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This account introduces a new variant of time-of-flight (ToF) mass spectrometry
(MS), termed Velocity-Map Imaging Mass Spectrometry (VMImMS). While the ion
abundances recorded in conventional ToF-MS measurements are highly useful for
molecular quantification and structure determination, the final parent and fragment
ion yields are largely blind to the dynamics of the processes in which the ions were
formed inside the mass spectrometer. By recording the velocity distribution of each
ion in tandem with the mass spectrum, not only can the details of the dissociative
ionization dynamics be unravelled, but the extra dimensions of information can be
used for enhanced molecular fingerprinting, separating contributions from ions with
identical mass-to-charge ratio, and resolving components within mixtures, to hame
but a few examples. Measuring ion velocity distributions within a mass
spectrometry measurement is not new, but incorporating imaging techniques
developed within the reaction dynamics community provides vastly improved
velocity resolution for all ions simultaneously in a single-stage instrument. This
account provides an introduction to VMImMS outlines the fundamental
instrumentation and detector requirements and the challenges associated with
developing the method further, and details proof-of-concept work from our
laboratory on a number of potential applications of the technique.

1. Introduction

The ionization processes employed in most types of mass spectrometry often lead to a considerable
degree of fragmentation. Depending on the amount of energy deposited into the parent molecule, the
degree of dissociation may be small, or the molecule may undergo a variety of different fragmentation
processes, exhibiting a complex interplay between direct bond breaking and indirect dissociation
mechanisms involving energy redistribution and often structural isomerisation. The particular
combination of dynamical processes is determined by the electronic structure of the parent molecule,
and probing these dynamics can therefore provide a means of molecular identification and
quantification.

Conventional time-of-flight mass spectrometry (ToF-MS) probes one characteristic observable
relating to the dissociation dynamics, namely the yield of each fragment ion produced following
ionization. However, if instead of simply counting the total number of fragment ions of each mass,
the detection step is able to resolve the ion velocities, it becomes possible to probe the detailed
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dynamics of the fragmentation process, often at a quantum-state-resolved level*?. The ion velocity
distributions are a sensitive probe of the fragmentation dynamics, since they are determined by the
forces acting on the fragments as they dissociate, and therefore by the topography of the molecular
potential energy surface(s) over which the dissociation occurs. There are a number of ways in which
fragment velocity distributions may be of use in mass spectrometry. For example, ions of identical m/z
from different sources are indistinguishable in a conventional mass spectrum. However, if the
dissociation dynamics leading to formation of the ions are significantly different, the individual
contributions from multiple channels may be quantified on the basis of the velocity distributions of
the respective ions.

To date, ToF mass spectrometer development has generally focused on improving mass
resolution and ion throughput, as well as on incorporating soft ionization techniques for non-volatile
samples, and improved hybridization in tandem or hyphenated techniques®*. Many of these
developments are driven by the requirements of researchers working in the fields of molecular
biology and biochemistry. Methods such as matrix-assisted laser desorption ionization (MALDI)
imaging, often referred to more generally as 'imaging mass spectrometry’, have added spatial
information to mass spectra, and are increasingly being used in areas such as tissue analysis for
mapping lipids, peptides, and metabolites in biological samples'>?°. However, none of these methods
exploit the information contained in the fragment ion velocity distributions.

A limited amount of information on fragment ion velocity distributions can be obtained
through the analysis of high-resolution ToF peak profiles?. Techniques such as mass-analysed ion
kinetic energy spectrometry (MIKES)?2 allow fragment kinetic energy distributions to be measured
for selected ions, though require a fairly complex experimental scheme involving scanning magnetic
and electric sectors. While MIKES has been used with considerable success to resolve mixtures of
components from complex samples, including volatile vapours from heated coal dust or natural
products?*?’, the data acquisition and analysis is time consuming, and the kinetic energy resolution is
low. Tandem mass spectrometry (MS/MS) similarly offers some capabilities for studying mixtures'4,
though also requires a two-stage mass spectrometer.

This account outlines a new and developing implementation of ToF mass spectrometry,
termed velocity-map imaging mass spectrometry (VMImMS)?, which allows the complete velocity
distribution for each ion to be measured in tandem with the mass spectrum. The technique is suited to
target molecules with molecular masses of up to several thousand atomic mass units. In contrast to
MIKES, images can be acquired for each m/z in a single-stage instrument with no requirement for
prior knowledge of the ion flight times. As discussed above, from a chemical physics perspective, the
additional information can be used to elucidate details of the ion fragmentation dynamics. However,
at a simpler level it can also be used simply as a ‘fingerprinting' method for the various fragment ions
and dissociation channels. In the following, we provide an introduction to velocity-map imaging
(VMI), outline the basic requirements for a practical mass spectrometer, and present three proof-of-
concept examples illustrating the potential applications. The principles of velocity-map imaging
(VMI) have been detailed previously in the European Journal of Mass Spectrometry in an account by
Heck?®; the present account considers the transition from using VMI as a technique for probing
fundamental processes in chemical physics to more generalised applications in mass spectrometry.



