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Abstract

Over the past decade or so, the state-of-the-art in the field of chemical reac-
tion dynamics has progressed from studies of few-atom systems to wide-ranging
investigations into a variety of photoinduced and collision-induced processes in
much larger molecules. Many of these studies are of direct relevance to a wide
audience of chemists, spanning fields such as atmospheric chemistry, astrochem-
istry, synthetic chemistry, and chemical biology. Key to this work has been the
technique of velocity-map imaging, which allows complete product scattering
distributions to be recorded for the process of interest. Recent advances in
camera technology have enabled the development of multi-mass velocity-map
imaging, in which the scattering distributions of all reaction products can be
recorded in a single measurement. In addition to the scattering distributions
of individual reaction products, the data set now contains information on cor-
relations between the scattering distributions of two or more fragments. These
correlations can be revealed using the technique of statistical covariance, yield-
ing an approach known as covariance-map imaging. This review will introduce
the reader to covariance mapping, and will describe various applications of the
technique within the field of chemical dynamics. The underlying concepts will
be illustrated through a series of simple simulations, before moving on to de-
scribe a number of recent experimental studies in which covariance mapping has
been used to obtain mechanistic insight and information on molecular structure

on the femtosecond timescale.
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Figure 1: Schematic of a velocity-map imaging experiment for probing photoin-
duced processes. The reactant molecule of interest is prepared under vacuum
in a molecular beam, which intersects with a pair of pulsed laser beams in the
interaction region. The first laser pulse initiates the process of interest, while
the second ionises the reaction products so that they can be detected. An elec-
tric field extracts the resulting ions along a flight tube to a position sensitive
detector, where the scattering distribution is recorded. The detector comprises
a pair of microchannel plates coupled to a phosphor screen, and converts each
incoming ion to an optical signal that can be captured by a camera. Data are
typically summed over many thousands of laser pump-probe cycles in order to
capture enough events to generate relatively noise-free images of the scattering
distribution.

1 Introduction

Chemical reaction dynamics studies probe chemical reactions on the scale of
single reactive events, and can provide deep insight into both collision-induced
and photoinitiated chemical processes. One of the key measurable quantities is
the scattering distribution of the reaction products. The scattering distribution
provides a unique ‘fingerprint’ for a given chemical process, and can be anal-
ysed to gain detailed information about the reaction mechanism, the reaction
energetics, and the forces acting on the system at each stage of the process.
Up until the early 2000s, reaction dynamics studies were almost entirely
confined to very small - three or four atom - chemical systems. However, recent
developments in experimental techniques, theoretical methods, and computing
power have made it possible to interrogate much larger chemical systems with
relevance to a broad cross-section of chemists. In recent years, chemical dy-
namics studies have provided fundamental understanding of reaction processes
relevant to atmospheric chemistry, combustion chemistry, interstellar chemistry,

and biology.



1.1 Velocity-map imaging

One of the key techniques that has driven progress in chemical reaction dy-
namics is velocity-map imaging! (VMI). First developed in 1997 as a higher-
resolution version of its predecessor, ion imaging,? velocity-map imaging allows
measurement of the complete scattering distribution of a reaction product in
a single measurement. The basic elements of a velocity-map imaging experi-
ment for probing photon-induced processes, essentially a modified time-of-flight
mass spectrometer, are shown in Figure 1. Velocity-map imaging instruments
have been used to probe a wide variety of photoinitiated and collision-induced
chemical processes, including photodissociation, photoionization, inelastic scat-
tering, bimolecular reactions, Penning ionization, dissociative electron attach-
ment, and electron ionization.?% With the achievable velocity resolution offering
a quantum-state-resolved level of detail, such measurements have provided deep
insights into some of the most fundamental processes in chemistry, in some cases
even revealing previously undiscovered reaction mechanisms.”

A velocity-map imaging measurement provides two important pieces of in-

formation; the identity of the ions; and their scattering distributions:

1. All ions of a given charge z receive the same amount of energy zV from

the electric field, where V' is the acceleration potential. Since the kinetic
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the ions is inversely proportional to m!'/2, and the ions separate in mass

energy K of the ions is given by K = Imwv?, the terminal velocity of
as they traverse the flight tube. The arrival time of a given ion at the
detector then reveals its mass-to-charge ratio, m/z, and hence its identity.

2. The electric field is usually tuned such that the scattering distribution
for each ion is ‘crushed’ into a two-dimensional projection at the detector
plane. Various mathematical inversion algorithms?® are available to recover
the full 3D distribution, with the caveat that most rely on the scattering
distribution having an axis of cylindrically symmetry (this condition is
satisfied in the majority of cases). Alternatively, the electric field can be
tuned to stretch the ion cloud along the time-of-flight axis, in which case
a suitably fast detector can record ‘slices’ through the scattering distribu-
tion.?1? In either case, the 3D distribution can be recovered. The radial
component of the distribution provides information on partitioning of the
available energy between the various product degrees of freedom (trans-

lation, rotation, vibration, and electronic excitation). For example, one



can infer that if the product translational energy (as measured in a VMI
experiment) is low relative to the total available energy, then the internal
energy is high, and vice versa. By considering correlations between the
pump and probe laser polarisations and the transition dipole associated
with the photoinitiation step, the angular distribution can provide infor-
mation on the identity of the electronic states involved in the process, the
timescale over which bond breaking occurs, and the nature of the forces

acting in the transition state region of a reaction.

1.2 Multi-mass velocity-map imaging

In common with reaction dynamics studies more generally, for many years the
focus for velocity-map imaging studies was on understanding very small chem-
ical systems, containing perhaps up to five atoms, at extremely high levels of
detail. This was driven partly by the need for high-level ab initio potential en-
ergy surfaces to aid in interpretation of the data, and partly due to a widely-held
belief that the rapid increase in the number of accessible states with molecular
size would blur out any useful structure in the measured scattering distributions.
These concerns proved to be unfounded, and there have since been many studies
in which the photoproducts of significantly larger molecules have yielded highly
structured - and therefore information-rich - images(see'*™1? for a few exam-
ples). In parallel with experimental developments such as multimass velocity-
map imaging,?° dramatic increases in available computational power have made
it possible to calculate at least reduced-dimensionality potential energy surfaces
for much larger molecules than had been accessible previously. Taken together,
these advances have made it possible to perform detailed gas-phase chemical
physics studies on chemical systems of real-world interest to a broad audience
of chemists.

After a small amount of data processing, the data set from a multimass
imaging experiment generally takes the form of a set of (z,y,t) data points,
encompassing the position (z,y) and time-of-flight ¢ for each detected ion, on
each experimental cycle. With suitable calibration of the velocity-map imaging
setup, this can be transformed from the pixel-based (z,y) units to (vg,vy,) ve-
locity components for each ion. The data set can be summed over the x and y
coordinates to obtain the total signal as a function of ¢, i.e. the time-of-flight
spectrum. From this, the mass-to-charge ratios and hence the identities of the

products can be determined. Images of the scattering distribution for any de-



sired mass-to-charge ratio can then be obtained by summing the (v;,vy,t) data
set over the relevant range of arrival times. In this way one can generate images
of the scattering distribution for every fragment of interest. At this point, one
often finds that it is not straightforward to unravel multiple different competing
fragmentation pathways by looking at individual images. Attempts at identi-
fying ‘momentum matched’ peaks within the velocity distributions of pairs of
fragments can sometimes provide a ‘way in’ to this problem, but a more general
and systematic approach is needed in all but the simplest of cases.

