Predicting Coulomb explosion fragment angular distributions using
molecular ground-state vibrational motion
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Laser-induced Coulomb explosions can be used to identify gas-phase molecular structures through correlations between
fragment ion trajectories. This report presents a model for predicting these outcomes, which first establishes the neutral
equilibrium geometry of a target molecule using electronic structure calculations, and then samples a probability dis-
tribution of potential ground-state configurations by allowing for zero-point vibrational motion. Candidate structures
are assumed to explode instantaneously into charged fragments, and the simulated ion trajectories are correlated using
recoil-frame covariance analysis. The effects of detection efficiency and fluctuating experimental conditions are also
considered. The results were found to match experimental data, indicating that Coulomb explosion fragment angular
distributions produced from highly-charged ions depend largely on the internal motion of the target molecule.

I. INTRODUCTION

Molecules exposed to intense femtosecond laser pulses can
lose multiple electrons, producing unbound states that explode
with largely Coulombic fragment trajectories'. With increas-
ing charge, the parent ion explosion occurs more abruptly
and the fragment momenta begin to resemble purely electro-
static repulsion®?. The molecular structure at the time of its
Coulomb explosion can therefore be established from the rel-
ative product trajectories. This method has been used to dis-
tinguish structural and chiral isomers of small gas-phase ions,
and has been combined with femtosecond pump-probe spec-
troscopy to explore structural and reaction dynamics*~®. Due
to Coulomb’s law, the fragment kinetic energies are acutely
sensitive to changes in molecular geometry, which can allow
excited states to be distinguished from ground state molecules
or other competing reactions, so long as the relevant structures
are distinct!”.

Despite the potential of Coulomb explosion imaging, its
generality as a structural determination tool has limits. One
challenge is accurately correlating the fragment momenta.
For small molecules, this can be done directly through co-
incidence counting*%3. However, this restricts the upper
event rate limit to about one Coulomb explosion per laser
pulse to avoid false correlations, which lengthens the time
required to sample the full probability distribution of reac-
tion outcomes. For experiments that are limited by repetition
rates, covariance analysis becomes a more useful alternative.
This method relies on determining statistical dependencies be-
tween fragments from a large data set'!~!3, and can handle
event rates that are ten to a thousand times higher than coin-
cidence conditions!*!3. For this reason, covariance analysis
is often applied at intense light sources, such as free electron
lasers, that ionize large numbers of molecules within a single
pulse.

A second complication arises when interpreting relative
fragment trajectories. Coulomb explosions can result in the
creation of significant amounts of identical cations. As the

ensemble of molecules being studied are in different vibra-
tional phases, successive laser pulses are not matched with
a unique geometry and these fragments are emitted with an-
gular distributions that can overlap. This angular blurring is
apparent even in reasonably rigid structures, such as aromatic
molecules, and therefore limits the number of fragment tra-
jectories that can be experimentally distinguished for a given
ion®. In principle, the rotations of molecular fragments dur-
ing a Coulomb explosion will also affect these momenta. Ro-
tational periods are generally long (> 10713 s) relative to the
laser-induced fragmentation (~ 10~ s) and so the axial-recoil
approximation is usually assumed to hold'®. Prompt Coulomb
explosions can therefore be applied to predict structural infor-
mation even when segments of the original bonding frame-
work survive!”-18,

Given the uncertainty in mapping ionic fragment momenta
to neutral ground-state structures, a variety of computational
approaches have been developed to simulate Coulomb ex-
plosion dynamics. For the simplest molecules, such as H;’ ,
the product momenta can be determined by solving the time-
dependent Schrédinger equation in the presence of a strong
laser field and projecting the result onto a Coulombic poten-
tial energy surface'®. Good agreement with the Schrodinger
equation can also be obtained in multielectron systems us-
ing the strong-field approximation, which considers the ef-
fect of the laser field on a photodetached electron®*2!. Field-
free methods have also proven useful. For example, one-
dimensional ab initio potential energy curves calculated for
CH31 have broadly reproduced Coulomb explosion data®?, as
have molecular dynamics simulations for aromatic molecules,
including Cgp2>24.

