ULTRAFAST PROCESSES IN SMALL MOLECULES

By
William Alexander Bryan

A thesis in partial fulfilment for the degree
of Doctor of Philosophy

University College London

2001



ProQuest Number: U642157

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest U642157
Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



Abstract

The interaction of ultrafast (6 x 107* s) intense (~10" - 10'® Wem™?) laser pulses
with a number of small molecules is investigated. When focussed, the Ti:sapphire
laser used in this work causes multiple ionization, resulting initially in dissociation,
followed by Coulomb explosion into two or more energetic ionized particles.

Ions generated by the Coulomb explosion are detected in a time-of-flight mass
spectrometer. Computer controlled data acquisition and laser parameter control is
effected through a graphical user interface. Covariance mapping is employed to
identify ionization channels, a polarization comparison technique is used to quantify
molecular reorientation, and an ion momentum imaging technique is developed,
coupled with Monte Carlo simulations to measure the molecular geometry.

In water, the internuclear bonds double in length, in accordance with enhanced
ionization theory. The molecule is also observed to straighten considerably, and the
signature of laser-induced reorientation is observed. The geometry modification is
interpreted in terms of bend angle softening, and comparisons with theoretically
predicted reorientation rates are made.

In carbon dioxide, the ionization channels are identified, and a comparison is made
with the results of other experiments. Laser-induced reorientation is observed, and
quantified as a function of ionization channel. The bend angle distribution observed
is compared with the expected zero-point distribution of the neutral molecule.
Geometry modification in terms of light-dressed molecular potentials and the
significance of stable molecular ions is discussed.

The Coulomb explosion of sulphur hexaflouride is investigated, and a comparison
made with enhanced ionization theory. The explosion of this molecule is consistent
with a single critical distance. (Sex agpandix) ’

The dissociation and Coulomb explosion of the hydrogen molecular ion is
investigated for the first time. Comparisons are made with previous experimental and
theoretical results, and significant differences are observed, indicating the

importance of the neutral molecule in the fragmentation process.
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shift of the distribution, (middle) an increase in the width for high r and
(bottom) a increase in the width for low r.

Illustration of the change in shape of the H' and O* IMIs with (top) an overall
shift of the distribution, (middle) an increase in the width for high © and
(bottom) a increase in the width for low 6.

Saturation of the bend angle distribution.

Best-fit simulation parameters found after a number of iterations of the
simulation process.

Comparison between the best fit simulated and corrected experimental maps
resulting from the Coulomb explosion of H,0. (a) The simulated results are
shown on the right-hand side of the figure, the experimental on the left. (b) and
(c) The simulated results are presented on the bottom half of the plot, the
experimental on the top.

Computed dependence of the induced dipole moments of the H,O molecule
when the H-H axis of the molecule is parallel to the laser polarization direction.
The parallel (u;) moment can be seen to dominate the perpendicular (u,)
moment at intensities I > 3 x 10'* Wem™. (Adapted from Bhardwaj et al 1997)

Comparison between the (a) best-fit bend angle distribution (section 4.8) for the
(1,1,1) and (1,2,1) Coulomb explosion channels and (b) the results of the
MCSCF calculation of the geometry of the exploding H,0** and H,0*" ions of
Werner et al (1995) following ionization by HCI impact.

Excitation scheme for bend angle softening in the H,O" ion in a 790 nm laser
field.

Bend angle softening illustrated by dressing the excited state by the photon
energy.

Time-of-flight spectrum of laser-CO, interaction generated by 55 fs laser pulses
focussed to generate an intensity of 3 x 10'® Wem?, The laser wavelength was
790 nm, and the extraction field was 300 V/cm.

Covariance map of carbon dioxide recorded at a wavelength of 790 nm with 55
fs laser pulses focussed to generate intensities of 3 x 10'® Wem™. The laser
polarization direction is parallel to the TOFMS axis, and the extraction field is
300 V/cm.
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5.9
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5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

Covariance map of carbon dioxide recorded under the same laser conditions as
figure 5.2, but with an extraction field of 800 V/cm. The z-scale is adjusted to
show the strongest correlation islands.

