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Nonradiative energy dissipation in electronically excited polyatomic molecules proceeds through
conical intersections, loci of degeneracy between electronic states. We observe a marked en-
hancement of laser-induced double ionization in the vicinity of a conical intersection during a
non-radiative transition. We measured double ionization by detecting the kinetic energy of ions
released by laser-induced strong-field fragmentation during the ring-opening transition between
1,3-cyclohexadiene and 1,3,5-hexatriene. The enhancement of the double ionization correlates with
the conical intersection between the HOMO and LUMO orbitals. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4829766]

. INTRODUCTION

Nonradiative relaxation of electronic excitation in
polyatomic molecules proceeds via conical intersections,’
loci of degeneracy between different electronic states. The
Born-Oppenheimer approximation, which is suitable for
describing a molecule in equilibrium geometry, breaks down
in the vicinity of conical intersections. When that occurs, the
equations describing motion of electrons and nuclei become
coupled, leading to difficulties in computing the molecular
dynamics. Due to the prevalence of conical intersections,
there has been considerable effort to develop suitable theoret-
ical frameworks and new experimental techniques to probe
them.! In this article we report the observation of enhanced
multiple ionization in the vicinity of conical intersections,
and discuss how strong-field ionization could probe the
properties of non-radiative molecular transitions.

Intense laser fields can initiate molecular fragmentation
through multiple ionization followed by a repulsion of the
remaining positive charges.”> The ability of the molecular
fragmentation to report on a chemical transformation in
time-resolved experiments depends on the difference in the
fragmentation patterns between the starting material and the
transient species or product. Such time-resolved fragmen-
tation experiments have been used to follow wavepacket
motion® and study unimolecular reactions.>*

Photoinitiated ring opening of 1,3-cyclohexadiene
(CHD) to form 1,3,5-hexatriene (HT) is a paradigmatic
example of a unimolecular reaction that occurs through a
conical intersection between two electronic states (S; and Syp).
The molecule has been studied extensively®>~'® (for a recent
review, see Ref. 14 and the references therein), and is suitable
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for testing new experimental techniques. Ion fragment time-
of-flight (TOF) mass spectra of the parent molecule CHD
and the product HT differ significantly when short intense
800 nm radiation is used for fragmentation.>*!> The HT
isomer is characterized by a more violent fragmentation that
leads to an increase of smaller-mass fragments, particularly
H*, compared to that of CHD. This qualitative difference
between the CHD and HT fragmentation TOF mass spectra
has been used in time-resolved experiments to monitor the
CHD ring opening.>*

The experiment reported here can distinguish fragmenta-
tion channels originating from different charge states CHD""
by measuring the kinetic energy of the fragment groups. Past
measurements only monitored the evolution of the ion-time-
of-flight spectra following photoexcitation. We observed an
enhancement in the double ionization, which correlates with
the passage of the wavepacket through the conical intersec-
tion that occurs due to degeneracy between the HOMO and
LUMO orbitals.

Il. EXPERIMENT

To investigate the sensitivity of strong-field multiple ion-
ization to conical intersections, we initiated the isomerization
of CHD by a short UV pulse (266 nm, ~120 fs, <10 uJ, pro-
duced by two-stage nonlinear mixing of 800 nm pulses). The
relatively long duration of this excitation pulse avoids impul-
sive vibrational excitation that would add complexity to the
interpretation of the results. The excitation and fragmentation
lasers were collinear and orthogonally polarized. The laser
beams intersected an effusive molecular beam at 90°.

The ultraviolet excitation pulse launches a wavepacket
on a spectroscopically bright S, potential energy surface that
rapidly crosses onto the S| surface and accelerates to the S;/Sy

© 2013 AIP Publishing LLC
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conical intersection. We monitored the wavepacket crossing
the S;/Sy conical intersection using time-resolved fragmenta-
tion initiated by an intense IR field (800 nm, ~80 fs, 100 uJ).
Tons were collected by a velocity map imaging (VMI) detec-
tor (already described in Ref. 16) with the following voltages
applied to the repeller plate, extractor plate, and flight tube,
respectively: 1960V, 1600 V, 1000 V. A portion of the electric
field applied to the front of the micro-channel plate detector
was pulsed to create a temporal gate in order to separate dif-
ferent fragments based on their travel times. The detector axis
was perpendicular to the plane defined by the laser beams and
the molecular propagation axis. The images were recorded
by a Thorlabs DC210 camera (640 x 480 pixels). Kinetic
energies of different ion fragment groups, separated by their
travel times, were measured in steps of 30 fs over ~1.5 ps. We
adjusted the gate timing to measure the fragmentation groups
H+/H2+, CHn+, Can+, C3Hn+, C4Hn+, C5Hn+, and C6Hn+.
We did not attempt to separate individual peaks within each
group. Based on the fluctuations in the ion count in the
raw signal, we estimate the relative standard error of our
measurement to be on the order of 4%.