This report presents a field-free ab initio framework for
simulating Coulomb explosion fragment momenta, and ap-
plies it to assess the precision of covariance imaging as a
structural analysis method, subject to the constraints outlined
above. The model assumes an instantaneous Coulomb explo-
sion of a charged parent ion, whose initial geometry and re-
action channel are selected from a probability distribution of
neutral ground-state structures that include zero-point vibra-



tions. Experimental considerations including event rate, de-
tection efficiency, and noise are also accounted for. The fol-
lowing sections detail the model, verify it against experiment,
and discuss the advantages and limitations of Coulomb explo-
sion fragment covariance analysis when applied to complex
molecules.

Il. METHODS
A. Coulomb Explosion Modeling

Coulomb explosions were modeled by assuming instanta-
neous fragmentation and electrostatic repulsion. The valid-
ity of this approximation will be greatest when using ultra-
short laser pulses to produce highly-charged parent ions, due
to the increasing likelihood of a prompt explosion. It also
improves when considering heavier nuclei, as they move rel-
atively slowly along their laser-distorted potential energy sur-
faces with trajectories that are harder to perturb'®. For a given
parent molecule, the equilibrium geometry at the time of the
explosion was specified to be the lowest energy isomer de-
termined using the B3LYP density functional method with 6-
311G or SDD basis sets, as implemented by Gaussian 092>,
The product ions were then selected from a probability dis-
tribution of possible reaction outcomes and modeled as point
charges with initial positions defined by the equilibrium struc-
ture and the fragment centers-of-mass. The resulting trajecto-
ries were calculated using Newton’s second law with Coulom-
bic forces between particles, such that, for n fragments, the
forces F; ; arising from pairwise interactions between ions i
and j with masses m, charges g, and internuclear distances
7;; were given by the following expression, where k is the
Coulomb constant:
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For most systems, the above equation is a many-body prob-
lem. A fourth-order explicit Runge-Kutta algorithm from the
SciPy package was therefore used to determine numerical
solutions, with the ion masses and positions from the elec-
tronic structure calculation as initial conditions?®. The dy-
namic fragment trajectories during the explosion were evalu-
ated for up to 10 ns, with time steps determined by the equa-
tion solver, at which point the products were far enough apart
for the Coulombic interactions to be negligible.

This method produces Coulomb explosion fragments from
an oriented and static structure. However, in typical experi-
ments molecules will be isotropic or aligned relative to a laser
polarization axis, and will exist in one of many configurations
due to vibrations. To account for these factors, the fragment
positions were collectively rotated before each Coulomb ex-
plosion, either using a random angle or a confined distribution
to simulate alignment. The harmonic vibrational frequencies
o and reduced masses [ were also calculated for the equi-
librium structures and used to determine the likely motion

imparted to individual atoms from each normal mode. Un-
perturbed molecules were assumed to be in their ground vi-
brational states, and the probability of finding the nuclei in a
specific arrangement was determined from the corresponding
harmonic oscillator wavefunctions Yy for each mode.
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The above equation is a normal distribution with the
equilibrium position set to zero. Its standard deviation is
Vh/2ou. In this way, the likelihood of a vibration extend-
ing beyond the classical turning points is equal to the 16%
tunneling probability of a ground-state harmonic oscillator. A
parameter z corresponding to vibrational displacement from
the equilibrium position was sampled for each mode and used
to determine new atomic positions for each explosion.

Repeating this procedure for multiple laser shots produces
a three-dimensional distribution of fragments whose densi-
ties at particular points are weighted by the ground-state vi-
brational wavefunctions of the equilibrium structure. For
isotropic molecules, the ions appear as nested spheres with
radii that depend on their kinetic energies. To imitate particle
detection in a velocity-map imaging mass spectrometer, the
fragments were additionally simulated to accelerate along a
defined axis using a uniform electric field, and projected onto
a plane representing a position-sensitive detector. Each ion
is therefore assigned image coordinates as well as a time-of-
flight that depends on its mass-to-charge ratio. This produces
two-dimensional ion images for each fragment that are used
for covariance analysis.

