and even
relatively large chemical species have been observed to yield structured, information-rich images. The very
high density of states in larger molecules means that achieving individual quantum state resolution is of
less interest than in small-molecule studies, and imaging studies are often concerned more with obtaining a
general picture of energy partitioning, as well as investigating the competition between different
fragmentation pathways. When studying a diatomic or triatomic molecule, with a single accessible
photofragmentation pathway, one can often obtain a fairly complete picture of the fragmentation
dynamics through imaging of a single fragment in combination with basic principles of energy and
momentum conservation. However, for larger molecules, with multiple fragmentation pathways, it
becomes extremely desirable to image multiple fragmentation products on each time-of-flight cycle.

Previous efforts to achieve multimass velocity-map imaging have relied on separating the various
masses spatially on the detector by incorporation of an additional electric or magnetic field along the ion
flight path'**
size of the detector relative to that of the individual images. Delay-line detectors also provide capabilities

. The accessible mass range in a given measurement is then severely limited by the physical

for multimass detection, as explained in Section 1, but only at extremely low data rates such that only one



or a few ions arrives within a given ~100 ns measurement time. These problems are overcome by ultrafast
image sensors, since the images for individual masses can now be resolved in time rather than in space, and
a large number of individual pixels (essentially parallel delay lines) are available for particle detection.

While the field is still in its infancy, there have already been a number of demonstrations in which
ultrafast image sensors have been used for multimass imaging and other chemical dynamics experiments.
In the first example, Brouard et al** employed a fast framing CCD camera capable of acquiring 16 frames
on-chip to image the various fragments formed following UV photolysis of CS, and CH3S,CH;. Though the
framing camera had limited resolution due to its small 64 x 64 pixel array, the images — some of which are
shown in Figure 3(a) — and the corresponding speed and angular distributions determined for the various
fragments were in good agreement with those acquired fragment by fragment using a conventional CCD
camera, providing solid proof-of-principle for the approach. While ideally suited to the relatively small
molecules imaged in this study, which had only a small number of fragmentation channels, for larger
molecules the number of memory registers within each pixel would be insufficient to record images for
every fragment, particularly since a number of the available frames must be used as 'spacer' frames to fill in
time gaps between mass peaks of interest. These problems have largely been overcome by the 'event-
triggered' architecture of the TimePix and PImMS sensors.

The TimePix sensor has been used for velocity-map imaging of both electrons and ions, and has the
unique feature amongst VMI detectors that it can be positioned inside the vacuum chamber to detect
charged particles directly. The first reported experiments, by Gademann et al**, imaged photoelectrons
from the 355 nm ionization of Xe. Electrons were imaged directly by the TimePix sensor, removing the high
vacuum requirements imposed by detectors employing microchannel plates. While MCPs cannot be
operated at pressures higher than around 10~ mbar owing to the risk of catastrophic damage caused by
electrical arcing, the TimePix sensor can in principle be used at atmospheric pressure and higher. In the
study on Xe photoionization, the authors were able to record images at pressures up to 10~ mbar, with
loss of signal at higher pressures due to scattering of the molecular beam and/or photoelectrons.
Activation of a pixel requires the generation of several hundred electrons within the silicon layer of the
sensor, which is easily achieved when the electrons produced in the photoionization process of interest are
accelerated to energies of around 5 kV or higher. In this case, the TimePix chip can be used as a stand-
alone sensor. At lower signal levels, the sensor can be used together with one or more MCPs to provide
amplification.

While providing a first proof-of-principle of the TimePix detector as a detector for VMI
measurements, the photoelectron imaging experiments did not exploit the potential for time-resolved
multimass detection. However, this was demonstrated shortly afterwards through ion imaging
experiments reported by Jungmann et al’, and also in previously unpublished work carried out in our own
laboratory™ at around the same time. In both sets of experiments, the TimePix sensor was positioned
inside the vacuum behind a pair of chevron-mounted MCPs, replacing the phosphor screen of a
conventional imaging detector. A potential of a few hundred volts was applied in order to accelerate
electrons from the back face of the MCPs towards the sensor, and in the two experiments the setup was
used to image NO" ions formed in the 451.64 nm photolysis of NO,, and CS* and CS," ions formed in the 193
nm dissociative ionization of CS,, respectively. Figure 3(b) shows an image of CS" ions recorded using the
TimePix sensor in our laboratory. Jungmann et al were also able to demonstrate slice imaging in their
experiments, an application which will be considered in more detail later.

