PHYSICAL REVIEW A 93, 023411 (2016)
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Coulomb explosion of 1,4—diiodobenzene molecules, isolated or embedded in helium nanodroplets, is induced
by irradiation with an intense femtosecond laser pulse. The recoiling ion fragments are probed by time-of-flight
measurements and two-dimensional velocity map imaging. Correlation analysis of the emission directions of I
ions recoiling from each end of the molecules reveals significant deviation from axial recoil, i.e., where the
I ions leave strictly along the I-I symmetry axis. For isolated molecules, the relative angular distribution of
the T* ions is centered at 180°, corresponding to perfect axial recoil, but with a full width at half maximum of
30°. For molecules inside He droplets, the width of the distribution increases to 45°. These results provide a
direct measure of the accuracy of Coulomb explosion as a probe of the spatial orientation of molecules, which
is particularly relevant in connection with laser-induced molecular alignment and orientation. In addition, our
studies show how it is possible to identify fragmentation pathways of the Coulomb explosion for the isolated
1,4—diiodobenzene molecules. Finally, for the 1,4-diiodobenzene molecules in He droplets, it is shown that the
angular correlation between fragments from the Coulomb explosion is preserved after they have interacted with

the He environment.
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I. INTRODUCTION

Molecular Coulomb explosion is the process by which
several electrons are rapidly removed from a molecule, and
the resulting multiply charged molecular cation breaks apart
into ionic fragments due to their mutual electrostatic repulsion.
Originally introduced in experiments on collisions between
a fast beam of singly charged molecular ions and a thin
foil [1], Coulomb explosion imaging is a technique aimed
at determining molecular structure by recording the final
momenta of the recoiling ionic fragments.

Other means to induce Coulomb explosion have proven
efficient and useful, in particular intense ultrashort laser
pulses in the near-infrared or visible region [2], synchrotron
radiation [3,4], and, more recently, free-electron laser pulses in
the (soft) x-ray regime [5—7]. The use of ultrashort laser pulses
has several advantages, notably that the timing of the Coulomb
explosion event can be varied relative to another event. This
allows for the Coulomb explosion event to be used as a
time-resolved structural probe of molecular dynamics. Laser-
induced Coulomb explosion has been employed in a variety
of studies to image either static or time-dependent structures
of molecules, including the determination of the absolute
configuration of chiral molecules [8], photodissociation [9],
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photoisomerization [10,11], charge transfer [7], and torsion of
axially chiral molecules [12].

In addition to providing information about the intramolec-
ular structure, the recoil directions of the fragment ions from
laser-based Coulomb explosion also provide a direct measure
of how molecules are turned in space [13,14]. This has been
exploited extensively over the past 10—15 years in a wealth of
studies on alignment and orientation of molecules induced by
moderately intense laser pulses or by the combination of laser
pulses and static electric fields [15,16]. The accuracy to which
the emission direction of the fragment ions reflects the spatial
orientation of the molecules at the instant the ultrashort laser
pulse arrives depends on how precisely the fragments recoil
along the bonds that are broken—a condition similar to the
axial recoil approximation long discussed in photodissociation
experiments [17-19].

For diatomic molecules, the conservation of momentum
implies that the two positively charged fragments recoil exactly
along the internuclear axis. Thus, if the Coulomb explosion
is prompt, i.e., no metastable multiply charged cations are
produced and the molecules are not excited to extremely high
rotational states as in super-rotors [20], then the axial recoil
is essentially perfect and the fragment recoil vectors are an
accurate determination of the internuclear axis at the time of
the short laser pulse.

For polyatomic molecules, additional factors can cause
deviation from axial recoil, including the distortion of the
molecular geometry during the Coulomb explosion process
due to vibrations (such as bending) and charge-asymmetric
explosion channels. To our knowledge, the question of the
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FIG. 1. (a) Sketch of the molecular structure of 14—
diiodobenzene (DIB). (b) TOF mass spectrum of isolated DIB
molecules recorded with the probe pulse polarized along the TOF
axis. The intensity is 3.8 x 10'* W /cm?. The predominant fragments
are labeled. The inset shows a zoom of the region between 3.5 and
7 us covering fragments from m/q = 57 tom/q = 210 u/e.

accuracy of axial recoil in Coulomb explosion of polyatomic
molecules has been only very sparsely addressed so far despite
the rapidly growing interest for controlling alignment and
orientation of complex molecules [12,21,22]. As such, we find
it important to explore how precisely laser-induced Coulomb
explosion imaging is capable of characterizing the spatial
orientation of polyatomic molecules.

In the current work, we address this topic by quantitatively
exploring the accuracy to which the principal symmetry axis
of 1,4—diiodobenzene (DIB) molecules, i.e., the I-I axis [see
Fig. 1(a)], can be determined through measurements of the
recoil directions of the iodine ions. Being the most polarizable
axis of the molecule, it is the I-I axis that will be aligned in
one-dimensional (and three-dimensional) alignment schemes,
both in the adiabatic and the nonadiabatic limit. Therefore, it
is of interest to assess how well Coulomb explosion imaging
measures the spatial orientation of the I-I axis. The studies
are conducted both on isolated molecules and on molecules
dissolved in helium nanodroplets—the latter situation being
particularly important for new activities on laser-induced
alignment of molecules embedded in He droplets [23-25].