After finding the centroids of the hits on the detector
and centering the averaged velocity map images, we inverted
them using the onion peeling algorithm.!” This procedure was
performed for all of the ion fragment groups, except for the
Ce¢H, ™ group, where the ion count was too large to permit
the centroid-picking algorithm to work and instead raw im-
ages were averaged, centered, and inverted. The kinetic en-
ergy axis was calibrated based on a SIMION calculation for
the experimental geometry. The accuracy of the measurement
of lower kinetic energy fragments is limited by lower effi-
ciency of our microchannel plates close to the center of the
detector, as well as imperfections in the VMI focusing, image
centering, and the inversion algorithm. The inability to per-
form the ion-hit centroid finding in the case of the parent ion
due to a high-count rate contributes to the error of the kinetic
energy measurement in that case.

lll. RESULTS AND DISCUSSION

Figure 1 shows the ion kinetic energy dependence on the
time delay between the UV pump pulse and the IR fragmenta-
tion probe pulse, plotted separately for different ion fragment
groups. Two sets of fragments, differentiated by their kinetic
energy, are visible in C;H,*, C3H,*, and C4H, " ion groups.
We refer to these sets in further discussion as ‘‘low kinetic
energy’’ (~1 eV) and ‘‘high kinetic energy’’ (2—-12 eV) sets.
In other ion groups only one of the two sets is apparent. This
is the case in H* and CH, " groups, which display only the
high kinetic energy fragment sets, and CgH, ™ group where
only the low kinetic energy fragment set is observed. In some
cases a partial overlap prevents a better separation of different
kinetic energy sets. This is the case in CsH, ", where the peak
of the distribution is at lower kinetic energy, but a long tail
persists at higher kinetic energies.

Separation of ion fragments into the high and low kinetic
energy groups allows us to infer the ionic charge of CHD"* at
the onset of the fragmentation. We estimate that, depending
on the location of the charges at the onset of fragmentation,
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FIG. 1. Dependence of the kinetic energy of H*, CH,*, C,H, ", C3H, ™",
C4H, ", CsH, ™, and C¢H, ™ fragment groups on the time delay between the
UV and IR pulses (blue represents low count, red represents high count; color
scale differs between plots). Low and high kinetic energy sets are labeled 1
and 2, respectively, in the case of C3H, .

the kinetic energy divided between two fragments in the
fragmentation of CHD?* ranges from 5-13 eV (respectively,
for limiting cases of two positive charges located on two far-
thermost carbons 2.9 A apart, or neighboring C and H atoms
separated by 1.1 A). The kinetic energies of the high kinetic
energy fragment groups in H*, CH,*, C;H,*, C3H, ", and
C4H, ™ suggest that these ions are formed by fragmentation
of CHD?* (excluding a very weak peak in CH,* at 8.2 eV,
not visible in the color scheme of Fig. 1, likely originating
from CHD**). In fragmentation of a doubly charged ion the
heavier fragment is released with less kinetic energy. This
agrees with a decrease in the separation between the low
and high kinetic energy peaks. The low kinetic energy in
fragment sets visible in the C,H, ", C3H,*, C4H,*, CsH, ™,
and CgH, ™ groups suggest that these ion fragments resulted
from a dissociation of excited CHD*, which can be formed
by multiple single- and two-color pathways.

The time dependence of the integrated signals for higher
and lower kinetic energy fragment groups are plotted in Fig. 2.
Three patterns of behavior are observed: lower kinetic energy
fragments that peak at zero time delay (in C,;H,*, C3H,*,
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FIG. 2. Traces of integrated signal for “low” (blue) and “high” kinetic en-
ergy (red) sets in H*, CH, ", CoH,+, C3H,+, C4H,*, CsH, ™, and CH,+
fragment groups.