Ideally, we require a means of uncovering correlations between the scattering
distributions of the various different products formed in the process under study.
Covariance mapping offers a way to do just this. As we shall see, it allows us
to determine the velocity distribution of one reaction product relative to the
recoil direction of a second, ‘reference’ product. We shall show in the rest of
this article that covariance mapping provides a powerful tool for unravelling
complex reaction dynamics, and that in the special case in which the pump
or probe laser initiates a Coulomb explosion, it also offers a direct route to

obtaining information on molecular structure in the gas phase.

2 Coincidence detection

The idea of measuring correlations between reaction product velocities is not
new, and before discussing covariance mapping in detail we should offer a brief
overview of a technique that preceded covariance mapping and provides similar
information, namely coincidence detection. As we shall see in Section 3, covari-
ance mapping infers correlation between different experimental variables based
on a statistical analysis of the data. In contrast, coincidence detection allows
these correlations to be recorded directly for each event. Consider the example
of a simple single photoionisation experiment, which produces an electron and
an ion as detectable products (there may also be neutral products, depending
on whether the nascent parent ion undergoes fragmentation). Typically, the
electrostatic optics employed in such an experiment are configured such that
positive and negative particles produced in the event of interest are accelerated
in opposite directions towards a pair of detectors, one for positive particles and
one for negative particles.

A key requirement for a coincidence approach is that fewer than one event

of interest is recorded on each experimental cycle. If, on a particular cycle,



an electron is detected at the ‘negative particle’ detector, the system is trig-
gered to await the arrival of an ion at the ‘positive particle’ detector. If an
ion is detected then both the electron and ion signals are stored; if not, the
electron signal is discarded and the experiment resets for the next experimental
cycle. Since the experiment is run with signal levels that ensure fewer than one
event per cycle, we know that the detected electron and ion come from the same
chemical event, and we therefore have a direct measurement of the way in which
any measureable properties of the electron and ion are correlated for this event.
The experiment is repeated over many experimental cycles in order to build up
a statistical distribution of the correlation between the experimental variables
of interest. Such an experiment is known as a ‘photoelectron-photoion coinci-
dence’, or PEPICO experiment.?! Similar approaches can be applied to more
complex photoionisation phenomena, yielding a variety of acronyms: PIPICO
(photoion-photoion coincidence); PEPIPICO (photoelectron-photoion-photoion
coincidence); PEPECO (photoelectron-photoelectron coincidence); and so on. 22

By running such experiments at a high repetition rate, typically several kilo-
hertz or higher, it is possible to achieve reasonable count rates and to acquire
data within an experimentally tractable period of time, even with the extremely
low signal level on each cycle. It is worth noting that if one attempts to run a
coincidence experiment in a regime of higher counts per cycle then the approach
rapidly breaks down, since the ‘true coincidences’ described above become lost
amongst a background of ‘false coincidences’ between electrons and ions arising
from different events. To illustrate this, consider an example in which we pho-
toionise five molecules in a given cycle in the process M + hv — M™ + e™. In
this case we form five product pairs, which we can label (e, M{), (e5, M3),
(e3, M), (eg, M), (e5, M{). Electron e] has a true coincidence with ion
M7, and measuring this coincidence signal provides useful information about
the process under study. However, we would also measure false coincidences be-
tween the electron and the other four ions. These false coincidences contribute
background ‘noise’ that tells us nothing about the process under study since the
two particles were formed from different parent molecules.

Coincidence detection is widely used, and provides a powerful tool for un-
picking the inner workings of molecular ionisation and dissociation processes.
We refer the reader to a number of excellent reviews and books for further details

and example applications, 2327

with apologies for any we have missed. Despite
its successes, however, the requirement for very low counts per cycle mean that

coincidence detection is not compatible with many state-of-the-art experiments,



particularly those involving high-power or ultrafast lasers or those for which high
repetition rates are not possible. It was to overcome these limitations that the

covariance mapping approach was first developed.

3 Covariance mapping

Covariance mapping can provide similar information to that obtained in a coin-
cidence experiment, but under conditions in which products are detected from
multiple events on each experimental cycle. The time saving relative to coinci-
dence detection depends on a number of factors, but for favourable systems (rea-
sonably abundant product channels of interest and low noise levels), equivalent
event statistics can be achieved using orders of magnitude fewer experimental
cycles.?® We will focus on the application of covariance mapping to data sets
from multi-mass velocity-map imaging experiments, in which case we are typi-
cally looking for correlations between the arrival times or the positions/velocities
of the various detected ions.

Covariance is a statistical method that quantifies the correlation between
two variables A and B in terms of the product of the deviation of each quantity
from its mean value when averaged over a large number of measurements. If
large values of A tend to occur with large values of B, and/or small values of
A tend to occur with small values of B, then there will be a positive covariance
between the two quantities. Conversely, if large values of A tend to occur with

small values of B, or vice versa, then the covariance will be negative. Formally,

the covariance is defined as follows: 2930
COV(AvB) = <(A - <A>>(B — <B>)> (1)
— (AB) —(4)(B) @

As noted above, the covariances that are most useful in the context of a
multi-mass velocity-map imaging experiment are covariances between the arrival
times of the various detected ions, and covariances between the recoil velocities

of the ions. We will explore these in more detail in the following.



3.1 Time-of-flight covariance

Covariances between the arrival times of different ions allow us to identify pairs
of products formed from the same parent molecule. Examples include Frasinski

’29 pioneering investigation into the multiphoton ionisation and

and coworkers
fragmentation of CO-, and Bhardwaj et al's study into the dissociative ion-
ization of benzene.?! Additional examples can be found in the excellent recent
review by Frasinski,?? which is recommended to the interested reader.

To determine the time-of-flight (ToF) covariance, we calculate the covari-
ance between the reaction product time-of-flight spectrum and itself, i.e. the
covariance is calculated between each pair of time points in the ToF spectrum
recorded on a given experimental cycle, with the averaging being performed
over the number of experimental cycles. This yields a two-dimensional covari-
ance matrix which can be plotted in the form of a covariance map. An example
is shown for the fragmentation products of doubly-charged CF3I?T ions®? in
Figure 2. Since every ion is automatically covariant with itself, there is a line of
‘auto-covariance’ along the diagonal, which is simply the variance of the time-of-
flight spectrum. The covariance signals of interest, which contain information
about the fragmentation mechanism, are the ‘cross peaks’ that appear away
from the diagonal.

The information contained in a ToF-ToF covariance map is two-fold. Firstly,
the presence of a cross peak connecting two different product ions indicates
that they were formed together in the same event, i.e. that the two fragments
originate from the same parent molecule. Secondly, the two-dimensional shape
of the cross peak reveals information on the relative momenta of the two ions,
yielding insight into the fragmentation mechanism. We can illustrate this using
the ToF-ToF covariance map for CF3I shown in Figure 2.