Covariance map of carbon dioxide recorded under the same experimental
conditions as figure 5.3. The z-scale is adjusted to show the weaker correlation
islands. The channel identification technique is illustrated by the vertical solid
white line, passing through correlations (a) to (d).

Time-of-flight spectra of laser-CO, interaction with (solid line) linearly
polarized 450 pJ pulses and (dashed line) circularly polarized 900 wJ pulses. In
both cases, the pulse duration is 55 fs and the extraction field was 300 V/cm,
The increase in ion signal with linear polarized pulses indicated reorientation is
occurring.

Ratio of relative ion signal for measured with linear and circular polarization as
shown in figure 5.5.

Variation of detector acceptance angle with ion species and momentum for
CO," and O% (q = 1,2,3). The insert shows the measured peak momenta for the
oxygen ions.

(a) TOF matrix of carbon dioxide recorded by rotating the laser polarization
through 360° in 2° steps. The angle B is the angle between the laser polarization
and the axis of the TOFMS. (b) TOF spectrum at § = 0° to allow ion
identification.

(a) TOF matrix of the atomic ions from the laser-CO, interaction. (b) TOF
spectrum at § = 0° and 90°, to allow ion identification.

Uncorrected O (q = 1,2,3) IMI maps for the atomic fragment ions resulting
from the Coulomb explosion of CO,. The arrow shows the laser polarization
direction.

Uncorrected C** (p = 1,2,3) IMI maps for the atomic fragment ions resulting
from the Coulomb explosion of CO,. The arrow shows the laser polarization
direction.
Corrected O%" (q = 1,2,3) IMI maps for the atomic fragment ions resulting from
the Coulomb explosion of CO,. The arrow shows the laser polarization
direction.
Corrected C** (p = 1,2,3) IMI maps for the atomic fragment ions resulting from
the Coulomb explosion of CO,. The arrow shows the laser polarization
direction,

C?* IMI map before the removal of the contribution of the O**;, ion

The zero point distribution for the bending motion in carbon dioxide. The most
probable bend angle is 174°, and there are no perfectly straight molecules.

First attempt Monte Carlo simulation distributions.

Results of Monte Carlo simulation of the Coulomb explosion of carbon dioxide
from the distributions presented in figure 5.16.

Best fit bond length distributions.
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521

5.22

5.23

5.24

5.25

5.26

5.27

5.28

5.29

Best fit bend angle distributions.
Best fit alignment distributions.

Comparison between the corrected oxygen IMI maps (right-hand side) with the
best fit IMI maps (left hand side).

Comparison between the corrected carbon IMI maps (bottom half of each pane)
with the best fit IMI maps (top half of each pane).

Comparison between the present best-fit bond length distributions (dashed line)
and those of Hishikawa er a/ 1999 (solid line).

Classical appearance intensities of three of the major Coulomb explosion
channels of carbon dioxide, indicated by (1,1,1), (2,2,2) and (3,3,3). Also shown
are six classical trajectories corresponding to the minimum and maximum
intensities necessary to generate the channels.

Calculation of reorientation of carbon dioxide in a 55 fs pulse focussed to
generate an intensity of 0.923 au (3 x 10" Wem'), initially at 60° to the electric
field.

Simulation of the laser-induced reorientation of carbon dioxide. For each laser
intensity, the greyscale plot represents the intensity experienced along the O-O
axis of the molecule. To interpret this figure, start at the lefi-hand side of the
figure at some y value (angle with respect to the laser polarization direction).
Moving horizontally across the plot then illustrates the dynamic behaviour.

Comparison between the bend angle distributions for carbon dioxide under a
range of different field conditions. (a) Zero-point distribution. (b) HCI impact
with a molecule-field interaction time of 6 fs. (c) Present work with 55 fs laser
pulses. (d) 100 fs laser pulses with linear approximation (dashed lines) and (e)
130 fs laser pulses.