The PImMMS sensor has also been employed as a detector in time-resolved velocity-map imaging
studies into gas-phase’® and surface'’ photochemistry. Configured as an optical sensor, the camera is
simply mounted outside the vacuum in place of the CCD camera in a conventional VMI detection setup.
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Figures 3(c) and 3(d) show example data sets for electrons and ions formed in the dissociative ionization of
Br, at 446.32 nm, and ions formed in the dissociative ionization of N,N-dimethylformamide at 193 nm,
respectively. In the Br, experiments, the polarity of the velocity-mapping electrodes was switched
following extraction of the electrons in order to allow both the electrons and the ions to be imaged on each
time-of-flight cycle. As noted earlier, the four timing registers in each pixel ensure that the pixels have
sufficient capacity to detect heavier masses when one or more lighter ions have already been detected,
precluding a bias towards lighter ions in the detection step. In the Br, experiments, the two isotopes of
atomic bromine are clearly resolved. The experiments on N,N-dimethylformamide yield a large number of
different fragment ions, some of which result from clustering of the parent molecule within the molecular
beam. Signal from the parent ion was extremely intense, and was therefore time-gated out of the signal to
avoid damage to the microchannel plates. The large number of different fragments would make
conventional mass-by-mass imaging extremely time consuming relative to the present experiments, in
which images were acquired simultaneously for all masses. It is clear from Figure 3(d) that each fragment
has a characteristic velocity distribution, ranging from extremely narrow velocity distributions for parent
ions, for which the velocity distribution simply reflects that of the molecules within the molecular beam, to
distributions extending to very high velocities for ions formed in high-energy fragmentation processes. A
comprehensive analysis of this data is still underway, but is expected to provide interesting insights into the
photofragmentation dynamics of the N,N-dimethylformamide molecule, which provides a simple model for
the peptide bond.
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Figure 3: Multimass velocity-map imaging: (a) Images of fragments formed in the 193 nm
photolysis of dimethyldisulphide, recorded with the Dalsa Zenith fast-framing CCD camera™; (b)
Image of CS” ions formed in the 193 ns dissociative ionization of CS,, recorded using the TimePix
sensor; (c) Electrons and ions formed in the 446.32 nm dissociative ionization of Br,, recorded
using the PImMS sensor; (d) Complete data set for 193 nm photolysis of N,N-
dimethylformamide, with selected images for the dimer and peptide bond fission products. (c)
and (d) adapted from reference 16.

We note that while multimass VMI has so far been limited mainly to studies of photofragmentation
dynamics, there is considerable potential for exploiting the technique in mass spectrometric fragmentation
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studies. Biological molecules in the gas phase are increasingly being studied via tandem mass spectrometry
or 'MS/MS' techniques, in which the molecule of interest is selected by a first mass spectrometry stage,
before being fragmented by one of a variety of collisional, laser-induced, or electron-induced processes.
The fragment ions are then analysed in a second mass spectrometry stage. The ability to image the velocity
distributions of the fragment ions formed in such a process has the potential to provide a significant
increase in the information content of data from such studies. In addition to yielding insight into the
energetics of the fragmentation process, such methods could be used to probe bond lengths and internal
excitation, as well as providing a rapid means of distinguishing between parent and daughter ions via
analysis of the kinetic energy release distributions of the ions.