Our starting point is to recognise that the velocity component v, along the
time-of-flight axis for any given fragment is the sum of the velocity component
arising from the fragmentation process of interest and the velocity acquired as
the ion is accelerated towards the detector by the electric field from the time-of-
flight ion optics. The latter determines the position of the centre of the fragment
time-of-flight peak, while the distribution of the former determines the width
and peak shape. Assuming a uniform acceleration potential V', for an ion of

mass m and charge z traversing a flight tube of length d, we have

1/2
v, = <22V> + ucosf (3)

m



Figure 2: Time-of-flight covariance map for the ionic products formed in the
100 eV electron ionization of CF3I. Adapted from reference. 3

where u is the velocity imparted to the fragment as a result of the dissociation
process, u is the magnitude of this velocity, and 6 is the angle between u and

the time-of-flight axis. The flight time of the ion is therefore

-1

(20)" e «

The centre of the time of flight peak, to, is determined by the velocity contri-

=L —d

z

bution described in the first term in Equation 3.

wma()" g

By taking the difference between Equations 4 and 5, after some algebra and

with the (small) approximation that the first term in Equation 3 is much larger



than the second term, we can determine a simple expression for the deviation

from the centre of the time-of-flight peak for a given ion.

At = t—t (6)
dmu

= o cos 6 (7)

= —kpcosb (8)

where p = mu is the ion momentum arising from the dissociation process, and
k = d/(22V) is a constant depending only on instrument parameters and the
charge of the ion.

We have therefore shown that the deviation At of an ion’s time of flight
from t( is proportional to the momentum component pcos@ of the ion along
the time-of-flight axis. In a ToF covariance map, each cross peak is essentially
a plot of Aty vs Aty for a pair of ions. The gradient of the cross-peak signal
therefore provides information on the relative momenta of the two ions, which
can be used to determine the fragmentation mechanism.

To illustrate these ideas, we will consider the dissociation of a doubly-charged
ion ABC?* wia a number of different mechanisms. We first consider a simple
two-body dissociation, ABC?** — A+ 4+ BCT. In this case the two product ions
A and BCT must be formed with equal and opposite momenta, and the slope
of the cross-peak is therefore -1. This is the case for the cross-peak arising from
the CF; + I products from CF3I?t dissociation in Figure 2.

Three body dissociations may occur via at least three different mechanisms,
often referred to in terms of ‘concerted’, ‘initial charge separation’, and ‘deferred
charge separation’ processes. The first of these is a single-step process, while

the latter two involve two steps.

Concerted : ABC?*T — AT+ Bt 4+ C
Initial charge separation : ABC*t — AT +BCT — AT +BT 4+ C
Deferred charge separation : ABC*"T — AB*T+C — AT +BT +C

In the case of the concerted mechanism, the neutral product C can often be
treated as a spectator and assumed to be formed with very little momentum
relative to the charged fragments A™ and B™. In this case ppo+ ~ —pp+ and
the cross peak between AT and BT will have a slope very close to -1, similar to
the cross peak between AT and BC™T in the two-body dissociation.

10



The situation becomes somewhat more complex in the case of two-step dis-
sociations, but by considering the momenta imparted to the relevant fragments
in each of the two steps it is possible to obtain expressions for the slopes of the
relevant cross peaks in the ToF covariance plot, as well as to make predictions
about the peak shapes. The expressions depend simply on the masses of the
various species involved in each mechanism, so by fitting the slopes of the cross
peaks it is often possible to determine which of the mechanisms is dominant.

34,35

These cases are treated in detail by Eland and coworkers in the context of

PEPIPICO measurements on a number of small molecules.

3.2 Recoil-frame covariance-map images

We have shown how ToF-ToF covariance signals can be used to identify pairs
of fragments formed wia a particular reaction mechanism, as well as to obtain
information on the relative momentum projections of the fragments onto the
time-of-flight axis, z. Velocity-map imaging provides information on the other
two momentum components, in the xy plane, and covariances between these
components provide further information on the dynamics of the process of in-
terest. 26740

The complete covariance matrix between a pair of two-dimensional velocity-
map images would have four dimensions. However, we can generate more in-
tuitively useful two-dimensional covariance maps from the images as follows.
When considering the covariance between two different ions, we designate one
to be the ‘reference’ species and the second to be the ‘signal’ species. The goal
is to find any correlations that exist between the signal intensities within each
pixel of the velocity-map images for the two ions. The covariance is therefore
calculated between each pixel in the reference ion image and each pixel in the
signal ion image, with the averaging performed over the acquisition cycles. This
process yields a separate covariance map for each pixel in the reference image,
showing correlations between this pixel and all of the pixels in the signal image.
To generate the overall covariance map, each individual map is rotated to align
all of the reference pixels along the same direction, and the individual covariance
maps for each reference pixel are then summed !. Any positive regions within

the resulting covariance map can be interpreted approximately as showing the

LFor reasons of computational efficiency, in practice the rotation step is performed before
the covariance calculation in order to allow the individual covariance matrices to be summed
as they are calculated. This avoids having to store the full 4D covariance map at any point
in the calculation.

11



(projected) velocity distribution of the signal ion relative to the recoil direction
of the reference ion, i.e. the relative velocity distribution of the two ions. We
note that the total intensity of the recoil-frame covariance map image for a given
ion pair is equal to the total intensity of the corresponding cross-peak in the
ToF covariance map discussed in Section 3.1.

As an ‘extra for experts’, we note that because both of the images used to
generate the covariance map are 2D projections of the respective 3D fragment
velocity distributions, we have no information on the z (ToF axis) component
of the reference ion velocity. As a result, the covariance map is therefore the 2D
projection of covariance signals for all reference directions in three dimensions
that project onto the chosen reference direction in the 2D plane. These span a
180 degree arc bisected by the image plane and result in a characteristic ‘tail’
on the covariance signals extending towards the centre of the covariance-map
images. We shall see in Section 3.3.3 that this signal averaging can be eliminated
by performing 3D-sliced velocity-map imaging measurements, in which case the
rotation can be performed in three dimensions to align all of the reference ion
velocities along a single axis. However, for the moment we will focus on the 2D
covariance maps obtained as described above from a pair of crushed velocity-

map images.

3.2.1 Two-body dissociations

We can illustrate some of the features of recoil-frame covariance maps through a
series of simple simulations. We first consider the case of a two-body dissociation
AB?*t — At + B*. We have run simulations to model a number of different
experimental scenarios in which fragmentation products from between one and
ten parent molecules per experimental cycle were detected. Detection efficiencies
were varied between 50% and 100% and data were simulated for 100,000 cycles.
In each event, a momentum-matched A* + BT ion pair was generated, with
relative velocities of 100 and 80 pixel units (px), respectively. The direction
of the relative velocity vector was chosen randomly for each trajectory. The
resulting covariance images contain regions of positive and negative covariance
(the interpretation of negative covariance will be discussed shortly), and were
normalised to unit positive covariance for ease of comparison. As expected, the
results were found to be essentially identical for each set of conditions used, with
the detection efficiency and number of dissociating molecules affecting only the
total image intensity before normalisation. A typical set of simulation results

12
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Figure 3: Simulated velocity-map images for the A™ and Bt products of AB?*
dissociation, together with the recoil-frame covariance-map image for the A+
product relative to the reference direction defined by the BT velocity vector.

is displayed in Figure 3, showing the simulated velocity-map images for A™
and BT, together with the covariance map for AT when B¥ is defined as the
reference ion.

