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ABSTRACT: We demonstrate the applicability of covariance analysis to three-dimensional
velocity-map imaging experiments using a fast time stamping detector. Studying the
photofragmentation of strong-field doubly ionized D2O molecules, we show that combining
high count rate measurements with covariance analysis yields the same level of information
typically limited to the “gold standard” of true, low count rate coincidence experiments, when
averaging over a large ensemble of photofragmentation events. This increases the effective data
acquisition rate by approximately 2 orders of magnitude, enabling a new class of experimental
studies. This is illustrated through an investigation into the dependence of three-body D2O

2+

dissociation on the intensity of the ionizing laser, revealing mechanistic insights into the
nuclear dynamics driven during the laser pulse. The experimental methodology laid out, with
its drastic reduction in acquisition time, is expected to be of great benefit to future
photofragment imaging studies.

A comprehensive understanding of the interaction between
molecules and high intensity laser fields presents a key

challenge for the modern chemical physics community.1,2 A
number of ground breaking experimental methods capable of
probing molecular photodynamics on the smallest length scales
and shortest time scales rely on the interaction between
molecules and intense laser fields. Such techniques include
high-harmonic spectroscopy,3−5 laser-induced electron diffrac-
tion,6−8 and Coulomb explosion imaging.9−13 The latter of
these aims to determine nuclear structure on ultrafast time
scales through measurement of relative fragment velocities
following rapid multiple ionization and subsequent many-body
fragmentation. The development of suitable techniques to
measure the correlated velocities of charged fragments is
crucial for time-resolved Coulomb explosion imaging experi-
ments, as well as experiments probing the fundamental
relationship between molecular structure and fragmentation
dynamics. Unravelling this relationship can be a difficult task,
particularly when ionization is driven by a strong laser field,
which initiates a whole host of exotic phenomena that can
influence the ultimate photofragmentation dynamics. These
include field-induced distortions of molecular energy levels and
nuclear dynamics, geometric and dynamic alignment, multi-
electron ionization dynamics and electron rescattering.14−17

To probe the dynamics underlying many-body dissociation
of ionized polyatomic molecules and extract nuclear geometric
information following fragmentation, it is desirable to not only
record the (three-dimensional) velocity vectors of fragments,
but the relative, correlated velocities of two or more

fragments.13,18,19 Typically, this can be achieved by conducting
experiments under “coincidence” conditions. By ensuring a
very low count rate (<1 parent molecule probed per laser
shot), the detection of multiple particles in a given laser shot
can be confidently assigned to true coincidences arising from a
single molecule.20,21 As the count rate is increased, signal from
“false” coincidences dominates, as multiple molecules are
ionized and fragments detected in a single laser shot cannot be
assigned to a single molecule. However, as first demonstrated
in charged particle experiments by Frasinski and co-work-
ers,22,23 correlated information can still be extracted by
calculating the covariance, a statistical measure of linear
correlation, between parameters of interest for two (or
three24−26) particles across a data set of many laser shots.
Covariance between two variables A and B (in our case, three-
dimensional ion velocity distributions) is defined as

A B AB A BCov( , ) = ⟨ ⟩ − ⟨ ⟩⟨ ⟩ (1)

where angled brackets refer to the mean over a series of N
observations (in the current work, laser shots). Although
performing experiments under high count rate conditions
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necessarily forfeits event-by-event correlated information
afforded by coincidence analysis, the covariance methodology
can extract the same correlations when averaging over a large
ensemble of observations, as is the case in a typical
experiment.27−30 Following its initial application to time-of-
flight mass spectrometry experiments, covariance mapping has
been applied to a range of two-dimensional VMI experi-
ments31−35 and recently a three-dimensional VMI study of the
two-body dissociations of CF3I

2+.36 Recent work by Suits and
co-workers combined covariance analysis with a three-dimen-
sional imaging technique to study the Coulomb explosion
dynamics of chlorocarbonylsulfenyl chloride molecules.37