2. Principles of velocity-map imaging

A velocity-map imaging mass spectrometer is essentially modified ToF instrument, in which the ToF
ion optics are replaced with a VMI lens assembly, and the ion-counting or integrating detector is
replaced with a position-sensitive detector®. In the chemical physics experiments for which VMI was
originally developed, the molecule of interest is usually expanded in a molecular beam, which is then
intersected by one or more laser beams to create ions. However, many other ion source configurations
are possible. The VMI lens?**, which in its simplest form consists of three open (meshless)
electrodes, projects the velocity vectors of the nascent ions formed in the ion source region along a
ToF axis onto the position sensitive detector. By mapping ions formed with identical velocities onto
the same point on the detector irrespective of their initial position, the velocity-mapping lens corrects
for the blurring of the image that would otherwise occur due to the finite region in which ions are
formed, i.e. the system behaves as if an ideal point source of ions has been achieved, greatly
improving the velocity resolution. Figure 1 illustrates velocity-mapping of a number of ions
contributing to a single m/z peak in a typical VMI set-up. We note that in the context of mass
spectrometry, VMI detection immediately reveals whether the mass extraction is quantitative or
whether there is discrimination against high-kinetic-energy ions. For example, quantitative detection
has not been achieved if images extend beyond the edges of the detector.

A typical VMI detector, shown schematically in Figure 1, generally consists of a chevron pair
of microchannel plates (MCPs) coupled to a fast phosphor screen®®. The MCPs convert incoming ions
into electron bursts, which excite luminescence in the phosphor. The spatial distribution of incoming
ions is therefore converted into an optical image on the phosphor, which can be captured by a camera.
The resulting image is a two-dimensional projection of the full three-dimensional velocity distribution
for each m/z. The mass spectrum is obtained simultaneously by recording either the ion current across
the MCPs, or an optical signal from the phosphor, as a function of time. The frame rates of most
cameras limit acquisition to one ion m/z per ToF cycle, with mass selection achieved through time-
gating of either the MCPs or an image intensifier within the camera. As will be detailed in Section
3.5, highly specialised cameras have been developed recently which allow images to be acquired for
multiple ion m/z on each experimental cycle.

The radial coordinate of a velocity-map image is proportional to the velocity component of
the ion in the image plane, while the angular coordinate reveals its scattering angle. When the
velocity distribution has cylindrical symmetry, which is often the case in laser-based dissociation and
ionization schemes, an inverse Abel or Hankel transform can be used to 'reinflate’ the 2D projection
into a 3D velocity distribution, and a slice through the centre of this distribution then contains all of
the required dynamical information323°4°, A variety of forward convolution and fitting methods have
been developed for more complex cases. Further details and examples of the reconstruction procedure
for small-molecule photoionization studies are available in the earlier account of Heck?®®. For
applications in mass spectrometry, the quantity of greatest interest is usually the kinetic energy release
(KER) distribution. This can be obtained by integrating the 2D slice' over the angular coordinate, and
converting the speed axis into an energy axis.

There are a number of possible improvements to the simplest VMI lens design, which provide
enhanced image resolution and other capabilities; for example 'slice imaging**24® allows the '2D
slice' referred to above to be measured directly, without the need for an Abel inversion. On-the-fly
computational algorithms such as event counting® and 'megapixel imaging“® can also provide
considerably enhanced velocity resolution. Detailed historical accounts of VMI as well as a summary
of current state-of-the-art implementations can be found in a number of recent reviews®%,
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VMI has been widely used for nearly two decades by the chemical physics community to
study laser-induced dissociation dynamics and other fundamental chemical processes.®?3% Most
studies have involved small molecules containing between two to ten atoms, with the majority
focusing on quantum-state-resolved investigations into the photofragmentation dynamics of diatomics
and triatomics. As molecular size increases, so does the number and density of accessible states,
providing efficient energy redistribution and relaxation processes.?**¢3" This decreases the usefulness
of the imaging dimension to some extent, but highly structured, and therefore information-rich,
images have been observed even for relatively large chemical species (at least from a physical
chemist's perspective) of twenty or more atoms.® Due to the large number of potential fragmentation
channels for molecules with more than a few atoms, detailed quantum-state-resolved analysis is not
generally possible, but the KER distributions of the fragments do still retain considerable information
on the partitioning of energy between translational and internal degrees of freedom of the products.

When developing VMI for mass spectrometric applications, the instrumental requirements are
somewhat different from those for fundamental chemical physics studiest. Universal ionization (i.e.
ionization of all chemical species in the ionization volume) replaces laser-based quantum-state
selective ionization processes; achieving high mass resolution becomes much more important when
larger molecules are to be studied; and the ability to acquire multiple images within a given ToF cycle
is necessary in order to allow data acquisition to occur on a reasonable experimental timescale — so-
called multimass imaging.2%474¢ |t is emphasised that VMImMS s still in the very early stages of
development, and faces a number of experimental challenges as it evolves from its origins in small-
molecule fundamental chemical physics studies into a useful analytical technique.