Since the A" and B™ ions are formed with well defined speeds but ran-
domly selected angles, the individual velocity-map images both take the form of
a sphere projected onto a plane, with radius 100 pixels for A* and 80 pixels for
BT. The covariance map reveals the correlation between the velocity vectors of
the two ions, displaying strong positive covariance in the direction opposite to
that of the recoil ion, with negative covariance in all other regions. Since we
are viewing a 2D projection of the covariance between the two velocity vectors,
the positive signal appears as a line rather than a single point. If instead of
simulating crushed velocity-map images we had limited the simulation to two
dimensions (equivalent to simulating a sliced imaging experiment), the covari-
ance signal would be reduced to a single point at the radius corresponding to the
A velocity, with a well-defined ring of negative covariance in all other regions at
the same radius. The same would also be true if we had simulated an experiment
in which the dissociating molecules were pre-aligned along a laboratory-frame
axis.

Various interpretations of negative covariance have been reported in the

literature, 3241745

and considerable confusion has arisen over its meaning. In the
present context it can be understood as follows. The covariance map reveals
whether the probability of finding a signal in a given pixel in the ‘signal’ image
increases or decreases relative to the mean when a signal is present in a given
pixel of the ‘reference’ image. The mean intensity in each pixel of the signal

image is simply the signal observed in the velocity-map image from which the
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covariance map is constructed. Once the data from each experimental cycle have
been rotated such that the reference ion velocity lies along the chosen reference
direction, we are more likely to find the partner ion velocity in the opposite
direction from the reference than anywhere else, while in all other directions
there are fewer ions found than in the mean image. This results in the regions
of positive and negative covariance observed. It should be noted that these
arguments only apply within a covariant channel. For example, if we had the
possibility of two competing channels, such as a dication ABC?* dissociating to
give either AT + BT + C or AT + B + C* then we can consider covariances
between the ion pairs (AT,BT), (A*,C*), and (B*,C*). The above arguments
would apply to the first two of these pairs, since each pair of ions are formed
together in the same process. The (A* ,BT) covariance would reveal information
on the first of the two pathways, but nothing about the second pathway, and
vice versa for the (AT,CT) covariance. However, we would not expect to see
any covariance signal, positive or negative, between BT and C7T since they are
not formed in the same process (i.e. cannot be formed together from a given

parent ion) and therefore their velocities cannot be correlated with each other.

3.2.2 Three-body dissociations

We now move on to consider the recoil-frame covariance maps that we might
expect for the various three-body dissociation pathways outlined previously in
Section 3.1, i.e. the concerted, initial charge separation, and deferred charge
separation mechanisms. As noted earlier, in the concerted pathway ABC?+ —
A+ + BT + C, the majority of the kinetic energy is released into the two charged
fragments, and it is often a good approximation to treat the neutral fragment
as a ‘spectator’. In this case the covariance images between A* and B will
be very similar to those described above for the two-body dissociation case.
If significant momentum is transferred to the neutral fragment C during the
dissociation then this will have the effect of blurring the correlation somewhat.
However, we would still expect the two charged fragments to recoil at almost
180 degrees to one another.

Figure 4 shows velocity-map images and covariance-map images resulting
from simulations of the two possible two-step mechanisms. In both cases the
ions are allowed to dissociate in any orientation in each of the two steps. In
the simulation of the initial charge separation process, ABC** — AT +BCT —
At + BT + C, the AT and BCT products of the first step are given velocities

14
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Figure 4: Simulated velocity-map images (top row) and covariance-map images
(bottom row) for the ionic products of the two possible two-step dissociation
mechanisms for ABC?*: (a) initial charge separation, ABC*T — A+ + BCt —
AT +B*+C; (b) deferred charge separation ABC?*T — AB*'+C — At4B+4C.
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(in pixel units) of 80 and 100 px, respectively, and the BT final product is given
an additional randomly-directed velocity in the second step of 30 px. For the
deferred charge separation process, ABC?T — AB*T + C — At + Bt 4+ C, the
AB?* ion formed in the first step is given a velocity of 30 px, and the A™ and
BT products of the second step are given additional velocities of 80 and 100 px,
respectively. Simulations were performed over 100,000 cycles, with five ABC?*
parent dications dissociating on each cycle.

For these simple simulations in which each step in the mechanism results
in a single well-defined kinetic energy release, the velocity-map images for the
A%+ and BT products provide a clear distinction between the two pathways
even before performing the covariance analysis. The AT product of the initial
charge separation pathway is formed in a single step with a single velocity,
and therefore appears as a sharp ring (projection of a spherical shell) in the
velocity-map image. The BT product is the result of two dissociation steps, and
relative to the AT image, every point on the ring is ‘blurred’ by the momentum
‘kick’ in a random direction associated with loss of the neutral C product in the
second step of the mechanism. In the deferred charge separation mechanism, the
neutral is lost first, and so in this case both the A* and B velocity distributions
are ‘blurred’ by the momentum gained during this neutral loss step. It is worth

noting at this point that in most real systems, each step in the mechanism
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would yield a distribution of kinetic energy releases, blurring the well-defined
ring observed for the A* product in the initial charge separation case, and
making the distinction between the two mechanisms much less clear on the
basis of the velocity-map images alone.

We now consider the covariance-map images for the two cases. We see that
the two mechanisms give very distinctive covariance maps, which are immedi-
ately distinguishable from each other. As in the two-body dissociation case,
there are regions of positive and negative covariance, as well as a ‘tail’ towards
the centre of the images resulting from the two-dimensional projection. Con-
sider first the initial charge separation pathway. The form of the covariance
maps can be understood by comparison with those observed previously for a
two-body dissociation. The covariance map for BT relative to AT reveals a
(projected) sphere of radius 30 px centred at the 100 px velocity of the BC™
intermediate, providing a fairly direct visualisation of the energetics for both
dissociation steps. The covariance image of AT relative to BT is slightly less
intuitive to understand, appearing as an arc on a circle of radius 80 px, the ve-
locity imparted to the AT product in the first step in the mechanism. The fact
that an arc is observed rather than a point is due to the subsequent dissociation
of the BCt partner fragment, the result of which is that the two ions are no
longer confined to lie only along the initial dissociation vector.

In the case of the deferred charge separation mechanism, both covariance
maps reveal an oval-shaped distribution. The first dissociation step yields AB2+
ions on the surface of a Newton sphere, which subsequently undergo further
dissociation along a random relative velocity vector into the observed A* + B™
products. The oval appearance of the covariance map arises from the rotation
of the covariance maps for individual pixels (see Section 3.2) into the reference
frame, in which the reference ion lies along the = axis.

These simulations show that recoil-frame covariance-map imaging provides
a new way to distinguish between various possible reaction mechanisms. In
real applications, the fragment velocities associated with each dissociation step
are often not known, and span a distribution rather than taking a single value.
However, a combination of simulation and experiment can provide considerable

insight into the reaction dynamics in complex systems.
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3.3 More sophisticated covariance mapping techniques

For the majority of this review, we will focus on applications of the relatively
straightforward two-body covariance-map imaging methods described above.
However, for completeness we should mention some of the more sophisticated
covariance mapping techniques that are starting to be used in a variety of appli-
cations. These include partial covariance, higher-order covariances, and three-

dimensional recoil frame covariance mapping.

