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Multi-mass velocity-map imaging studies of photoinduced and 
electron-induced chemistry 

Claire Vallance*a  

Multi-mass velocity-map imaging (VMI) is becoming established as a promising method for probing the dynamics of a variety 

of gas-phase chemical processes.  We provide an overview of velocity-map imaging and multi-mass velocity-map imaging 

techniques, highlighting examples in which these approaches have been used to provide mechanistic insights into a range 

of photoinduced and electron-induced chemical processes.  Multi-mass detection capabilities have also led to the 

development of two new tools for the chemical dynamics toolbox, in the form of Coulomb-explosion imaging and 

covariance-map imaging.  These allow details of molecular structure to be followed in real time over the course of a chemical 

reaction, offering the tantalising prospect of recording real-time ‘molecular movies’ of chemical dynamics.  As these new 

methods become established within the reaction dynamics community, they promise new mechanistic insights into 

chemistry relevant to fields ranging from atmospheric chemistry and astrochemistry through to synthetic organic 

photochemistry and biology. 

 

1. Introduction  

Understanding the detailed mechanism of a chemical reaction is a 

key goal in chemistry.  Armed with knowledge of the pathway from 

reactants to products, chemists can optimise reaction pathways, 

improve industrial processes, design new drugs and materials, and 

react to environmental challenges.  Unfortunately, probing a 

chemical reaction mechanism is not straightforward: chemistry 

occurs on sub-nanometre length scales, firmly within the realm of 

quantum mechanics, and on ultra-fast (femtosecond) timescales. 

The majority of mechanistic studies in chemistry rely on indirect 

methods, piecing together a jigsaw of measurable properties such as 

product yields, reaction rates, temperature dependences, and 

isotope effects, together with the predictions of one or more 

proposed mechanisms1.  Unfortunately, such measurements are 

averaged over an almost unimaginably huge number of events, 

washing out many of the more subtle, and interesting, aspects of the 

reactivity.  For certain types of reaction, a much more direct 

approach is possible, in which reaction mechanisms are studied 

almost one molecule at a time through measurements of the product 

scattering distribution2.  Such techniques are the subject of the 

present review. 

A chemical reaction can be defined as any process in which chemical 

bonds are made or broken.  The energy required to initiate a 

chemical reaction may either result from a collision (‘thermal 

initiation’), or by absorption of a photon (‘photoinitiation’).  The 

latter, photoinitiated, processes are sometimes referred to as ‘half 

collisions’.  As early as 1933, a number of researchers3 recognised 

that for gas-phase reactions in which the initial conditions are well 

defined, measurement of the product scattering distribution can 

provide a great deal of direct information on the reaction 

mechanism.  The scattering distribution provides a unique signature 

for a chemical process, and can be analysed to determine the forces 

and energetics that drive chemical reactivity.  Over the past few 

decades, much effort has been spent on developing experimental 

methodologies for measuring reaction product scattering 

distributions.  Control over reactant velocities and internal states is 

achieved using molecular beam techniques.   A molecular beam of 

well-defined energy can be crossed with another molecular beam to 

study bimolecular reactions or other scattering processes, with an 

electron beam to study electron-molecule collisions, or with a laser 

beam to study photoinitiated chemistry.  Early methods of measuring 

the scattering distribution depended on recording a series of one-

dimensional projections using either Doppler spectroscopy4 or time-

of-flight measurements5.  However, these have almost universally 

been replaced by two-dimensional and even three-dimensional 

methods based on velocity-map imaging, the subject of this review.  

When studying photoinitiated processes, laser pump-probe methods 

allow precise control over both the time at which reaction is initiated 

and the identity and even internal quantum state(s) of the reaction 

products that are detected in a given experiment.  With the advent 

of femtosecond lasers, it is now possible to follow chemical reactions 

directly on their own timescale, and to watch the scattering 

distribution evolve as the reaction proceeds.  With the recent 

development of ultra-fast imaging methods, we are very close to 

being able to record ‘molecular movies’ of chemical change. 

In the following, we introduce the technique of velocity-map imaging 

and explain how to interpret the scattering distribution images in 
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order to gain insight into chemical reaction mechanisms.  We will 

consider a variety of examples in which these methods have been 

used to study both photoinitiated and electron-initiated chemistry, 

including some recent studies on the femtosecond timescale. 

 

2.  Velocity-map imaging 

First developed by Parker and Eppink6 in 1997, building on previous 

work by Chandler and Houston7, velocity-map imaging (VMI) has 

revolutionised experimental work in the field of chemical reaction 

dynamics by allowing the complete scattering distribution for a 

chosen reaction product to be imaged directly in a single 

measurement.   VMI has most commonly been used to investigate 

photoinitiated processes, but has also been used extensively to study 

bimolecular processes, including inelastic collisions8, neutral-neutral 

reactions9, and ion-molecule reactions10.  For the purposes of the 

present discussion, we will focus on photoinitiated and electron-

initiated processes. 

Figure 1 shows a schematic of a simple velocity-map imaging 

experiment designed to record the scattering distribution arising 

from a photoinitiated event.  To study electron-molecule collisions, 

the two laser beams are replaced with a single pulsed electron beam.  

The apparatus is essentially a modified time-of-flight mass 

spectrometer, in which the ions to be detected are either formed 

directly in the chemical process under study, or by ionising neutral 

reaction products from the process.  To enable imaging, the particle-

counting detector used in a conventional time-of-flight mass 

spectrometer is replaced by a position sensitive imaging detector. 

 

    

Figure 1: Schematic of a velocity-map imaging experiment for 

studying photoinitiated processes.  

 

The molecule of interest is prepared in a supersonic expansion, which 

yields internally cold molecules with a narrow and well-defined 

velocity distribution.  The resulting molecular beam is collimated by 

a skimmer, before entering a set of electrostatic optics known as a 

“velocity-map imaging lens”.  Here, the beam is intersected either by 

an electron beam or by two laser beams, depending on the process 

to be studied.  In the former case, ions are produced directly as a 

result of the electron-molecule collisions - examples of such 

processes will be discussed in Section 4.  In the latter case, the first 

laser beam, known as the ‘pump’ or ‘photolysis’ beam, initiates the 

photolysis reaction of interest, generating neutral reaction products 

that must be ionized by the second, ‘probe’, laser pulse in order to 

be detected.  This can either be done in a state-selective way, in 

which a carefully tuned laser selectively ionizes a specific fragment in 

a specific quantum state, or using a more ‘universal’ approach in 

which all fragments are ionised.  Ionization methods are discussed 

further in Section 2.2.1.   

 In all cases, the reaction products fly out in various directions from 

the crossing point between the molecular beam and the electron 

beam or pump laser beam.  The resulting scattering distribution is 

often described in terms of a series of concentric ‘Newton spheres’, 

with each Newton sphere comprising the expanding sphere of 

products with a given speed and chemical identity. The angular 

distribution within each Newton sphere is not necessarily isotropic, 

and often contains a great deal of information on the dynamics of 

the chemical process under study. 

To measure the scattering distribution, the product ions are 

accelerated along the flight tube towards the position-sensitive 

detector by an electric field maintained within the velocity-mapping 

ion optics.  All ions with a given charge z are accelerated to the same 

final kinetic energy,  

      zV = ½ mv2     (1) 

where V is the acceleration potential, m is the mass of the ion, and v 

is the final velocity component of the ion along the time-of-flight axis.  

We see from Equation (1) that the final velocity of the ion depends 

on its mass-to-charge ratio.  Ions with different mass-to-charge ratios 

therefore become separated in time as they traverse the flight tube 

and arrive at the detector at characteristic times.  By recording the 

arrival times of the ions, their mass-to-charge ratios, and therefore 

the identities of the reaction products, can be determined. 

In addition to accelerating the ions along the flight tube, the velocity-

mapping field is carefully tuned to map the velocities of individual 

ionized products very precisely onto the position-sensitive detector.  