II. EXPERIMENTAL SETUP

Most of the experimental setup has been described previ-
ously [23,24] and only a few details are given here. A sample
of 1,4-diiodobenzene [structure shown in Fig. 1(a)] is placed
inside a pulsed Even-Lavie valve [26], heated to 80°C and
coexpanded with 80 bar of helium. The resulting supersonic
molecular beam passes through a 2 mm skimmer before
entering the target region where it is crossed by a focused,
pulsed, linearly polarized laser beam (A = 800 nm, Tpwpm =
30 fs, wg = 25 um). The laser pulse is sufficiently intense to
Coulomb explode DIB and the charged fragments produced by
the explosion are guided onto a position-sensitive detector by
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a velocity map imaging (VMI) spectrometer [27]. The detector
allows for acquisition of time-of-flight (TOF) mass spectra or
two-dimensional (2D) images of one or more ion species. The
VMI voltages determine the arrival time of the ion species and
the size of the 2D ion images. For measurements on isolated
DIB molecules, the voltages were kept at Viepeller/ Vextractor =
3000 V/2000 V, unless specifically mentioned otherwise. The
He droplets used to solvate DIB molecules were produced
by expanding ~25 bar of He gas, cryogenically precooled
to 12 K through a 5 um orifice. These conditions produced
He droplets consisting of ~1.5 x 10* He atoms [28]. The
droplet beam passes a pick-up cell where the partial pressure
of DIB is adjusted to optimize for doping a single molecule
into each droplet. The droplet beam then enters the target
region and is crossed by the focused pulsed laser beam. For the
measurements on DIB molecules in He droplets, the distance
between the laser-molecule interaction point and the detector
was increased by inserting a ~30 cm flight tube in order to
enhance the temporal resolution of the TOF measurements.
The increased flight distance requires the VMI voltage ratio
to be modified to 8000 V/5025 V. For some of the TOF
measurements on DIB in He droplets, a second focused pulsed
laser beam was used to induce nonadiabatic alignment of the
molecules prior to the Coulomb explosion. The Coulomb
explosion pulse was sent at the time when the molecules
were aligned the strongest—see Ref. [25] for details on the
alignment dynamics.

III. COULOMB EXPLOSION OF ISOLATED
DIB MOLECULES

Our measurements comprise (1) time-of-flight measure-
ments to identify the different ion species created, and
(2) two-dimensional images of different ion species, from
which their radial and angular distributions are extracted. The
latter enables correlations between the emission directions or
velocities of different ions to be revealed through covariance
analysis.

A. Time-of-flight measurements

Figure 1(b) shows the time-of-flight (TOF) spectrum when
the DIB molecules are irradiated by the probe pulse with a
peak intensity of 3.8 x 10'* W/cm?, which is enough to multi-
ionize the molecule and create many charged fragments. In the
spectrum, the sharp features of H,O", N, %, and O, ™ all stem
from the ionization of background gas in the target chamber.
The spectrum is dominated by H" and C* ions, but the ions
of interest are shown in the inset. Here the largest signals
are identified as IT and I?*, both of which have a distinct
double-peak structure. The structure arises from the probe
pulse being polarized along the TOF direction. The molecules
are randomly oriented in space, but the molecules that per
chance have their I-I axis pointing along the laser polarization
are more easily multi-ionized due to enhanced ionization
[29-31]. As aresult, the I* (or I*) ions created with a velocity
towards the detector form the early peak, and the I* (or I**)
created with a velocity away from the detector form the late
peak. The two-peak structure disappears when the polarization
is turned perpendicular to the TOF direction.
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FIG. 2. (a) TOF covariance map for isolated DIB molecules.
(b),(c) Average TOF spectrum. The panels (I-VI) show the covariance
map for specific ion correlations with the color scale adjusted to
enhance contrast. The insets are indicated on the main covariance
maps by white circles.

Apart from the I and I?* fragments, the TOF spectrum
consists mainly of remnants of a singly charged benzene ring
(C¢H,,*) and smaller hydrocarbon fragments. Near 6 us, the
doubly charged parent ion is seen, C¢HyI,>*. This proves the
existence of states in the dication with lifetimes of at least
microseconds [32]. Dications with a shorter lifetime would
break apart before reaching the detector. At 6.7 us, a small
amount of the C¢H4I™ fragment is detected. The singly charged
parent ion is detected near 8.4 us (not shown in the inset),
but the signal is very weak. The DIB molecule appears to
almost always fragment—even at lower intensities, very few
unfragmented singly charged parent ions are observed.

To identify possible correlations between ion fragments,
covariance mapping of the TOF signals was applied [33-36].
For these data, the extractor and repeller voltages were
increased to 5333 and 8000 V, respectively, to enhance the
detection efficiency and, at the same time, reduce the arrival
time of all ionic species. The TOF spectrum for the ith laser
shot represents the number of ions detected as a function of
time x and is denoted X;(x). The time-of-flight covariance C
is defined as

Clx,y) = (Xi(x)Yi(y)) = (Xi () (Yi(¥)), (D

where (-) denotes the average over all laser shots. C(x,y) is a
measure for the correlation between ions recorded at time x
with ions recorded at time y.

The covariance map obtained from the recording of 50 000
time-of-flight traces is shown in Fig. 2(a). Only the portion
of the TOF spectrum corresponding to I>*, I>*, I+, C4Hyl, %,
and CgHyI™ is displayed. The covariance map is calculated
according to Eq. (1), with X and Y being the same TOF
spectrum; hence it is often referred to as an autovariance map.
Below the covariance map [Fig. 2(b)] and to the left of it
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[Fig. 2(c)], the average TOF spectrum is shown to ease the
interpretation of the map.

The dominant signal along the diagonal from the lower-left
to the upper-right corner is an artifact of the autovariance,
since each ion will be correlated to itself. Away from
the autovariance diagonal, hereafter termed the A diagonal,
correlations between different ion species are observed. In
particular, the correlations seen in the six areas, highlighted
by white circles and numerated from (I) to (VI), are relevant.
Closeups of these six areas are shown to the right of Fig. 2(a),
with a color scale for each image providing the highest
contrast. From (I), showing the correlation between I ions,
two regions symmetrically located on either side of the A
diagonal indicate that some iodine ions arriving early on
the detector are correlated to others arriving late. This is
consistent with the polarization geometry of the probe pulse,
predominantly ionizing along the flight direction, sending one
I'™ towards the detector (arriving early) and one away from
the detector (arriving late). Similar structures are seen for I+
(I) and I** (III) ions, where a clear separation from the A
diagonal is now apparent. This is because the higher charge
states are primarily formed from ionization of the molecules
that by chance are best aligned with the laser polariza-
tion, i.e., the forward-backward emission becomes very well
defined.

