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ABSTRACT: While the interaction of atoms in strong fields
is well understood, the same cannot be said about molecules.
We consider how dissociative ionization of molecules depends
on the quality of the femtosecond laser pulses, in particular,
the presence of third- and fourth-order dispersion. We find
that high-order dispersion (HOD) unexpectedly results in
order-of-magnitude enhanced ion yields, along with the factor
of 3 greater kinetic energy release compared to transform-
limited pulses with equal peak intensities. The magnitude of
these effects is not caused by increased pulse duration. We
evaluate the role of pulse pedestals produced by HOD and
other pulse shaping approaches, for a number of molecules
including acetylene, methanol, methylene chloride, acetoni-
trile, toluene, and o-nitrotoluene, and discuss our findings in terms of processes such as prealignment, preionization, and bond
softening. We conclude, based on the quasi-symmetric temporal dependence of the observed enhancements that cascade
ionization is likely responsible for the large accumulation of charge prior to the ejection of energetic fragments along the laser
polarization axis.

■ INTRODUCTION

Ultrashort intense femtosecond pulses with peak intensities
higher than 1013 W/cm2 have associated field-strength of ∼1 V/
Å. Their interaction with matter, while simpler to understand
for atoms, is much more complex for molecules.1−8 Molecules
produce multiply charged species and change their molecular
structure through the following: deformation, isomerization,
and the migration of atoms between different sites within the
charged molecule.9−15 Understanding and controlling these
chemical processes with ultrafast laser pulses has been an
ongoing dream in the field since the 1980s.5,6,16−19

Strong field ionization is largely determined by the peak
intensity and the duration of the laser field. Within a few cycles,
the electric field is able to overcome molecular bonds and cause
dissociation. Efficient proton elimination with high excess
energy from molecules is often observed.11,20 A number of
models have been considered to explain dissociative ionization
of molecules under intense fields. One such model posits that
the process is ruled by stretching of C−H bonds.21 As the
duration of pulse increases, bond-lengths reach a critical
internuclear distance from which ionization cross section is
greater. Another model proposes hydrocarbons ionize to a
high-charge state and dissociate in a concerted Coulombic
explosion.11 At the leading edge of the pulse, C−H bonds
stretch and the molecule is ionized multiple times. After this
event, the skeleton of the molecule Coulomb explodes and
forms highly charged fragments. Both of these models depend

on pulse duration to explain the dissociative ionization
processes.
With the advent of pulse shapers capable of preparing well-

defined laser pulses, in terms of phase, amplitude, and
polarization;22 understanding dissociative ionization in greater
detail has become possible. Here we explore if the presence of
low-intensity pedestals in the pulse, caused by high-order
dispersion (HOD), influences the strong-field dissociative
ionization of molecules. We focus on HOD because of its
natural prevalence in ultrafast laser systems.
The electric field distribution in time domain for a

broadband laser pulse with an angular frequency ω can be
expressed as
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fwhm , τfwhm is the pulse duration at fwhm. The

term φ(ω) is known as the phase of the pulse and can be
expanded as
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The first term φ(1) corresponds to a time delay for all the
frequencies; the second term φ(2) corresponds to the second
order dispersion (SOD), also known as chirp. Chirp causes a
temporal broadening of the pulse and a change in the arrival
order of frequencies in accordance with the phase sign. Using
chirp to control the fragmentation of a dissociative event has
been studied extensively during the past 20 years.23−25 Work
from this group showed that there is a trend that applies to
substantially all molecules; 16 different molecules were studied,
and the extent of fragmentation was dictated by the pulse
duration.5 Terms higher than φ(2) are referred to as high-order
dispersion. For instance, third order dispersion (TOD) causes
the appearance of a pedestal before (when negative) or after
(when positive) the main pulse, and fourth order dispersion
(FOD) causes the appearance of a symmetrical pedestal on
both sides of the main pulse. While a great deal of research has
been conducted using chirped pulses, few reports explore the
role of high-order dispersion in dissociative ionization. The
effect of negative TOD on the dissociation of H2

+ was an
increase in ion yields due to prealignment caused by the
prepulse pedestal.26 Whereas negative TOD was found to
suppress the nonsequential ionization of the anion SF6

−.27

Here we explore whether the pulse pedestal resulting from
HOD influences the dissociative ionization of large molecules.
Our interest stems from the fact that HOD is technically
challenging to measure and eliminate. Therefore, if an effect is
found, it is likely relevant to previous and future experiments
with intense femtosecond laser pulses. Moreover, it can help
understand the interaction between molecules and intense laser
fields.