The field is tuned to correct for any blurring effects of the finite 

interaction volume between the crossed beams, such that the 

velocity distribution for a given product is faithfully mapped onto the 

detector.  In the simplest form of velocity-map imaging, the field also 

focuses the ion distribution along the time-of-flight direction, so that 

the Newton spheres arrive as ‘Newton pancakes’ at the detector.  

The measured ‘crushed’ images are two-dimensional (2D) 

projections of the full three-dimensional (3D) scattering distribution.  

A number of integral transforms are in widespread use to recover the 

3D scattering distribution from the 2D projection in order to analyse 

the data quantitatively11.  The majority of these employ some 

variation on the inverse Abel transform, which requires that the 

original 3D scattering distribution has cylindrical symmetry and 

returns a 2D slice through the centre of the ‘reinflated’ 3D 

distribution.   The required cylindrical symmetry is present in most 

applications of VMI: in photodissociation studies, the scattering 

distribution is cylindrically symmetric about the polarisation axis of 

the linearly polarised photolysis light, while in bimolecular or 

electron-molecule scattering, the distribution is cylindrically 

symmetric about the relative velocity vector of the two particle 

beams. 

It is also possible to use the velocity-mapping electric field to stretch 

out the Newton spheres along the time-of-flight axis and to record 

either the complete three-dimensional distribution or a single central 
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slice directly12.  This ‘slice imaging’ approach yields the same 

information as a complete crushed image, without the need for an 

image inversion step.  The various approaches are illustrated 

schematically in Figure 2. 

 

Figure 2: Recording a scattering distribution in crushed, sliced, and 

3D sliced imaging modes 

 

The detector comprises a set of microchannel plates coupled to a 

phosphor screen.  The microchannel plates convert each ion into a 

pulse of electrons, which generates a brief localised flash of light on 

the phosphor screen.  The images of the scattering distribution for 

each ion appearing on the phosphor are captured by a CCD or CMOS 

camera and output to a PC for further processing and analysis.  A 

number of data acquisition and image-processing algorithms have 

been developed in order to locate the arrival position of each ion as 

accurately as possible, and therefore to maximise the velocity 

resolution of the images13.  To obtain sufficiently good statistics, 

images are typically accumulated over several thousand acquisition 

(i.e. laser pump-probe or time-of-flight) cycles in order to build up 

the scattering distributions of thousands of individual chemical 

events.     

VMI has multiple advantages over earlier experimental methods for 

measuring scattering distributions, including a vast increase in the 

data acquisition rate as well as improved product speed and angular 

resolution.  As a result, it replaced these techniques in most chemical 

dynamics laboratories within a decade.   

 

2.1   Interpreting a velocity-map image 

Over the first ten years or so following its discovery, VMI provided 

enormous insight into the photoinduced and collision-induced 

dynamics of a wide range of small (typically two or three atom) 

molecules. Examples of velocity-map imaging applied to 

photodissociation of diatomic and triatomic molecules can be found 

in a number of review articles and books14.  

To give the reader some insight into the information contained in a 

velocity-map image, consider the simplest photoinitiated reaction, 

namely the photo-induced dissociation of a diatomic molecule into 

its two constituent atoms.  The principles outlined in the following 

apply to photoinitiated chemical reactions, and also, with some 

caveats, to the electron-molecule collisions and Coulomb-explosions 

that will be discussed later on in Sections 4 and 5.  Figure 3(b) shows 

a velocity-map image of Cl atoms formed in the 308 nm photolysis of 

the Cl2 molecule15.  As noted earlier, the ‘raw’ image, as acquired 

directly in the experiment, is a two-dimensional (2D) projection of 

the full three-dimensional (3D) scattering distribution, with the radial 

coordinate containing information on the speed of the atomic 

products and the angular coordinate describing their angular 

distribution.  In Figure 3(c), we show the Abel-inverted image, which 

represents a slice through the centre of the 3D scattering 

distribution.  We note that the Cl atoms form a single Newton sphere, 

with a markedly anisotropic angular distribution.  We explain these 

two features in the following. 

During the photodissociation process, Cl2 molecules are excited from 

their bound X1 electronic ground state to the unbound C1 excited 

state.  As shown in Figure 3(a), the excited state contains no 

minimum corresponding to a stable chemical bond (i.e. there is no 

energetic barrier to dissociation), and the molecule therefore rapidly 

follows a ‘downhill’ energy pathway on the excited-state potential 

energy curve to separate into two Cl atoms.  The appearance of the 

image can be explained completely in terms of (i) the principles of 

conservation of energy and momentum, and (ii) the symmetries of 

the two electronic states involved in the dissociation. 

Figure 3: Velocity-map imaging of Cl2 photodissociation at 308 nm: (a) potential energy surfaces involved 

in the dissociation; (b) crushed velocity-map image;  (c) Abel inverted image. The arrow in the centre of 

the Abel-inverted image shows the polarisation of the photolysis laser, and the molecules to the right of 

and below the image show the interaction of the photolysis polarisation vector with the C  X transition 

dipole.  Values reported in the literature15,16,17,18,19,20 for the photolysis  parameter (see Equation (2)) for 

this dissociation are between -0.88 and -1.0.  
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2.1.1 Radial distribution of the image 

The energy h of the photolysis light, and the energy D0(Cl2) required 

to break a ClCl chemical bond, are both well defined.  The ‘leftover’ 

energy, Eavail = h – D0(Cl2), can be released into translational and/or 

internal energy of the reaction products as they fly apart.  In the 

present example, the two products are Cl atoms in their 2P3/2 

electronic ground state, so all of the available energy is released into 

translation.  Conservation of momentum has the consequence that 

both atoms must be formed with equal and opposite momenta, 

which for two atoms of equal mass requires that the available energy 

is split equally between the kinetic energies of the two atoms.  The 

two atoms are therefore formed with a single well-defined speed, 

which gives the image the appearance of a single ‘ring’ or Newton 

sphere.  Intensity inside the outer ring of the image in the raw image 

arises due to the projection of the three-dimensional Newton sphere 

onto the plane of the detector, and disappears in the Abel-inverted 

(‘central slice’) image.  Note that when a more complex molecule 

dissociates, the available energy can be released into rotation or 

vibration of the fragments, in addition to translation or electronic 

excitation.  We will see many examples of this in the following 

sections.  The fragment speed distribution can be determined 

quantitatively by integrating the image over the angular coordinate. 

2.1.2 Angular distribution of the image 

The angular distribution within a Newton sphere is not usually 

isotropic, and often contains a great deal of information on the 

dynamics of the chemical process under study.  In the present case, 

the angular distribution of the atoms results from the interaction 

between the linearly polarised pump light and the transition dipole 

moment for the transition from the ground state to the excited state. 

The transition in molecular chlorine is from the 10g
+  ground state 

to a 11u excited state.  Electron density moves from a  to a  

molecular orbital during the transition, i.e. in a direction 

perpendicular to the bond axis, and the transition is therefore known 

as a perpendicular transition (in contrast, a to excitation would 

involve a parallel transition).  Effecting the required movement of 

electron density requires a component of the electric field of the light 

perpendicular to the bond.  Prior to excitation, the Cl2 molecules 

within the molecular beam are randomly oriented.  As shown in 

Figure 3(c), molecules that happen to be aligned with their bond axes 

perpendicular to the polarisation vector of the excitation light will 

preferentially absorb the light and dissociate16,17,18,19,20, while those 

aligned with no component of their transition dipole along the 

polarisation vector cannot absorb the laser radiation, and 

consequently do not dissociate.  This gives rise to the observed sin2 

distribution of the product atom velocities about the polarisation 

vector of the photolysis light.  Analysis of the angular distribution of 

a velocity-map image often allows the electronic states involved in 

the reaction pathway to be assigned unambiguously.  In general, the 

angular distribution P() of the photofragment velocities relative to 

the polarisation vector of the photolysis light can be described by the 

following expression21: 

      P() = 1 + P2(cos)   (2) 

where P2(cos) is a second Legendre polynomial in cos (with   the 

angle between the photolysis polarisation vector and the fragment 

velocity vector).  The parameter, sometimes known as the 

“photolysis beta parameter” can take values between1 and +2, 

with1 corresponding to a pure perpendicular transition (yielding a 

sin2 angular distribution) and +2 corresponding to a pure parallel 

transition (cos2 angular distribution). 