Turning to (IV)-(VI), these show correlations between
different ion species. Panel (IV) reveals correlations between
I and I?*. The majority of the signal is confined to two areas
symmetrically located on either side of the line parallel to
the A diagonal, showing that some I ions are created along
with an I?* partner from the same molecule. If the two ions
were created from different molecules, it would be as likely
to detect both ions arriving early or both arriving late, but
no clear signal is observed parallel to the A diagonal. When
created from the same molecule, the covariance signal must
produce a pair of regions on either side of the A diagonal.
The (small) signal observed parallel to the A diagonal cannot
be due to emission of an (I*,I**) ion pair from the same
molecule because it would imply that either I™ and I>* both
fly towards or both fly away from the detector. Instead, these
false covariances are attributed to small fluctuations in target
density which is known to generate false covariances, i.e.,
due to accidental covariance of an ion pair from different
molecules [35,36]. Similar observations can be seen for (V)
showing the correlation between I+ and I** but with fewer
false covariances, likely due to the lower count rate for these
two species [35]. Panel (V1) shows the correlation between I
and CgHyI™, which is very weak, but a feature crosswise to
the A diagonal is seen, thus indicating a correlation between
the two ion species.

In summary, the covariance analysis shows unambiguously
that the Coulomb explosion of isolated DIB molecules leads
to emission of correlated (IT,C¢H4I™), (IT,I71) and (I*F,1P1)
ion pairs. Whether the correlation between emitted (IT,IT),
(I7*,1?%), and (I**,I3*) ion pairs results from false covariances
or true correlations cannot unambiguously be determined due
to the intense autovariance signal. More extensive information
of the Coulomb explosion of the molecules can be accessed
by recording and analyzing 2D velocity ion images of the
fragments, as discussed in the next section.
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FIG. 3. (al)—(a3) 2D ion images from isolated DIB molecules
and (b1)—(b3) slices of the 3D ion distribution. Column (1): I ions;
column (2): I** ions; column (3): C¢H4I* ions. The probe pulse
polarization is indicated in (al). Each image is scaled to its maximum
value and is 551 by 551 pixels, which corresponds to 36 by 36 mm
on the detector. See text for details.

B. Ion images

Two-dimensional velocity ion images are shown in the
upper row of Fig. 3, where Fig. 3(al) displays the distribution
of It ions. The probe pulse is polarized vertically, and a
clear angular confinement of the ions along the polarization
axis is observed. As discussed for the TOF spectra, this is a
consequence of the orientational dependence of the ionization
rate—with those molecules that happen to have their I-I axis
pointing along the polarization being most efficiently ionized.
Each image in the figure is scaled to the maximum value
of a single pixel, and thus intensity across images cannot
be compared. The peak intensity of the probe pulse was
4.8 x 10'* W/cm? for all images. The I image contains two
distinct pairs of half rings, indicating at least two fragmentation
pathways leading to the generation of an I ion. The signal near
the center is ascribed to I ions formed by single ionization of
the molecules and subsequent dissociation of the cation into an
I ion and a neutral partner. These ions detected in the center
constitute about 2% of the total amount of ions.

Due to the cylindrical symmetry of the experiment, the full
three-dimensional (3D) velocity distribution can be obtained
by an Abel inversion algorithm. Here the pBASEX software [37]
was used to produce a slice of the 3D velocity distribution,
which is shown in Figs. 3(b1)-3(b3). In the 3D image of I
ions [Fig. 3(b1)], the two half rings appear sharper. In the
following, these two rings will be referred to as the inner
and outer channel. For the I** ion image [Fig. 3(a2)], the
emission direction is also confined along the laser polarization
direction and only a single channel is visible. Performing the
Abel inversion does not reveal more structure in the ion image
[Fig. 3(b2)]. In addition, the VMI voltages were increased
to search for additional higher-energy channels, producing
I?* ions, but none were observable within the limits of the
setup.

The ion image of C¢HyI* [Fig. 3(a3)] lacks the anisotropy
seen for I and I?*. The majority of the signal is detected
near the center, but a ring is visible at a slightly larger radius.
The C¢HyIt ions detected in the outermost ring must have
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FIG. 4. (a) Radial distributions and (b) speed distributions of I*
ions (solid red), I>* ions (dashed blue), and C¢H4I™ ions (dotted black)
obtained from the ion images in Figs. 3(al)-3(a3) and 3(b1)-3(b3),
respectively.

obtained their kinetic energy through repulsion with another
charged fragment, which has to be an iodine ion. We believe
that the lack of anisotropy results from the precursor dication,
CgH4I?*, living long enough that it can rotate a few or several
times before it breaks up into a C¢H4I™ ion and an I ion. The
rotation time of DIB is ~3.17 nanoseconds, so the lifetime of
the dication should be on the order of nanoseconds or tens of
nanoseconds. Such lifetimes have been observed for dications
of other molecules—for instance, CO, [38].

The fastest C¢HyI™ ions are emitted with a very distinct
absolute velocity, suggesting that only a single fragmentation
pathway is leading to this fragment. The signal near the center
is likely from a breakup of the singly charged parent ion,
similar to what was observed in the I™ image. The Abel
inverted image [Fig. 3(b3)] is not very different from the 2D
ion image, but since the number of CsHsI™ ions detected is
only about 5% of the number of I ions detected, the inversion
algorithm introduces a lot of noise.