2

B. Experimental Variance

The covariances between co-fragments should be indepen-
dent of experimental noise. However, fluctuating parame-
ters often introduce unimportant correlations that overshadow
these. In a Coulomb explosion experiment, variations in the
gas density within the laser interaction volume, or the laser
pulse energy and pointing stability, can significantly change
the number of ions generated per experimental cycle. This
makes all ions appear correlated, as a rise in intensity means
more of them are being generated together and vice versa.

To simulate this noise, the fluctuating experimental con-
ditions are considered using the method of Mikosch and
Patchkovskii'®. The experimental event rate v is sampled from
a normal distribution centered on the mean value. Choosing
a large standard deviation o leads to greater variability in the
shot-to-shot event rate, whereas a value of zero yields a com-
pletely stable experiment.
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The number of molecules m fragmented by a laser pulse
is then chosen from a Poisson distribution using the sampled
event rate.
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The fragments generated from each exploding molecule are
chosen using a probability distribution that reflects the possi-
ble outcomes. This can be as simple as assigning a single
charge to each atom and assuming a purely Coulombic re-
pulsion, or be informed by experimental results, for example
by comparing relative signal intensities in a mass spectrum to
identify the most likely fragmentation channels. Each ion is
also given an imperfect detection efficiency to better approx-
imate typical experiments. The result of these adaptations is
that the simulated ion images are produced with a level of
noise that can be tuned by the o parameter in equation 3.

C. Recoil-frame Covariance Analysis

Correlations between the simulated Coulomb explo-
sion images are determined using recoil-frame covariance
analysis®’2°. This places the expected angular distribution
of one fragment in the reference frame of a recoiling co-
fragment, producing ion images that can be intuitively com-
pared to the geometry of a parent molecule at the time of its
explosion. To our knowledge, this method has only been qual-
itatively described, so a detailed description is provided here.

Covariance measures how relative changes in random vari-
ables correlate. For a data set comprising m random variables,
the variances and covariances can be quickly assessed by con-
structing an m X m variance-covariance matrix S:
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The main diagonal of this matrix contains the variances of
each variable, and the remaining symmetric elements are the
covariances®’. For two particular variables a and b that are
randomly distributed, these can be defined as:

var(a) = saa = {(a = (a))?) = (@®) — (a)? (6)

cov(a,b) = sap = {(a—(a))(b— (b)) = (ab) — (@) (b) ()

In the context of Coulomb explosion imaging with time-
stamping sensors, the measured variables include the times-
of-arrival (¢) and spatial coordinates (x,y) of each detected
fragment. Correlations between ion time-of-flight signals can
be determined using the method described by Frasinski, where
two identical one-dimensional time-of-flight spectra are used
to produce a variance-covariance matrix!!, as shown below.
The off-diagonal elements of these covariance maps reveal
which ions are produced from the same reaction channels, and
approximate the results of coincidence counting experiments.
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In a similar manner, variance-covariance matrices can be
constructed from ion image coordinates®'=33. This is useful
for determining structural information from velocity-mapped
images of Coulomb explosion fragments, as the resulting co-
variance maps contain the relative fragment recoil directions.
In essence, this application extends time-of-flight covariance
analysis to higher dimensions. The spatial coordinate covari-
ances between two ion images create a four-dimensional array
that must be reduced for further interpretation. For example,
Stapelfeldt and coworkers demonstrated an angular covari-
ance mapping method that transforms the spatial x and y coor-
dinates of detected ions into a range of polar angles 6, which
are then used to create a two-dimensional map>!, as in equa-
tion 8. Subsequent work by Brouard and Stapelfeldt instead
used both polar coordinates (r, 8) to produce recoil-frame co-
variance maps that preserve the fragment velocity informa-
tion, and hence retain the outward appearance of ion images,
while rotating the data into a common reference frame?’-28,