Various applications of covariance analysis have been reviewed
recently.38,39

Here, we extend the three-dimensional covariance imaging
technique to three-body dissociations, using both 2-fold and 3-
fold covariance analysis to gain a kinematically complete view
of strong-field doubly ionized D2O. Crucially, these results are
compared quantitatively to low count rate experiments
performed under otherwise identical experimental condi-
tions.14−16 In this case, covariance imaging yields the same
ensemble-averaged results as those performed under coinci-
dence conditionswith a substantial decrease in experimental
acquisition time of approximately 2 orders of magnitude. This
facilitates studies that would otherwise be extremely
impractical using traditional techniquesas demonstrated
through a survey of the effects of peak laser intensity on the
many-body breakup of ionized D2O.14,15,17,18,40,41 These
results elucidate nuclear dynamics driven during the intense

laser pulse, and we expect they will stimulate future theoretical
work to unravel the complex coupled nuclear and electron
dynamics in the strong laser field.14,42

The combination of an ion velocity map imaging (VMI)
spectrometer equipped with a TPX3CAM camera44,45 and few-
cycle femtosecond laser pulses are exploited to investigate the
multiple ionization dynamics of target D2O molecules, shown
schematically in Figure 1a). From the recorded detector
positions and arrival times, the three-dimensional laboratory-
frame momentum vectors of each ion can be determined
(Figure 1c). By correlating this information between two (or
three) fragments using covariance analysis, details about
fragmentation in the recoil-frame can be determined, shown
for the (D+,D+) ion pair in panels d and e. In Figure 1d,
correlated momentum distributions for the three-body breakup
are presented in the form of a Newton plot. Here, the vector
bisecting the two D+ ion momenta is horizontal, and the
fragmentation of the three particles is in the plane of the page
(i.e., such that px = 0). The momentum of the O atom/ion,
deduced through momentum conservation, is also plotted.
Figure 1e) displays the covariance in a different representation
- as a function of the total kinetic energy release (KER), and β,
defined as the angle between the two D+ ions.
Figure 2 compares the correlated momentum distributions

of two D+ ions from D2O ionized by 10 fs pulses, determined
using coincidence and covariance analysis. Once more, both
are plotted as a function of β and total KER. Here, data was
acquired under two very different conditions: (i) a low count
rate regime (∼0.007 D+ ions per laser shot) recorded for

Figure 1. (a) Schematic of the experiment. Ions produced by strong-field ionization of D2O are accelerated toward a position sensitive detector
under velocity-mapping conditions.43 Panel b displays an example D+ VMI image, representing a two-dimensional projected velocity distribution.
From the recorded momentum distributions in the laboratory (X,Y,Z) frame (illustrated in panel c), correlated information in the molecular/recoil
frame can be determined through covariance analysis. (d) Newton plot representation of the correlated momenta of D+ fragments. (e) (D+,D+)
covariance intensity plotted as a function of the total kinetic energy release (KER) and the recoil angle between the two D+ ions, β.
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approximately 2 days and (ii) a high count rate regime (∼0.38
D+ ions per laser shot), recorded for approximately 30 min.
Panel a displays the correlation from a coincidence analysis of
the low count rate data, while panel b shows the analogous
results of calculating the covariance for the high count rate data
set. It should be noted that these measurements were not
carried out at the maximum count rates for coincidence or
covariance. For coincidence measurements, the maximum rate
is restricted by the tolerable false coincidence rate. For
maximum false coincidence rate of 1%, coincidence measure-
ments can be performed with a count rate about 7 times higher
than used here. However, if one were to look at electron−ion
coincidences15 or electron−electron coincidences arising from
double ionization, then count rates of these measurements
would need to be 10 and 30 times lower, respectively. For
covariance, the maximum count rate is determined by the
maximum distinguishable number of events of the hit-finding
algorithm. If one is limited by 15 hits per shot (a rather
conservative estimate, given the higher count rates of previous
covariance imaging work31,32,35), then the ion−ion covariance
measurements could be performed with count rates about 90
times higher. Electron−ion covariance measurements would
require count rates about half the value. Thus, in all cases,
covariance measurements result in a dramatic decrease in
acquisition time, but the exact factor depends on the
correlations of interest, and the maximum signal rate that
can be tolerated by the detection system.
The results shown in Figure 2a and b are strikingly similar,