184309-3 Petrovic et al.

and C4H, ", CsH, ", CsH, groups), higher kinetic energy frag-
ments that peak 150 fs after zero delay (in H", CH, ", C,H,*,
C;H, ", C4H, " groups), and higher kinetic energy fragments
that peak at zero delay (part of CH,™ group, possibly tail of
the CsH,™ group). Based on their different time dependence
and kinetic energy, we propose that three time-dependent
processes contribute appreciably to the signal in our exper-
iment: one originating from decomposition of CHD™; and
two from the decomposition of CHD?*. These three pro-
cesses are: multi-photon single ionization; IR-ionization of
the UV-formed CHD™; and IR double ionization of the UV-
excited neutral CHD/HT system. We will now discuss the de-
tails of the time dependence for the rates of these three pro-
cesses, with particular attention on the IR double-ionization
of the UV-excited neutral CHD/HT system. We are espe-
cially interested in the highest kinetic energy fragments and
we concentrate the discussion on the primary fragmentation
processes.

The first process that our analysis identifies is multi-
photon single ionization of CHD. This process is responsible
for the low energy ionic fragments formed by predissociation
of CHD™. Although the singly charged parent ion with
sufficient excess energy to fragment can be formed by either
absorption of two UV photons (IPcyp = 8.25 eV'4), or by
combination of the UV and IR photons (the 800 and 266 nm
photons correspond to 1.55 eV and 4.65 eV, respectively),
only the two-color signal displays a dependence on the
time delay. The single-color pathway contributes to the
time-independent baseline signal not discussed here, while
the signal corresponding to two-color pathways is expected to
peak at time delays when both pulses are present, as observed.

The second process that contributes to our signal is the
sequential IR-ionization of UV-formed CHD™. This agrees
with our earlier results reported in Ref. 4, where we observed
a significant contribution from the UV-formed CHD*. The
kinetic energy of the fragments produced by sequential two-
color ionization corresponds to that of CHD?* fragmentation,
and the prompt appearance of these fragments supports our
assignment of this process. Large portions of the signal in the
CsH," and CH, " channel result from this process.

A third process displays a maximum ~150 fs after the
photoexcitation. The delayed peaks occur only in a subset of
fragments originating from CHD?*, and therefore indicate
enhanced direct strong-field double ionization by the IR pulse
of the UV-excited neutral CHD/HT system. This process is
responsible for the higher kinetic energy fragments observed
inthe HY, CH,t, C3H,t, C4H,* ion groups, and to some ex-
tent signal in the CsH,* and CH,,* ion groups. An experiment
reported in Ref. 16 finds that kinetic energy release, averaged
over all of the fragments, goes through a delayed maximum
before reaching the value corresponding to the CHD and HT
mixture at late times.'® That maximum is absent when x-rays
are used to initiate the fragmentation,'® suggesting that a
strong-field process is responsible for the delayed enhance-
ment. This supports our assignment of the third process.

We propose that the two paths for CHD** fragmentation
discussed in the second process (sequential two-color dou-
ble ionization) and third process (direct single-color double
ionization) could come from different intermediates. These
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different intermediates are the singly charged CHD™ and the
doubly charged CHD?*, respectively. Sequential two-color
double ionization proceeds through CHD™, which is pre-
dicted to relax by a hydrogen loss'® to form a benzenium
ion C¢H;*. On the other hand, CHD** formed directly by
single-color strong-field double ionization stabilizes by pro-
ton migration.'® As a consequence, Coulomb repulsion pro-
duces fragments from CgH;>* in the sequential two-color
process, and from C¢Hg?* in the direct process. The posi-
tive charge in C¢H5 ™ is distributed over five of the six carbon
atoms, so the finding that CsH,"™ and CH, " are produced in
the high-kinetic energy data supports our attribution of this
process to sequential two-color double ionization. Ion-ion co-
incident fragmentation measurements could provide a more
detailed account of the discussed processes.