As an example of recoil-frame covariance analysis, con-
sider the fragmentation of a heteronuclear diatomic molecule
into two ions A and B. With an i X j pixel time-stamping
detector, the ion imaging data will be recorded as x;y;ta or
x;y;tg coordinates. The complete variance-covariance matrix
for these observables will be 16-dimensional (using x, y, fa
and 7g), and can be shaped into four block matrices that rep-
resent the pixel-to-pixel variances and covariances of the two
ion images.

Xiyjla XiyjlB

wvia | S(A,A) S(A,B
g [ S(AA) S(AB) o

xvjtg | S(B,A) S(B,B)

The upper right quadrant contains the covariances of A with
B, and the lower left quadrant is its transpose. Only one is
needed to determine the relative behaviour of the two ions,
which simplifies the above matrix to:

X1Y11B Xiy;iB
Xyia | S(1,1,A),(1,1,B) - S(1,1,A),(i,j,B)
S(A,B)=: : : (10)
xiyjta | S(i,j,A),(1,1,B) S(i,j,A),(i,j,B)

This is an ij x ij matrix where each row contains the co-
variances of a unique A pixel with every B pixel. As the data
it contains is effectively four-dimensional, with the A and B
images each contributing two degrees of freedom, it is con-
venient to reduce the output to a two-dimensional image. In
this case, A is chosen as the reference ion to remain consis-
tent with previous reports®3433 Integrating each B pixel over
all A pixels produces a single row where each element is the
total covariance of a B pixel due to the collective A pixels.
This is shown below, where the i and j coordinates of the A
ions have been relabeled as v and w for clarity in the following
equations.
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Reshaping this column into an i X j array yields the covari-
ance map Cov(A, B) of B with respect to A. As S(A, B) and
S(B, A) are transposes, the same data can also be reshaped to
produce the covariance map Cov(B, A).

va (1,1,B),(vw,A) - va ljB (v,wm,A)

Cov(A,B) =

Zv,w S(i,1,B),(vw,A) - Zv,w (i,j,B),(v,w,A)
(12)
Using equation 7, the elements of this result can be written
as two terms that represent n observations. The first is the
expected coincidence count of a particular B pixel with every

A pixel:

1 n
(xiyjte X Y xywia) = EZZ xiyjte )i [(vywta)i]  (13)
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The second is the expected value of a B pixel multiplied
with the expected summed intensity due to every A pixel:

1 n
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With these definitions in mind, Cov(A,B) is typically writ-
ten as:

:

Cov(A,B) = (AB) — (A) (B) (15)
However, equations 13 and 14 demonstrate that this is a con-
venient abuse of notation, as A and B are defined differently
despite being intended to represent two ion images. The (AB)
and (A) (B) terms must also be weighted to ensure they are
comparable. For example, it is useful to consider Cov(A,B)
as the expected distribution of A ions per shot with respect to
a single reference ion. Since the number of observed events
n is not necessarily equal to the number of laser shots used
to measure them, the (x;y;fg X ¥, X,yufa) terms should be
normalized to the number of reference ions on a shot-by-shot
basis, to avoid overcounting the number of A ions. However,
as the (x;y;tg) (¥, Xvywla) terms are proportional to the av-
erage amounts of A and B per shot, they must also be divided
by (¥, Xvywia) to ensure that the magnitude of Cov(A,B)
represents one reference ion.

Figure 1 illustrates (AB), (A) (B), and Cov(A,B) for the
fragmentation of a freely rotating heteronuclear diatomic
molecule. These were created by simulating the isotropic
Coulomb explosion of IBr into IT and Brt over 50,000 laser
shots and projecting the output as ion images (A" and BT in
Fig. 1a, respectively). The left-hand column of Fig. b was
produced with a detection efficiency of 0.6, and using equa-
tion 4 to define a Poissonian event rate with v = 10. The right-
hand column was made in the same way, but with perfect de-
tection efficiency and an invariant rate of v = 1.