both in terms of the shape of the correlation island, and the
signal-to-noise ratio achieved. This can be seen quantitatively
in panels c and d, which compare the extracted KER and β
distributions obtained from the coincidence and covariance
analysis. Shaded regions correspond to estimated statistical
errors in both measurements at a 1σ level (the error estimation
method is described in detail in the Supporting Information).
A high degree of agreement is achieved, despite the fact that
the acquisition time of the low count rate data is roughly one
hundred times that of the high count rate data, and that slightly

Figure 2. Intensity of the (D+,D+) ion pair as a function of total
kinetic energy release (KER), and relative angle, β. In panel a, this is
determined through coincidence analysis of the low count rate data
set, while panel b shows the equivalent covariance analysis of the high
count rate data set. The same color scale is used as in Figure 1. Panels
c and d further compare the extracted β and KER distributions
(normalized by their total area) obtained by summing the two-
dimensional arrays in panels a and b over a single axis. Estimated
statistical errors (at the 1σ level) of the coincidence and covariance
data are represented by the shaded regions.

Figure 3. Evolution of the (D+,D+) covariance with increasing laser intensity for 30 fs NIR pulses. Each data set was acquired for 20 min under high
count rates. The same colors cale is used as in Figure 1. Panels a−j correspond to estimated peak intensities of 120−480 TW cm−2, in intervals of
40 TW cm−2. Systematic changes in these covariance maps can be seen as laser intensity is increased, which are discussed in detail in the main text.
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fewer total D+ ions are recorded in the high count rate data set.
In the context of experimentally probing photofragmentation
dynamics, this has far-reaching consequences. For instance, it
enables systematic studies of the effects of laser parameters
(e.g., pulse intensity, pulse duration, wavelength) on correlated
velocity distributions in a practically achievable time scale.
To demonstrate this, we measured the (D+,D+) covariance

for 30 fs pulses with different intensities. Recent work has
compared the observed three-body dissociation dynamics in
D2O following strong-field ionization by intense 10 and 40 fs
pulses.14,16,41 In these studies, D2O molecules were found to
undergo significant unbending motion during the ionization/
fragmentation process for longer laser pulses, characterized by
a narrow β distribution in the D+/D+/O channel. One possible
contribution to this unbending motion is dynamics in states of
the monocation. This contribution can be understood in terms
of the laser field coupling the (bent) D0 and (linear) D1
potentials, inducing bond-softening distortions in the D0
state.40,46,47 Additionally, when ionizing with longer pulses
(40 fs), the two D+ were preferentially ejected along the
polarization axis of the laser, indicative of dynamic alignment,
which was absent for the shorter (10 fs) pulses.14

For each intensity, 20 min of data was acquired, enough to
determine statistically significant (D+,D+) covariances, allowing
the entirety of the data to be recorded in a single day. Results
are presented in Figure 3, with pulse intensity increasing from
panel a to j. Alternative representations of these covariance
images are shown in the Supporting Information (Figures S5
and S6). We note two different intensity dependent features in
the data. First, a peak at high KER (∼13−23 eV), with a fairly
broad β distribution, grows in intensity as the pulse intensity is
raised. This is due to fragmentation of triply ionized D2O