To summarise: 

(i) the radial distribution of a velocity-map image yields insight into 

the way in which the energy available to the products is partitioned 

amongst the various available degrees of freedom – translation, 

rotation, vibration, and electronic excitation.  In simple cases, usually 

involving dissociation of diatomic or triatomic molecules, detailed 

analysis of the radial distribution in light of the principle of 

conservation of energy yields the product internal quantum state 

distributions almost directly. 

(ii) The angular coordinate of an image provides information on the 

symmetries of the electronic states accessed during the bond-

breaking process, and allows these states to be identified.   

2.1.3  Additional information 

It is worth noting that as well as information on the electronic states 

involved in the process under study, the angular distribution of a 

velocity-map image can also provide information on the timescale 

over which the process occurs.  For example, the angular distribution 

of the Cl atomic products of Cl2 photodissociation were shown to 

have a sin2 distribution relative to the polarisation vector of the 

photolysis light, as a result of the perpendicular transition from the 

ground state to the excited state from which dissociation occurs.  If 

instead of observing the expected sin2 distribution, we had seen a 

much more isotropic distribution, we could have inferred that the 

excited state must survive for several rotational periods before 

dissociating into atoms, such that the expected correlation between 

the polarisation vector of the excitation light and the scattering 

direction of the atoms is lost.  A similar loss of anisotropy can arise 

when the structure of the molecule changes significantly prior to 

dissociation. 

For completeness, as an ‘extra for experts’ in the context of the 

present review, if the rotational or electronic angular momentum 

vectors of the scattered products have some preferred alignment or 

orientation, then the probe step becomes sensitive to the 

polarisation of the probe laser.  Recording images for different probe 

polarisations then allows the angular momentum distribution to be 

determined.  Explaining these polarisation effects quantitatively has 

been covered in detail elsewhere22 and is beyond the scope of this 

review, but an example of such an effect is shown in Figure 4.  The 

figure shows images of O(1D) atoms formed in the 157 nm photolysis 

of molecular oxygen23,24.  Excitation of O2 at 157 nm leads to 

dissociation via a parallel transition from the ground state to the 

B3u
 state.  The breaking bond can be thought of as being formed 

from the 2pz orbitals of the two atoms.  As the bond breaks, the 2pz 

orbitals point preferentially along the original bond direction, parallel 

to the velocity vectors of the departing atoms and to the polarisation 

vector of the photolysis light (see Figure 4(b)).  This leads to different 

detection efficiencies for the atoms when the probe laser is polarised 

parallel to or perpendicular to the photolysis laser.   The effect of this 

on the images is shown in Figure 4(a). 
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2.2 Velocity-map imaging studies of larger molecules  

In small molecules, the rotational and vibrational energy levels tend 

to be fairly widely spaced.  When this is the case, for a given total 

available energy the products formed in different quantum states 

will have measurably different translational energies.  This leads to 

well-resolved Newton spheres in the velocity-map images, each 

corresponding to one of the populated product quantum states. As 

molecular size increases, the energy-level spacing becomes 

progressively smaller, to the point where structure corresponding to 

individual quantum states can eventually no longer be resolved.  For 

this reason, in the early days of VMI, it was thought that the method 

was only likely to be useful for studying diatomic and triatomic 

molecules, and that imaging studies on larger molecules would 

simply result in unanalysable ‘blobs’.  As practitioners of VMI became 

more adventurous, however, it was found that this was simply not 

the case.  Even relatively large polyatomic molecules often yield 

quite structured, and therefore information-rich, images.  Figure 5 

shows some examples of such images. 

Figure 5: Velocity-map images for ‘large’ molecules (a) HCO and 

N(CH3)2 products of the 193 nm photolysis of dimethlformamide38; (c) 

C4H3S products of the photolysis of bromothiophene at three different 

wavelengths in the ultraviolet44.  The breaking bond is indicated by a 

dotted line in each case. 

 

The discovery that VMI has the potential to reveal reaction pathways 

in much more complex chemical systems than originally thought was 

extremely exciting, but also immediately presented a number of 

experimental challenges.  These relate primarily to the rapid increase 

in the number of possible reaction pathways with increasing 

molecular size.  Absorption of a photon by a very small molecule 

typically initiates breaking of a single bond, yielding two momentum-

matched fragments.  This has the result that by imaging only one 

fragment, the scattering distribution of both fragments is known via 

momentum conservation.  Often, one or other of the fragments is 

detected quantum-state selectively in order to investigate how the 

quantum state distributions of the two fragments are correlated.  

This requires multiple experiments, but is still a well-defined process 

that can be carried out within a reasonable period of time to yield a 

complete picture of the dynamics.    

In contrast, photofragmentation of a large molecule often proceeds 

via multiple fragmentation pathways, leading to numerous different 

products.  Detection of a single product now provides only a small 

part of the story, and certainly cannot give anything like a complete 

understanding of the fragmentation dynamics.  The ability to detect 

all fragments is therefore highly desirable.  However, laser-based 

quantum-state-resolved detection schemes have often not been 

developed for larger molecules, and even if they have, the enormous 

number of accessible quantum states makes a state-resolved study a 

daunting prospect.  To obtain the greatest amount of information 

possible from a velocity-map imaging experiment within this new 

regime, it was clear that a change of approach was needed.  Studying 

larger chemical systems requires a shift in focus away from 

understanding chemical dynamics at the detailed quantum-state-

resolved level, and towards gaining a ‘bigger picture’ understanding 

of the various competing reaction channels.  The new goal is to 

develop the ability to image the (non-quantum-state-resolved) 

scattering distribution of multiple reaction products within a single 

experiment.  Two experimental developments were required in 

order to achieve this: universal ionization schemes; and multimass 

imaging.  

2.2.1  Universal ionization schemes 

Molecular ionization thresholds are typically around 10 eV or higher. 

Direct single-photon ionization is challenging at such energies, 

requiring photons in the soft X-ray region, where lasers are not 

commercially available.  Instead, most previous velocity-map 

imaging studies ionized the fragment of interest state-selectively 

using a method known as Resonance-Enhanced Multi-Photon 

Ionization (REMPI), in which one or more photons are used to excite 

the fragment to an intermediate state (the resonant step), and a 

Figure 4: (a) Polarisation of the electronic angular momentum in the O(1D2) fragments 

formed during photolysis of O2 leads to a dependence of the atomic detection efficiency 

on the polarisation of the probe laser.  This is shown for O(1D2) atoms detected by REMPI 

via the 1P1 Rydberg state, with pump and probe laser polarisations shown above the 

images; (b) the images can be analysed to determine the angular momentum polarisation, 

which corresponds to a non-statistical population of atomic MJ states, as well as the 

electron density distribution in the recoiling atom.  Figures adapted from references 23

and 24. 
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further photon or photons ionizes the molecule from this 

intermediate state.  Employing REMPI detection requires a good 

understanding of the spectroscopy of the species under study, and a 

high-power pulsed laser to drive the required multi-photon 

transitions.  The approach is ideal for a small-molecule study, 

allowing each quantum state of the newly-formed reaction products 

to be ionized and detected separately.  However, for larger 

molecules the much larger number of quantum states, 

correspondingly more complicated spectra, and tendency to 

dissociate into multiple fragments when exposed to high-intensity 

laser pulses makes state-resolved detection a rather daunting 

prospect. 

While soft X-ray lasers are not commercially available, there are a 

number of frequency conversion methods that allow the required 

wavelengths to be generated in a table-top setup.  In our own 

laboratory, we use a combination of conventional frequency 

doubling and tripling optics and high harmonic generation in an inert 

gas cell25 to generate the ninth harmonic of a Nd:YAG laser, which 

has a fundamental wavelength of 1064 nm.  This yields photons with 

a wavelength of 118 nm and an energy of 10.48 eV, sufficient to 

ionize most, though not all, of the fragments generated in a 

photodissociation event.  Free electron lasers are also becoming 

more easily accessible as a source of high-energy photons, and are 

increasingly being used in velocity-map imaging studies.  Electron 

ionization is also being investigated as a possible alternative to 

photoionization for future studies, though this approach tends to 

lead to a high degree of dissociation, as we will show in Section 4.  