Focusing again on chemical dynamics, ultrafast imaging detectors provide exciting opportunities for
3D imaging of molecular fragmentation processes, as shown in Figure 4. In most VMI experiments, the
measured image is a two-dimensional projection of the complete three-dimensional product velocity
distribution, and one of a variety of mathematical transforms must be employed in order to reconstruct the
full 3D distribution. A variant of the technique is 'slice imaging', in which the imaging optics are designed
such that the ion cloud is expanded along the ToF axis rather than being compressed into a 'pancake' as it

181920 \When a camera with a suitably fast shutter is used (e.g. a time-gateable

reaches the detector
intensified CCD camera), or by pulsing the detector on for only a very brief period of time, it becomes
possible to image a single slice through the centre of the distribution. In many cases, the ion distribution is
cylindrically symmetric, and this single slice contains all of the information necessary for reconstructing the
full 3D velocity distribution. However, this is not always the case. The approach described above can also
be used to image non-cylindrically-symmetric distributions, but in this case the 3D distribution must be
built up slice-by-slice over a large number of acquisition cycles by stepping the time gate through the full
width of the ion arrival time distribution. This process is both time-consuming and susceptible to the
effects of experimental drift over the timescales required to record a complete data set. This can be an
important consideration when attempting to detect subtle features in the velocity distribution caused by
atomic or molecular alignment or orientation, for example®’. Using a 'single slice' approach also precludes
the measurement of correlations between fragments, a technique we will discuss in some detail in Section
3.2.
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Figure 4: 3D imaging: (a) standard 'crush' imaging; (b) slice imaging; (c) 3D imaging; (d) 3D
images of I ions produced in the 245 nm photolysis of iodoethane, recording using the PImMS1
sensor”.



An ultrafast imaging detector is capable of recording the full 3D scattering distribution directly,
eliminating the need for mathematical reconstruction, and providing a much more general and powerful
approach than existing methods. In addition to recording the 3D distribution, if individual slices through
the distribution are desired, these may be generated simply by selecting a subset of events recorded within
a user-specified time window from the full 3D data set. This approach was first demonstrated by Jungmann
et al in their VMI study of NO, photofragmentation using the TimePix sensor’. The time resolution of the
sensor was reported to be 12.5 ns, which is broadly similar to that achievable when gating the camera or
detector in conventional 'single slice' imaging. The authors were able to show that the velocity resolution
achieved in the 3D data set was superior to that obtained when the data was integrated over the time axis
to produce a standard 'crushed' image, which was then analysed using standard Abel inversion methods.

Recent experiments®? have demonstrated that it is also possible to achieve similar results using the
PImMS sensor coupled to an MCP/phosphor ion detector. The plot on the right hand side of Figure 4 shows
a 3D representation of the entire Newton sphere of the | ions produced following photodissociation of
iodoethane at 245 nm, as recorded using the PImMMS1 camera. The camera clock cycle was 12.5 ns, the
same as that reported for the Timepix sensor in the work of Jungmann et al.” Each slice is well resolved,
with the comparatively long ~100 ns decay lifetime of the P47 phosphor having a relatively small effect on
the time resolution. This is due to the fact that the pixels in the image sensor trigger on the rising edge of a
signal from the phosphor.

3.2 Coincidence measurements

Coincidence detection techniques®, which probe correlations between individual fragments produced from
the same parent molecule, provide a powerful tool in studying the photofragmentation or photoinduced
reaction dynamics of gas-phase molecules. The fragments probed may either be two ions, in which case

2425 or an ion and

the experiment is referred to as a photoion-photoion coincidence (PIPICO) measurement
the partner electron, known as a photoelectron-photoion coincidence (PEPICO) experiment®®. Recording
the correlation between two particles arising from the same parent molecule clearly requires both particles
to be detected within the same time-of-flight cycle. In the case of PIPICO imaging measurements, this
precludes the use of a conventional CCD camera as part of the detection system, as the readout speed of
such cameras is too slow to acquire more than one image on each experimental cycle. In the case of
PEPICO, the electrons and ions are usually accelerated in opposite directions and recorded using two
separate detection systems. A pair of conventional CCD cameras can therefore be used, with each camera
time-gated to the arrival time of the particle of interest. Janssen et al*’ and Brouard et al'® have recently
demonstrated that by rapid switching of the polarity of the ion optics used to extract the
photofragmentation products to the detector, it is in fact possible to record images of both electrons and
positive ions on a single detector. The ion optics are initially tuned to image the electrons, and then
switched in polarity to image the ions as soon as the electrons have cleared the extraction region. The
short delay in extracting the ions, during which the electric field has the 'wrong' polarity, induces a
negligible disturbance to the ion trajectories. When employing this single-detector version of PEPICO, the
detector requirements are identical to those for PIPICO, i.e. position and time (mass) resolved detection is
required on the timescale of the ion or electron arrival times.