3. Instrumentation

Assuming that the appropriate specifications can be met, a ToF velocity-map imaging mass
spectrometer has potential applications both in fundamental ion physics studies and in small-molecule
mass spectrometry. As noted above, the key requirements are to identify a suitable universal
ionization technique for use with VMI, to achieve sufficiently high mass resolution for applications in
analytical mass spectrometry with a reasonable throughput, and to develop detectors capable of
multimass imaging at a reasonably high repetition rate. These requirements are considered in turn.

3.1 Universal ionization

A variety of universal ionization methods are in widespread use in mass spectrometry. These include
electron impact ionization, fast-atom bombardment, electrospray ionization, and matrix-assisted laser
desorption ionization®. Some of these methods (e.g. electron-impact ionization) induce considerable
molecular fragmentation, while others are often combined with additional fragmentation methods in
order to elucidate further details of molecular structure. Commonly-used fragmentation methods
include collision-induced dissociation (CID), infrared multiphoton dissociation (IRMPD), electron
capture dissociation (ECD), and UV photodissociation (UVPD). lonization and fragmentation
methods can be divided into two categories. The first includes methods such as electron impact
ionization and UV or VUV photoionization, in which energy is deposited into the molecule in a short
space of time, i.e. ideally shorter than one molecular vibration. Direct vertical ionization occurs, with
considerable molecular fragmentation ensuing if the available energy exceeds the dissociation
energies of one or more chemical bonds. Dissociation can be rapid (kinetic fragmentation) if repulsive
states or highly excited electronic states are populated, and fragment kinetic energy distributions are
often highly structured and unique to the parent molecule. The second category of fragmentation
methods includes processes such as IRMPD and ECD, in which the molecule absorbs energy



gradually until one or more dissociative ionization thresholds are reached. There is ample time for
energy to redistribute amongst the various molecular degrees of freedom, and as a result the fragment
internal state and Kinetic energy distributions are broad and unstructured, determined statistically by
the Boltzmann distribution. Such 'thermodynamic' fragmentation processes are less suited to
interrogation via VMI methods since the KER distributions tend to peak at very low energies, show
little or no structure, and may be very similar for different fragment ions.

Ideally then, VMImMS requires a 'hard' and essentially instantaneous ionization mechanism,
which deposits a significant amount of energy into the target molecule in excess of the ionization
potential, yielding molecular fragmentation. In contrast, ‘soft” ionization mechanisms only deposit a
small excess of energy above the ionization potential, resulting in a small degree of fragmentation and
potentially a high abundance of parent ion. While a number of existing universal ionization methods
potentially satisfy the required criteria for VMIMMS, the two that are currently being investigated in
our laboratory are electron-impact ionization and ultraviolet (UV) or vacuum ultraviolet (VUV)
photoionization.

Electron impact represents an ideal dissociative ionization mechanism for VMI studies in that
for electron energies significantly in excess of the ionization potential, numerous highly excited and
dissociative electronic states of the ion are accessed, often leading to extensive fragmentation via
numerous dissociation channels*°°. Channels involving loss of more than one electron are also
energetically accessible once the electron energy exceeds the double or triple ionization threshold of
the molecule, and tend to result in direct and rapid fragmentation. The primary difficulty in
implementing electron-impact ionization in tandem with VMI is tuning the electron beam in order to
achieve simultaneous optimisation of velocity mapping and mass focusing. This is discussed further
in Section 3.2.

Single-photon and multiphoton ionization methods have both been used extensively in mass
spectrometry and are the subject of several reviews*5% including a previous account in the present
journal by Weckhardt et al®”. The photon energies required to exceed the ionization energies of most
molecules are generally achievable only with synchrotron radiation or specialised vacuum ultraviolet
laser sources. Here the focus is on high-powered laboratory sources, which usually involve third-
harmonic generation from the 355 nm frequency-tripled output of a Nd:YAG laser or frequency-
doubled output from a dye laser.>*® Third-harmonic generation can be achieved by passing the
radiation through a phase-matched mixture of inert gases, allowing wavelengths of around ~118 nm
(10.51 eV) to be accessed in the case of the Nd:YAG source®®. Such energies are only just in excess of
the first ionization threshold for most molecules, and single-photon ionization is therefore often
considered to be a relatively 'soft' ionization method which does not lead to a great deal of parent ion
fragmentation. Single photon ionization provides an ideal approach when a high population of parent
ion is desirable, but does not lead to the relatively high degree of fragmentation desirable for
molecular fingerprinting via VMI. The same is not true of multiphoton ionization and fragmentation
methods. Depending on the photon energies employed, ionized fragments suitable for VMI analysis
may be formed via a variety of mechanisms: (i) Single-photon ionization of the parent molecule
followed by fragmentation of the parent ion following absorption of one or more additional photons;
(if) multi-photon ionization of the parent molecule to yield a parent ion with sufficient internal energy
to undergo fragmentation; or (iii) photofragmentation of the neutral parent molecule followed by
single-photon or multiphoton ionization of one or more fragments. In the context of mass
spectrometry, the fragmentation patterns observed in (i) and (ii) yield structural information on the
parent molecular ion, while (iii) yields structural information on the neutral. In contrast to electron-
impact ionization, photoionization total and partial ionization cross sections are generally not well
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characterised, and are not easily predicted on the basis of physical models. This complication,
especially for multiphoton processes, can make comparisons between mass spectra of different
species very difficult. A further experimental complication arises from the fact that the relative
contributions from different multiphoton processes are also highly sensitive to fluctuations in laser
intensity.