Light-dressing of the bending potential of carbon dioxide. (a) Bending potential
energy curves for CO, taken from Rabalais er a/ 1971. (b) Illustration of the
interaction of the ground state (1) with states 2 and 3 dressed by three photons.
(c) Illustration of the interaction of the ground state with states 6 and 7 by six
photons.

Ground state potential energy surfaces for CO, (solid line) and CO,** (dashed
line) taken from Hochlaf et al 1998. In both cases, the contours are separated by
500 cm™. The red arrow indicated the extent of the zero point bending motion.
The blue arrow indicates the extent of the bending motion of the CO,** ion
assuming direct population transfer.
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Chapter 1. Review of experimental and theoretical

studies

1.1  Introduction

Recent advances in laser technology have lead to the routine availability of intense
optical pulses on the same time scale as the vibrational motion of small molecules
(Strickland and Mourou 1985, Squier et al 1991, Yamakawa et al 1991). These ultra-
short pulses can then be focussed to generate electric field strengths comparable to
the binding energy of the electron to the proton in the hydrogen atom. Such
conditions have lead to the discovery of new highly non-linear phenomena in atoms
and molecules.

Intense laser field interactions with atoms or molecules can be separated into two
regimes, namely the multiphoton regime or the field ionization (or tunnelling
ionization) regime. The distinction is made between the two regimes by way of the

Keldysh parameter, v, (Keldysh 1965), which is defined as shown in equation 1.1:

R’
y=|—=L Equation 1.1
2U,
where Ip is the ionisation potential (J), and Uy is defined as in equation 1.2:
2.2
p = 8°2 Equation 1.2
4mo

The quantity Up is the pondermotive energy of an electron of charge e (C) and mass
m (kg) in an electric field of maximum amplitude €, (V/m), with frequency o (s™)
and phase ¢. The electric field (t) of the laser pulse is defined as shown in equation
1.3

g(t) =€, (t)cos(wt + ¢) Equation 1.3

For y > 1, the ionization is in the multiphoton regime, where the atom or molecule
absorbs several photons before ejecting an electron. In this regime, the ionization
rate is proportional to I", where n is the multiphoton order, and I is the maximum

field intensity, as given by equation 1.4:

2
1= Equation 1.4
8n

where c is the speed of light. In the multiphoton regime, the electron has a small

pondermotive energy, and as a consequence, the laser field may be treated as a
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perturbation; this treatment is typical of high frequencies (e.g. UV, X-Ray).

However in the case where the pondermotive energy of the electron is greater then
the atomic ionization potentials, y < 1, which applies if the tunnelling frequency of
the electron is less than the angular frequency of the oscillating electric field. In this
regime, the ionization is through the tunnelling of the ionizing electron through the
field-induced static potential barrier. Here, the potential barrier is the sum of the
Coulomb field and the electric field due to the laser. Ionization in the tunnelling
regime corresponds to longer wavelengths and higher intensities. In the tunnelling
regime, the action of the laser electric field on the Coulomb potential is no longer a
perturbation, hence multiphoton theory cannot be applied. However, the effect of the
laser field on the Coulomb potential can be modelled in a straightforward manner,
and has been found to successfully describe the tunnelling mechanism in atoms and

molecules (see for example Augst et al 1989). Importantly, the term 'field ionization'

Multiphoton regime Tunnelling regime
y>1 y<1

Potential energy

Classical over-the-barrier
model
(c)

Axial distance

Figure 1.1. Schematic representation of the behaviour of the outer electron in the field
of an atomic ion in (a) the multiphoton regime, (b) the tunnelling regime. The ionization
process has been successfully modelled by a classical over-the-barrier model (c).
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is also used to describe the tunnelling regime, as the ionization process is dependent
on the shape of potential created by the superposition of the laser field with the
Coulomb potential. A comparison of the two different regimes is shown in figure
1.1.