3+ to
form D+/D+/O+, an assignment which can be unambiguously
made using 3-fold covariance analysis, as discussed shortly.
The form of the lower KER peak also varies considerably. As
the intensity is increased, the β distribution becomes more
focused toward 180 deg, indicative of the molecule undergoing
greater unbending motion in the laser field.
The results shown in Figure 3 provide a detailed view of the

unbending dynamics in strong-field ionized D2Ohighlighting
the important role of peak laser intensity, complementing
previous studies in this area.14,16,41 Even with the longer pulses,
for which significant nuclear motion during the pulse is
possible, very little evidence of this unbending motion is seen
in the low intensity regime, which strongly resembles
measurements with much shorter pulses (as can be seen in
comparing Figure 3a to Figure 2a and b). Likely, this
dependence of the fragmentation dynamics on pulse intensity
is because for higher intensity pulses, molecules are likely to be
ionized earlier in the pulse, and there is a stronger field
dressing of states.18 It is probable that dynamics on both
monocation and dication potentials are of importance. As
suggested by recent calculations by Yamanouchi and co-
workers,42 if D2O

2+ is formed earlier within the pulse envelope
(as is likely for higher peak intensities), significantly more
unbending occurs prior to dissociation, consistent with the
narrowing β distributions seen in Figure 3. Additionally, for all
the intensities shown in Figure 3, the high KER feature arising
from trication dissociation exhibits a significantly broader β
distribution than the lower KER feature, and the β distribution
of this feature does not significantly vary with intensity. As
noted previously,14 this is consistent with ionization to the
trication while unbending dynamics are occurring in the

dication. The β distribution of the trication feature likely
reflects the range of geometries at the time of the third and
final ionization, shortly after which the molecule fragments
rapidly. Dications which are not further ionized continue to
unbend prior to three-body dissociation, leading to the
observed narrow β distribution centered at 180 deg.
The discussion thus far has concentrated on using

covariance imaging to yield correlated velocity information
for two ions. In general, however, studying the correlations
among three (or more) particles is desirable, particularly for
larger molecules, which may break up into many fragments.
Three-fold covariance mapping procedures to extract such
information are known.24,26 While observing higher-order
correlations is necessarily more challenging than the 2-fold
case due to limited detection efficiencies, such analysis is
practical and insightful in the current work, even for the 20 min
data sets presented in Figure 3. Figure 4 compares results from

the highest intensity data set using 2-fold (D+,D+) covariance
analysis and 3-fold (D+,D+,O+) covariance analysis. This can be
interpreted as isolating fragmentation channels which produce
both two D+ ions and an O+ ion. Comparing the two panels
definitively confirms the previous assignment of the two
distinct features seen. The high KER channel arises from three-
body breakup of D2O

3+, and so is visible in both the 2-fold and
3-fold covariances. In contrast, the lower KER feature is absent
the 3-fold covariance, as it does not involve production of O+.
This can be clearly seen in the KER distributions shown in
Figure 4c). The ratio of intensity of the higher KER feature
between 3-fold and 2-fold covariance analysis is 0.26, which is
the theoretical detection efficiency of the oxygen ion. A similar

Figure 4. Comparison between (a) the (D+,D+) 2-fold covariance and
(b) the (D+,D+,O+) 3-fold covariance, for the highest laser intensity
30 fs pulse duration data set. The same color scale is used as in Figure
1. Panel c shows the KER distributions extracted from the 2-fold and
3-fold covariances. Here, the intensity of the 3-fold covariance signal
has been divided by 0.26, the estimated detection efficiency of the O+

ion.
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number of 0.3 has been obtained through independent analysis
of the coincidence data set. The good agreement in the
detection efficiency calculation again confirms the convergence
of the two methods.
In summary, we have demonstrated a general methodology

for high count rate, three-dimensional covariance imaging,
applied to many-body photofragmentation dynamics. By
benchmarking the technique against experiments performed
under coincidence conditions, we establish that equivalent
physical insights can be gained from covariance analysis of data
acquired at much higher count rates. This greatly enhances the
scope of experiments that measure the correlated velocities of
two or three fragment ions. In the future, extending the
techniques developed here to experiments involving simulta-
neous detection of electrons and ions15,48 may be used for
(time-resolved) studies utilizing channel- and momentum-
resolved above threshold ionization spectroscopy15,27,49

Finally, we note that while the current work was performed
using a MCP/phosphor screen detector coupled to a time
stamping TPX3CAM camera, the methodology laid out in this
work is universal and can be applied to the hexanode delay line
detectors commonly used in coincidence experiments (with
the provision that the ultimate upper count rate limit of such
detectors is lower than that used in the current work).