By taking advantage of absorption resonances, photon-based ionization schemes offer a
degree of control over the ionization process that is not available using (collision-like) electron-impact
methods. For example, with sufficient knowledge of the relevant spectroscopy, resonance-enhanced
multiphoton ionization (REMPI) allows small molecules to be ionized with selectivity down to the
guantum-state-resolved level. While this is generally not of great value in mass spectrometry studies,
it can be extremely useful in chemical dynamics studies when attempting to unravel the dissociation
dynamics associated with the various energetically accessible fragmentation channels.®

As noted previously, conventional IRMPD methods that lead to 'statistical' fragmentation are
not well suited to VMI analysis. However, it has been shown that high-power and ultra-short
femtosecond laser pulses (kHz repetition rates) can provide a rather effective universal ionization
source* %% 80 The intense electric field of the pulse leads to very rapid dissociative ionization rather
than generation of an excited state of the neutral. The resulting fragmentation can be similar to
electron impact. Unfortunately, femtosecond laser systems are complex and expensive, rendering their
use impractical for routine analytical applications at this time.

3.2 Time-of-flight or m/z resolution

A reasonable 'end goal' for a VMImMS instrument is to achieve a mass resolution similar to that of a
commercial ToF instruments used to analyse small to medium-sized molecules. Such instruments
typically achieve a mass resolution (m/Am) of several thousand to tens of thousands. The ultimate
time, and therefore mass, resolution of a VMImMS instrument is determined by a number of factors,
which will be considered in turn.

The VMI optics used in chemical dynamics studies have been optimised for maximum
velocity resolution, rather than for high ToF (or m/z) resolution, and as such are best used only for
analytes with masses up to a few hundred atomic mass units. Simultaneously optimising both velocity
resolution and mass resolution is challenging, but efforts are currently underway to design next-
generation ion optics that achieves both high mass and high velocity resolution. It has recently been
shown that mass resolutions of several thousand are possible in combination with imaging when
employing various pulsed extraction schemes.®%2

An important factor influencing the achievable mass resolution is the extent of the ionization
region along the ToF axis. When laser ionization methods are used, it is straightforward to focus the
laser down to a spot size of a few hundred microns. However, achieving a tightly focused ionizing
beam is more challenging in the case of electron ionization, with space-charge repulsion limiting the
achievable spot size and/or beam density.®*® Achieving good focusing of an electron beam also
requires that the ionization volume is well shielded from external electric or magnetic fields, including
any fields arising from the ion optics of the mass spectrometer. These considerations are common to
both imaging and non-imaging variants of ToF mass spectrometry.

The time response of the ion detector is another key factor in determining the overall time
resolution of the spectrometer. As noted previously, the detectors used in most VMI experiments
consist of a pair of microchannel plates coupled to a phosphor screen. While the MCPs can have
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response times on the order of hundreds of picoseconds, the 95% decay lifetime of the P47 phosphor
used in most detectors is around 120 ns. This places severe limitations on the achievable mass
resolution. Some faster phosphors are currently commercially available, but suffer from very low
brightness, which makes them poorly suited for imaging applications. It is evident that if MCP-
phosphor based detectors are to be used, there is a need for new fast phosphors with decay lifetimes
on the order of a few nanoseconds that offer both high brightness and greatly improved time
resolution.

The final factor determining the mass resolution is the time response of the camera used to
capture images from the phosphor screen. This will be considered in Section 3.5. It is also worth
noting that for applications in which very few ions are generated on each ToF cycle (generally less
than or equal to one ion per m/z), an alternative detection arrangement comprising a pair of MCPs
coupled to a delay line anode can offer time resolutions limited only by the MCP response time — note
that MCP dead times can be on the order of milliseconds under high gain conditions®,

3.3 Throughput

The ion throughput is a key design parameter for any mass spectrometer, since a high throughput
minimises the time required in order to acquire a mass spectrum with a given signal-to-noise ratio.
The throughput is determined by both the number of ions detected on each time of flight cycle, and
the repetition rate of the instrument, i.e. the number of ToF cycles per second. Commercial ToF
instruments typically operate at repetition rates of several kHz, limited only by the ~200 ps arrival
time distribution of the ions under normal operating conditions®’. High throughput becomes
especially important for a applications in which the spectrometer is coupled to a chromatographic
technique (e.g. HPLC-MS or GC-MYS), as a given component may take only a few seconds to elute,
requiring a mass spectrum to be acquired with sufficient signal-to-noise ratio on this timescale.