From the 2D ion images, the radial distribution is obtained
by an angular integration. In Fig. 4(a), the radial distributions
are shown for I ions (solid red), I>* ions (dashed blue), and
CeHyI™ ions (dotted black), with the x axis represented in
pixels of the CCD camera. All distributions have been scaled
to their maximum value to ease comparison. The two channels
from the I ion image are visible in the distribution at about
100 pixels for the inner and at 155 pixels for the outer. The
I>* signal peaks at a radius of about 155 pixels and has a very
broad distribution, whereas the CsHyI™ distribution is sharply
peaked at 75 pixels. The signal in the CgH4I™ distribution
below 20 pixels is due to the ions detected near the center.

The radial distributions obtained from the 3D ion images
can be converted to a speed distribution by calibrating the VMI
spectrometer. Here the calibration was done by performing
above threshold ionization (ATI) on argon and detecting
discrete photoelectron energies separated by one photon
energy in a 3D inverted image [39]. In Fig. 4(b), the speed
distributions for the three different ion species are shown. Each
distribution is scaled to the maximum value. From the speed
distributions, the kinetic-energy distributions are obtained. The
result for the I ions is displayed in Fig. 5. It shows the
two distinct peaks pertaining to the two Coulomb explosion
channels. In particular, the outermost channel is observed to
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FIG. 5. The kinetic-energy distribution of It ions resulting from
ionization of the DIB molecules with a probe pulse intensity of
4.1 x 10" W/cm?.

peak at 5.1 eV—information that we will use below to identify
the details of the Coulomb fragmentation.

C. Covariance analysis of the radial and angular
distributions of the I ions

The image of I* ions in Fig. 3(al) consists of 2.5 x 10°
ion hits recorded in 10° laser shots. With the coordinates for
each ion hit saved along with the image number in which
the laser shot was recorded, the covariance between different
observables can be calculated. Whether ions recorded in either
channel are correlated to other I* ions can be investigated by
a radial covariance map. Now the observables X; and Y; in
Eq. (1) are the radial distribution on the bottom half and the
top half of the images, respectively, for the ith laser shot. The
covariance map is shown in Fig. 6(a) along with the average
radial distribution below [Fig. 6(b)] and to the left [Fig. 6(c)]
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FIG. 6. (a)Radial covariance map of I ions on the top half of the
detector with the I* ions on the bottom half. (b),(c) Average radial
distribution from 2D ion images. The dashed lines are guides to help
distinguish regions for the two separate channels.
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to ease interpretation. The radial distribution is the same as the
one shown in Fig. 4(a).

In the radial distributions, three dashed lines have been
drawn to separate the inner and outer channel. The intersection
of the dashed lines creates four areas in the covariance map.
The majority of the covariance signal is found in the top right
area, which shows correlations between two I ions in the outer
channel. When detecting an I ion in the outer channel on the
top part of the detector, itis likely to detect another I ion in the
outer channel on the bottom half. In the top-left and bottom-
right areas, there is almost no covariance signal, indicating no
correlation between ions detected in different channels. The
only way to create two I* ions with different velocities would
be to remove a third electron closer to one iodine than the other.
This seems unlikely in a molecule as symmetric as DIB. In the
area containing only the inner channel, very little correlation
signal is present. This implies that formation of an I ion in
the inner channel together with another I ion is unlikely, thus
instead some other charged fragment is produced. The small
signal is believed to be due to the projection of ions stemming
from the outer channel.

The covariance map shows that some of the I* ions detected
in the outer channel are created with another I' ion in the outer
channel. Such an I ion pair could, in principle, originate from
doubly ionized DIB molecules breaking up into two I* ions
and a neutral C¢Hy ring. With an equilibrium I-I distance
of 6.82 A [40], each I jon would acquire a kinetic energy of
1.06 eV, from the electrostatic repulsion, which is significantly
below that observed for the outer channel—see Fig. 5. Thus,
a third electron must be removed from the molecule to release
more energy in the Coulomb explosion process. If this extra
ionization is assumed to create a single positive charge in
the center of the aromatic ring, the Kinetic energy of the 1T
ions detected would be 5.28 eV, which fits very well with the
observed kinetic-energy distribution.

As such the combined information from the radial covari-
ance map in Fig. 6 and the kinetic-energy distribution points to
that the fragmentation pathway CgHI** — It + CgHy ™ +
I™ makes a major contribution to the outermost channel
observed in the It image. Our analysis, however, shows that
other fragmentation pathways are likely to contribute to the
outer It channel in order to account for the larger kinetic
energies extending out to 10 eV. The assignment of the inner
channel will be discussed in the next section.

The radial covariance map only describes the energetics of
the correlated I' ions, but nothing about their mutual emission
direction. If the angular emission direction of the ions is used
as an observable, the covariance map is termed an angular
covariance map [12,41,42]. The angular covariance map for
I ions is shown in Fig. 7 for the inner channel [Fig. 7(a)]
and the outer channel [Fig. 7(b)]. Here, 0, and 0, are measures
of the angle between the probe pulse polarization (vertical)
and the vector for the ion hit, as defined in Fig. 3(a2). The
covariance map is an autovariance map since 6; and 6, refer
to the same angle and, in order to avoid the large A-diagonal
signal, the center line has been put to zero. Since only a weak
covariance signal was observed for the inner channel in the
radial covariance map, it is to no surprise that the angular
covariance signal of the inner channel is about a factor of 4
weaker than the outer channel. The correlations in the inner
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FIG. 7. Angular covariance map for I ions detected in (a) the
inner channel and (b) the outer channel as a function of emission
angle 0, and 6,. The A-diagonal line has been put to zero.

channel are believed to stem from the tail of the outer channel,
and hence the following discussion will focus on the outer
channel.

In the covariance map displayed in Fig. 7(b), two oblong
islands with prominent correlation are observed. The islands
are centered along lines given by 6, = 6; + 180° and 6, =
0, — 180°, which implies that the two It ions are emitted
with a relative angle of approximately 180°. This is in
line with our expectations based on the assignment of the
Coulomb fragmentation pathway responsible for the outer
I channel. A more straightforward view of the relative
emission is obtained when the covariance map is rotated to
show the difference angle 6, — 0; on one of the axes—see
Fig. 8(a). The covariance signal is peaked around 6; = 0° and
6; = 180° due to the orientational selectivity of the ionization
process: molecules with their I-I axis aligned along the probe
polarization experience the highest ionization rate.