As the data is isotropic, the x;y;za and x;y;tg events were
transformed into polar coordinates and rotated into a com-
mon recoil frame with BT as the reference ion. For the (AB)
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FIG. 1. (a) Simulated Coulomb explosion images of fragments A™
and B from a freely rotating heteronuclear diatomic molecule (IBr,
with [= A and Br=B), composed using 50,000 laser shots with a de-
tection efficiency of 0.6. (b) Covariance analysis of this data, created
with either a Poissonian event rate of v = 10 (eq. 3) or an invariant
rate of v = 1, illustrates the expected coincidence images (AB), aver-
aged images (A) (B), and recoil-frame covariance images Cov(A,B)
when BT is chosen as the reference ion. The band of positive co-
variances extending from the center of the covariance images at 180°
represents the spherically symmetric two-body fragmentation. Each
image is normalized to its maximum value.

images, the A ions were rotated relative to each coincident
BT ion shot-by-shot, while the (A) (B) representations were
rotated after the summation in equation 14, as the coinci-
dence information is necessarily lost during this process. In
the (AB) coincidence images, the spherically symmetric two-
body fragmentation of the molecule produces an intense line
that extends from the image center at 180° from the reference
ion, and which reaches a maximum at the radius that corre-
sponds to the kinetic energy of the A™ fragment. The Poisso-
nian data additionally exhibits an isotropic feature at the same
radius that decreases in intensity towards the center of the im-
age. This arises from false coincidences caused by the higher
event rate. By contrast, the (A) (B) images are qualitatively



identical for both data sets. These represent the expected dis-
tributions of all A" ions relative to BT as the recoil direc-
tion, and therefore appear as two-dimensional projections of
the spherically symmetric data.

The recoil-frame covariance maps are simply the difference
of (AB) with respect to (A) (B) and therefore exhibit positive
and negative values in regions where true and false coinci-
dences are respectively expected. Positive covariances repre-
sent the distribution of fragment ions that are correlated with
respect to the reference ion. The interpretation of negative co-
variances is slightly more complicated, and is often the source
of ambiguity in photofragmentation experiments'23. Under
gas-phase conditions, parent ion fragmentation pathways are
statistically independent, meaning that fragment covariances
should be positive within the same channel but zero otherwise,
even for competing channels. With this in mind, negative co-
variances would not normally be expected in time-of-flight
or angular covariance maps, unless fluctuations in an exper-
imental parameter such as laser pulse energy influenced the
observed outcomes. However, recoil-frame covariance analy-
sis necessarily introduces negative covariances, as the average
distribution of A™ with respect to BT is subtracted from the
recoil-frame coincidences of A* and BT.

I1l. DISCUSSION

To verify the model described in sections IIA and IIB, it
was used to simulate and compare the Coulomb explosion of
3,5-difluoroiodobenzene with previously reported data®. This
molecule was chosen for its symmetry, which results in clear
structural features following covariance analysis, and because
its size requires a relatively large number of vibrational modes
(30) to be considered. When subjected to intense 35 fs laser
pulses at 800 nm (/y = 3.0 x 10 W/cm?), the parent molecule
primarily fragments into atomic ions. For this reason, the
molecule was assumed to undergo complete fragmentation
and a single charge was assigned to each atom in the simula-
tion. In the experiment, the molecules were also adiabatically
aligned along their C-I bond axes using 10 ns laser pulses at
1064 nm (Iy = 5.0 x 10'! W/cm?), which restricted their orien-
tations to a narrow angular distribution with (cos? 8) = 0.83.
The simulated Coulomb explosion trajectories were therefore
confined in the same way.