While achieving a high ion throughput is desirable for any ToF instrument, it is especially
advantageous for VMImMS. Instead of simply recording the total ion signal as a function of time, t, a
VMImMS instrument resolves the signal at each m/z along a pair of velocity coordinates, so that the
signal S is three-dimensional, S(x,y,t) rather than one-dimensional, S(t). Achieving a given signal-to-
noise ratio for this three-dimensional signal requires the detection of a much larger number of ions
than for the conventional one-dimensional ToF signal. Because in almost all mass spectrometry
applications it is only the KER distribution of the ions that is required, which is acquired by
integrating over the angular coordinate of the image, the situation is not quite as bad as might initially
be anticipated. However, if N data points are wanted in the KER distributions, as a rule of thumb it
will be necessary to detect at least N times more ions than in a simple ToF measurement. The number
of data points required in order to describe the KER distributions adequately is often molecule-
dependent, with narrow KER distributions requiring fewer data points than broad distributions.

One approach to improving ion throughput is to improve the detection efficiency. At present,
this is determined largely by the open area ratio (OAR) of the microchannel plates assuming high-gain
operation. In simple terms, the OAR is the percentage of the MCP surface made up by the pores
within which charge multiplication occurs. Most commercially available MCPs have, at best, around
50-60% detection efficiency under high gain conditions, in line with their OAR — see for example
reference 64. There have been a number of recent reports of MCPs employing tapered channels to
achieve an OAR of greater than 90%, which immediately provides almost a factor of two
improvement in detection efficiency under typical operating conditions®®, Assuming they pass



consumer tests of reliability and robustness, these newer MCPs are in many instances likely to be
adopted as a new standard over the next few years.

While improving the detection efficiency is very important for VMImMMS applications, at
present the primary factor limiting the ion throughput is the readout speed of the camera used to
capture the images. Traditional 'video rate' CCD cameras read out at around 30 to 50 Hz. Newer
scientific cameras can achieve frame rates of hundreds or even thousands of Hz, but there is still some
way to go before readout rates for imaging mass spectrometry are competitive with the 20 to 30 kHz
data acquisition cycles of conventional ToF instruments. This is only to be expected, as the volume of
data that must be transferred and stored is many orders of magnitude higher in an imaging experiment.
While data transfer and handling capabilities are constantly being advanced, there is certainly plenty
of scope for further improvement in this area. The capabilities of new state-of-the-art time-resolved
imaging sensors will be discussed briefly in Section 3.5.

34 Dynamic range

In the ToF dimension, VMIMMS is subject to the same dynamic range considerations as a
conventional ToF instrument. If the mass spectrum is acquired via the total ion current recorded
across the MCPs then the dynamic range in the ToF spectrum is determined largely by the number of
bits used to digitise the data, provided moderate gain conditions and no detector saturation. In an
imaging experiment, one also has to consider the dynamic range in the imaging or ion KER
dimensions. As noted earlier, fragment ion velocity distributions are determined by the dynamics of
the fragmentation process in which the ions were formed, and can therefore show considerable
variation. Non-statistical dissociations and double ionizations for molecules of several hundred to
several thousand atomic mass units may produce KER distributions extending out to ~10 eV, while
statistical dissociations produce KER distributions spanning only around 0.1 eV to 2 eV.* The
imaging detectors used in most VMImMMS instruments are 40 mm to 75 mm in diameter, with typical
flight tube lengths of around 0.5 m. Recording KER distributions extending out to 10 eV for masses
of between ten and several hundred atomic mass units requires extraction potentials of tens of
kilovolts. Such high acceleration potentials have the unfortunate consequence of compressing the
entire ToF profile into a few tens of microseconds, reducing the achievable mass resolution. In order
to achieve both imaging of high KER ions and ToF dispersion over several hundred microseconds,
further developments in ion optics design are required in order to provide improved zooming and
focusing capabilities suitable for VMImMS.57:68

35 Fast time-resolved imaging detectors

As noted earlier, if a VMImMMS instrument utilizes a MCP-phosphor detector, then the ion images
generated on the phosphor screen must be captured by a camera. VMI instruments have traditionally
utilized charge-coupled-device (CCD) cameras, which tend to be inexpensive and can provide high
resolution (megapixel) images. Unfortunately, as noted in Section 3.3, most commercially available
CCD cameras are limited to an acquisition rate of tens of Hertz. This means that only one predefined
m/z can be imaged on each ToF cycle, which is usually selected either by time-gating the potentials
applied to the MCPs so that they are only active over the arrival time window of the ion of interest, or
by time-gating an image intensifier within the camera itself. This has not been a significant limitation
in small-molecule laser-based VMI studies, since imaging of one fragment is often sufficient to obtain
most of the desired information on the process under study, and experimentalists are willing to devote
several hours to acquiring such an image. In addition, such laboratory experiments are generally
limited to repetition rates of 10 or 20 Hz by the fixed repetition rates of the laser systems employed
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rather than by the camera. In principle, time-gating of the detector at even kHz repetition rates or
higher would allow images from many experimental cycles to be summed within a single exposure of
a conventional CCD camera. However, this procedure does not address the problem of acquiring
images simultaneously for more than one m/z (multimass imaging). In addition, time-gating requires
prior knowledge of the ion arrival times of interest.