A particularly interesting feature of the observed islands is
their width along the difference angle 6, — 0. Had the two I
ions recoiled exactly along the I-I axis of the molecule, which
is the same direction as the bond each iodine atom makes to
the central aromatic ring, the islands should have been narrow
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FIG. 8. (a) Angular covariance map for It ions detected in the
outer channel as a function of emission angle 6, and difference angle
6, — 6,. (b) Integrated covariance as a function of the difference angle
6, — 6y, see text for details.
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lines. This is not the case and the finite width provides a direct
measure of the deviation from axial recoil.

To obtain a quantitative measure for the deviation from axial
recoil, the covariance map is integrated along the angle 6, . This
gives the distribution shown by the blue dots in Fig. 8(b). It
is peaked around 180° with a broader and weaker feature near
0°. The broad distribution around 0° must be false covariances,
since it is not possible for both I ions from the same molecule
to be emitted in the same direction. Two I ions can only be
detected in the same direction if they come from two different
molecules. It must be equally likely that the two I ions created
from two different molecules fly in opposite directions as it
is likely that they fly in the same direction. Thus the false
covariances must also be present around 180°. The red curve
in Fig. 8(b) is the fit obtained by using three Gaussian shapes.
First the false covariances near 0° are fitted to a Gaussian
function. This shape is forced onto the distribution near 180°
and the remaining data is fitted to a third Gaussian shape.
From the fit, a full width at half maximum (FWHM) value
of 28 + 0.2° is extracted for the true covariance signal. This
width gives a measure for the deviation from axial recoil.
Further discussion of axial recoil is given below.

D. Covariance analysis of different ion species

To identify possible correlations between different ion
species, images of the different ion species must be compiled
at the same time. Ideally this is done by recording each ion
species individually for each laser shot as is possible, for
instance, by using a PImMS camera because it places a time
stamp when each ion is detected instead of using a selective
gate [42-44]. Here, we show that a regular CCD camera can
also be used to identify correlations between selected different
ion species simply by extending the gate window to encompass
the pertinent ion species. In an effort to better understand what
constitutes the inner channel in the I image [Fig. 3(al)], the
detector gate window was extended (to span from 5.07 to
6.77 us; see Fig. 1) to simultaneously detect I and CgHyI™
ions, since fragmentation into these two fragments seemed
like a plausible pathway. Although the different ions both are
detected as a flash of light and thus cannot be distinguished on
the detector, a covariance analysis provides new information.
With the increased gate window, C¢HI,>* ions will also be
included in the detection, but since they all arrive at the center
they should not influence the analysis.

To increase the probability of forming I™ in the inner
channel versus in the outer channel, the laser intensity was
reduced to 2.1 x 10" W/cm?. A total of 1.3 x 10° ions were
detected in 2.4 x 10° laser shots, and from this a radial and
an angular covariance analysis were performed. The radial
covariance map is shown in Fig. 9(a) along with the average
radial distribution in Figs. 9(b) and 9(c).

Extending the opening time of the detector can only lead
to additional correlations compared to when only I ions are
imaged, and thus one should expect the same features as seen
in Fig. 6. The average radial distributions have more ions
shifted towards lower radii, which is a result of the lower laser
intensity. Turning to the covariance map, the signal from the
correlation between I ions detected in the outer channel is still
the most dominant one. The main difference to the covariance
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FIG. 9. (a) Radial covariance map for I and C¢H4I™ ions on
the top half of the detector with those on the bottom half. (b),(c)
Average radial distribution including both ion species. The white
circle highlights the main difference compared to Fig. 6.

map of only I ions is the two sharp lines highlighted by the
white circle. The sharp lines mean that when a given velocity
of one of the ions is detected, the velocity of the other ion
is fixed. This is characteristic of a two-body breakup where
only two fragments can take away the energy and momentum.
Since the sharp lines were not present in the radial covariance
map of I ions alone, it must be from the formation of an I
with a CqH4I™ ion.

From momentum conservation, the speed of the I ion will
be M’/m’ times the speed of the C¢HyI™ ion, where M’ is the
mass of CgHyI and m’ is the mass of I. The radius reached
on the detector by a fragment, R, is proportional to v,pTOF,
with vpp being the magnitude of the velocity component in the
detector plane. Since the TOF is proportional to \/m /g, R can
be expressed as R o vyp+/m. The ratio of the radius reached
by the two fragments can now be calculated as

R+ M’
RC(,H4I+ m

2

The mass of an I ion and a C¢HuI™ ion is 127 and 203 u,
respectively, and thus the slope of the line should be 1.26
or ﬁ depending on which fragment is detected where. The
measured slope of the lines was determined to be 1.30 and
%30. The good agreement between the measured and predicted
slope shows that one possible outcome of Coulomb explosion
of DIB molecules, pertaining to the inner I channel, is the
formation of an I along with a C¢H,I™ partner.

Similarly to the I ions alone, an angular covariance map
was calculated with the long detector gate. Figure 10 shows
the angular covariance map for the radial range covering the
inner channel [Fig. 10(a)] and for the radial range covering
the outer channel [Fig. 10(b)]. The outer channel appears the
same as in Fig. 7, but the inner channel has a very sharp line

given by 6, = 6; 4+ 180° and 6, = 6, — 180°, as indicated by
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FIG. 10. Angular covariance map for a radial range covering
(a) the inner channel and (b) the outer channel for I ions. The
white circle highlights the difference compared to Fig. 7.

the white circles. The width of the sharp line was determined
tobe 1.3 4= 0.4°, which we assign to the resolution of the setup.