■ EXPERIMENTAL METHODS
The experimental setup used here consists of a regeneratively
amplified Ti:sapphire laser (Spitfire, Spectra Physics, Santa
Clara, CA) producing femtosecond pulses at 1 kHz repetition
rate. The near-Gaussian pulses were centered at 800 nm and
had a 25.8 nm bandwidth fwhm. The pulses were compressed
and shaped after the amplifier using a pulse shaper (MIIPS-HD,
Biophotonic Solutions Inc., East Lansing, MI) utilizing the
Multiphoton Intrapulse Interference Phase Scan (MIIPS)
method.28,29 The pulse bandwidth corresponds to 36 fs
(fwhm) when compressed to transform-limited (TL). The
shaper was also used to introduce TOD and FOD phase masks.
Amplitude correction was implemented by increasing the
transmission value for the HOD pulses relative to the TL pulses
without changing the laser spectrum (Figure S1, Supporting
Information). This was used to ensure the peak intensity for the
phase shaped pulses was the same as that for the TL pulses.
The amplitude mask value is based on the theoretical change in
the pulse peak intensity while introducing the HOD phase.
This was verified experimentally based on the total SHG signal
that is obtained from TL, HOD phase only, and amplitude
corrected HOD pulses which are also compared to the
theoretical SHG signal based on the laser spectrum. High
fidelity (pulse-to-pulse stability) of the laser and the absence of
pre/post pulses were ensured and confirmed via the fidelity
assessment procedure30,31 (Figure S2).

The experiments were carried out using a Wiley−McLaren
time-of-flight mass spectrometer (TOF−MS) having a 0.5 m
long field free drift region. The MS chamber was maintained
under high vacuum with a base pressure of 6−8 × 10−9 Torr.
The samples were outgassed by repeated freeze−thaw cycles
under vacuum. After outgassing, the samples were introduced
into the vacuum chamber via a leak valve and the pressure was
maintained at 5 × 10−6 Torr, under fast flow condition. Laser
pulses were focused onto the effusive sample using a 300 mm
achromatic lens. The experiments were carried out at pulse
energies corresponding to peak intensities of 1.7, 3.4, 5.1, and
6.8 × 1014 W/cm2. The pulses were linearly polarized in parallel
to the TOF−MS and the ion detection axis. The ion extraction
plates were 1 cm apart and the DC extraction field between the
repeller and the extractor was set at 320 V/cm, while the
extractor was kept at 1880 V. The extractor plate consisted of a
0.9 mm wide slit that is perpendicular to the laser propagation
axis to ensure ion extraction from the central part of the
focused beam and mitigate volume ionization effects.32−34 The
zero-voltage ground plate was a 16 mm diameter circular wire
grid placed 1 cm away from the extractor plate. Ions were
detected using a 500 MHz digital oscilloscope coupled with
dual microchannel plates (MCP’s) in Chevron configuration.
The MCP’s were located at the end of the field-free drift region
of the TOF−MS. For each peak intensity value, the resulting
ions from 1000 laser shots were collected and averaged. The
data acquisition program collected the averaged signal for each
of the different phases being evaluated in close succession, in
order to prevent the influence of long-term drifts in the signal.
This procedure, evaluating multiple different phases, was
repeated to obtain 500 averages for each phase.
The effect of high-order dispersion on a femtosecond pulse is

relatively subtle and not easy to characterize. We recorded
interferometric autocorrelations (AC) for the four types of
pulses considered in this research; they are TL, −3 × 104 fs3

TOD, 3 × 104 fs3 TOD, and 3 × 106 fs4 FOD as shown in
Figure 1. For the case of TOD pulses, a cross-correlation with a
TL pulse is presented. The cross correlation measurement (TL

