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Covariance imaging experiments using a pixel-imaging mass-spectrometry camera
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The “pixel imaging mass spectrometry” camera is used to perform femtosecond laser-induced Coulomb
explosion imaging of 3,5-dibromo-3’,5'-difluoro-4'-cyanobiphenyl molecules prealigned in space. The exper-
iment allows the concurrent detection of the correlated two-dimensional momentum images of all the ionic
fragments resulting from fragmentation of multiple molecules in each acquisition cycle. The Coulomb explosion
studies provide rich information about the parent molecular structure and fragmentation dynamics, and open new
opportunities for real-time imaging of intramolecular processes.
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Coulomb explosion imaging (CEI) is a method aimed at
determining molecular structure. Several valence electrons in a
molecule are rapidly removed and the multiply charged cation
thereby generated subsequently fragments due to internal
electrostatic repulsion. The resulting ions are then detected,
and their final momenta recorded. Although a variety of
methods have been used to induce Coulomb explosion [1-4],
the most widespread method relies on irradiation of neutral
molecules by tabletop intense ultrashort laser pulses, typically
in the visible or near infrared region [5-7]. This renders
Coulomb explosion possible for a broad range of molecules
and, importantly, it enables timing of the event such that
studies of time-resolved dynamics become possible through
pump-probe measurements [8—10].
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Using CEI to extract structure of molecules requires the
measurement of the momenta of the ionic fragments and their
correlations. The predominant method has been the detection
of the full three-dimensional (3D) momentum vectors of all
fragments from each individual breakup process, i.e., from
each molecule that undergoes Coulomb explosion. This is
possible through the use of multiparticle 3D imaging detectors
and coincidence analysis [11-14]. The information content
accessible in such measurements is extremely high and has re-
cently enabled the determination of the absolute configuration
of small chiral molecules [7]. However, in practice, various
factors limit the use of 3D momentum imaging coincidence
detectors to CEI studies of rather small molecules, typically
containing fewer than ten atoms.

Our goal here is to introduce an alternative approach to
laser-induced CEI aimed particularly at molecules larger than
the ones studied so far. It combines the multihit capability
of the “pixel imaging mass spectrometry” (PImMS) cam-
era [15,16] to record m/z-specific two-dimensional momen-
tum images of all fragment ions with the ability to place
molecules in a well-defined spatial alignment [10,17] prior
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to the Coulomb explosion process. Since the ion signal per
laser shot typically contains contributions from more than one
molecule, the correlations between the momenta of the frag-
ment ions is obtained through statistical analysis. The method
is illustrated through CEI experiments on prealigned 3,5-
dibromo-3’,5’-difluoro-4'-cyanobiphenyl (BFCbP) molecules.
The current work builds on a previous study of a similar
molecule by Stapelfeldt and co-workers [10]. Here we show
that the use of the PImMS camera, instead of the conventional
CCD camera employed previously, has wide-ranging conse-
quences in allowing the correlation of momenta of fragments
of different masses to be recorded. These data provide rich
information about the structure of the parent molecule and on
the fragmentation dynamics. Only a small fraction of these
correlated data is presented in this communication, the bulk of
which will be published elsewhere. In that work we will also
present a detailed comparison of the experimental results with
simulations of the Coulomb explosion dynamics.

Apart from the PImMS camera, the experimental setup has
been described in Ref. [10]. A solid sample of BFCbP was
heated to 170° in He and the mixture expanded into vacuum
through a pulsed valve to form a cold molecular beam. An
electrostatic deflector was employed to select molecules in low
rotational quantum states to aid alignment of the molecules.
The BFCbP molecule, illustrated in Fig. 1, consists of two
substituted phenyl rings joined by a C-C single bond.