The sharp line extends across all angles of 6, but it is
most clearly seen away from the correlations between two I
ions. This implies that the I ions correlated to CgH4I™ ions
are emitted in all directions. This matches with the image of
CeHyIt ions seen in Fig. 3(a3), where a uniform emission
direction was observed. Likewise, a faint ring is observed for
the I ions in Fig. 3(al) near the inner channel. This result
proves that the IT-C¢HyI™ fragmentation channel originates
from a precursor dication which lives, and thus rotates, at least
a few nanoseconds such that the two fragment ions are emitted
isotropically.

IV. COULOMB EXPLOSION OF DIB MOLECULES
INSIDE HELIUM DROPLETS

This section details the studies of Coulomb explosion
of DIB molecules inside helium droplets. This section is
structured similarly to the previous section, but with more
emphasis on the unique droplet effects. By comparing the
results of isolated molecules to those of molecules inside
helium droplets, the effect of the helium droplet can be probed.

A. Time-of-flight mass spectra

A TOF mass spectrum of the ionic species created following
Coulomb explosion of DIB molecules inside helium droplets
was recorded and shown in Fig. 11. The low density of doped
He droplets results in a more noisy TOF spectrum compared
to that obtained for the isolated molecules [Fig. 1(b)].

The largest signal in the TOF is from H,O" ions due
to water vapor in the target chamber. Other ions from the
background gas in the target chamber are HT, H,*, N, +, O, ™,
and CO, ™. Large signals are seen for small helium clusters,
namely He', He, ™, and Hes™ (some of this peak stems from
C™), but clusters of up to He g™ have been observed. All helium
clusters disappear for pure helium droplets with no dopants. A
zoom of the high-mass region is shown in the inset, with the
most dominant signal coming from It ions near 6.5 us. The
arrival time of an I ion coming from a molecule inside a He
droplet is different from that of an isolated molecule (Fig. 1)
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FIG. 11. TOF spectrum of DIB molecules inside helium droplets.
The inset shows a zoom of the region between 4 and 8.2 us covering
fragments from m/q = 46 to m/q = 210 u/e. The main fragments
are labeled. The probe pulse intensity was 4.5 x 10'* W/cm? and the
polarization was along the TOF direction.

because of the addition of the flight tube. On the right side of
the I peak, a shoulder is visible, and some minor signals can
be seen. The structure of these signals is discussed later in this
section.

A high-statistics TOF spectrum was recorded focusing on
the region of I ions and higher masses—see Fig. 12(c). The
time axis of the TOF spectrum has been converted to a mass
scale to ease the interpretation. The largest signal is from
I ions and the splitting is caused by the polarization of the
laser pulse as was the case for the isolated molecules. Every
four mass units, a smaller replica of the main iodine signal is
detected. This is interpreted as a IHe,* complex. A similar
structure in the TOF mass spectrum was observed for neutral
I atoms formed via dissociation of molecules inside helium
droplets [45].
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FIG. 12. (a) Time-of-flight covariance map for randomly aligned
DIB molecules in helium droplets with the average TOF spectrum
shown below in (c). (b) Time-of-flight covariance map for aligned
DIB molecules in helium droplets with the average TOF spec-
trum shown below in (d). The intensity of the probe pulse was
2.2 x 10" W/cm? and the polarization was along the TOF axis.
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To investigate possible correlations between the fragment
ions, the TOF covariance map, shown in Fig. 12(a), was
calculated for 2.5 x 10° laser shots. The covariance map is
dominated by the large autovariance signal along the central
A diagonal, but signals away from the A diagonal can be
seen as well. The strongest off-diagonal signal is the two
lobes around (127,127), which indicate that forward I ions
are correlated to backward It ions—just as in the isolated
molecule case. In addition, a number of pairs of signals,
completely absent for isolated molecules, are observed. These
pairs consisting of two distinct regions along the direction
approximately perpendicular to the A diagonal show pro-
nounced correlations between forward and backward ions. For
instance, the pairs around (127,131), (127,135), and (127,139)
show unambiguously that forward (backward) It ions are
correlated to backward (forward) IHe*, IHe,*, and IHes™
ions. Likewise, the pairs around (131,135) and (131,139)
show unambiguously that forward (backward) IHe" ions are
correlated to backward (forward) IHe,™ and IHe;™ ions. The
(131,131) pair indicates a correlation between forward and
backward IHe™ ions. Since the IHe, " signal decreases as n
increases, so does the correlation signals with IHe,* ions.

To possibly reveal more correlations, alignment of the DIB
molecules was induced by a 200-fs-long pulse pulse with a
peak intensity of 1.6 x 10'*> W/cm?. The probe pulse was
sent 40 ps after the alignment pulse—just at the time where
the degree of alignment reaches its highest value [23,25]. The
molecules were aligned in the same direction as the probe
pulse polarization, i.e., along the flight direction. The TOF co-
variance map for the aligned molecules is shown in Fig. 12(b)
and the average TOF spectrum is shown in Fig. 12(d).

The alignment results in two obvious changes. First, the
splitting of the It and IHe, ™ TOF signals in a forward and a
backward peak is more pronounced. It is caused by the fact
that more molecules are now aligned along the TOF direction,
which adds signal to the peaks, and less molecules are
perpendicular to the TOF axis, which increases the dip between
the peaks. Second, all covariance signals appear stronger
and the distance between the two areas in each covariance
region increases. The explanation is the same as for the more
pronounced splitting of the TOF peaks. The increased contrast
of the covariance map implies that correlations between I and
IHes™ are just visible.

Overall, the TOF covariance analysis shows that the
pronounced correlation between a forward and a backward
I ion is preserved when either one or both of the I ions
interact with the He environment and a complex is formed
with a number of helium atoms. In the next section, 2D velocity
ion images will be used to learn more about the I* and IHe™
ions produced by Coulomb explosion of DIB molecules inside
helium droplets.