Figure 1. Interferrometric AC for (a) TL, (b) −3 × 104 fs3 TOD, (c) 3
× 104 fs3 TOD, and (d) 3 × 106 fs4 FOD pulses. The TOD traces are
cross-correlations with TL pulses to show the asymmetric time
profiles.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.6b08659
J. Phys. Chem. A 2016, 120, 8529−8536

8530

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.6b08659/suppl_file/jp6b08659_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.6b08659/suppl_file/jp6b08659_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.6b08659/suppl_file/jp6b08659_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.6b08659


vs TOD pulses) are carried out by the pulse shaper and a
method called multiple independent comb shaping (MICS).35

The cross-correlation reveals the asymmetric temporal profile
for the pulses and confirms the pedestals for positive and
negative TOD has mirror image symmetry (Figure S3). HOD
introduces a small pedestal, and some pulse broadening. The
retrieved pulse durations (fwhm) are 36, 48, and 64 fs for each
phase, respectively. For all our experiments, the peak intensity
of the pulses, with or without HOD, was kept constant.
The pedestals seem to be negligible in the autocorrelations

shown in Figure 1. For this reason, we plot calculated pulse
profiles in logarithmic scale in Figure 2. FOD causes a time-

symmetric pedestal, while TOD causes a leading (negative) or
following (positive) pedestal. The intensity of these pedestals is
about 1−2 orders of magnitude smaller than the main pulse and
extends for about 200 fs. In strong field laser experiments,
where the peak intensity can exceed 1 × 1015 W/cm2 (as shown
in Figure 2), these pedestals cannot be ignored. Our
experiments track the dissociative ionization process observed
for a number of molecules including acetylene, methanol,
methylene chloride, acetonitrile, toluene, and o-nitrotoluene;
comparing results for TL pulses and pulses with HOD. Our
presentation begins by describing in detail results for toluene
and o-nitrotoluene; we then generalize to the other molecules.

■ RESULTS
The mass spectrum from toluene using TL pulses at 6.8 × 1014

W/cm2 is shown in Figure 3 (o-nitrotoluene mass spectrum is
shown in Figure S4). Both are in good agreement with previous
studies.5,36,37 The strong nonresonant fragmentation of both
molecules produces shorter hydrocarbons along with multiply
charged ions. Coulomb explosion products can be identified in
the spectrum because of their structure; ions traveling toward
the detector arrive at earlier times compared to backward
moving ions. When comparing the two compounds, o-
nitrotoluene, which is more polarizable than toluene and has
an ionization potential that is larger by 0.4 eV,38 produces larger
amounts of fragment ions relative to that of the molecular ion.5

Our results are depicted in logarithmic spider plots in Figure
4 for toluene and Figure 5 for o-nitrotoluene. On the basis of
this plotting scheme,39 where ion yields are normalized to

yields obtained from TL pulses at the given intensity, the mass
spectrum using TL pulses is represented as a unity circle. This
allows one to determine the relative associated changes in the
ion yields when using HOD pulses. Each of the spider plots
represents the variations in the relative yield at a particular peak
intensity.
At the lowest peak intensity (Figure 4a), one can clearly see

yield enhancements resulting from HOD for all of the observed
fragment ions, which are the H+ ion and the heavy fragments.
Note that at the lowest intensities some ions are not observed
and those are marked by red dots. Comparing between negative
(prepedestal) and positive (post- pedestal) TOD, slightly
higher enhancement is observed for pulses with a prepedestal.
In the case of FOD, symmetrical pedestal, the ion yields were
much higher than TL or TOD pulses. With respect to TL,
FOD enhancement of several ions, exceeds an order of
magnitude; which is represented by the small black arrows in
Figure 4a. At higher peak intensities Figure 4b−d, the same
trend is observed. The highest overall enhancement occurs
when using FOD pulses, whereas negative TOD produces
slightly more ions compared to positive TOD. The general
enhancement pattern at different peak intensities can be
summarized as follows: (i) At any peak intensity, the ions yield
increases in the following order: TL < positive TOD < negative
TOD < FOD. (ii) At low peak intensity, the heavy fragments
and H+ experience the greatest increase in yield. (iii) At higher
peak intensities, the lower m/z fragments (C+, C2+, C3+) are
enhanced.
Similar behavior was observed for o-nitrotoluene as shown in