2.2.2  Multi-mass detection 

As noted earlier, a velocity-map imaging instrument is essentially a 

modified time-of-flight mass spectrometer, with ions of different 

mass-to-charge ratio becoming separated in time as they traverse 

the flight tube from the ion source region to the MCP/phosphor 

screen detector.  When only one product fragment is to be detected 

in a given experiment, one can time-gate either the microchannel 

plates or the camera to the arrival time of the ion of interest in order 

to detect only the signal from this ion, and to record the 

corresponding velocity-map image.  With a typical repetition rate of 

10 Hz for the laser pump-probe cycle that initiates reaction and 

ionizes the products, a standard (few tens of Hz) frame-rate CCD 

camera is entirely adequate for such measurements. 

The situation changes dramatically when one wants to image all of 

the fragments formed in a particular laser pump-probe cycle.  Each 

ion time-of-flight signal has a duration of a few nanoseconds, and all 

of the fragments typically arrive at the detector within a few tens of 

microseconds.    Cameras capable of recording multiple images on a 

few-microsecond timescale with few-nanosecond exposure times 

are not widely available.  It is of course possible to employ a standard 

CCD camera and to perform multiple experiments of the type 

described above, in which a different product is imaged in each 

experiment.  However, ideally one would detect and image all of the 

masses on each time-of-flight cycle. 

 As a first foray into the arena of time-resolved multi-mass VMI, in 

the late 2000s we carried out some early proof of concept 

experiments on the 193 nm photodissociation of dimethyldisulphide 

using a commercially available frame-transfer CCD camera (Dalsa 

Zenith)26.  The camera allowed up to 16 images to be acquired at 

user-defined exposure times and stored on-chip before readout.  

Exposures could be programmed with 5 ns timing precision, with a 

minimum exposure time of 10 ns and a maximum of a little over 1s.  

Figure 6 shows images of the S+, SC+, and S2
+ products formed in 

these experiments.  Images of each fragment were recorded on 

every time-of-flight cycle, and the final images are summed over 

approximately 1000 experimental cycles. 

 

Figure 6: Velocity-map images of the photofragments arising from 

193 nm photolysis of dimethyldisulphide, recorded with the DALSA 

camera: the first time-resolved multi-mass VMI experiment26
. 

 

While these experiments demonstrated that time-resolved multi-

mass velocity-map imaging is possible, frame-transfer CCDs are not 

a good long-term solution for such applications.  The number of 

fragments for which images can be recorded in a given experiment is 

limited by the number of on-chip memory registers within each pixel, 

and increasing the amount of ‘real estate’ on the chip dedicated to 

memory registers comes at the cost of reducing the amount available 

for photodetection, with a  corresponding reduction in the sensitivity 

of the camera.  It is also necessary to know in advance when each 

product fragment will arrive at the detector, in order to program the 

exposure times.   Finally, the number of pixels in cameras of this type 

is often quite limited – only 64 x 64 in the camera used for the 

experiments described above. 

Over the past ten years or so, CCD technology has been replaced to 

a large extent by CMOS pixel technology.  Following the success of 

the proof-of-concept work outlined above, we worked with the 

CMOS image sensor group at the Rutherford Appleton Laboratory to 

develop the Pixel Imaging Mass Spectrometry (PImMS) camera27.  
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The PImMS sensor is an event triggered CMOS sensor with 

‘intelligent’ pixels that can record both the position and time at 

which a signal is detected, with a time resolution of 12.5 ns.  The 

result is an (x,y,t) data point for each detected ion, and the resulting 

data set can be processed and analysed to reconstruct both the time-

of-flight mass spectrum (by integrating over the x and y coordinates), 

and velocity-map images for each ion (by extracting the data 

corresponding to the relevant time window).  Over the past five years 

or so, the PImMS sensor has been used for a wide variety of velocity-

map imaging experiments in laboratories around the world, some of 

which will be highlighted in the remainder of this review.   

Several other specialised time-resolved CMOS sensors with similar 

functionality to the PImMS sensor have been developed28, the most 

prominent of which is the TimePix sensor29.  Originally developed by 

a large consortium based at CERN for applications in particle physics, 

the TimePix sensor is increasingly finding applications within the VMI 

community30.   

Having established the methodology for universal ionization and 

multimass imaging, it is now possible to study the dynamics of large 

molecules in detail.  In the following sections we explore examples of 

photoinduced and electron-induced chemistry studied by multi-mass 

velocity-map imaging, highlighting some of the novel experimental 

approaches that multi-mass imaging technology has enabled.  

 

3. Photoinduced chemistry 

The development of multi-mass velocity-map imaging over the past 

decade has broadened the application of VMI techniques 

considerably, making it possible to study a variety of molecular 

systems of widespread interest to a broad audience of chemists. 

Photoinitiated chemical reactions are important in areas of science 

ranging from atmospheric chemistry and astrochemistry through to 

synthetic organic chemistry, photobiology, and photomedicine.  

Velocity-map imaging is very well suited to understanding the 

dynamics of some of the underlying fundamental bond-breaking 

processes involved in such systems.  In the following examples, we 

consider carbon-halogen bond cleavage in neutral and ionized alkyl 

halides, breaking of a model peptide bond, and the retro-Diels-Alder 

reaction.  Some of these studies employed the PImMS camera to 

record all fragments simultaneously, while in others the images were 

recorded sequentially using a conventional CCD camera. 

3.1 Breaking of a carbon-halogen bond 

Photodissociation of the C-I bond in methyl iodide was the process 

studied in the very first demonstration of ion imaging in Chandler and 

Houston’s ground-breaking 1987 paper7.  Following 266 nm 

excitation, methyl iodide was known to dissociate via two different 

channels, leading to CH3 radical products partnered by ground state 

I(2P3/2) or spin-orbit excited I(2P1/2), respectively.  The energetics for 

both channels were already well established [REF], making this an 

ideal test system for the first imaging experiment, and indeed 

something of a benchmark system for subsequent velocity-map 

imaging studies.  Building on the work of other authors31, we have 

recently carried out a multimass VMI study of the photodissociation 

of methyl iodide and ethyl iodide at various wavelengths within their 

first electronic absorption bands32.  The accessible electronic states 

for the two molecules within these bands are shown schematically in 

Figure 7(a).  Example velocity-map images are shown in Figure 7(b) 

for the alkyl and iodine products of photolysis at 266 nm.  The smaller 

size of the images for the heavier atomic iodine fragments relative to 

the methyl and ethyl fragment images reflects the momentum 

matching between the two departing fragments, i.e. mI vI =mMe/Et 

vMe/Et, with mx and vx the mass and velocity of the respective 

fragment.   The images can be analysed to yield the total translational 

energy distributions, angular distributions, and branching ratios into 

the I and I* product channels.  The measured distributions are readily 

rationalised in terms of three competing dissociation mechanisms.  

The dominant excitation for both methyl iodide and ethyl iodide 

within the wavelength region studied is a parallel transition to the 

Figure 7: Methyl and ethyl iodide photolysis: (a) accessible electronic states for CH3I (top) and CH3CH2I 

(bottom); (b) velocity-map images for alkyl and atomic iodine fragments of CH3I (top) and CH3CH2I 

(bottom) following 266 nm photolysis. The breaking bond is indicated by a dotted line in each case. Figures 

adapted from reference 32. 
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3Q0 state (as defined using the notation introduced by Mulliken33).  

This state either dissociates directly to form an alkyl fragment 

partnered by a spin-orbit excited iodine atom: 

   CH3I/C2H5I (3Q0)  CH3/C2H5 + I* 

or undergoes non-radiative population transfer to the 1Q1 state to 

yield an alkyl fragment partnered by ground-state iodine: 

   CH3I/C2H5I (1Q1)    CH3/C2H5 + I 

The latter dissociation pathway leads to a significant degree of 

internal excitation in the alkyl radical fragments.  The velocity 

resolution in the methyl iodide images is sufficient to assign this 

excitation to the1 symmetric stretch and umbrella modes. 