B. Ion images

As can be seen from the TOF mass spectrum in Fig. 11,
the signal corresponding to I?* and CgH4I™ is quite weak and,
in addition, the I>* signal is overlapped with contributions
from the He,™ progression. Therefore, we focus on the IT
and IHe™ ions. Figures 13(al)-13(a3) show 2D velocity
ion images recorded following Coulomb explosion of DIB
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FIG. 13. (al)—(a3) 2D ion images from DIB molecules in helium
droplets and (b1)—(b3) slices of the 3D ion distribution. Column (1):
I ions recorded at a peak pulse intensity of 1.9 x 10" W/cm?; col-
umn (2): I ions recorded at peak intensity of 3.8 x 10'* W/cm?; col-
umn (3): IHe" ions recorded at a peak intensity of 1.9 x 10 W /cm?.
The laser polarization is indicated in (al). Each image is 551 pixels by
551 pixels, which corresponds to 36 mm by 36 mm on the detector.

molecules inside helium droplets. I™ ion images are shown
in Figs. 13(al) and 13(a2) recorded with an intensity of
1.9 x 10 and 3.8 x 10'* W/cm?, respectively. The image
in Fig. 13(a3) shows IHe" ions recorded for the low intensity.

The It ion images show no sign of distinct fragmentation
channels, in contrast to the situation for the isolated DIB
molecules (Fig. 3). This is in line with what was observed
for other molecules [23,24] and ascribed to the exchange
of momentum and energy between the fragments and the
surrounding He atoms during the Coulomb explosion. Each
ion image is scaled to its maximum value on a single pixel,
and thus comparison of count rates across the ion images is
not possible. In Figs. 13(b1)-13(b3), a slice of the 3D ion
distribution of the corresponding ions is shown. The 3D ion
images do not immediately provide more information, but they
allow for determination of the speed distributions.

Figure 14(a) displays the radial distributions from the
2D ion images for the I ions recorded with high intensity
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FIG. 14. (a) Radial distributions and (b) speed distributions
of ions obtained from the images in Figs. 13(al)-13(a3) and
13(b1)-13(b3), respectively. The distribution for I ions recorded
at an intensity of / =3.8 x 10" W/cm? is shown in dashed
blue. The distributions for I* and IHe™ ions at an intensity of
I =109 x 10" W/cm? is shown in solid red and dotted black,
respectively.
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FIG. 15. Speed distribution of It ions from isolated molecules
for an intensity of 4.8 x 10'* W/cm? (dotted red) and for molecules
in helium droplets for an intensity of 3.8 x 10'* W/cm? (solid blue).
The dashed and dotted dashed line is the average speed for each
distribution. See text for details.

(dashed blue) and low intensity (solid red), and for IHe* ions
(dotted black). Comparing the red and blue curves, only minor
differences are seen and, in both curves, only one channel is
visible. The IHe™ ions are detected at lower radii compared to
the I* ions and the distribution is more sharply peaked. The
speed distribution is obtained in the same manner as for the
isolated molecules.

The speed distributions obtained from the 3D ion images
are shown in Fig. 14(b). The sharp drop of the red and
the blue curve at large speeds results from reaching the
detector edge. The speed distribution for the high pulse
intensity produces more It ions at high speed, suggesting
that the distribution consists of multiple components, some
with different ionization states. The distribution of THe™ ions
peaks about SA/ps below the peak of the distribution for
I ions for the same intensity. Similar results were reported
for photodissociation experiments [45,46]. The mass of the
IHe™ ion compared to the I* ion alone does not account for
the discrepancy in velocity. However, IHet may favorably be
formed when other fragments also carry He atoms, increasing
their masses also. Another possible explanation is that the
IHe" ion is formed when the I ion moves out of the droplet
and that the probability of picking up a He atom is highest for
slow I ions.

The speed distributions of IT ions from isolated DIB
molecules (dotted red) and from DIB molecules inside helium
droplets (solid blue) are shown in Fig. 15. The dashed
and dotted dashed line represent the average speed of the
distribution. The I ions are, on average, 7% faster from
isolated molecules than from molecules inside helium droplets.
The pulse intensity used for the isolated molecules was
4.8 x 10" W/cm?, which is somewhat higher than the one
used for molecules in droplets, 3.8 x 104 W/cmz. However,
even the average I speed from Coulomb explosion of isolated
molecules with a pulse intensity of 2.1 x 10'* W/cm? is
higher than the average one from molecules inside droplets
at an intensity of 3.8 x 10'* W/cm?. The average speed was
calculated for ions detected between 2 and 34 A/ps for both
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FIG. 16. (a) Radial covariance map of I ions on the top part of
the detector with I ions on the bottom half recorded from molecules
inside helium droplets. (b),(c) Average radial distribution from the
2D ion image.

isolated molecules and molecules inside He droplets. The
difference in speed is ascribed to the iodine colliding with
helium atoms on the way out of the droplet or the solvation
of the molecule inside the droplet increasing the masses of
involved fragments in the Coulomb explosion sharing the same
repulsion energy as in the isolated case [45].

C. Covariance analysis of the radial and angular
distributions of the I'* ions

The covariance analysis presented here is based on
the image of I" ions recorded at the high intensity
(3.8 x 10" W/cm?). The I'* ion image in Fig. 13(a2) consists
of 6.7 x 10° ion hits recorded in 5 x 10° laser shots. First the
radial covariance was investigated in the same manner as for
the isolated molecules. The covariance map was calculated
between I ions hitting the bottom half of the detector with
those hitting the top half, and it is shown in Fig. 16(a). The
average radial distribution is shown below and to the left of the
map in Figs. 16(b) and 16(c). The radial scale is not directly
comparable to the one for the isolated molecules due to the
extended flight distance used for the droplet measurements.
There is, however, a clear correlation between the I ions
hitting the bottom half of the detector and those hitting the
top half. The correlation is strongest for the I ions detected
between 120 pixels and 220 pixels. The covariance map for
molecules inside helium droplets is less confined to the A
diagonal compared to the isolated molecules. This fits with the
interpretation that some of the I ions are being slowed down
on the way out of the droplet, leading to a broader distribution
of velocities. Also a distribution of fragmenting (exploding)
species of the molecule inside the droplet, i.e., different
solvation complexes, possibly with different symmetries,
would broaden the distribution of velocities. Thus, correlations
can occur at a broader range of velocities.
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FIG. 17. (a) Angular covariance map for I'* ions from molecules
inside helium droplets as a function of emission angle 6, and
difference angle 6, — 6. (b) Integrated covariance as a function of
the difference angle 6, — 6.