the Spider plots in Figure 5. The general trend in the ion yields
enhancement is similar to toluene. The highest observed ion
yields were observed when using FOD pulses as well. Slight
enhancement is observed for negative relative to positive TOD.
The observed HOD enhancements are slightly lower than
those noted in the case of toluene.
Similar experiments were carried out on a number of

different molecules. The dissociative ionization of acetylene,
methanol, methylene chloride, and acetonitrile showed, in
general, similar ion yields enhancement as described for the
larger mollecules. Here we only show in detail results for
acetylene in Figure 6. As for the other molecules, at low
intensity factor-of-10 enhancement is observed for the parent
ion. At higher intensities, the over an order-of-magnitude
enhancement is observed for C2+ and, in the case of acetylene,
for the doubly charged acetylene ion. Formation of acetylene
dication, at mass-to-charge 13, is distinguished from the CH+

Figure 2. Theoretical simulation for the intensity of TL pulses
compared to that of (a) −3 × 104 fs3 TOD and (b) 3 × 106 fs4 FOD
pulses. The insets show same pulses on a linear scale. Positive TOD
(not shown) resembles the negative TOD shown in part a except that
the pedestal appears after the main pulse.

Figure 3. TOF mass spectrum for toluene. The inset in the spectrum
shows magnified region over the small m/z fragments.
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fragment ion, based on the appearance of a small peak at mass-
to-charge 13.5 corresponding to 13C containing doubly charged
acetylene ions with an intensity pattern that matches the

relative natural abundance of the carbon isotope. Double
ionization of acetylene requires ∼32 eV, and its ground state is
stable.40 Dissociative enhancement associated with HOD

Figure 4. Spider plots on a logarithmic scale for the observed toluene fragment ions using FOD (blue), negative (red), and positive (green) TOD
pulses compared to TL (black) pulses at (a) 1.7, (b) 3.4, (c) 5.1, and (d) 6.8 × 1014 W/cm2 peak intensity. The ion yield enhancements indicated by
the black arrows using FOD are (a) C4H4

+ = 12.5 ± 1.0, C3H3
+ = 18.4 ± 1.6, C2H2

+ = 14.6 ± 1.9, and H+ = 20 ± 2, (c) C2+ = 13.7 ± 0.8, and (d)
C3+ = 16 ± 1.

Figure 5. Spider plots on a logarithmic scale for the observed o-nitrotoluene fragment ions using FOD (blue), negative (red) and positive (green),
TOD pulses compared to TL (black) pulses at (a) 1.7, (b) 3.4, (c) 5.1, and (d) 6.8 × 1014 W/cm2 peak intensity. The ion yield enhancements
indicated by the black arrows using FOD in part a are H+ = 15.9 ± 1.0.
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occurs with the smaller molecules at slightly higher intensities
compared to the larger ones. Moreover, the proton ion yield
enhancement (compared to TL at any given peak intensity)
was also smaller and was found to increase in the following
order: methylene chloride < acetonitrile < acetylene <
methanol.
Kinetic energy release (KER) following dissociative ioniza-

tion was obtained from the measured peak profiles for the light
fragments, which appear as multiple separate components due
to the fact that the forward Coulomb exploded fragments reach
the detector at an earlier time compared to the backward ones
(see Figure 3). From such peak profiles, the KER can be
calculated according to the equation:41