Figure 2 indicates that double ionization of the
UV-excited CHD/HT system peaks at about 150 fs time delay.
Previous experiments and theoretical models that have inves-
tigated the So/S| conical intersection find that the wavepacket
launched by the UV pulse passes through a conical intersec-
tion at about this same time, approximately 140 fs after the
photoexcitation.> %! This may indicate that when the S; and
Sy states become nearly degenerate, the double ionization rate
is strongly enhanced. In that case, enhanced double ioniza-
tion would lead to an overall increase in fragmentation, mani-
fested as an increase in lower-mass fragments and an increase
in the fragment kinetic energy. Indeed, previous work by our-
selves and others on CHD isomerization® !> 1320 also reports
that proton and low mass fragment ejection goes through a de-
layed maximum, before reaching the value corresponding to
the CHD and HT mixture at late times. The persistent high ki-
netic energy of lower-mass fragments suggests that the double
ionization rate remains higher after the maximum compared
to that of CHD. This is expected from the resonance in the
HT ion for absorption of 800 nm.?!

We propose that the observed enhancement in the
double ionization could be related to the degeneracy between
the HOMO and LUMO orbitals that is reached as the molecu-
lar geometry changes during the isomerization. Ab initio mod-
eling of this process requires a treatment of the interaction
of a strong field with a two-electron system that is strongly
coupled to a change in the nuclear geometry. Such calcula-
tion is currently beyond reach even for smaller molecules than
CHD. In absence of an ab initio model, we speculate that the
observed enhancement in the double ionization could be re-
lated to the phenomenon of enhanced ionization previously
reported in strong-field ionization of diatomic molecules?* 2
(see the supplementary material for details>*). The new ex-
perimental observation that the cross section for the double
ionization displays a delayed maximum upon the photoexci-
tation of CHD will be important in testing future models of
strong-field ionization of photoexcited polyatomic molecules.

A similar enhancement in proton ejection has been
reported in strong-field fragmentation of acetylene in the
ground state.”> The model discussed in that work proposes
a mechanism in which a near-degeneracy of the HOMO and
HOMO-1 orbitals, which occurs in the limit of strong-field
extended C-H bonds, enhances the multiple ionization that
results in proton detachment. In the acetylene example,? the
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degeneracy between the two relevant orbitals, HOMO and
HOMO-1, comes from the C-H bond elongation by the in-
tense laser field. In CHD the degeneracy of the HOMO and
LUMO orbitals for a particular geometry exists even in zero
field, but it is expected that the strong-field parameters have an
effect on the characteristics of the delayed enhancement.?® In-
deed, in the experiment reported here the delayed peak occurs
150 fs after the cross correlations, while earlier experiments
report delays of up to 200 fs. We plan to further explore the
effect of the strong field parameters on the orbital degeneracy
and its potential for control over nonradiative relaxation.
Both our work and the account reported in Ref. 25
support the findings of Roither et al. who find that proton
ejection is a dominant fragmentation channel in strong-field
ionization of small hydrocarbons.?” The enhanced multiple
ionization, observed to occur in the vicinity of the S;/Sy coni-
cal intersection in CHD, leads to an increase in fragmentation
that is manifested as a rise in the proton abundance. Protons,
as the lightest fragments, depart with highest kinetic energy
and show a particularly marked change upon the onset of the
double ionization. In the experiment discussed here, we report
that some of the other ions follow the same pattern as H.

IV. CONCLUSIONS

We observe an enhancement in strong-field multiple
ionization that correlates with a valence orbital degeneracy
during the ring opening of CHD. In particular, time-resolved
measurements of kinetic energy release for different frag-
ments reveal rates for competing processes in strong-field ion-
ization. The time evolution of these rates provides information
about transient structural changes in the molecule. In CHD
the observed increase in the double ionization rate during the
passage of the molecule through the S;/Sy conical intersec-
tion geometry leads to an increase in the release of energetic
fragments during strong-field fragmentation. Specifically, the
proton channel shows a notable change upon the onset of
double ionization. Our work supports the findings reported
in Refs. 25 and 27 that the release of the energetic protons
is a general feature of the strong-field fragmentation of small
hydrocarbons.

Theoretical modeling of the observed enhancement in the
double ionization rate requires models that can treat strong-
field two-electron dynamic processes. Such ab initio models
are difficult even for atoms. The experimental findings that
are reported here will be important in testing future models of
strong-field ionization of photoexcited polyatomic molecules.
Future experiments that benefit from higher time resolution
and variation of the strong-field laser parameters will help
understand the mechanism of the enhanced strong-field multi-
ple ionization in the vicinity of conical intersections. As con-
ical intersections constitute the primary channel for nonra-
diative relaxation in polyatomic molecules,' we expect that
the method described here will find a widespread use in
investigations of molecular structure and dynamics.
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