Next the angular covariance map is calculated for IT
ions detected between 70 pixels and 260 pixels to investigate
the validity of the axial recoil approximation. The angular
covariance map shows the same features as for the isolated
molecules, and only the rotated angular covariance map is
displayed in Fig. 17. Similar to the isolated molecule case, two
distinct oblong islands, centered around 8; = 0° and #; = 180°
with the difference angle 6, — 8, = 180°, are present. As for
the isolated molecules, the covariance map is integrated along
0, and the resulting distribution is shown in Fig. 17(b).

Unlike the case for the isolated molecules (Fig. 8), no
broad, weak distribution centered around 0° is observed in the
integrated covariance distribution. Thus, there are essentially
no false covariances. We do not have an obvious explanation
for this, but it appears that the fluctuations in the I ion count
rate from molecules inside helium droplets is less than those
for the isolated molecules under the experimental conditions
applied. The narrow spike at 0° is an artefact of the detection
and does not influence the correlation analysis. The FWHM
of the integrated covariance signal at 180° was determined to
be 45 £ 1°. By comparison, the FWHM for the outer channel
of the isolated molecules is 28° and 30 % 0.3° when averaged
over both the inner and outer channel. This shows that the
deviation from axial recoil is significantly larger for molecules
inside He droplets compared to isolated molecules.

V. DISCUSSION AND CONCLUSION

The main finding of the current work is the quantitative
measure for the degree of axial recoil in the Coulomb explosion
process of DIB molecules producing a pair of oppositely
traveling I ions. Recording the distribution of the relative
angular emission of the two I ions as in Figs. 8 and 17 should
make it possible to correct future measurements of the spatial
orientation of DIB molecules for the deviation from axial recoil
in the Coulomb explosion process. In the many current applica-
tions of aligned or oriented molecules, an improvement in the
accuracy of how molecules are turned in space will be useful.

The covariance analysis showed that the width of the
relative angular distribution of the two I ions is 30° for
isolated molecules and 45° for molecules in He droplets. Our
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experiment does not provide insight into the mechanisms that
cause the deviation from axial recoil, but we speculate that
both charge asymmetries in the Coulomb explosion process
(for instance, if an electron is removed from a H atom on one
side of the benzene ring but not from any H atoms on the
other side) and distortion of the molecular geometry during
the Coulomb explosion process due to vibrations [47,48] play
arole. For the molecules inside He droplets, additional factors
can contribute to blurring the axial recoil. First, as the IT
fragment ions travel out of the droplet, they will interact with
the He atoms. Previous studies of photodissociation showed
that this interaction can be modeled as binary collisions [45],
which will tend to blur the initial recoil direction. Second,
at the intensities of the probe pulse, not only the molecules
but also some of the He atoms in the immediate vicinity of the
molecules are ionized. Itis likely that this ionization not always
occur symmetric with respect to the molecular structure, which
could lead to a deviation in the emission of the I ions from
the I-I axis during the Coulomb explosion.

To illustrate the implication of the deviation from axial
recoil characterized in the present work, we simulated the ion
emission directions that replicate the covariance maps mea-
sured here. The simulation reveals that the degree of alignment
which would be measured for a perfectly aligned molecular
ensemble is (cos®fp) = 0.979 for isolated DIB molecules
and (cos® f,p) = 0.947 for DIB molecules inside He droplets.
Had the axial recoil been perfect, (cos? 6,p) would be equal to
1. Ideally, the effect of nonaxial recoil should be deconvoluted
from the measured angular distributions of the ions following
Coulomb explosion such that the true degree of alignment can
be determined. This is particularly important if the degree of
alignment is very high. Currently, we are exploring how this
deconvolution can be implemented based on covariance mea-
surements, similar to those presented here, and comparison
to simulated results. Details will be presented in Ref. [49].

The lack of axial recoil is expected to occur for many
other polyatomic molecules. As an example, we applied the
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current analysis to 1,4—dibromobenzene (DBrB). In this case,
Brt ions were recorded and the subsequent analysis occurred
similar to that of DIB. The width of the integrated angular
covariance distribution was measured to 32 + 0.4° for the
isolated molecules and 51 £ 0.7° for molecules in helium
droplets. As for DIB, the measurements show that the deviation
from axial recoil is significantly higher for molecules inside
He droplets compared to isolated molecules. We note that the
deviation from axial recoil of the DBrB molecules inside He
droplets seems somewhat larger than for DIB molecules in
He droplets. A plausible explanation is that the lower mass of
the Br" ions makes them more susceptible to changes of their
initial recoil direction, from the Coulomb explosion, due to
collisions with the He atoms on the way out of the droplet than
the heavier I ions.

The DIB and DBrB molecules were chosen because they
contain two identical atoms. The relative emission of two
iodine or bromine ions recoiling from each end of the
molecules could be characterized by covariance analysis of the
ion angular distributions recorded with a velocity map imaging
spectrometer and a standard CCD camera. This approach
should be directly applicable to several other molecules, such
as CS,, CO,, and C,H,, but it can be extended to a much
larger class of molecules if different ion species from the
Coulomb explosion can be recorded individually for each laser
shot. This is possible, for instance, by employing a PImMS
camera [42]. Such comprehensive data should also allow an
exploration of the accuracy of Coulomb explosion to probe the
orientation of more than one molecular axis, which is needed
for characterizing three-dimensional alignment [21,50-52].
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