Coincidence measurements are normally carried out under experimental conditions tuned such
that the number of fragmentation events is kept to less than one event per acquisition or time-of-flight
cycle. This ensures that any two (or more) particles detected on a given cycle must have originated from
the same parent molecule. The detector typically consists of one or more MCPs coupled to a delay-line
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anode. To maximise the data acquisition rate, experiments are generally carried out at kilohertz repetition
rates, but even so, it often takes many days or even weeks to acquire a data set of sufficiently high quality.

An alternative approach to coincidence detection has recently been demonstrated by Brouard,

2829 in which the requirement for ultra-low count rates on each acquisition cycle

Stapelfeldt and coworkers
is removed. Instead, the PImMS sensor is used to record position and timing information for each detected
ion at relatively high count rates, such that ions are detected from multiple parent fragmentation events on
each time-of-flight cycle, and the correlation information is extracted from the data via statistical
covariance analysis®****. The approach provides the same information as obtained in the more traditional
approaches to coincidence detection, but the acquisition time is shortened considerably, and the method is
also compatible with typical repetition rates of the nanosecond pulsed laser systems used in many reaction

dynamics experiments.

Several sets of experiments have been carried out to demonstrate the new approach. Electrons
and bromine atoms formed in the dissociative UV ionization of Br, have been imaged in a single-detector
high —count-rate PEPICO measurement'®, with separate images recorded for the two isotopes of atomic
bromine. In another PEPICO measurement by Brouard, Whitaker, et al*?, electrons and various fragment
ions arising from the dissociative ionization of NO, have been imaged. It was shown that distinct
photoelectron images can be extracted for electrons correlated with different fragment ions. These
experiments also demonstrate that correlation techniques are not necessarily limited to identifying
coincidences between only two particles, and that muti-electron multi-ion correlation is also likely to be

possible.
imaging A Brt/Br2*
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Figure 5: Coulomb explosion coincidence imaging of a biphenyl derivative’®. The molecules are
laser-aligned as shown relative to the imaging detector plane prior to Coulomb explosion (C =
grey, H = white, N = red, Br = blue, F = green). Following the Coulomb explosion, the PImMS
sensor records velocity-map images for each fragment in tandem with the ToF mass spectrum.
Selected images are shown for the F', Br**, and Br’ fragments. Covariance images reveal
correlations between the velocities of pairs of fragments, illustrated here with a covariance
image of Br' and Br** fragments, which recoil at 180 degrees from each other when viewed
from the detector.

The method has also been applied to PIPICO measurements. In recent experiments by Brouard,
Stapelfeldt, and coworkers®, a biphenyl derivative was spatially aligned using a nanosecond laser pulse,
and then Coulomb-exploded using an intense femtosecond laser pulse. The correlated velocity
distributions of the various atomic fragments formed in the Coulomb explosion, measured by velocity-map
imaging with the PImMS sensor, reflect the molecular structure when the explosion was initiated. The
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resulting covariance images therefore reveal a great deal of structural information; in the experiments on
the biphenyl species, for example, the covariance images clearly revealed the dihedral angle between the
two phenyl rings®, as well as the relative angles between a number of other chemical bonds within the
structure. Figure 5 provides an illustrative example, in which a covariance image of two atomic bromine
fragments resulting from the Coulomb explosion clearly shows them recoiling in opposite directions as
viewed along the ToF axis. In the future, by combining coincidence methods with 3D imaging, it may prove
possible to extract such information without the requirement for pre-aligning the molecule under study
prior to the Coulomb explosion.

3.3 Surface analysis (spatial-map imaging)

Mass spectrometric techniques have found a vast array of applications, spanning areas as diverse as the
identification and structural analysis of proteins, peptides and oligonucleotides; drug discovery,
pharmacokinetics; breath gas monitoring; quality control; reaction kinetics measurements; quantitation of
complex chemical mixtures; and geochemical and archaeological dating. Imaging techniques add a new
dimension to mass spectrometry, and are attracting considerable interest within the analytical sciences.
Imaging mass spectrometry of a surface yields a type of ‘chemical microscopy’, allowing the visualisation of
analytes ranging from trace metals to peptides, proteins and surface lipids directly from the surface of a
biological or other sample, without the need for fluorescent or other labelling.