The experimental and simulated covariances between the
aromatic substituent fragments (H", F', and I) are shown
in the top and bottom rows of Figure 2. In each case, the co-
variance images confirm the structural isomer of the parent
molecule. The qualitative agreement of the fragment angular
distributions and the areas of positive and negative covariance
are also excellent. Figure 3 demonstrates that the angular dis-
tributions are essentially identical for the two Cov(I",F") im-
ages. The simulated recoil angles are 121° +10°, compared
with 121° +7° experimentally. Similar agreement is seen for
the other covariance images, as shown in Table I. In this exam-
ple, the simulated data included 10,000 laser shots, however
it is worth noting that the discrete Fréchet distance between
this data and the experimental curve in Figure 3 varied by less

TABLE I. Difluoroiodobenzene fragment recoil angles.

Angle A{(I‘*Fﬁo K(I’JrHJr)o L(FtHT)? K(FfF*)O

Experiment¢ 121 7 7 60£7 11356
18012 180425

Simulation 121+10 62411 61+5 121£5
180+15 180+6

“ Ref. [9], obtained following inverse Abel transformation using pBASEX.

than 5% when the simulation was modified to include 1,000 to
50,000 laser shots, which indicates that this model efficiently
converged on the experimental results.

The agreement between experiment and theory is striking,
as it demonstrates that Coulomb explosion fragment angular
distributions can largely be predicted by the equilibrium vi-
brational motion of the parent molecule, so long as the explo-
sion is relatively brisk. In reality, the ionization and dissoci-
ation mechanisms taking place during a Coulomb explosion
are complex and depend on the strength of the applied laser
field. They initially take place on laser-distorted potential en-
ergy surfaces, with ionization rates that depend on the orienta-
tion of the molecule with respect to the laser polarization axis,
as well as the tunneling times of the bound electrons®’—3°.
The model ignores these factors, meaning that bond softening
and structural rearrangements of the parent are not accounted
for*®#! . The simulated kinetic energies were therefore scaled
to the experimental results in Figure 2 for clarity.

For 3,5-difluoroiodobenzene, the match between experi-
mental and simulated recoil angles suggests that contribu-
tions to nuclear motion from accessible neutral or charged ex-
cited states are similar to those of the equilibrium geometry.
This will not generally be true if the parent structure signif-
icantly changes during the explosion. For example, Légaré
et al. established that for the Coulomb explosion of D,0O, the
time spent on a linear D,O™ potential surface during the ex-
plosion resulted in a wider bond angle being observed than
would be expected from purely ground state motion through
successive charge states®. Allowing less time for nuclear mo-
tion, for instance by using shorter laser pulses or higher initial
charge states to promote fragmentation, should therefore im-
prove the applicability of this model®>.

The effect of the experimental variability parameter o,
which characterizes fluctuating event rates, was also assessed
using the 3,5-difluoroiodobenzene data. To understand its ef-
fect, it is first worth considering how noise influences obser-
vations of competing outcomes from a Poisson distribution of
fragmentation events'#. When measuring covariance between
two ions AT and BT, there are three measurable outcomes
of interest with discrete probabilities Paog: both ions can be
detected in coincidence (P;1) or individually in the absence
of the other (Pg; or Pyp). The relative probabilities per laser
shot will depend on the detection efficiencies & of each ion as
well as the fraction of events that produce them. For a generic
mass spectrum containing A", BT, and other fragments, the
normalized fractions of events that produce each ion f(M) can
be described by the following, where M is the set of reaction
outcomes with probabilities Py, that produce a particular ion:
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FIG. 2. Recoil-frame covariance images Cov(A,B) of fragment pairs produced from the experimental (a) and simulated (b) Coulomb explo-
sions of 3,5-difluoroiodobenzene molecules aligned along their carbon-iodine bond axes. Each displays the velocity distribution of a fragment
jon B relative to a reference ion A recoiling at 0°. The experimental images were created from the data used in reference 9.° The predicted
images were simulated from 5,000 laser shots using the model described in the text with an event rate of 10 and perfect detection efficiency.
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FIG. 3. Experimental (black) and simulated (blue) F-I" angular
distributions from the analogous Cov(I™,F™) images in Figure 2.