In addition to these two major dissociation pathways, minor 

dissociation pathways were also observed, corresponding to 

perpendicular transitions to the 1Q1 or 3Q1 states, followed by direct 

dissociation on these states.  Both yield a methyl or ethyl fragment 

partnered by ground state iodine.  

 

3.2  Cleavage of a model peptide bond 

Photodissociation studies on amides provide a stepping stone to 

understanding the behaviour of energised peptide bonds within 

proteins, providing insight into photostability and photodamage 

mechanisms in biomolecules.  N,N-dimethylformamide (N,N-DMF), 

N(CH3)2CHO, provides a useful model for investigating peptide bond 

fragmentation dynamics, and had been studied by a  number of other 

authors34,35,36,37 prior to our recent multimass VMI study38.  Figure 

8(a) shows cuts through the first few adiabatic potential energy 

surfaces for dissociation of N,N-DMF along the C-N, N-CH3 and C-H 

bond coordinates.  Figure 8(b) shows velocity-map images and 

product speed distributions extracted from the images for the 

observed fragmentation products following photolysis at 193 nm and 

ionization of the resulting product fragments at 118 nm. 

Cleavage of the N-C ‘peptide’ bond is expected to yield N(CH3)2, with 

m/z = 44, and HCO, with m/z = 29.  If we probe the products with 193 

nm (rather than 118 nm) light then we do see a clear signal at m/z = 

44.  However, with 118 nm probe light the m/z = 44 signal is replaced 

with signals at m/z = 43, 42, and 16, indicating that the N(CH3)2 

products undergo dissociative ionization at this wavelength.  

Complication of the signals in this way is one of the downsides of 

using very short wavelength probe radiation to effect single-photon 

ionization of the reaction products.   In the case of H or H2 loss, 

dissociation of the parent ion has only a very small effect on the 

measured velocity of the resulting NC2H5
+ and NC2H4

+ ions, since 

conservation of momentum has the consequence that the very light 

H or H2 carries away almost all of the kinetic energy associated with 

the secondary dissociation step.  Perhaps surprisingly, dissociation of 

N(CH3)2
+ to form NH4

+, which requires a significant structural 

rearrangement, also appears to result in very little additional kinetic 

energy release. The differing appearances of the images for the 

various fragments primarily reflect the fact that the most likely 

dissociative ionization channel for a given parent ion depends on its 

internal energy.  The most highly internally excited fragments yield 

Figure 8: (a) Cuts through the first few adiabatic potential energy surfaces for for dissociation of N,N-DMF along the C-N, N-CH3 and C-H 
bond coordinates (indicated by the dashed lines in the molecular structures); (b) velocity-map images and product speed and angular 
distributions for the observed fragmentation products. Reproduced with permission from reference 38.   
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NH4
+, and the least internally excited yield NC2H4

+.  The small effect 

of the dissociative ionisation step on the images for the detected 

fragments means that speed distributions extracted from the images 

for the m/z = 16, 42, and 43 fragments can be summed to obtain, at 

least to a very good approximation, the speed distribution that would 

have been obtained for the nascent N(CH3)2 fragment.   

Following photofragment ionization at 118 nm, we do see the 

expected signal at m/z = 29, corresponding to the HCO product. 

However, we also see significant signal at m/z = 28, corresponding to 

CO.  This is thought to be formed through predissociation of 

internally excited neutral HCO products, followed by 118 nm 

ionization of the resulting neutral CO fragments. 

In addition to the signals above, arising from the ‘peptide bond’ 

dissociation channel, we also observe a strong signal at m/z = 15, 

corresponding to the CH3 product of N-CH3 bond cleavage.  The 

partner fragment, N(CH3)CHO, cannot be ionized at 118 nm, and is 

therefore not observed.  We did not see evidence for direct H atom 

loss from electronically excited N,N-DMF, though we did see some 

evidence for H loss following internal conversion either of 

electronically excited parent molecules or of fragment molecules to 

highly vibrational excited levels of their respective ground states.  We 

also observed H atoms thought to arise from secondary photolysis of 

some of the HCO fragments of N-C ‘peptide’ bond fission. 

The observed products imply two main dissociation channels: 

cleavage of the N-C ‘peptide’ bond to form HCO and N(CH3)2 

products; and cleavage of the N-CH3 bond to form N(CH3)HCO and 

CH3 products.  Detailed analysis of the kinetic energy distributions 

extracted from the images, and in particular the energetic thresholds 

for formation of products in various electronic states, yields insight 

into the electronic states involved in these two dissociation 

pathways.   Our data for the ‘peptide’ bond fission channel are 

consistent with initial population of the 31A’ state of the parent, 

followed by internal conversion first to the 21A’ state and then the 

11A’’ state, which correlates with ground-state HCO and N(CH3)2 

products.  Two previous theoretical studies36,37 have also identified 

this as the dominant fragmentation pathway.  In contrast with 

previous studies35, we did not see any need to invoke additional 

minor pathways leading to formation of excited state products in 

order to explain our measured kinetic energy release distributions.  

The dissociation products arising from the peptide bond dissociation 

pathway are formed with significant internal excitation, implying 

rapid impulsive breaking of the bond. 

The CH3 loss channel is also thought to involve initial excitation to the 

31A’ state followed by radiationless population transfer to the 21A’ 

state.  From here, the molecule either dissociates on this surface, or 

undergoes a second radiationless transfer to the 11A’’ state.  The two 

states correlate to ground-state CH3 products partnered by 

N(CH3)CHO in its second excited (B) or ground (X) electronic state, 

respectively.  The kinetic energy distribution for the products does 

not extend past the energetic limit for formation of B-state products, 

so is consistent with dissociation on the 21A’ surface.  However, the 

data would also be consistent with dissociation on the 11A’’ surface 

with formation of vibrationally and/or rotationally excited ground-

state products.  

 

3.3  Retro-Diels-Alder reaction. 

The Diels-Alder reaction between a diene and a dienophile is a key 

reaction in the repertoire of a synthetic organic chemist, allowing 

formation of C-C bonds and creation of six-membered ring 

structures39.  The forward and reverse reactions also provide key 

examples of pericyclic reactions obeying the Woodward-Hoffman 

rules39, which use frontier orbital symmetry to predict whether 

concerted pericyclic reactions are thermally or photochemically 

‘allowed’ or ‘forbidden’, i.e. whether they have a low or a high 

activation barrier, respectively.  For the Diels-Alder reaction, the 

Woodward-Hoffman rules predict that both the forward and reverse 

reactions are symmetry allowed on the ground-state potential 

energy surface, but symmetry forbidden on the first electronically 

excited state surface.  In addition to the concerted mechanism, in 

which both C-C bonds break simultaneously, there is also the 

possibility of a stepwise mechanism leading to the same products.  

Both mechanisms are shown in Figure 9.  The stepwise mechanism 

has a significantly higher activation energy than the concerted 

mechanism. 

Figure 9: Concerted and stepwise mechanisms for the retro-Diels-

Alder reaction.  TS1, TS2, and TS3 denote transition states.  Adapted 

from reference 40. 

 

We investigated the retro-Diels-Alder reactions of cyclohexene, 1-

methylcyclohexene, and 4-methylcyclohexene following 

photoexcitation at 193 nm in a multimass VMI study40.  In all three 

cases, the products were found to be formed with isotropic angular 

distributions and with the majority of available energy released into 

internal degrees of freedom.  As noted in Section 2.1.2, the lack of 

any anisotropy in the angular distribution is a hallmark of a relatively 

slow process occurring over a number of rotational periods. These 

observations are therefore consistent with a mechanism in which 

reaction occurs from high vibrational levels of the ground-state 

following internal conversion from the excited electronic state 

initially populated following absorption of a 193 nm photon.  This 
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aligns with the predictions of frontier molecular orbital theory, and 

as noted by other authors41,42, such a process most probably 

proceeds via a concerted rather than by a stepwise mechanism.  The 

images recorded for the retro-Diels-Alder reaction products were 

very similar for all three molecules, indicating that methyl 

substitution at the 1 or 4 position of cyclohexene does not have any 

significant effect on the dynamics of the reaction.  