To date, most approaches to imaging mass spectrometry involve rastering either an ion beam or a
laser beam across the surface - usually achieved by mounting the sample on an xy stage - and recording an
array of conventional (usually time-of-flight) mass spectra of the ions produced for each set of (x,y)
coordinates of the beam. Images of the spatial distribution for any analyte may then be reconstructed
from the (x,y) dependence of the intensity of the corresponding mass peak. This is known as the
'microprobe' approach to imaging mass spectrometry. The spatial resolution in this approach is
determined primarily by the spot size of the ion or laser beam, and ranges from tens of nanometres for
some ion beam methods to a few tens of microns (down to around a micron for the most highly optimised
instruments®®) for most laser methods®. A variety of ion generation methods are available, with the
optimum method for a given application depending on the nature of the sample under study. Matrix-
assisted laser desorption ionization (MALDI) offers a 'soft' ionization method leading to little molecular
fragmentation, and has been used to image distributions of intact lipids, peptides and proteins up to a mass
of around 100,000 Da in a wide variety of tissue samples®. Alternatively, ionization may be achieved via
secondary ion emission on bombarding the surface with a focused ion beam. While the ion beams
traditionally used in secondary ion mass spectrometry (SIMS) led to virtually complete molecular
fragmentation, such that the method was best suited to elemental rather than molecular surface analysis,
ion sources have now been developed that permit molecular imaging, and the extremely small spot size
that can be achieved with a focused ion beam have allowed sub cellular imaging of smaller organic
compounds (<1000 Da) to be achieved®. Atmospheric-pressure ionization methods such as desorption
electrospray ionization (DESI) have also been applied in imaging mass spectrometry. DESI has the
advantage that no prior sample preparation is required, and that the sample does not need to be
introduced into the vacuum system of the mass spectrometer. However, the spatial resolution achievable
is limited®, at around 200-400 um.

Recently, there has been considerable interest in an alternative, ‘microscope’ mode of imaging®’, in
which a large area of the sample (several mm?) is illuminated by a diffuse laser or ion beam, and the ion
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optics system employed is designed such that a stigmatic image of the complete sample is recorded on a
position-sensitive detector. The microprobe and microscope approaches have recently been reviewed in
the context of their suitability for biomolecular and biomedical imaging®’. Microscope-mode imaging has
the potential to reduce the data acquisition time from many hours - as is currently the case for microprobe
tissue imaging experiments - to a few minutes. However, until recently the ability to acquire images for a
range of masses on this timescale has been beyond the reach of existing image sensors. This is set to
change with the advent of intelligent active pixel sensors of the type described in Section 2. The ability of
sensors such as PImMS and TimePix to acquire images for many masses simultaneously allows the spatially-
resolved chemical composition of the sample to be determined on each time-of-flight cycle®. In the
following, we review progress to date on exploiting the capabilities of intelligent pixel sensors in imaging
mass spectrometry.

One of the first modern microscope-mode imaging mass spectrometers was constructed by Heeren

and coworkers®>*°

, who modified a commercial TRIFT Il SIMS instrument. The spectrometer can be used
either with a laser-based ionization method, such as MALDI, or with an ion beam for SIMS experiments.
Klerk et al. demonstrated the imaging capabilities of the instrument by imaging sample arrays of
biologically relevant substances, such as cholesterol and angiotensin Il, acquiring data mass by mass with a
conventional CCD camera®. Multi-mass imaging was first demonstrated following replacement of the
original standard MCP/phosphor screen/CCD detection system with a hexanode delay line detector***. A
sample consisting of a hexagonal TEM grid coated in a photosensitive dye was bombarded with ions from a
Ceo primary ion beam, defocused to a spot diameter of 250 um. The resulting ion images, recorded for
masses up to m/z = 500, were determined to have a spatial resolution of 4 um. Though these experiments
allowed the collection of ion images with high time and lateral resolution, the limitation on the number of
events that can be recorded in each ToF cycle, as imposed by the delay line detector, has restricted further

applications.