= × Δ− t n F
m

KER (eV) 9.65 10
8

7
2 2 2

(4)

where Δt is the separation time between the forward and
backward peaks in nanoseconds, n is the charge, F is the DC
extraction field in V/cm, and m is the atomic mass number. The
KER distributions are obtained from the forward ion peaks in
Figure 7, in order to circumvent the limited angular acceptance
in the ion spectrometer over the energetic fragments. The
calculated KER distributions was obtained at 6.8 × 1014 W/cm2

for the forward peaks of H+, C3+, and C2+ from toluene and o-
nitrotoluene while using vertically polarized beam (parallel to
the flight tube and the detection axis). When horizontally
polarized beam was used, the total ion yields and their KER
were limited to the less energetic fragments (Figures S5 and
S6). HOD increases the total ion yields as well as the KER
distribution. This is observed regarding both the cutoff KER

Figure 6. Spider plots on a logarithmic scale for the observed acetylene fragment ions using FOD (blue), negative (red), and positive (green) TOD
pulses compared to TL (black) pulses at (a) 3.4, (b) 5.1, and (c) 6.8 × 1014 W/cm2 peak intensity. The ion yield enhancements indicated by the
black arrows using FOD are (a) C2H2

+ = 12.2 ± 0.8, (b) C2H2
2+ = 10.2 ± 0.9, and (c) C2H2

2+ = 12.2 ± 0.7 and C2+ = 16.5 ± 1.2.

Figure 7. KER from (a−c) toluene and (d−f) o-nitrotoluene using TL
(black), positive (green) and negative (red) TOD, and FOD (blue)
pulses at 6.8 × 1014 W/cm2 peak intensity.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.6b08659
J. Phys. Chem. A 2016, 120, 8529−8536

8533

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.6b08659/suppl_file/jp6b08659_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.6b08659/suppl_file/jp6b08659_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.6b08659


and the most probable KER. A similar behavior is observed for
C3+ and C2+.
A similar increase in the KER of H+, C2+, and C+ was found

for acetylene (Figure 8), and for the other smaller molecules.

The increase in KER associated with the presence of HOD
indicates greater accumulation of charge prior to Coulomb
explosion. The increase in both of the total amount of
fragments and their KER indicates a significant role for the
pedestal in the dissociation mechanism The KER cutoff values
from acetylene and the other small molecules were smaller than
those observed for the larger molecules. The KER increase
appears to depend on the number of charges that can be
accumulated prior to Coulomb explosion, as discussed below.

■ DISCUSSION
To understand the underlying mechanism behind the observed
yield and KER enhancements reported for pulses with HOD,
we draw from previous findings in the strong field ionization
literature. Ionization processes are highly dependent on the
relative orientation of the molecule and the laser polarization
axis.42 Pulses with negative TOD have been implemented to
increase the dissociation yield of H2

+26 by means of using the
pedestal to induce nonadiabatic alignment of the molecule.
Such a mechanism is feasible in the case of small diatomic
molecules, where the rotational constant supports fast rotation
within the time scale of the pedestal. In the current work with
large molecules, the rotational constants are associated with a
rotational motion that is 2 orders of magnitude slower.
Therefore, it is unlikely that significant alignment is induced
by the prepedestal. Moreover, one would expect to have a
greater difference between negative and positive TOD, whereas
only slight enhancement was observed in the favor of negative
TOD.
It has been shown that when the molecular bonds get

stretched to a certain critical internuclear distance “bond
softening”, ionization cross section reaches a peak rate that is
orders of magnitude larger than at the equilibrium internuclear
distance.43 This process is also known as enhanced ionization
and is attributed mainly to the nonadiabatic electron density

localization near the nuclei after bond stretching. The enhanced
ionization mechanism has been used to explain the ejection of
energetic H+ from polyatomic hydrocarbons due to the
accumulation of a highly charged parent ion.11 With increasing
molecular size, bond softening can occur at multiple C−H
bonds simultaneously, leading to a highly charged state with
strong Coulomb repulsion forces. The highly charged state
mechanism, in which all the H+ fragments are ejected at once in
a concerted fashion, has been demonstrated in the framework
of time-dependent Hartree−Fock44 and time-dependent
density functional theories.45,46 In our current work, the
ejection of energetic H+ can be explained to take place
following a similar mechanism, which is supported by the
increased KER values with accordance to the molecular size.
TOD and FOD pulses are associated with the presence of