3.3.1 Partial covariance and contingent covariance mapping

So far we have assumed that the only circumstance in which we will see a covari-
ance signal between two ions is when they are formed together in a particular
chemical process. This would be the case in a ‘perfect’ experiment in which
all experimental parameters that might affect signal intensities (laser pulse en-
ergies, molecular beam intensities, etc) could be kept constant. However, in a
real experiment these parameters often fluctuate between experimental cycles
and/or drift over longer timescales. This can lead to false covariances in the
data set that do not reflect any correlations intrinsic to the chemical system of
interest. For example, if the molecular beam intensity or a laser pulse energy
decreases over time in a velocity-map imaging experiment, then signals from all
of the detected ions would also decrease over time. A reduction in the intensity
of one ion would correlate with a reduction in intensity of all of the other ions,
and all of the ion signals would become covariant with each other, regardless of
the chemical process in which they are formed.

If the fluctuating parameter P can be measured on each experimental cycle,
then covariance maps can be corrected for correlations of this kind using the
method of partial covariance. By generating covariance matrices between the
signals of interest and the fluctuating parameter and subtracting these from
the covariance matrix of interest, the true covariance is revealed. The resulting

expression is32:46:47

Cov(A, P)Cov(P,Y)
Cov(P, P)

pCov(A, B; P) = Cov(A, B) — (9)

Here, pCov(A, B; P) is the partial covariance matrix, which should now be inde-
pendent of the fluctuating experimental parameter P, and the other covariances
are as defined previously in Equation 2. A similar analysis can also be carried

out when there are multiple fluctuating parameters.4®
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Partial covariance works well when there is a linear dependence between
the signals of interest and the fluctuating experimental parameter. However,
this is often not the case, e.g. fluctuations in the intensity of a laser beam
that initiates a two-photon process will lead to fluctuations in the signal that
depend quadratically on the laser intensity. In such cases, an approach known
as contingent covariance mapping, first introduced by Zhaunerchyk et al,*® can
provide a better correction to the data set. A histogram of the fluctuating
experimental parameter is used to group the data set into a number of subsets
within which the parameter is approximately constant. Covariance maps are
calculated for each subset, and then the individual covariance maps are summed,
with each contribution appropriately weighted according to the fraction of the
data set represented by each subset. In this way, false covariances due to the
fluctuating parameter are avoided. The contingent covariance approach can also

be extended to cover situations in which more than one parameter fluctuates.

3.3.2 Higher order covariances

So far we have only considered covariance between two variables, i.e. two-fold
covariance. Zhaunerchyk and coworkers*® have shown that in certain cases it
is also possible to investigate three-variable (three-fold) covariances, defined by

analogy with the two-variable covariance in Equation 2 as

Cov(4, B,C) = (A = (A))(B = (B))(C = (C))) (10)

For this approach to be valid, it is necessary to show not only that non-zero
covariances arise when the three variables are correlated, but also that the co-
variance is zero when two or three of the variables are independent. Zhauner-
chyk and coworkers showed that both of these requirements are met for processes
which are governed by Poisson distributions, in which case the physical meaning
of two-fold and three-fold covariance is the same. It is also possible to perform
a partial covariance analysis for three variables. However, when attempting to
extend the formalism to four-variable covariance it was shown that pairwise cor-
relations amongst four variables can lead to a non-zero ‘four-fold’ covariance, so
that a simple extension of Equation 10 to four variables is not valid.

We note that observing three-body covariances experimentally requires a
high detection efficiency. For example, consider an experiment probing a three-
body breakup, leading to products A + B + C. If the detection efficiency for each

fragment is 50%, as is typical for commonly-used microchannel plate detectors,
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then whenever we detect an A fragment, we have a 50% chance of also detecting
B or C, and only a 25% chance of detecting A, B, and C. Only 25% of the signal
can therefore reveal the three-body covariances of interest, with the situation
quickly degenerating further as the detection sensitivity drops. Nevertheless,
there are a number of demonstrations of three-fold covariance-map imaging.
For example, three-fold time-of-flight covariance was used as long ago as 1991
by Frasinski et al*® to uncover correlations between triplets of ions formed in
the dissociation of multiply-charged N,O. It was also used by Bryan et al.,>°
alongside two-fold covariance mapping, to reveal a large number of two-body and
three-body Coulomb explosion channels in the dissociation of multiply charged
carbonyl sulphide, OCS.

Three-fold recoil-frame covariance mapping has also been demonstrated by
a number of authors. Of particular note, three-fold covariance mapping applied
to Coulomb explosion products of chiral molecules can be used to differentiate
between enantiomers. This was highlighted by Christensen et al.®! and by

1.°2 in their recent studies of a substituted biphenyl molecule.

Pickering et a
This first use of covariance mapping of Coulomb explosion products to establish
the absolute configuration of a molecule followed relatively quickly on the heels
of an earlier study by Pitzer et al.,>® who demonstrated a similar result for a

chiral methane derivative using 3D coincidence imaging.

3.3.3 Three-dimensional recoil-frame covariance mapping

In Section 3.2 we looked in some detail at the information contained in two-
dimensional recoil-frame covariance-map images, generated from pairs of crushed
velocity-map images. It is also possible to generate three-dimensional covariance
maps from a pair of three-dimensional velocity-map images recorded using slice
imaging. 3D covariances of this type have been demonstrated recently by Lee et
al?%%* for various Coulomb explosion products of multiply-charged CFsI ions.
An example is shown in Figure 5, which shows 3D recoil-frame covariances for
various subsets of the two-body dissociation products CF; and I, As expected,
the two ions recoil in opposite directions in three dimensions. We note that for
this simple two-body dissociation, the central slices through the two 3D scat-
tering distributions - as obtained in a more conventional sliced VMI experiment
- contain all of the required information on the relative velocities of the two
fragments. However, this would not be the case for a many-body dissociation
in which any of the fragments has an out-of-plane velocity component.
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Figure 5: 3D covariance-map images for the CF5 + It Coulomb explosion
products of CF3I?*. The direction of travel of the CF3I reference ion is shown
by the black arrow, and the velocity distribution of the I ion relative to this
direction is shown by the intensity distribution within each slice of the 3D
covariance map. Adapted from reference® .

Three-dimensional covariance mapping will almost certainly soon be com-
bined with three-fold covariance mapping, as described in the previous Section,
in order to investigate covariant relationships between three reaction products
in three dimensions rather than two. This is likely to prove particularly useful
in analysing chiral data sets, since it will in principle provide a very direct way
in which to disentangle contributions from each handedness.

4 Applications of recoil-frame covariance-map imag-

ing

Having introduced the principles underlying recoil-frame covariance map imag-
ing, we are now ready to consider recent applications of the technique within a

variety of chemical dynamics studies. For a summary of earlier studies exploit-
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ing time-of-flight covariance mapping, we again refer the reader to the recent

review by Frasinski.3?