The first intelligent pixel sensor applied to imaging mass spectrometry was the 'quad' version of the
Medipix2 sensor**, a precursor to TimePix, in which four 256x256 pixel sensor chips are arranged in a 2x2
array to give a total of 512x512 pixels. The sensor was positioned to detect the electrons from the back
face of the microchannel plate ion detector. Because the MediPix sensor was not able to record timing
information, a selective ion blanker was used to gate the detection to a single mass for each image
acquisition. In operation on the TRIFT instrument described above, spatial images were recorded with a
lateral resolution of 6 um employing SIMS to generate ions from the sample surface, and 8-10 um when
employing laser desorption ionization methods. In later work, the MediPix sensor was replaced with a
TimePix sensor, which allowed images to be recorded simultaneously for multiple masses. The instrument
performance was demonstrated by imaging a sample consisting of peptide mixtures arrayed in a grid
pattern®. The time-of-flight spectrum recorded by the TimePix detector exhibited a lower time resolution
but a higher signal-to-noise ratio than that obtained using the standard approach of recording signals
directly from the MCP via a time-to-digital or analogue-to-digital converter. The spectrometer has since
been used in a number of further proof-of-concept demonstrations of its capabilities. Bio- and

macromolecules have been imaged both in isolation and in mouse testis tissue samples®®*’

(see Figure
6(a)); spectra and images have been recorded in both positive and negative ion modes*; and by post-
accelerating the extracted ions, the mass range has been extended up to 100 kDa while at the same time

improving the spectral quality.
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(b)

Figure 6: (a) Imaging mass spectrometry with the TimePix sensor. The sample is a thin section
through a mouse testis. The image on the left shows the total ion image, while the image on
the right shows mass selected images (m/z = 491-495 in blue, m/z = 595-599 in green, m/z =
624 in red) at a spatial resolution of 740 nm per pixel. Adapted from Jungmann et al.*®; (b)
Imaging mass spectrometry with the PImMS1 sensor’”’: the sample is Exalite 398 dye
electrosprayed through a Ni mesh stencil (67 um wire diameter, 500 um wire spacing) at a
spatial resolution of 31 um, determined by the 2 mm field of view and 72 x 72 pixel sensor
array size.

A very promising design of microscope-mode imaging mass spectrometer is the MULTUM Il multi-
turn time-of-flight imaging instrument developed by Toyoda and coworkers®. The instrument achieves
high time-of-flight resolution by injecting the ions into a closed loop formed from four toroidal electric
sectors, which circulate the ions multiple times in a 'bow-tie' shaped orbit order to achieve a long flight
path, before ejecting them towards the detector. Increasing the number of ion circulations improves the
time-of-flight resolution, and therefore the mass resolution, but at the cost of spatial distortions. For 500
cycles, a mass resolution of 130 000 was achieved, but at the cost of distorted images. Switching to a
single-pass imaging mode yielded a spatial resolution of 4 um over a 400 um field of view™®. To achieve
multi-mass imaging, the same researchers have developed a delay line detector for use with their
instrument, which they estimate will yield spatial and mass resolutions of 12 pm and 15 000, respectively®'.
To our knowledge, multi-turn ToF instruments have not yet been used in combination with intelligent pixel
sensors.

More recently, Brouard, Vallance, and coworkers have demonstrated spatial-map imaging of large
area (up to 5 mm) samples with 20 um resolution using an ion lens based on a velocity-map imaging lens
and a detection system employing an MCP/phosphor ion detector coupled to the PImMS sensor®>. A test
image of ions from a laser dye sprayed onto the sample plate through a nickel mesh stencil is shown in
Figure 6(b). The simple linear extraction method employed in these experiments yielded a relatively low
mass resolution. However, the mass resolution has recently been improved upon by employing the post-
extraction differential acceleration (PEDA) method, originally developed by Aoiki et al*®> and improved by
Winter et al**. The method uses a five-electrode ion lens, with the first two electrodes forming the repeller
and extractor elements of a standard spatial-map imaging lens, and the following three electrodes forming
an Einzel lens. Once the ions have cleared the extractor plate (lens 2), this plate is pulsed to a higher
potential, providing an additional 'kick' that time-focuses the initial velocity spread of the extracted ions as
they reach the detector. The method may be used to record mass spectra and images for ions of a range of
masses around a central 'optimized’ mass, which can be tuned to any mass of interest while maintaining
the spatial mapping properties®™. Using a standard CCD camera, a mass resolution of 2200 and spatial
resolution of sub 20 um for a field of view of 4 mm has been achieved, and future experiments employing
the PImMS sensor are planned.