To optimize the information content of the fragment ion
momentum images, the molecules were one-dimensional (1D)
adiabatically aligned using a linearly polarized 10 ns (FWHM)
pulse from a Nd:YAG laser [yttrium aluminum garnet (YAG)
pulse: A = 1064 nm, Iyag = 8 x 10'" W/cm?]. When the
YAG pulse is polarized perpendicular to the detector the most
polarizable molecular axis, which coincides with the C,
symmetry axis, is confined along this direction. Thus, the
molecules are imaged in end view, and the relative velocities
of the Br™ and F* ions are indicative of the dihedral angle.
Alternatively, with the YAG pulse polarized parallel to the
detector the molecules are imaged in side view, as shown in
Fig. 1. In this case the velocity of the N* ion is well suited as a
reference with which the velocities of the other fragment ions
may be compared.

Coulomb explosion was induced by a 30 fs (FWHM)
probe pulse (A = 800 nm, Iyohe = 3 x 10" W/cm?), which
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FIG. 1. (Color online) Time-of-flight mass spectrum, in time
codes each of 12.5 ns duration, for the BFCbP molecule in side-view
alignment (see text), before (blue) and after (red) postprocessing. The
conventional ion images for each assigned mass peak are shown at
the top of the figure. The BFCbP molecule is illustrated on the right.
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was overlapped in time and space with the YAG pulse.
Its polarization was linear and kept in the same direction
as the YAG pulse. The fragment ions produced by the
probe pulse were accelerated by a three-electrode ion optics
assembly, optimized to effect velocity-map [18] ion imaging
(VM) [19], and focused onto a detector consisting of a pair of
microchannel plates (MCPs) and a P47 phosphor screen. The
ion images were recorded at 20 Hz, limited by the repetition
rate of the YAG laser.

Events on the phosphor screen were imaged by the PImMS
camera [20-22], a pixelated event-counting sensor tailored for
applications in time-of-flight (TOF) imaging mass spectrome-
try [15,20-22]. As a photon detector, the PImMS camera can
replace the CCD camera commonly used in conventional ion
or electron imaging experiments [23,24]. The PImMS|1 sensor
employed here consists of an array of 72 x 72 pixels, each
receiving a global time code signal incrementing at a clock
cycle of 12.5 ns, which may be synchronized with an external
trigger. When a sufficient number of photons impact on a
pixel, such that the signal exceeds a set threshold, the current
value of the time code is stored. Each pixel has four memory
registers, and therefore it is possible to record up to four
ion events per pixel per acquisition cycle. This is a sufficient
number to detect all ions under typical operating conditions in
the present experiments. The data are read out at the end of
each acquisition cycle, giving the x and y coordinates and the
time code of each ion event, along with the acquisition cycle
number. These design features enable the PImMS camera to
be used to measure the velocity vector correlations between
numerous photofragments at once in a high count-rate regime.

Every flash on the phosphor screen typically results in
the illumination of a cluster of pixels corresponding to each
ion detected [see Fig. 2(a)]. The intensity profile within each
cluster is expected to have an approximately Gaussian profile,
with a higher brightness towards the center of the cluster. For
an event to be recorded, the charge buildup within an individual
pixel must be sufficient to exceed the chosen threshold value.
Pixels at the center of a cluster are subject to a higher photon
flux, and therefore tend to go over threshold at an earlier time.
Since the earliest a pixel can detect an ion event is the actual
time of the ion hit on the detector, the earliest time codes
present within a cluster provide the most accurate arrival time
information.

An algorithm was therefore employed to search for clusters
of spatially connected pixels, and the clusters were reduced
to the pixel with the earliest time code. The maximum
possible time spread between the earliest and latest time

Cluster Size (pixels)

Time Code Range in Cluster

FIG. 2. (Color online) Panel (a) shows the frequency of different
cluster sizes in the PImMS data set. Panel (b) characterizes the range
of time codes present within the clusters from the earliest to the latest
time code observed within each cluster.
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codes within a single cluster was limited to 20 time codes
(250 ns). As Fig. 2(b) demonstrates, the majority of data lies
within approximately 15 time codes (consistent with the time
constant of the P47 phosphor and PImMS pixel electronics),
therefore 20 time codes were deemed sufficiently long to
collect every pixel belonging to each cluster, and sufficiently
short to exclude shadowing of later peaks by earlier ion hits.