fM)y=Y Py (16)
M

Ton imaging further allows each f(M) to be subdivided into
normalized contributions fy/(T') that correspond to the kinetic
energy ranges of particles detected from events involving the
ion of interest:

Y fu(T)=1 (17)
T

For the Coulomb explosion of A" and BT, the fraction f4(B)
therefore describes the kinetic energy range of A™ signal cor-
related with B*. Accordingly, the probabilities of detecting
both ions together or individually are:

1= f(A)fa(B)EnLs (18)

Pio = f(A)Ea — f(A)fa(B)Ea&B (19)

Po1 = f(B)Ep — f(A) fa(B)Ea&B (20)

Using the theory derived by Mikosch and Patchkovskii'?,
the covariance can be expressed as moments of the uncondi-
tional probability distribution governing the above outcomes:

cov(A,B) = (W) Py + 6> (W) (Pi1 +Pio)(Pii 4+ Po)  (21)

Substituting egs. 18-20 into the above allows the covariance
to be split into true (cov(‘>) and false (cov(f)) components:

cov = () F(A) fa(B)EaEs(1 +02 (v) f(A))  (22)

covll =62 (2 f(A)Eals X fu(B)F(M)  (23)

M+#A

These contributions reveal several properties of experimen-
tal noise: first, when o =0, the covariance reduces to the prod-
uct of the event rate and the likelihood of detecting two frag-
ments in coincidence; second, o introduces false correlations
between uncorrelated ions, this varies with the square of the
event rate and will therefore overshadow the true covariance
for large products of ¢ and v; third, perfect detection effi-
ciency does not eliminate false covariance, so an unstable ex-
periment will never converge on the true covariance.

The simulation of 3,5-difluoroiodobenzene in Fig.2 as-
sumed that every fragmentation event was the same. To
demonstrate the effect of o, the initial conditions were there-
fore modified to consider that Coulomb explosions can result
in both I and I>*. These must be uncorrelated since only
one iodine fragment can be created per event, but shot-to-shot
pulse fluctuations can produce indirect correlations due to the
dependence between intensity and the measured ion count'?.
As described in eqs. 22 and 23, a large ¢ will yield non-zero
covariance between I* and I>*. Figures 4a and 4b demon-
strate this by comparing time-of-flight variance-covariance
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FIG. 4. Time-of-flight covariance maps produced from simulated Coulomb explosions of 3,5-difluoroiodobenzene into atomic ions over 5000
laser shots, with v =20 and 6 =0 (a) or 0.5 (b). The experimental variance introduces false correlations between It and 12+, which can be
removed using a partial covariance correction (c). Each covariance map is normalized to its maximum value.

matrices simulated over 5000 laser shots with v = 20, equal
probabilities for the two channels, and o = 0 or 0.5. The for-
mer shows no covariance between I and 121, whereas the
latter does.

The indirect correlations can be removed from Fig. 4b by
calculating the partial variance-covariance matrix for the two
ions, using ¢ as the common parameter responsible for their
appearance:

cov(a,o)cov(o,b)
var(o)

pcov(a,b|o) = cov(a,b) — (24)

The result is shown in Fig. 4c, which is effectively identical
to Fig. 4a where there are zero indirect correlations.

The influence of ¢ on recoil-frame covariance images is
less significant than in time-of-flight covariance analysis. To
demonstrate this, the simulation was adjusted to consider
the Coulomb explosion of 3,5-difluoroiodobenzene into two
equally probable channels: one resulting in the formation of
It and F, and the other in I>T and F™. With 6 =0, one would
expect the recoil-frame covariance images involving F* to be
similar to Figure 1. For example, the Cov(I"™", F") image
in Fig. 5a exhibits an intense line of positive covariance at
180° due to back-to-back recoil, along with two isotropic neg-
ative features at high and low kinetic energies corresponding
to false coincidences involving I+ or I, respectively. In-
creasing o will again produce false correlations between ions.
However, compared with time-of-flight covariance analysis
these are spread over additional degrees of freedom due to
the number of pixels available, which dilutes their impact.