Several high-speed CCD cameras are available commercially with frame rates of 1 MHz or
higher; however these cameras typically have low resolution, and it is usually only possible to store a
limited number of frames at these high frame rates before they must be read out relatively slowly to a
computer. Though frame rates in the kHz and MHz ranges address issues relating to experimental
repetition rates, they still do not allow for multimass detection within a single ToF cycle. Some
limited success in multimass imaging has been achieved using specialised frame-transfer CCD
cameras, which store multiple frames on-chip before readout,? but this approach is only suitable for
imaging a relatively small number of ions on each cycle, whose arrival times have already been well
characterised. The framing technology is not infinitely scalable, as increasing the number of images
that can be stored on-chip is achieved at the expense of a reduction in the light-sensitive area within
each pixel, and therefore a reduction in detection sensitivity.

More promising are recent developments in intelligent CMOS pixel technology, which allows
for on-pixel logical operations and signal processing.*®% Two sensors are of particular note: the
TimePix/MediPix sensor, developed at CERN®"%'% and the PImMS (Pixel Imaging Mass
Spectrometry) sensor®®7, developed in Oxford. Though the details of the two sensors differ, they
share the feature that each pixel is able to record ion arrival times independently. The TimePix sensor
consists of a 256x256 array of 55x55 pum pixels, and four sensors can be tiled together to yield a
512x512 pixel 'quad' sensor.”* The TimePix sensor detects charged particles directly, rather than
detecting light from a phosphor screen, and in a VMI context can been used in isolation to record
electron hits, and in combination with a pair of MCPs to record ion velocity distributions.” Each pixel
can be programmed to run in one of three modes during an acquisition cycle, recording either the total
number of incident particles, the arrival time of the first incident particle (with a time resolution of
around 10 ns), or the 'time over threshold', a measure of the particle energy. The second, 'TimePix|,
mode is of most use for applications in VMIMMS. Since each pixel can only register one ion arrival
time per acquisition cycle, with later ions not being detected, care must be taken to run the experiment
under conditions such that this is sufficient to detect all ions, placing a limit on the maximum signal
level. The appropriate signal level must therefore be determined in advance before quantitative mass
spectra or reliable KER distributions can be extracted. Multimass imaging has been reported using
TimePix.™

The PImMS sensor is configured to detect light, and in a VMImMMS instrument is coupled via
a lens to detect light from the phosphor screen of the imaging detector. During each acquisition cycle,
each pixel can record arrival times of up to four ions with a time resolution of 12.5 ns. Simulations
have indicated that under typical operating conditions within a VMImMMS instrument, four memory
registers per pixel is sufficient to detect over 95% of ions, overcoming potential problems associated
with 'shadowing' in the images of heavier ions inherent in TimePix due to inactivation of pixels that
have already detected lighter ions. The first generation PImMMS1 sensor comprises a 72x72 pixel
array, and has already been demonstrated in a number of different time-resolved imaging applications,
including imaging mass spectrometry, multimass imaging, and other areas.®#3" The second
generation PImMMS2 sensor has an increased resolution of 324x324 pixels, and is currently in the
testing phase. It is noted at this point that there are a number of other sensor technologies that may
have the potential to be adapted for imaging mass spectrometry.486%70
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In both framing CCDs and intelligent CMOS detectors, the readout to computer memory
occurs at end of each acquisition cycle, and the achievable overall acquisition rate therefore depends
on a combination of readout interface speed and firmware-based processing to reduce data transfer
requirements. The current generation TimePix sensor can operate at readout rates of between 30 and
1000 Hz, the PImMMSL1 sensor can currently operate at readout rates of up to ~300 Hz (via a USB2
interface)*, while the larger PImMS2 sensor can readout at ~15 Hz. Improvements of a factor of ten to
one hundred for the PImMS1 sensor would bring it to within comparable repetition rates of
commercial ToF instruments. However, the increased volume of data in an imaging experiment
relative to a simple ToF measurement makes it extremely challenging to achieve comparable data
rates, and this is therefore an active area for research and development.

It is also appropriate at this point to mention an alternative to fast cameras, namely the delay-
line anode®. Such a device is placed immediately behind the MCPs of an imaging detector, in place
of the phosphor screen, and consists of two or more wires wound along the x and y coordinates (and
sometimes one or more diagonal coordinates), respectively. An electron burst incident on the anode
results in a current pulse in both directions along the x and y wires, and by recording the arrival times
of the current pulse at each end of the two wires, the position of the incident ion can be triangulated.
The arrival time of the ion is determined from the current pulse recorded across the MCP, and in the
best detectors can be pinpointed to within around 25 ps. The downside of such detectors is that
typically only one ion can be detected at a time across the whole detector, with a 'dead time' of at least
several nanoseconds after each detection event. Delay-line detectors are therefore ideally suited for
experiments that run at high repetition rates of tens to hundreds of kHz, but with very low signal
levels on each experimental cycle. Delay line anodes can be used directly for multimass imaging.”