One of the most important outcomes of this study is that it 

demonstrates the ability of VMI to provide insight into ‘real’ chemical 

reactions of interest to a wide audience of chemists.  Multimass VMI 

has since been used to investigate ring-opening dynamics in 

bromocyclopropane43 and 2-bromothiophene44  and the UV 

photodissociation dynamics of dimethylsulphide45, and will no doubt 

be used increasingly to perform detailed mechanistic studies on 

reactions of interest in synthetic organic photochemistry. 

 

3.4.  Ultra-fast pump-probe experiments 

Femtosecond pump-probe experiments offer the exciting possibility 

of probing chemical processes directly on their natural timescale, 

and the growing field of femtochemistry has already provided 

unprecedented insight into many different areas of chemical 

dynamics46. 

The readout system of the PImMS camera was originally designed for 

multimass imaging experiments with nanosecond pulsed laser 

systems, which typically have repetition rates of 10 to 20 Hz.  At 

present, the camera is not able to achieve the kHz readout rates that 

would make it optimally compatible with ultrafast laser experiments.  

However, though improving the readout speed of the PImMS camera 

is still a work in progress, the multimass imaging capability is 

attractive enough that a number of different research groups around 

the world have already used the camera to perform ultrafast pump-

probe VMI experiments.  These include initial proof-of-concept 

experiments on C2F3I, carried out by Hockett and coworkers at the 

NRC in Ottawa47, and a series of investigations into the 

photofragmentation and Coulomb explosion dynamics of various 

alkyl and aryl halides, performed by Rolles and coworkers at the 

FLASH free electron laser facility in Hamburg48,49,50,51. While the 

experimental methodology still needs further development in order 

to exploit the approach to its full potential, these early studies have 

demonstrated that ultrafast time-resolved multimass VMI offers a 

powerful tool for investigating wavepacket dynamics on the 

femtosecond timescale, allowing the dynamics of multiple 

competing reaction channels to be resolved. 

 

4.  Electron-induced chemistry 

Electron-molecule collisions can give rise to a variety of phenomena, 

depending on the collision energy.  At low energy (<15 eV), collisions 

generally result in elastic and inelastic scattering, with dissociative or 

non-dissociative electron attachment also occurring at certain 

resonant energies.  Above the ionization threshold for the molecule, 

ionization becomes important, with a variety of dissociative 

ionization pathways becoming accessible as the collision energy 

increases further.  Our studies to date have focused on the latter 

regime, where electron ionization is the dominant process. 

Electron ionization is one of the key ionization mechanisms within 

both naturally occurring and man-made plasmas, including industrial 

plasmas, gas discharges, fusion plasmas, planetary atmospheres, and 

interstellar gas clouds.  It was the first ionization method employed 

in mass spectrometry, and is still in widespread use today in a variety 

of analytical instruments.  Low energy secondary electrons 

generated through interactions of the primary radiation beam with 

tissue also play a key role in radiation damage to DNA and other 

biomolecules.   

During the electron ionization process, the incoming electron, e, 

‘knocks’ an electron out of a molecule M, yielding a positive ion and 

two departing electrons:  

     M + e  M+ + 2e 

A number of key parameters are required in order to understand the 

ionization process in detail.  The first is the total ionization cross-

section as a function of electron energy.  This quantifies the 

probability of a collision leading to ionization, but does not provide 

any information on the fate of the newly-formed ion.  This additional 

information is provided by partial ionization cross-sections, which 

quantify the probability of forming a particular fragment ion as a 

function of collision energy.  Finally, the velocity distributions (i.e. 

scattering distributions) of the fragments provide information on 

partitioning of the available energy amongst the various available 

degrees of freedom of the fragment, as well as revealing any angular 

dependence of the dissociation process. 

Two different types of measurements are required in order to 

measure the total and partial ionization cross-sections and the 

fragment scattering distributions.  The total electron ionization cross-

section52 is measured via a simple beam-gas experiment.  An electron 

beam of tuneable energy is passed through a molecular gas of known 

pressure, generating positive ions via electron ionization.  By 

recording the resulting positive ion current and the transmitted 

electron current as the electron energy is tuned over the desired 

range, together with the pressure and temperature of the gas, it is 

straightforward to determine the absolute electron ionization cross 

section over this energy range.   

The partial ionization cross-sections and fragment scattering 

distributions are recorded using an electron-molecule crossed beam 

instrument with multi-mass velocity-map imaging detection.  One 

important experimental modification that must be made in order to 

study interactions involving charged particles is that the interaction 

region must be free of electric or magnetic fields during the 

collisions.  In a conventional VMI experiment for studying 

photoinitiated processes, the velocity-mapping field can be present 

continuously, as it does not affect the neutral photodissociation 

process under study, and the products only ‘see’ the electric field 

once they have been ionized, at which point they are rapidly 

extracted along the time-of-flight tube to the detector.  In contrast, 

if the velocity-mapping field were to be present when a low-energy 

electron beam entered the interaction region, the beam would be 

steered straight into the repeller plate of the ion optics assembly 

rather than crossing the molecular beam to initiate the process of 

interest.  The solution is to employ a pair of high-voltage switches, 

which allow the velocity-mapping lens elements to be held at ground 

potential while the electron beam traverses the interaction region, 
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before being rapidly switched to the required velocity-mapping 

voltages within a few nanoseconds of the electron beam clearing the 

lens assembly. 

Relative partial ionization cross-sections are determined from a 

series of time-of-flight mass spectra recorded across a range of 

electron energies.  Recall that the time of flight spectrum is obtained 

by integrating the multi-mass imaging data set recorded with a 

PImMS camera or similar over the spatial (x,y) coordinates. 

Combining these relative partial cross-sections with the absolute 

total cross-sections recorded using the beam-gas instrument, we are 

able to obtain absolute total and partial electron ionization cross-

sections. 

  Having established the branching ratios into the various different 

fragmentation channels through the partial ionization 

measurements, the velocity-map images recorded for each fragment 

reveal details about the dynamics of the fragmentation process 

leading to each set of products.  Interpreting the radial coordinate of 

the images is somewhat more difficult than for a photoinduced 

process.  When a molecule absorbs a photon, the energy of the 

molecule is increased by a known amount, and it is usually 

straightforward to apply the principle of conservation of energy in 

order to investigate the energy balance within the products, and 

therefore to determine the total kinetic energy release for a given 

process if the kinetic energy of one fragment is known.  In contrast, 

an electron-molecule collision can in principle transfer any energy up 

to the kinetic energy of the incident electron to the colliding 

molecule.  For this reason, one can only reliably report kinetic energy 

distributions for individual products, and it is not generally possible 

to determine a total kinetic energy release for the process under 

study. 

Despite these caveats, from the studies carried out so far, it is clear 

that even for molecules containing only a few atoms, collision with 

an electron leads to a wide variety of excitation and fragmentation 

dynamics occurring over a range of timescales.  In the following, we 

consider two examples: SF6, and CF3I. 

4.1.  Dissociative electron ionization of SF6 

SF6 is used extensively as an etchant precursor in semiconductor 

manufacture53,54,55,56,57,58, and quantitative information on fund-

amental ionization processes is useful in order to model and fine tune 

the etching process.  Such information includes ion appearance 

thresholds, formation cross-sections, and kinetic energy 

distributions.  All of these can be measured using the methods 

outlined above.  In a recent publication59, we reported the total 

ionization cross-section for SF6 over the energy range from 0 to 300 

eV, together with partial ionization cross-sections for formation of all 

observed ions.  In order of decreasing abundance, the observed 

singly-charged ions were SF5
+, SF3

+, SF+, SF2
+, SF4

+, F+, and S+, implying 

a significant number of energetically accessible fragmentation 

channels at collision energies of a few tens of eV.  A number of doubly 

charged ions - SF4
2+, SF2

2+, SF3
2+, SF2+, S2+ - were also observed at 

higher electron energies (above 50 eV), though these made up only 

a few percent of the total ion signal.  Signal levels were sufficient to 

record velocity-map images for all ions apart from SF2+ and S2+.  These 

were recorded at 60 eV, 80 eV, and 100 eV for the singly charged 

ions, and 100 eV for the doubly charged ions.  Example kinetic energy 

distributions extracted from the images for the singly charged ions at 

a collision energy of 100 eV, together with a representative velocity-

map image for the SF5
+ fragment, are shown in Figure 10. 