Figure 1 shows TOF spectra of BFCbP subsequent to
Coulomb explosion, obtained by integrating the signal from
the PImMMS camera over all pixels both before (blue trace)
and after (red trace) postprocessing. The improvement in the
quality of the data is striking: The broad features in the raw
data are sharpened to well-resolved TOF peaks, limited only
by the 12.5 ns bin width of the PImMS sensor. Note that the
time resolution of 12.5 ns achieved in this experiment was not
limited by the ~100 ns decay time of the P47 phosphor screen,
as might be the case when a conventional P47/CCD camera
combination is used. This results in a significant improvement
in time (and hence mass) resolution without the need to pulse
the MCPs.

Correlations between the velocities of the various fragment
ions were identified by a covariance analysis, originally devel-
oped to correlate mass peaks in a TOF experiment [25-27].
Here we focus on covariances between the measured velocity
vectors of the recoiling ions [10,28-30]. The covariance is
defined as [31]

cov(A,B) = ((A — (A))(B — (B))) 6]
= (AB) — (A)(B), 2

where (i) refers to the mean or expectation value of sampled
quantity i. The covariance is therefore a simple statistical
measure of the linear correlation between two variables.

This analysis can be applied to the signal variations in
each pixel for two different ionic photofragments, A and B.
One ionic species is designated as the “reference” ion, and
the covariance between each pixel in the reference image
and each pixel in the partner image is calculated. In this
way, each pixel in the reference image has an associated
“covariance map,” showing the correlations of this pixel to
each pixel in the partner ion image. The covariance maps
for each pixel are then rotated such that the reference pixels
all lie along a common vector, and summed together. This
results in a “recoil”’-frame covariance “image,” in which the
velocity vectors of the reference ions are confined along a
single direction, and the covariances with the partner ions are
shown relative to this direction.

As an illustration, column I of Fig. 3 shows “raw” ion
images of (a) F* and (b) Br™ for end-view alignment of
the molecules. Both images show a cylindrically symmetric
distribution around the alignment axis, as expected, because
the molecule is free to rotate around this axis. It is not
possible, however, to determine the relationship between the
two fragments from the raw ion images alone; a covariance
analysis is needed to correlate the velocity vectors of the F*
ions with respect to Br™, or vice versa.

The covariance images shown in column II of Fig. 3 clearly
reveal the relationship between the velocities of the F+ and Br™
ions. The covariance images consist of four peaks of intensity,
with the relative positions of these peaks being determined
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FIG. 3. (Color online) Ion images (I) of (a) F™ and (b) Br*, and
covariance images (IT) of (a) F* relative to Br™, and (b) Br™ relative to
F* for end-view alignment of the molecules. The molecular reference
frames resulting in the covariance maps shown in column II are
illustrated on the right. The bottom panel shows the corresponding
covariance plotted as a function of the relative angle of Brt to F+
(dashed red), or F™ to Br™ (continuous green).

by the dihedral angle between the two phenyl rings and the
Coulomb explosion dynamics.

The lower panel of Fig. 3 plots the signal intensity from
the covariance images as a function of the relative angle
between the two ion trajectories. In the limit of axial recoil,
the angles of the peaks should be characteristic of the dihedral
angle between the two phenyl rings. The equilibrium dihedral
angle, computed at density functional theory level following
Ref. [32], is 39°. This is in good qualitative agreement with
the values extracted from the covariance images, especially
considering the rather flat energy surface in the torsional coor-
dinate. The peaks observed for the more distant Brt and F* ion
pairs are seen at approximately +137.6°, which corresponds
to a dihedral angle of 42.4 &+ 0.1° (where the errors represent
20 statistical errors from fits to the data). The peaks on
the near side occur at around +43.6 & 0.1°. Notice that the
angular distributions derived from covariance images of Br™
relative to FT, and FT relative to Br™ should be identical.
The very small differences observed (see the lower panel of
Fig. 3) reflect limitations in the angular binning of the pixelated
covariance data. The recoil angles obtained from the images
suggest that the ion trajectories are somewhat affected by
Coulomb repulsion between the measured fragment ion pairs,
thus slightly increasing the angle observed for the nearest pair.
Nevertheless, the results show convincingly that the covariance
analysis is a good probe of the dihedral angle, which is a
characteristic structural coordinate of the molecule.