As a final consideration, the extent to which features in the KER distribution can be resolved
is usually determined by the number of pixels in the sensor array (i.e. the camera usually determines
the resolution, rather than the performance of the ion optics or the ion detector). While small
molecules often display considerable fine structure in their fragment KER distributions ideally
requiring an array of 1000x1000 or so pixels, the features for larger molecules tend to be much
broader, and a sensor with several hundreds of pixels along each dimension is sufficient. Both the
PImMS and TimePix sensors have sufficient spatial and time resolution for multimass imaging,
though data acquisition speed is an area for improvement.

4, Example applications of velocity-map imaging mass spectrometry

This section briefly outlines three recent ion physics studies performed in our laboratory to illustrate
the usefulness of the extra dimensions of information available through VMI. Data for the first
example was acquired using a laser-based VMI apparatus first detailed in Hopkins et al.”, and data
for the latter two was acquired using an electron-impact-based instrument recently detailed in Bull et
al.1. Further details on the first example can be found in a recent publication by Gardiner et al®.

4.1 Molecular fingerprinting using laser ionization and fragmentation

The first example illustrates the highly distinctive images that can arise following laser ionization and
fragmentation of two similar molecules, in this case ethyl iodide (C.Hsl) and ethyl bromide (C2HsBr).
The molecules were each prepared in a molecular beam and irradiated by 118 nm and 355 nm laser
pulses, with the former generated by frequency tripling the 355 nm third harmonic of a Nd:YAG laser
in a phase-matched mixture of inert gases.>*® The 118 nm (10.51 eV) photon ionized the neutral
molecules to produce C,HsBr* (with isotopologues at m/z = 108 and 110) or C,Hsl* (m/z = 156), with
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subsequent absorption of a 355 nm photon leading to fragmentation of the parent ion. Mass spectra
and corresponding velocity-map images for the two molecules are shown in Figure 3(a) and 3(b),
respectively. All of the images exhibit some degree of angular anisotropy, due to the anisotropic
interaction between the linearly polarised 355 nm photon and the transition dipole associated with
excitation of the parent ion to a dissociative state.’! The modest energy provided by the 355 nm
photon leads to relatively limited fragmentation, yielding ion signals at m/z = 27 (C,Hs"), 28 (C2H4™),
and 29 (CzHs") and, in the instance of C;Hsl, atomic I" at m/z = 127. The different fragments have
highly distinctive images, as do the identical fragments arising from the two different parent
molecules, demonstrating the potential utility of 118 nm radiation combined with VMImMS for
molecular fingerprinting.

FIGURE 5 NEAR HERE
4.2 Distinguishing ions of identical mass-to-charge ratio

One of the most useful features of the KER distributions extracted from velocity-map images is the
immediate distinction between parent ions and daughter/fragment ions. Parent ions exhibit a near zero
KER, since loss of one electron does little to perturb the velocity vector of the parent molecule. In
contrast, the KER distributions of the daughter ions exhibit broader KER distributions with features
characteristic of their respective local electronic environments in the parent molecule. The ability to
distinguish parent and daughter ions in this way was recently demonstrated in a study from our
laboratory in which VMIMMS was used to resolve two contributions to the mass peak at m/z = 14
following electron impact ionization of N..! Both the doubly charged N,?* ion and the singly charged
N* ion contribute to signal at this m/z ratio. KER distributions for m/z = 28 and 14, both relevant to
the discussion below, are given in Figure 3.

Partial ionization cross-sections for m/z = 14 and 28 (N.") can be extracted from the mass
spectrum, with the visualisation of the ion velocity distribution via VMI proving useful in ensuring
that all ions are detected i.e. that a 'quantitative’ mass spectrum has been recorded. The N>* ion at m/z
= 28 shows the characteristic near-zero KER distribution of a parent ion, as explained above, while
the daughter ion peak at m/z = 14 reveals a much broader distribution. The N2?* and N* contributions
to the peak at m/z =14 can be disentangled through fitting of the corresponding image. The N;*
contribution must exhibit a KER distribution essentially identical to that of the N,* ion, since loss of
two electrons still does little to perturb the velocity vector of the parent molecule. The remaining
portion of the image arises from various N* dissociation channels, which can be assigned to
dissociation from different excited states of No* and N,?* through consideration of the appropriate
potential energy surfaces. Further details will be given in a future publication. Comparison of the
partial ionization cross-sections determined using these methods with results obtained previously in
experiments on the *N*°N isotopologue reveals close agreement.’ In the present case, the data show
that with 100 eV electrons, 9+1% of the ions produced at m/z = 14 can be attributed to N,* ions, and
91+1% to N* ions.

It is acknowledged that the N, system represents a simple and idealized case. However, the
approach is certainly not limited to resolving X* and X,?* ions, and can be used for any system in
which the ions to be distinguished have sufficiently different KER distributions.