4.1 Dissociation dynamics of doubly and triply charged
ions: disentangling sequential dissociation pathways

4.1.1 Electron ionisation of CF3I

In Section 3.1 we considered as an example the time-of-flight covariance map of
the various fragment ions formed in the dissociative electron ionization of CF3l
at an electron energy of 100 eV. At this energy, the vast majority of collision
events yield a singly charged parent ion, which often dissociates into a singly
charged daughter ion and a neutral.®® However, since only the ionic fragment
is detected, covariance analysis is blind to these major channels, and allows the
products of less common processes involving doubly and triply charged parent
ions to be observed even in the presence of large signals from singly-charged
pathways.?340 The ToF covariance map shown in Figure 2 shows strong covari-
ance signals involving the ion pairs (I*, CF7), (I, CFJ), (If, CFY), (I, C*),
(F+, IT), all arising from the dication CF3I?*, and much weaker signals for the
corresponding pairs involving I2* rather than I*. The presence of these signals
reveals a significant number of decay channels for the dication and trication.
These include two-body decay to form a methyl and iodide ion pair, alongside
a number of many-body decay channels involving loss of one or more neutral
fluorine atoms. Recoil-frame covariance-map images provide further insight into
each of these pathways. Figure 6 shows recoil-frame covariance maps for a subset
of the ion pairs arising from fragmentation of the dication. Similar distributions
are observed for fragmentation of the trication, though the products appear at
larger radii due to the greater Coulomb repulsion during the early stages of the
fragmentation.

The first covariance map shown in Figure 6 corresponds to the two-body
dissociation channel, and clearly shows the pair of ions recoiling in opposite
directions in accordance with conservation of momentum. The remaining images

correspond to the channels:
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Figure 6: Covariance-map images for the dissociation products of CF3I?T. In
each case the arrow marks the reference ion and the label on the top left of the
image denotes the signal ion. Adapted with permission from reference.??

CF3I*t — CFf +1T+F
CFsI’t — CF" 41" +2F
CF3I*t — CT 41T +3F (11)

As noted in Section 3.2.2, these many-body channels may proceed by a number
of different mechanisms involving fragmentation of the doubly-charged ion into
two singly charged ions and loss of one or more fluorine atoms. In all of the
covariance-map images, we see that the two charged fragments recoil predomi-
nantly in opposite directions. However, the momentum ‘kick’ imparted to the
products of C-F bond fission causes the correlation to become less well defined
with each successive F atom loss.

The covariance-map images can provide insight into the detailed mechanism
of the various dissociation processes. Take for example the first of the three
channels shown in Equation 11. As explained in Section 3.2.2; there are three

possible dissociation mechanisms:
1. Concerted dissociation of CF3I?* into CFy + I + F;

2. Initial charge separation into CF3 + IT, followed by loss of neutral F from
CF7;
3. Loss of a neutral F atom from the parent CF3I%% ion, followed by charge

separation to form the final products.

Previous work by other authors, in which CF3I?* ions were formed either by
photoionization or electron ionization, has indicated that at low electron energies
(50 eV) the dissociation proceeds primarily through the initial charge separation
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mechanism (mechanism 2 above), with a shift to the deferred charge separation
mechanism (mechanism 3 above) at higher energies, above 200 eV.5557 At even
higher energies the concerted mechanism becomes accessible.?® At 100 eV we
therefore expect to see dynamics corresponding to a mixture of the initial and
deferred charge separation mechanisms. Figure 7 shows simulated covariance-
map images for both mechanisms together with the experimentally measured
images. The simulations were based on a simple energetic model employing
fixed energy release values of 1 eV for the F loss step and 4.5 eV for the charge
separation step, based on barrier heights and kinetic energy releases reported
by Eland et al.?” and Douglas.?® In reality there is likely to be a distribution
of energy releases in each step. However, we see that the simulated images
rather convincingly reproduce the experimentally observed product velocities.
As observed previously in Section 3.2.2, the two mechanisms yield very different
covariance maps. However, neither pair of simulated images exactly reproduce
the features observed in the experimental images. Instead, the experimental im-
ages have a form somewhere in between the two pairs of simulated images. This
is entirely consistent with the earlier observations on the dissociation dynamics

of CF3I?t. Details of other dissociation channels can be found in reference.??

4.1.2 Dissociation of polycyclic aromatic hydrocarbons: fluorene

Having demonstrated that recoil-frame covariance-map imaging can be useful in
distinguishing between competing dissociation mechanisms in a small molecule,
one might wonder whether such an approach can be extended to much larger
molecular systems. We have recently investigated the dissociation pathways
followed by multiply charged polycyclic aromatic hydrocarbons (PAHs) gener-
ated by XUV photoionization,®® and have found covariance mapping to be an
extremely powerful tool for unravelling the complex dissociation dynamics of
these molecules.

As an example, Figure 8(a) shows the time-of-flight mass spectrum recorded
for the PAH fluorene (C13H;g) following irradiation by 30.3 nm light from the
FLASH X-ray free-electron laser. The spectrum indicates formation of singly,
doubly, and triply charged parent ions, along with a wide variety of smaller
fragment ions. We will focus in the following on the dissociation dynamics of
the dication. The time-of-flight resolution is not sufficient to resolve individual
hydrogen atoms unambiguously, so in the following we will group together the
signals from C,,H;! ions with different numbers m of hydrogen atoms, and con-
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Figure 7: Simulated covariance-map images for dissociation of CF3I°T by (a)
the initial charge separation mechanism and (b) the deferred charge separation
mechanism, together with (¢) the experimentally measured images. Reproduced
with permission from reference. 33

sider only the fragmentation dynamics of the carbon framework. We can use
covariance mapping to obtain further insight into these dynamics.

As we have seen previously, covariance mapping provides a straightforward
and unambiguous way to identify pairs of ions formed in a given process. As an
example, Figure 8(b) shows the velocity-map images recorded for the CoH! and
C11H,!, ions (top row), and the corresponding covariance-map images for the two
ions (bottom row). The strong covariance signal reveals that the two fragments
are formed wia two body dissociation of the doubly-charged parent ion Clngar,
and recoil in opposite directions in line with conservation of momentum. We can
perform the same analysis for all possible pairs of ions that could be formed from
the fluorene dication, and the resulting covariance maps are shown in Figure 9.
While there is a great deal of information presented in this figure, it can be
distilled down to a relatively simple picture of the fragmentation dynamics.

Firstly, consider the covariance maps appearing along the diagonal in Figure
9. In terms of the carbon framework, these all correspond to two-body dis-
sociation processes of the form C35 — Cjf + Cf,_,. We observe all possible
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Figure 8: (a) time-of-flight spectrum recorded for fluorene (top) following ir-
radiation by 30.3 nm light from an X-ray free-electron laser; (b) Velocity-map
images (top) and recoil-frame covariance-map images (bottom) for the CoH!
and Cy;H; fragments.

two-body dissociations of this type apart from loss of a single carbon atom from
the parent dication. This is perhaps surprising given the extensive molecular
rearrangement, and multiple bond cleavages needed to access some of these path-
ways. However, calculations show that the relevant dissociation energies are all
energetically accessible following double ionisation by a 30.3 nm photon.>®

On closer inspection of the array of covariance images, we note an interesting
pattern in the data. In working down the first column of images, for example, we
see the expected covariance between the CJ and Cj, fragment ions. However,
we also see covariances for the pairs (C§, C4) and (C5,CT). The covariance
signals become more blurred as we move from Cf; to C to CF. We have seen
such effects before, in Section 4.1.1, when we were looking at sequential loss
of F atoms from CF3I?* cations. In this case we are not looking at sequential
loss of atoms, but of (most probably) neutral acetylene, CoHs. In terms of the
carbon framework, the covariance images reveal the existence of the following

sequential dissociation process:

Cl — Cf+Ch (12)
CHi = C§+0Cs (13)
Cs — CI+QCy (14)

In fact, the covariance images reveal that all of the singly-charged ions formed
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Figure 9: Recoil frame covariance-map images for the various possible ion pairs
formed following 30.3 nm laser ionisation of fluorene. Note that the covariance
maps are resolved only by the number of carbon atoms, C,, within each ionic
fragment. The reference direction is vertically upwards, as illustrated by the
arrow in the covariance-map image of Cs relative to Cy; fragments in the top
left image of the array.

in the initial dissociation of the dication can decay via the sequential acetylene
loss pathway. Working down any of the columns of the images in Figure 9 we see
covariances in every second row of the array, which become increasingly blurred
as we move down the column. Remarkably, in this particular experiment, a
single multi-mass imaging data set combined with covariance analysis of the
data allows us to observe an entire network of competing multi-step dissociation

pathways. These pathways are summarised in Figure 10.
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Figure 10: Fragmentation pathways of the carbon framework in fluorene, as
determined from covariance-map imaging. Singly-charged PAH cations decay
via sequential loss of neutral CoH,, fragments. Doubly-charged PAHs also decay
via this pathway, or alternatively can undergo a pairwise dissociation into two
smaller singly-charged ions, which then decay further via sequential loss of CoH,,.

4.2 Molecular structure determination: covariance analy-

sis of Coulomb explosion images

We have shown that covariance-map imaging is proving to be a powerful tool for
probing a wide variety of photon and electron-induced dynamics. However, it is
also capable of providing direct information on molecular structures, and in some
cases even enables the recording of ‘molecular movies’: real time visualisations
of chemical dynamics.

To obtain structural information, covariance mapping is used in combination
with Coulomb explosion imaging. A focused ultrafast laser pulse is sufficiently
powerful to strip multiple valence electrons from a molecule, removing some or
all of the chemical bonds. This can be achieved either directly via strong-field
ionization, or indirectly by core electron ionisation followed by an Auger cas-
cade, with similar ensuing dynamics in the two cases.®? If the laser pulse is
sufficiently short that neglible nuclear motion occurs during the stripping pro-
cess, the result is a set of positively charged atoms or small molecular fragments
located at the original positions as the neutral atoms in the original molecule.
Strong Coulomb repulsion between the charges then rapidly leads to a Coulomb
explosion, during which the initial positions of the fragments are mapped onto
their final velocities. Multi-mass velocity-map imaging allows the velocities of

all fragments to be recorded, which in principle allows one to ‘work backwards’
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to the original structure. A caveat is that the mapping from initial position
to final velocity is only straightforward if sufficiently high charge states of the
parent ion can be accessed. Low charge states tend to exhibit complex disso-
ciation dynamics, in which attractive intermolecular forces play an important

1“01661766

and the final trajectories depend on a variety of factors, including the
charge state, vibrational state, and electronic state of the ion. In contrast, for
high charge states the dynamics are dominated by Coulomb repulsion and are
relatively insensitive to other factors. We have recently investigated these ef-
fects in detail by means of a simulation study on multiple charge states of formyl
chloride and cis-1,2-dichloroethene. > The origins of non-axial recoil in Coulomb
explosions have also recently been studied experimentally.%7-68

Coulomb explosions of small molecules have been studied by coincidence
imaging for several decades (see Section 2). Under coincidence conditions the
Coulomb explosion products are detected for one exploding molecule at a time,
and the velocities can be rotated into a common reference frame in order to un-
cover the relationships between the velocities of the different fragments. A very
good overview of the requirements for such experiments has been provided by
Pitzer et al.%? Such experiments have focused almost exclusively on understand-
ing the Coulomb explosion dynamics of small molecules for which the molecular
structures are already well established, and while in principle they could be
extended to larger molecules, insufficiently high detection sensitivity is likely
to present significant challenges (see Section 3.3.2). In contrast, multi-mass
velocity-map imaging experiments can record images for all of the fragmenta-
tion products, though in general not every fragment will be detected from each
parent ion. At the typical count rates used in such experiments, the products
of multiple Coulomb explosions are recorded on each experimental cycle. This
has the result that within the velocity-map images, the superposition of mul-
tiple trajectories arising from parent molecules with many initial orientations
obscures the relationships between the fragment velocities. Covariance analysis
provides a means to recover this information.

As an example, we will consider a series of experiments carried out by
Stapelfeldt and coworkers3%:3770 to probe Coulomb explosion of the substituted
biphenyl molecule 3,5-dibromo- 3’,5’-difluoro-4’-cyanobiphenyl, shown in Figure
11(a). To simplify interpretation of the velocity-map images, the molecule was
prealigned with respect to a laboratory axis using a linearly polarised nanosec-
ond pulse from a Nd:YAG laser.” =77 This aligns the molecular axis to the po-

larisation axis of the laser beam, but the molecule still undergoes free rotation
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Figure 11: (a) Molecular structure of the substituted biphenyl molecule used in
the experiments described in the text; (b) time-of-flight spectrum and velocity-
map images recorded for the Coulomb-explosion products of the substituted
biphenyl molecule in (a). Adapted from reference? .

about this axis. It is also important to note that the molecule is only aligned,
not oriented, so half of the molecules in the sample are oriented as shown in
Figure 11(a), and the other half are ‘upside down’. The aligned molecules were
subjected to a high intensity ~ 30 fs pulse from a Ti:Sapphire laser to ini-
tiate Coulomb explosion, and the resulting ions were recorded in a multi-mass
velocity-map imaging measurement employing the PImMS camera. Figure 11(b)
shows the mass spectrum and velocity-map images for each detected fragment,
as extracted directly from the PImMS data set. Note that the alignment axis
lies vertically in the images. The mass spectrum shows peaks for all of the
expected singly and doubly charged atomic fragment ions (H*, CT, C?* F+,
F2+ Nt Brt, Br?t) and small molecular fragment ions (C§ and CN*). Even
the ‘raw’ velocity-map images contain a significant amount of structural in-
formation, though this is averaged over the various orientations of the sample
molecules. For example, based on the presence of a cyano (CN) group at the
‘top’ of the molecule, we expect to see NT ions to be formed flying upwards
for the molecules oriented as shown in Figure 11(a), and flying ‘downwards’ for
those oriented ‘upside down’. The Nt image does indeed reveal NT ions trav-
elling in both the upwards and downwards directions relative to the alignment
axis. We can make similar arguments for the other atomic fragments.

Figure 12 shows covariance-map images constructed from several pairs of
the images shown in Figure 11(b). In each image, N has been chosen as the
reference ion, and the three images reveal the velocity distributions of the F¥,
Br™ and HT ions relative to this direction. The velocity distributions clearly
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Figure 12: Covariance-map images for various ion pairs formed in the Coulomb
explosion of the substituted biphenyl molecule shown in Figure 11(a). In each
image, NT is the reference ion, and travels in the upwards direction in each
image. The circles superimposed on each image are the result of trajectory
simulations based on a simple model described in the text.
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reflect the spatial relationships between the corresponding atoms in the original
biphenyl molecule, though we note that because of the 2D projection involved in
the velocity-mapping measurement, the covariance calculation does not correct
for the distribution of orientations caused by rotation about the molecular axis,
and this ‘smears out’ the measured velocity distributions somewhat. This could
be addressed by performing a 3D covariance measurement of the type described
in Section 3.3.3.