 

 

Figure 10: Kinetic energy distributions for the SF5
+ SF4

+, SF3
+, SF2

+, SF+, 

S+, and F+ products of dissociative electron ionization of SF6.  A 

representative velocity-map image for the SF5
+ fragment is shown as 

an inset to the kinetic energy distributions.  Adapted from reference 

59. 

 

Based on the molecules we have studied to date59,60,61, a general 

feature of dissociative electron ionization appears to be that the 

kinetic energies of the fragments are very small relative to the 

incident electron energy.  At most, a few percent of the incident 

electron energy appears as kinetic energy of the detected ionic 

fragment, implying that most of the energy transferred in the 

collision goes into overcoming the binding energy of the ionized 

electron and into kinetic energy of the two departing electrons, with 

only a very small amount of energy transferred into the rest of the 

molecular framework.  The inefficient transfer of energy to the 

nuclear framework can be rationalised by considering the timescale 

over which the electron interacts with the molecule.  The time taken 

for a 20 to 100 eV electron to traverse a molecular diameter is on the 

order of 1017 to 1016 s; this is well matched with the timescale of 

electronic motion, but several orders of magnitude faster than 

nuclear motion. 

Detailed analysis of the images shown in Figure 10, aided by 

electronic structure calculations of the accessible electronic 

potential energy surfaces of the SF6
+ cation, allows the dynamics of 

the various dissociation pathways to be unravelled.  It is clear that 

multiple electronic states of SF6, SF6
+, and SF6

2+ play a role in the 

observed fragmentation dynamics.  The measured kinetic energy 

distributions are consistent with rapid impulsive dissociation of the 

parent SF6
+ ion to form SF5

+ and SF3
+, the two most abundant ions.  
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The more highly internally excited of these ions then undergo much 

slower, ‘statistical’, loss of further fluorine atoms or F2, until internal 

energy in excess of the relevant SFn
+ dissociation threshold has been 

liberated.  In a similar way, the observed dications appear to result 

from initial formation of SF4
2+ followed by secondary dissociation 

over a longer timescale.  Interestingly, there is very little dependence 

of the measured fragment ion kinetic energy distributions on the 

energy of the incident electron, implying that similar dissociative 

states are accessed across the entire 60 to 100 eV energy window 

studied. 

The kinetic energy distributions for the observed singly-charged ions 

were also compared with the corresponding kinetic energy 

distributions arising from dissociative photoionization, measured in 

TPEPICO experiments (see reference 59 and references therein).  

There was found to be good agreement in all cases, implying either 

that both ionization methods populate similar excited states of the 

ion, or that the initially populated states undergo rapid internal 

conversion and/or intersystem crossing to a common set of 

dissociative states in both cases.  

   

4.2.  Dissociative electron ionization of CF3I 

Following on from the work on SF6, we have recently61 published a 

similar study on the dissociative electron ionization dynamics of CF3I 

at energies ranging from 20 eV to 100 eV.  In order of abundance 

based on the measured partial ionization cross-sections, the 

observed product ions are I+, CF3I+, CF3
+, CF+, CF2I+, CF2

+, C+, F+, and 

I2+.  This implies a number of energetically accessible fragmentation 

channels involving both C-F and C-I bond cleavage, in some cases 

followed by further fragmentation of the resulting molecular ions.  

Velocity-map images were recorded for I+, CF3
+, and CF2I+ at electron 

energies of 40, 60, 80, and 100 eV.  Representative images and 

kinetic energy distributions for these three ions at a collision energy 

of 100 eV are shown in Figure 11(a). 

As seen for SF6, only a very small fraction, less than 1%, of the 

incident electron energy is released into kinetic energy of the 

fragments.  The images also show little or no dependence on the 

electron energy.  In common with SF6, this implies that the initially 

populated states of the CF3I+ ion rapidly relax to a common set of 

dissociative states. Additionally, it is observed that the images for 

products of C-F bond cleavage (CF2I+) have a markedly different 

appearance from those for the products of C-I bond cleavage (CF3
+ 

and I+). 

Detailed analysis of the images, in the light of data from 

photoionization studies and known correlations between parent ion 

and fragment ion electronic states (see Figure 11(b)), provides 

further insight into the dissociation dynamics.  The CF3
+ images 

resulting from C-I bond cleavage imply a statistical dissociation 

mechanism occurring over relatively long timescales, while the 

significant kinetic energy release apparent in the images for the CF2I+ 

products of C-F cleavage suggests a much more direct dissociation 

involving one or more dissociative states of the parent ion, and 

occurring over much faster timescales.  The I+ ion shows behaviour 

intermediate between these two extremes.  The CF3
+ ion formed via 

dissociative electron ionization has a very similar kinetic energy 

distribution to CF3
+ formed in dissociative photoionization55,57,58 ,62,63, 

implying that it is most probably formed via statistical dissociation of 

CF3I+ in its electronic ground state.  In contrast, the I+ kinetic energy 

Figure 11: (a) Velocity-map images and kinetic energy distributions for the I+, CF3
+, and CF2I+ products of dissociative electron 

ionization of CF3I at an electron energy of 100 eV; (b) partial correlation diagram for known electronic states of CF3I+.  For 
simplicity, the state symmetries are given in the C3V point group only.  Reference 56 also contains state symmetries in an 
extended point group representation.  Adapted from reference 61. 
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distribution does not match well with those observed in 

photoionization studies.  Most photoionization studies57,58 ,62,54,64 

have assigned I+ as being formed primarily via rapid impulsive 

dissociation from the Ã state of the CF3I+ ion.  However, the low 

kinetic energy release observed for this ion in our work implies that 

it is formed via higher lying states, possibly the D~  and E~  states of 

CF3I+, based on the correlation diagram in Figure 11(b).  Finally, the 

CF2I+ ion is thought to form via C-F bond cleavage on the B~ , C~ . and 

D~  states of CF3I+, yielding fragment kinetic energy distributions that 

are qualitatively similar to those observed in photodissociation 

studies54,57 on the CF3I+ cation via these states.  

 

5. New tools for probing chemical dynamics: 
Coulomb-explosion and covariance-map imaging 

In tandem with developments in multi-mass imaging, the past ten 

years or so has also seen rapid improvements in ultrafast laser 

technology, to the point where robust table-top femtosecond laser 

systems are now widely available and are used extensively in 

velocity-map imaging experiments.  The past decade has also seen 

increasingly widespread access to beamtime at synchrotron light 

sources, free electron lasers, and other specialised facilities.  These 

new technologies have led to a raft of new chemical dynamics 

experiments, many of which employ VMI detection.  Perhaps one of 

the most exciting new techniques to spring from these opportunities 

is multi-mass Coulomb explosion imaging.   

A Coulomb explosion occurs when a molecule rapidly loses a large 

number of valence electrons, essentially removing the chemical 

bonds between the atoms.  The result is a set of positively charged 

atoms located at the same positions as in the original molecule.  

Extreme Coulomb repulsion between the atomic ions then rapidly 

leads to an ‘explosion’.  Coulomb explosions of small molecules have 

been studied for several decades65 .  However, recent developments 

have made Coulomb explosion imaging a promising new method for 

gas-phase structure determination, with the potential to allow 

structural changes, and therefore chemical dynamics, to be followed 

in real time with femtosecond timing resolution.  In principle, the 

technique offers a completely general probe step for dynamics 

experiments, with no intrinsic limitations to the type of molecule that 

can be studied.   