FIGURE 3 NEAR HERE
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4.3 Resolving components in simple mixtures

The final example illustrates the use of a simple linear fitting algorithm to resolve multiple
components within a simple mixture using both the mass spectrum and the extra dimension of
information available using VMI. The mixture used for this demonstration consists of three alcohols:
ethanol, propan-1-ol, and propan-2-ol. Electron-impact mass spectra for each alcohol at the fixed
energy of 70 eV are shown in Figure 5 (left), and the corresponding KER distributions for three
selected m/z values, corresponding to C,HsO*, CHsO* and CHs" ions, respectively, are shown in
Figure 5 (right). Fragmentation of the three alcohols yields many ions in common; for example, parent
ions of ethanol are isobaric with fragment ions from the heavier two alcohols. This would make it
difficult to resolve the relative contributions from the various molecules based purely on fitting a
linear combination of mass spectra. However, close inspection of the fragment ion KER distributions
reveals characteristic features that allow the various contributions to each ion signal to be quantified.
In ethanol, for example, the C,HsO* fragment exhibits a KER distribution almost identical to that of
the parent ion, since the recoil imparted to this fragment by loss of one hydrogen atom is small. In
contrast, the KER distribution for the same ion produced from either of the propanol isomers is
broader, since it involves cleavage of a C-C bond. The CH3;O* ions produced from each of the
alcohols possess broadly similar KER distributions, but still show subtle differences in the extent of
the high energy 'tail'. Finally, the CH3+ ion exhibits a bimodal KER distribution for all three parent
ions, but with clear differences in the relative intensities of the two peaks. The peak at 4.4 eV almost
certainly arises from a direct non-statistical dissociation process.

As a result of the characteristic KER distributions for the various fragment ions, if the mass
spectra are fitted at the same time as the KER distributions, the relative concentrations of each
component within the mixture can be determined reliably to within a few percent. In this example, the
KER distributions for each component first need to be measured individually in order to extract ‘basis
functions' to be used in the fitting procedure. Thus, similar to traditional EI mass spectra, many
applications of VMImMS for identification and characterization will benefit from comparisons with
certified databases or libraries of mass spectra and KER distributions. In the general mixtures case, a
VMImMS study would not consider just three ions, as in the simple example presented here, but
would instead consider a linear combination of KER distributions from all sufficiently abundant m/z
peaks present in the mass spectrum of the mixture. The inclusion of KER distributions for all ions is
especially important as molecular size increases and the fragmentation becomes increasingly
‘thermodynamic' or 'statistical' in nature.

FIGURE 4 NEAR HERE

It should be noted that both MIKES and tandem ToF-ToF can provide limited information on
mixtures, as noted in the Introduction; however this example has demonstrated a single stage mass
spectrometric method in which component contributions are resolved.

5. Conclusions

This account has introduced the technigque of velocity-map imaging mass spectrometry (VMImMMS),
outlined the basic requirements of a practical VMImMS instrument, identified a number of areas in
which further development is required, and demonstrated several potential applications of VMIMMS
through a series of simple examples. It is acknowledged that the technique is still in the early stages of
development, and faces a number of instrumental and technological challenges before it is ready for
widespread application in the analytical sciences. However, if these challenges can be overcome, the
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technique promises a number of enhancements to ToF mass spectrometry measurements, for example:
a reliable methodology for distinguishing parent and fragment ions; the ability to quantify relative
contributions from identical ions formed via different fragmentation channels; measurement of
accurate partial ionization cross sections; direct analysis of mixtures in a single-stage instrument; and
higher-confidence differentiation of species yielding similar fragmentation patterns, e.g. isomers.
Throughout the article, VMImMMS has been considered as a single-stage mass spectrometric method.
However, there is no reason why it could not be incorporated into the second stage of a tandem mass
spectrometer, thereby allowing the fragmentation dynamics of mass-selected ions to be probed in
detail.
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Figure 1: Schematic illustrating the operating principle of ToF velocity-map imaging. The figure
illustrates velocity-mapping trajectories of a distribution of ions containing four velocities and two
non-zero kinetic energy releases. The kinetic energy release distribution is acquired by integrating the
velocity-map image over the angular coordinate. See text for more details.
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Figure 2: Exploded view of a velocity-map imaging detector assembly. Incident ions are converted
into electron bursts by a chevron pair of MCPs. The electrons are incident on a phosphor screen, and
the emitted light is imaged by a pixel imaging sensor.
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Figure 3. Mass spectra and corresponding velocity-map images for major ion fragments produced
following photoionization at 118 nm and subsequent dissociation at 355 nm of (a) C;Hsl and (b)
C,HsBr.
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Figure 4. Fragment ion Kinetic energy release distributions, normalized to the relevant partial
ionization cross-section for 100 eV and 40 eV electron-impact ionization of N> molecules. The upper
plot shows the KER profile for m/z = 28 N,* (parent). The middle plot shows KER profile for m/z =
14, which contains contributions from both N2>* and N*. The lower plot shows the N* KER profile
from 40 eV electron impact; this electron energy is below the double ionization threshold.
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Figure 5. Left: Electron impact mass spectra for ethanol, propan-1-ol and propan-2-ol. Right:

Corresponding kinetic energy release distributions extracted from velocity-map images for the
C,HsO*, CH30" and CHz" ions.
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