The circles superimposed on each image show the results of a very simple
trajectory simulation which assigns a single charge to each atom in the parent
molecule, and solves Newton’s equations assuming that Coulomb repulsion is the
only force acting on the ions. Much more sophisticated simulations are reported
in reference,?” but we see that even this simple model is able to predict the
measured fragment velocities with a reasonable degree of accuracy. An eventual
goal is to develop a structure refinement procedure analogous to that used in
X-ray crystallography, in which an ‘initial guess’ structure is refined iteratively
to optimise the agreement between the predicted and measured covariance-map
images.

The fact that laser-induced Coulomb explosions are initiated on the fem-
tosecond timescale offers the intriguing possibility of probing molecular struc-
ture in real time over the course of a chemical change. In addition to ‘static’
Coulomb explosion measurements, the substituted biphenyl described above has
also been the subject of time-resolved measurements.’% 7830 For these measure-
ments the molecules were aligned with their molecular axis pointing along the
time-of-flight axis, i.e. perpendicular to the image plane. Following alignment
of the molecular axis by the nanosecond laser pulse, the aligned molecules were
subjected to a pair of femtosecond laser pulses with a variable delay between
the two pulses. The first pulse initiated a vibrational mode involving a torsional
motion of the two phenyl rings, resulting in an oscillation of the dihedral angle
between the two rings about its equilibrium value of close to 45 degrees. The
second pulse initiated Coulomb explosion. By varying the delay between the two
pulses, and recording velocity-map images of the Coulomb explosion products as
described above, the molecular structure can be investigated at various different
times during the vibration, either directly from the velocity-map images,3® or
more directly from the covariance-map images.”® Figure 13(a) shows the dihe-
dral angle recovered from the covariance-map images plotted as a function of
time. We see a clear oscillation with an amplitude of 3 degrees and a period
of 1.22 ps. As shown in Figures 13(b) and (c), the authors also showed that it
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Figure 13: Dihedral angle between the two phenyl rings of 3,5-dibromo- 3’,5’-
difluoro-4’-cyanobiphenyl plotted as a function of time after one or two kick
pulses (blue Gaussians) that initiate a torsional vibration. The dihedral angle
is determined from the covariance images of the (F™,Br™) ion pair when the
Coulomb explosion fragments are imaged for molecules aligned ‘end on’ to the
detector. Traces are shown for (a) a single kick pulse; (b) two kick pulses
separated by the vibrational period of 1.22 ps; (c) two kick pulses separated by
0.54 ps, slightly less than half a vibrational period. Experimental results are
shown as black dots; red lines show calculated results. Adapted from reference. ™
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is possible to double the amplitude of the vibration by including an additional
laser pulse a full vibrational cycle after the first kick pulse, and to quench the
vibrational motion via destructive interference by including an additional laser
pulse close to half a cycle (0.54 ps) after the first.

There have been a number of other recent examples of covariance map-
ping applied to the products of Coulomb explosions. For example, Burt et
al.3® showed that the approach could be used to distinguish between structural
isomers of difluoroiodobenzene and dihydroxybromobenzene in the gas phase.
Several of the same authors have also shown that three-fold covariance map-
ping (see Section 3.3.2) applied to the products of Coulomb explosions can be
used to establish the absolute configuration of a chiral molecule.®! Stapelfeldt
and coworkers have used Coulomb explosion imaging combined with covariance
mapping to investigate both the degree of alignment %8183 and the detailed
structures of individual molecules and small molecular clusters contained within

helium nanodroplets. 848

5 Future directions

Covariance-mapping applied to multi-mass velocity-map images is a technique
still in its infancy, and we continue to discover new ways in which this versatile
approach can help us to probe such data sets in ever more detail. We anticipate
that the technique will be used increasingly to isolate signal contributions from
individual reaction pathways in systems possessing multiple competing path-
ways. The ability of covariance mapping to identify stepwise reaction pathways,
as shown in Sections 4.1.1 and 4.1.2, is likely to prove particularly useful.

The use of covariance mapping in combination with Coulomb explosion imag-
ing shows significant promise as an ultra-fast molecular structure determination
method. However, there is a great deal of work still to do in understanding the
capabilities and limitations of the approach. In particular, while the method
has proven to be very effective in tracking bond angles, the extent to which
accurate bond lengths can be recovered has not yet been established with any
degree of rigour. In addition, most demonstrations of the approach to date have
focused on relatively rigid molecules containing one or more heavy atoms which
are exploited as ‘mass tags’ during the data analysis. Systematic studies will
need to be performed under a variety of experimental conditions on a series of

‘benchmark’ molecules in order to explore the extent to which the approach is
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generally applicable, as well as to determine the precision and accuracy that
can be achieved in structure measurements.

Both mechanistic and structural studies are likely to benefit over the coming
years from continued improvements in experimental capabilities. In parallel with
advances in data analysis capabilities, improved universal ionisation schemes
coupled with faster and more sensitive detection systems will enhance covariance
signals and reduce false covariances within measured data sets. Faster detectors
will also open the way to making ‘3D-sliced’ velocity-map imaging measurements
routine, enabling covariances to be observed in three dimensions rather than two.
This is likely to prove particularly useful in structure determination applications
for extracting full 3D structural information from a data set, and will also
simplify interpretation of covariance maps in mechanistic studies.

While this review has focused on covariances between ions, there is also con-
siderable scope for covariance mapping to be used in the study of ionisation
processes. Photoelectron imaging was first demonstrated during the relatively
early days of ion imaging,®%87 before the discovery of velocity-map imaging,
and the higher-resolution method of velocity-map imaging is now widely used

8890 and has provided rich insight into the electronic

to study such processes,
states involved. A variety of photoelectron-photoion coincidence methods are
also widely employed (see Section 2). Covariance analysis can provide similar
information to that available from a coincidence experiment, but allows experi-
ments to be performed under a wider range of conditions, and in particular at
higher count rates. This opens up a range of possibilities in terms of the types
of light source that can be used. In the majority of photoelectron-photoion co-
incidence experiments, the electron and ions are recorded at separate detectors.
Applying covariance analysis in such situations requires careful co-registration
of signals to ensure that the electron and ion signals from each experimental
cycle can be analysed together. For example, Rading et al. have recently de-
scribed a purpose-built experiment of this type.®! Alternatively, recording both
electrons and positive ions on a single detector in a multi-mass velocity-map
imaging experiment has already been demonstrated,??%® and requires only the
replacement of static velocity-map imaging lens potentials with potentials that
switch from negative to positive in order to extract electrons and ions from the
interaction region in sequence.

In summary, while there is much work still to be done before covariance-map
imaging becomes a fully mature technology, we believe that the approach has

huge potential in extending chemical dynamics studies to much larger chemical
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systems than have been investigated to date. We anticipate that over the coming
decades the technique will provide deep insight into a wide range of chemical
systems of real-world interest, spanning atmospheric chemistry, astrochemistry,
chemical biology, synthetic photochemistry, photomedicine, and more.
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