While ultrafast image sensors have so far only been demonstrated in a small number of

microscope-mode imaging mass spectrometry measurements, the potential for vastly reducing acquisition
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times relative to the widely-employed microprobe mode imaging methods has generated considerable
interest amongst instrument manufacturers in commercialising the technology in the medium term.

34 Other applications

While this Perspective has focused on applications of fast image sensors in the fields of reaction dynamics
and imaging mass spectrometry, combining time-of-flight measurements with imaging opens up a vast
array of applications in other areas such as fluorescence lifetime imaging, time-resolved electron and x-ray
imaging and diffraction studies, high energy particle physics, and neutron science. To highlight the
versatility of such detectors, we will outline briefly some recent proof-of-concept work in which the PImMS
sensor has been used to perform neutron time-of-flight imaging™>.

Neutron ToF imaging differs from other applications discussed so far in this Perspective, in that the
time-of-flight measurement is now used to determine the kinetic energy of the detected particles, rather
than their mass-to-charge ratio. Combining the ToF information with high-resolution imaging provides a
powerful non-destructive analysis technique or chemical and materials science, since each pixel now
uniquely records the crystallographic structure, texture, and strain through the irradiated region of the
sample®®. Example applications include the mapping of magnetic flux lines in superconductors®’, and
material studies into residual strain in welds>®. By combining neutron TOF imaging with sample rotation,
full four-dimensional tomographic images of the sample can be generated, yielding information that cannot
be accessed via any other technique.

In common with most VMI measurements, it has generally only been possible to acquire time-
resolved neutron images by stepping the time-gate of an intensified CCD camera® through the neutron
arrival time distribution, a time consuming process which represents a highly inefficient use of neutron
beam time at spallation sources®®. Time-resolved imaging sensors, such as the TimePix**®? and PImMS
sensors, provide an alternative approach.

Neutron measurements with the PImMS sensor have been performed at the Oxfordshire-based ISIS
neutron spallation facility. ISIS generates pulses of neutrons with kinetic energies ranging from 0.1 meV to
800 MeV through proton bombardment of a tungsten target. The silicon-based PImMMS sensor is not
intrinsically sensitive to neutrons®, and is therefore coated with a thin gadolinium conversion material.
Neutron capture by gadolinium results in emission of ~70 keV conversion electrons, which are detected
directly by the sensor. Additionally, the time bin interval is increased so that the acquisition cycle matches
the ~20 ms width of the neutron ToF distribution. The resulting 'GaDMOS' neutron detector is able to
record the position and arrival time of every detected neutron in each pulse, allowing images to be
reconstructed over the neutron energies of interest. If a sample is placed in the neutron beam, the ToF
distribution recorded by each pixel will in general show a series of 'dips' (Bragg edges) at characteristic
energies, due to diffraction of the neutron beam by the sample.

Figure 7 shows some early results from the GaDMOS detector. In Figure 7(a), Bragg edges are
clearly visible in the neutron time-of-flight distribution recorded following transmission of the neutron
beam through an Fe sample. Figure 7(b) shows an optical image of a cadmium mask used to test the
imaging capabilities of the detector. Low energy neutrons are blocked by the cadmium, so only neutrons
passing through the 1 mm circular apertures in the mask are transmitted to the detector. Figure 7(c) shows
the neutron image recorded by the GaDMOS detector at low neutron energies when the mask is in place. It

! The PImMS sensor in fact does have a very small inherent sensitivity to neutrons due to the small thermal neutron
cross section of the '°B used to dope the silicon.
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is clear that the detector simultaneously offers high time and spatial resolution for time-resolved neutron
imaging, opening up exciting possibilities in the field of neutron science.
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Figure 7: Neutron detection with the GaDMOS detector, which employs a gadolinium-coated
PImMS sensor chip”: (a) iron Bragg edges in the neutron transmission spectrum, as recorded
by the GaDMOS detector; (b) optical image of the cadmium mask used to block the neutron
beam for imaging tests; (c) images of neutrons transmitted through the 1 mm apertures in the
Cd mask, as recorded by the GaDMOS detector.