■ METHODS

The experimental apparatus has been described in detail in
recent publications,15,48 and is shown schematically in Figure
1. Briefly, D2O is introduced into a velocity-map imaging
(VMI)43 spectrometer as a skimmed, effusive molecular beam.
Here it is crossed by an intense, femtosecond near-infrared
(NIR) laser pulse, focused in the chamber by a curved mirror
with a 5 cm focal length. The total count rate was adjusted by
altering the number of molecules in the molecular beam,
leading to an increased pressure in the interaction region. In
the experiments presented in this work, the pulses used were
either the 30 fs output of a commercial 1 kHz Ti:sapphire
amplifier (centered at 780 nm), or 10 fs pulses produced by
compression of pulses using a acousto-optic based pulse
shaper50,51 after spectral broadening in an argon gas filament
(centered at 750 nm). The peak intensity in the interaction
region is estimated to be 400 TW cm−2 for the 10 fs pulses,
while for the 30 fs pulses the intensity was varied from 120 to
480 TW cm−2. Ions produced following fragmentation of
strong-field ionized D2O molecules were velocity-mapped to a
microchannel plate (MCP)/phosphor screen detector. For
experiments carried out at high count rates, the MCP detector
was gated in time to prevent detection of D2O

+ ions. Flashes of
light at the detector were imaged by a TPX3CAM camera,
capable of recording the arrival time of ion events with ∼1 ns
resolution,44,45 enabling full three-dimensional velocity imag-
ing of all ionic fragments.48 As the impact of a single ion at the
detector illuminates multiple pixels of the TPX3CAM over a
range of times, hit finding was performed on the data to
significantly increase the spatiotemporal resolution.48
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Bandulet, H. C.; Pépin, H.; Kieffer, J. C.; Dörner, R.; Villeneuve, D.
M.; et al. Laser-induced electron tunneling and diffraction. Science
2008, 320, 1478−1482.
(7) Blaga, C. I.; Xu, J.; Dichiara, A. D.; Sistrunk, E.; Zhang, K.;
Agostini, P.; Miller, T. A.; Dimauro, L. F.; Lin, C. D. Imaging ultrafast
molecular dynamics with laser-induced electron diffraction. Nature
2012, 483, 194−197.
(8) Wolter, B.; Pullen, M. G.; Le, A. T.; Baudisch, M.; Doblhoff-
Dier, K.; Senftleben, A.; Hemmer, M.; Schröter, C. D.; Ullrich, J.;
Pfeifer, T.; et al. Ultrafast electron diffraction imaging of bond
breaking in di-ionized acetylene. Science 2016, 354, 308−312.
(9) Stapelfeldt, H.; Constant, E.; Corkum, P. B. Wave Packet
Structure and Dynamics Measured by Coulomb Explosion. Phys. Rev.
Lett. 1995, 74, 3780−3783.
(10) Corrales, M. E.; González-Vázquez, J.; De Nalda, R.; Banares,
L. Coulomb Explosion Imaging for the Visualization of a Conical
Intersection. J. Phys. Chem. Lett. 2019, 10, 138−143.
(11) Luzon, I.; Livshits, E.; Gope, K.; Baer, R.; Strasser, D. Making
Sense of Coulomb Explosion Imaging. J. Phys. Chem. Lett. 2019, 10,
1361−1367.
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