pedestals along with a slight increase in the pulse duration. An
increase in the yield of energetic H+ ejection from molecules
has been observed to occur at constant intensity with longer
pulse durations.21 The observation was attributed to the
necessity to populate the precursor’s highly charged states
through which multiple C−H stretching and softening can
occur, followed by the concerted Coulomb explosion. However,
the currently observed enhancement, both in terms of yield and
kinetic energy, is attributed mainly to the pulse pedestals. We
confirm this assertion by plotting changes in the ion yields
when employing TL pulses with durations that are similar to
that of the TOD and FOD. Such changes were much smaller
than those found for TOD and FOD pulses (see Figure S7).
The higher KER values are consistent with HOD pedestals

leading to highly charged precursors prior to Coulomb
explosion. Here we suggest that preionization is important to
reach higher charge densities. To evaluate this hypothesis, we
recorded the ion yields from toluene and o-nitrotoluene as a
function of laser peak intensity using TL pulses (see Figure S8).
For both molecules, it can be seen that molecular ionization
starts at 1014 W/cm2 and saturates soon after. Preionization is
also expected to enhanced electron density localization near the
nuclei.
Taking prealignment, bond softening, and preionization into

account, we were surprised that we do not see larger differences
between negative and positive TOD. We expected a greater
difference. In the search for that difference, we carried out
pump−probe experiments by generating a weak long pulse
(∼100−200 fs) and a stronger (∼10 times more intense) short
pulse (50 fs). However, the ion yield differences were slightly
higher when the long pulse precedes the short one, which is
similar to the negative TOD enhancement compared to
positive TOD. We also evaluated fifth-order dispersion pulses
that closely matched the pedestal of the FOD pulses and again
failed to see large differences between positive and negative fifth
order dispersion. Our findings show that FOD, which is time
symmetric, produced the highest ion yields and KER values.
From which it can be surmised that even a lagging pedestal is
effective. Therefore, we propose our results require we consider
a process known as cascaded ionization.47,48 We envision that at
the intensities being studied, a number of electrons move in
response to the field, the cascaded hopping of electrons within
these large molecules leads to the creation of highly charged
ions such as C3+, and their emission along the polarization
direction of the laser pulses.

Figure 8. KER from acetylene using TL (black), positive (green) and
negative (red) TOD, and FOD (blue) pulses at 6.8 × 1014 W/cm2

peak intensity.
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■ CONCLUSIONS

We have explored the dissociative ionization of a number of
molecules including acetylene, methanol, methylene chloride,
acetonitrile, toluene and o-nitrotoluene following interaction
with intense laser pulses in the presence and absence of high
order dispersion. We find that both third- and fourth-order
dispersion leads to an order of magnitude increases in the yield
of fragment ions and that these enhancements are accompanied
by a factor of 3 increase in the kinetic energy release of these
ions; a factor of 2 increase for the smaller molecules.
Comparison between pulses with pre- and postpedestals
found relatively small differences, implying that mechanisms
such as prealignment, preionization, and bond softening appear
to play a relatively small role in explaining our results. We
invoke a cascaded ionization process, in which multiple
electrons hop within the molecule causing highly charged
species. Once the electron cloud forms, it creates a localized
plasma that is highly susceptible to the laser field and hence to
the trailing pulse pedestal. This explanation is consistent with
the detection of highly charged species such as C3+ emitted
along the laser polarization axis, the minuscule difference
between pre- and postpedestal pulses, and the molecular size
dependence. We have found that the effects are greater for
larger molecules. Future work will focus on molecular
properties that enhance our findings. Similarly, we will explore
the use of differently shaped pulses that may best take
advantage of cascaded ionization. In particular, we are eager to
explore stretched square pulses that offer fast initial ionization
and maintain the field intensity constant until the end of the
pulse.49 Through collaborations, we hope to explore time-
dependent theoretical simulation of our results and coincidence
measurements that will further clarify the processes leading to
high-energy highly charged particles.
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(12) Xie, X.; Roither, S.; Schöffler, M.; Lötstedt, E.; Kartashov, D.;
Zhang, L.; Paulus, G. G.; Iwasaki, A.; Baltusǩa, A.; Yamanouchi, K.;
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