Column T of Fig. 4 shows raw ion images of F* and Br™"
recorded with side-view alignment of the molecules; images
for these and other fragments are also shown in Fig. 1. To
some degree, the positions of the substituents within the
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FIG. 4. (Color online) Column Ishows (a) F* and (b) Br* images
as collected by the PImMS camera with side-view alignment of the
molecules. Covariance images of (a) F™ and (b) Br" relative to N*
are shown in column II, with the corresponding Abel-inverted images
in column III, representing the central slice through a full 3D velocity
distribution. The structure shown on the right of the figure illustrates
the molecular reference frame resulting in the covariances observed.
The resulting angular distributions are plotted for F* relative to Nt
(continuous green), and for Brt relative to N* (dashed red).

molecule are reflected in the ion images. Most strikingly,
the N signal (Fig. 1) is directed strongly along the vertical
axis, as expected for vertical alignment of the C, symmetry
axis. Due to the fourfold symmetry of the images, it is not
possible to identify, for instance, whether Br or F substituents
are located adjacent to the CN group in the molecule, or on the
second phenyl ring. To obtain this information, a covariance
analysis is once again required.

Because of the unique position of the N atom in the
molecule, Nt has been chosen as the reference ion for
the covariance images shown here. Column II of Fig. 4
shows covariance maps of F* and Brt with respect to N*.
These covariance images bear a striking resemblance to the
molecular structure: BrT is observed on the opposite side of
the images relative to N*, while F' is located adjacent to
N, as intuitively expected. The information obtained from the
covariance images can be increased by utilizing the cylindrical
symmetry that stems from the 1D alignment of the molecules,
which allows free rotation around the alignment axis. To
retrieve the 3D velocity distribution we applied the inverse
Abel transform, using the pBasex routine [33]. The Abel
inverted ion images are displayed in column III of Fig. 4,
with the resulting angular distributions of the Br* and F'
ions relative to N* shown in the lower panel. The recoil
angles relative to the N ions are 61.7 £ 0.2° for FT, and
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127.1 £ 0.3° for Br™. The former angle is close to the bonding
angle between the C-CN and the C-F bonds (60°), whereas the
latter angles correspond to Br ions leaving at an angle of 52.9°
with respect to the para C-H bond, i.e., somewhat smaller
than the 60° bonding angle between the para C-H and the
C-Br bonds in the parent molecule. Although a more detailed
interpretation of the observed angles requires a simulation of
the Coulomb explosion process, it is clear that the covariance
maps of F* and Br relative to N* contain valuable structural
information about the parent molecule.

The images shown in Figs. 3 and 4 consist of a small subset
of the data obtained in these experiments. Covariance maps
can be generated for all of the ion fragments assigned in
Fig. 1. Thus, a total of around 100 covariance images have
been obtained for each parent molecular geometry studied, and
most of these show interesting features which can be related
qualitatively to the structure of the parent molecule and the
subsequent Coulomb explosion dynamics.

Velocity-map imaging employing the PImMS camera, with
a covariance analysis of the data, has been demonstrated to
be a powerful method for determining correlations between
multiple ionic fragments produced following the Coulomb
explosion of laser aligned molecules. The current work has
been focused on pairwise correlations between selectively
chosen fragments. We have demonstrated here that the tech-
nique can be used to estimate important structural coordinates
within polyatomic molecules, particularly concerning bond
angles. Using triple and multicovariance methods [34] should
make it possible to extract increasingly detailed molecular
structural information. The technique also shows great promise
for probing femtosecond time-dependent dynamics induced
by a pump pulse prior to the Coulomb explosion pulse. The
results of such a time-resolved study will be presented in a
future work. The multihit, relatively high count-rate features
of PImMS make it ideally suited to the study of the Coulomb
explosion dynamics of much larger systems than have hitherto
been considered, offering new opportunities for following
complex molecular motion, such as that involved in the action
of molecular switches or photoisomerization.
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