4, The Future

While the capabilities of existing sensors such as PImMS and TimePix are already impressive, a number of
new technologies are being developed which promise a step change in sensitivity and time resolution for
future sensors, opening up the regime of sub-nanosecond, single-photon measurements. We round off this
Perspective by considering one of the most promising of these, which is likely to enter mainstream use
within the next few years. A number of research groups and companies are working on incorporating
single-photon avalanche photodiode (SPAD) technology into pixel array sensors. In a conventional CMOS
pixel, the ultimate time resolution is limited by the time required for the charge created by incident
photons to migrate to the detection diode. This depends on the thickness of the epitaxial layer and on the
electric field within the pixel, but for the PImMS sensor is around 5-10 ns, for example. In contrast, a SPAD
works by biasing a pair of diodes in a metastable condition such that a single electron reaching the junction
triggers an avalanche mechanism, resulting in a large current flow and a correspondingly large signal, which
can be transformed into a digital pulse. The avalanche mechanism is extremely fast, and can be used to
provide a timing measurement on the timescale of <100 ps, with single-photon detection sensitivity.

When combined with a fast phosphor or scintillator, the single-photon detection capability of
SPAD-based pixels opens up the intriguing possibility of developing a new direct ion detector as an
alternative to microchannel-plate-based detectors. As noted in Section 1, scintillators are widely used to
detect high-energy ions, usually in combination with a photomultiplier tube, but their efficiency drops off
dramatically at low incident energies, with each ion generating only a few photons at ion energies of a few
keV. SPAD sensors have sufficient sensitivity to detect even these few photons, and a sensor coated in a
thin layer of an appropriate scintillator therefore constitutes a stand-alone ion detector with a time
resolution determined by the luminescence lifetime of the scintillator. lon detectors of this type will be
extremely robust relative to MCPs, with the ability to operate at pressures up to atmospheric pressure and
higher. This yields intriguing possibilities for new MS techniques operating in a higher pressure regime than
traditional methods, subject to the development of suitable ion lens designs or other ion separation
technologies. CMOS-based sensors will also be considerably lower in cost than traditional ion detectors,
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since their production benefits from the large investment in mainstream CMOS technology widely used for
consumer products. The detectors may also, of course, be used for non-imaging applications, in which the
signal is simply integrated over the whole sensor to yield a sensitive large-area ion detector or silicon
photomultiplier.

Proof-of-concept for such a sensor has already been provided by Wilman et al*®>, who used a
commercially available multipixel photon counting (MPPC) detector (Hamamatsu) coupled to an LYSO
scintillator crystal to record time-of-flight mass spectra of butanone following 193 nm UV ionization. The
MPPC comprises an array of SPADs connected in parallel such that the total output of all of the pixels in the
sensor is integrated to yield the signal. The time resolution in these measurements was limited to 49 ns by
the decay lifetime of the scintillator. More recent experiments®, in which the LYSO scintillator was
replaced by a more efficient fast organic scintillator, have yielded greatly improved time resolution and
signal intensity. A sample data set is shown in Figure 8.
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Figure 8: Mass spectrum for butanone recorded using a fast organic scintillator coupled to a
commercially-available MPPC detector.

As we have seen, fast image sensors have the potential to revolutionise time-resolved particle
imaging experiments, offering drastically reduced data acquisition times in chemical dynamics experiments
and imaging mass spectrometry, and opening up entirely new scientific possibilities in areas such as
coincidence detection, and new timescales at greatly reduced cost for applications such as time-resolved
neutron imaging. While intelligent pixel sensors are a relatively new development, they are already
capturing the imagination of the scientific community, and will no doubt be implemented in an ever
increasing variety of applications as the technology becomes established and they become more widely
available.
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