During the Coulomb explosion, the initial positions of the atoms 

within the molecule are mapped onto the final velocities of the 

scattered ions.  If the dynamics of the Coulomb explosion process are 

well understood, then measuring these velocities by VMI in principle 

allows one to work backwards to obtain the initial molecular 

structure.  The electron-stripping step is usually achieved either 

through multiphoton/strong-field ionization with an intense (few mJ) 

femtosecond infra-red laser, or by X-ray ionization of a core electron 

followed by an Auger cascade.  Both approaches have been used in 

multi-mass VMI investigations into Coulomb explosions48,49,50,67,69,70, 

with a recent study48 on difluoroiodobenzene showing that the two 

approaches lead to similar Coulomb explosion processes despite the 

very different initiation mechanisms. 

The power of Coulomb explosion imaging is increased further using 

a data processing technique known as covariance mapping66.  As well 

as containing the velocity distribution of each detected fragment, a 

multimass VMI data set also contains information about correlations 

between the velocity distributions of different fragments.  

Performing a statistical covariance analysis on the data allows these 

correlations to be revealed. Transforming the ‘raw’ velocity-map 

images into covariance images allows the velocity distribution of one 

product relative to one or more other fragments to be determined 

and visualised67,69,70.   This can reveal important details of both the 

structure of the molecule under study, and the dynamics of the 

Coulomb explosion process itself.  Applications of covariance-map 

imaging are not restricted to Coulomb-explosion experiments: the 

approach will also prove extremely useful for untangling competing 

mechanisms in more conventional photodissociation studies by 

identifying covariances between species that are formed as product 

pairs.  As a caveat, it is worth noting that covariance analysis will only 

be successful for experiments in which the ion detection efficiency is 

sufficiently high that there is a significant probability of detecting two 

(or more) products from a given chemical event. A considerable 

amount of experimental optimisation is often required in order to 

make sure that this is the case. 

 

Figure 12: (a) Raw images for the Coulomb explosion products of 3,5-

difluoroiodobenzene; (b) covariance-map images showing the F+ 

fragment velocity distribution relative to I+.  Note that the molecules 

are free to rotate about the C-I bond axis; hence the fluorine atom 

velocities appear to be mirrored about this axis.  Adapted from 

reference 67. 

 

As an example of Coulomb explosion and covariance-map imaging, 

we will briefly summarise a recent study in which the two techniques 

were used to distinguish between structural isomers of 

difluoroiodobenzene and dihdroxybromobenzene in the gas phase67.  

Prior to Coulomb explosion, the electric field of an intense linearly-

polarised nanosecond laser pulse was used to align the most 

polarisable molecular axis (containing the C-I bond) parallel to  the 

plane of the image.  Coulomb explosion was then initiated by a 30 fs 

pulse from a Ti:sapphire laser.  Note that while the alignment laser 

fixes the molecular axis in space, the molecules are free to rotate 

about the alignment axis.  The resulting covariance-map images for 
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the F+, and I+ products of the Coulomb explosion are shown in Figure 

12(b) for 2,4-, 2,5-, and 2,6-difluoroiodobenzene.  As noted above, 

during the Coulomb explosion, the initial atomic positions are 

mapped onto the final velocities of the atomic ions. I+ has been 

chosen as the reference ion for the covariance analysis, and its 

velocity is fixed to point vertically upwards in the images.  The 

covariance images show the velocity distributions for the F+ 

fragments relative to the I+ reference direction.  The images for the 

three isomers are very different, and immediately allow the isomers 

to be distinguished from each other.  When comparing the 

covariance images with the molecular structures, the  observant 

reader will have noticed that the intensity distribution in the images 

appears to be a superposition of the intensity expected for the 

molecules as drawn, and for their mirror images.  This apparent 

anomaly is easy to explain when we remember that the molecules 

are only aligned along one axis during the experiments, and are free 

to rotate about this axis.  The images are therefore averaged over 

this rotational motion.  In principle, this averaging could be removed 

by employing 2D, or even 3D, alignment of the parent molecules68. 

To date, covariance-map Coulomb explosion imaging has also been 

used to study the structure of a 1D-aligned substituted biphenyl 

molecule, and to image its vibrational motion in real time following 

infrared excitation69,70.  It has also been shown that three-fold 

covariance analysis can be used to establish the absolute 

configuration of a chiral molecule71. 

6.  Future work 

Multi-mass VMI is still a very young technique, with much scope for 

further improvement and optimisation. From an experimental 

perspective, future developments in camera and ion detector 

technology will lead to improved ion detection sensitivity and time 

resolution, increasing the ability to resolve ions that are closely 

spaced in mass and to employ the covariance analysis methods 

described in Section 5. There is also considerable scope for 

developing new experimental techniques combining 3D slice imaging 

(see Section 2 and Figure 2) with covariance analysis in order to 

determine full correlated velocity distributions for reaction products 

in three dimensions.  Such methods can be applied both to 

photodissociation experiments and to Coulomb explosions.  We have 

very recently acquired the first proof-of-concept data for such an 

approach during a recent set of Coulomb explosion imaging 

experiments performed at the Artemis ultra-fast laser facility72.  

Figure 13 shows part of a preliminary 3D-sliced covariance-map 

imaging data set, in which the pairwise recoil of I+ and CF3
+ ions 

formed in the Coulomb explosion of CF3I2+ is captured in three 

dimensions.  

The use of Coulomb-explosion imaging as a method for following 

molecular structures is still in its infancy.  At its present stage of 

development, the technique can provide useful structural details, 

particularly regarding bond angles, but is not yet able to deduce a 

detailed molecular structure from images of the Coulomb explosion 

products.  In parallel with the experiments, we have been working 

hard over the past couple of years on developing forward-simulation 

codes that allow the Coulomb-explosion images to be predicted 

based on a trial molecular structure.  The most recent versions of the 

simulation software perform a complete ab initio calculation of the 

charge distribution within the molecule and the molecular forces at 

each step of a trajectory simulation.  The trajectory simulation solves 

Newton’s equations for the motion of the atoms subject to the 

molecular forces and the velocity-mapping field. 

The simulations have already revealed some important insights into 

the use of Coulomb explosion imaging as a structural tool73.  These 

include indications relating to the relative usefulness of low and high 

charge states for structure determination, and the effect of 

vibrational and/or electronic excitation of the ion on the resulting 

Coulomb explosion.  The eventual aim is to develop software that will 

allow users to provide an “initial guess” structure which can then be 

refined based on comparison with the experimental data to give a 

“best fit” structure.   

 

Figure 13: 3D-sliced covariance-map images of I+ and CF3
+ ions 

formed in the laser-induced Coulomb explosion of CF3I2+. 

 

With some further development, Coulomb explosion imaging will 

offer a truly general probe step for chemical dynamics experiments, 

overcoming a number of limitations imposed by current techniques.   

As an example, isomerisation processes such as ring-opening or cis-

trans isomerisation are very difficult to study via VMI, as they simply 

yield a rearranged version of the parent molecule, with no change in 

mass or velocity, rather than generating distinct photofragments 

whose velocity distribution is imprinted with the dynamics of the 

process under study.  In contrast, Coulomb explosion imaging will 

allow the molecular structure to be imaged directly over the course 

of the isomerisation process.  

6. Conclusions  

Multi-mass velocity-map imaging is starting to become established 

as a promising method for probing the dynamics of a variety of gas-

phase chemical processes.  We have provided an overview of 

velocity-map imaging and multi-mass velocity-map imaging, and 

discussed a variety of examples in which these approaches have been 

used to study a range of photoinduced and electron-induced 
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chemical processes.  Multi-mass VMI has also led to the development 

of two new tools for the chemical dynamics toolbox, in the form of 

Coulomb-explosion imaging and covariance-map imaging.  Over the 

next few years, we believe that multi-mass VMI methods will become 

established as standard experimental techniques for use by the 

reaction dynamics community, allowing investigations into chemical 

processes relevant to disciplines ranging from atmospheric chemistry 

and astrochemistry through to synthetic organic photochemistry and 

biology. 
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