Figure 5 demonstrates the above effect for =0 and 5.
The results are plotted on the same intensity scale, and show
that false correlations begin to appear as positive covariance
when o is increased. Due to their nature, these appear as
isotropic distributions with kinetic energies that correspond
to the two Coulomb explosion channels involving I>* or I*.
Compared with the false correlations observed in the time-of-
flight covariance analysis in Fig. 4b, these features are effec-
tively insignificant, and demonstrate that recoil-frame covari-
ance imaging has an inherent advantage in that it mitigates the
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FIG. 5. (a) Recoil-frame covariance images produced from simulated
Coulomb explosions of 3,5-difluoroiodobenzene into two channels:
F* and I, or F* and I**. Each image was produced with v =20 and
o =0 or 5. The increase in ¢ produces false correlations between
the two channels, which appear as two positive isotropic features at
high and low kinetic energies. (b) The positive components of the
covariance. Each image is normalized to its maximum value.

effects of experimental instabilities.

IV. CONCLUSION

The above outcomes demonstrate that prompt Coulomb
explosions of highly-charged ions can be modeled by as-
suming instantaneous fragmentation and electrostatic repul-
sion of ab initio determined structures. The reported model
draws input geometries from a probability distribution of neu-
tral ground-state structures in different zero-point vibrational
phases. The resulting simulated fragment angular distribu-
tions match experimental reference data to a high degree of



precision, demonstrating that the fragment trajectories of a
target molecule are extensively driven by its internal motion®.
The accuracy of this model depends on the extent of nuclear
motion during an explosion, and should consequently improve
for experiments that use short laser pulses, or which initially
place the parent molecule in a highly-charged state®>*2.

The inclusion of experimental variance in the above model
is also a useful tool, as it allows the effect of experimental
event rate, detection efficiency, and noise to be examined.
Systematic instabilities can introduce false correlations be-
tween Coulomb explosion fragments. When using covari-
ance analysis, the magnitude of these false features depends
on the product of the experimental variance and the square of
the event rate. This effect cannot be reduced by enhancing
the detection efficiency of the experiment, but can be counter-
acted by providing additional degrees of freedom to disperse
the noise. For this reason, recoil-frame covariance analysis
is better suited for these experiments than time-of-flight co-
variance analysis, and is therefore particularly beneficial for
time-limited experiments at intense light sources, as it allows
for more efficient use of these facilities.

The ability of Coulomb explosion imaging to probe molec-
ular structures with non-resonant ionization is compelling,
and a detailed understanding of the limitations imposed by
vibrational motion and other factors will benefit the design
of future experiments. For example, ring-opened gas-phase
products prepared by resonant photon absorption are diffi-
cult to characterize due to their vibrational excitation and
instability*3. Coulomb explosion imaging can in principle
circumvent this problem by directly correlating the product
momenta of fragments from the ring-opened structures, so
long as the relevant product angular distributions are distinct.
This condition will be easier to fulfill for small and rigid
molecules, which suggests a size limit for using Coulomb ex-
plosion imaging to characterize molecular structures. Large
and flexible organic molecules will produce several identical
fragment ions whose fragment angular distributions overlap
and obscure one another due to the large number of vibra-
tional modes available, and are unlikely to make good targets.
On the other hand, the vibrational motion dependence infers
that molecules with low-frequency modes, such as metal clus-
ters, are much more promising targets for this approach. In
a similar manner, coherently exciting Franck-Condon active
vibrational modes may also help to reduce the complexity in-
troduced by out-of-phase ground-state vibrations. The con-
tinued development of Coulomb explosion imaging for small
and geometrically regular structures is therefore likely to have
wide-ranging applications.
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