1.2 Experimental investigations into the ionization mode in laser fields

The experimental investigation into laser-induced multiple ionization was instigated
more than a decade and a half ago. The early experiments concentrated on the atomic
inert gases. L'Huillier et al (1983a,b) measured the ionization rate of Xenon
instigated by a 1064 nm wavelength laser, with a pulse length of 50 ps. In this study,
it was concluded that, at high intensities, multiple ionization was a sequential
process, and at low intensities, non-sequential.

The terms sequential and non-sequential describe the electron-removal mechanism,
and are common to high-intensity laser studies in atoms and molecules. The
definition of these processes is as follows.

o Sequential ionization.

Sequential ionization implies that, during the laser pulse, electrons are removed in a
step-wise manner, as indicated below for Xenon (equation 1.5a,b).

Xe+nhv — Xe* +e” Equation 1.5a
Xe* +nhv — Xe** +e” Equation 1.5b

e Non-sequential ionization

In contrast to sequential ionization, non-sequential (or collective) ionization implies
that two electrons are removed simultaneously, as shown in equation 1.6.

Xe +nhv — Xe*" +2¢” Equation 1.6
Counter to the conclusions of L'Huillier (1983), Luk et a/ (1983, 1985) reported non-
sequential ionization of a range of atomic elements, including Xe, using a 193 nm
ArF excimer laser with a 10 ps pulse length.

The first experiment using a molecular target as opposed to an atomic target was
carried out in an effort to resolve the disagreements over sequential verses non-
sequential ionization. Codling et al (1987) devised an experiment using hydrogen
iodide (HI), which is isoelectronic with Xe. The molecule was multiply ionized by a
600 nm, 600 fs laser, the highest stage of ionisation observed was HI*. It was

postulated that, if the ionization were non-sequential, the molecule would be ionized
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Figure 1.2. Potential energy curves for hydrogen iodide as a

function of internuclear separation. The dashed arrows represent

non-sequential (direct) ionization, whereas the solid arrows
demonstrate sequential ionization as the molecule dissociates

H++ |+

six times, which would lead to a proton (H") and an I°* ion separated by the ground-
state internuclear separation (1.61 A). The two ions would then repel each other
through the Coulomb interaction, and the proton would be emitted with a kinetic
energy of around 45 eV. Conversely, if the ionization were sequential, the molecular

ion would be ionized as it dissociated, hence the H'+1>*

channel would be reached at
a much larger internuclear separation, hence the proton would be observed with a far
lower energy. This process is illustrated in figure 1.2.

The protons were observed to have a maximum kinetic energy of around 21 eV,
hence Codling et a/ (1987) concluded that the ionization mechanism was sequential
for hydrogen iodide, but at double the ground state separation, which implied
sequential ionization also occurs for Xe for the same laser conditions.

In an earlier publication, Lambropoulos (1985) pointed out that an atom or molecule
in an intense laser field will not be instantaneously exposed to the peak electric field,
rather the temporal profile of the laser pulse will influence the rate at which

ionization takes place. The results of Codling et al (1987) supported this conclusion.

With the advance of laser technology, the focussed intensities generated increased,
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thus allowing experiments to be performed in the tunnelling regime. In an important
experiment by Augst et al (1989), multiple ionization of the noble gas atoms was
studied in this regime. It was found that a classical field ionization model (see figure
1.1(c)) successfully predicted the appearance intensities of specific charge states.
Figure 1.3 shows the results of this model in the ionization of noble gases. The
ionization mechanism was approximated using the over-the-barrier method: as the
laser field increases in strength, the electron can escape over the potential barrier
directly into the continuum. In the case of Augst et al (1989) the effect of the
electron tunnelling through the potential barrier was neglected. Even so, the
agreement between the experimental results and the predicted appearance intensities

is excellent.
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Experimental appearance intensity (W/cm?)

Figure 1.3. Field ionization model as applied to the noble gases

(From Augst et al 1989)
The first suggestion of applying a similar model to the multiple ionization of
molecules was made by Frasinski e a/ (1987) in the case of N, and Codling et a/
(1987) in the case of HI. This model is referred to as the field ionization model. As
in the atomic case, the outermost electron is situated in the sum of the Coulomb
potential and the laser field. However, in transferring from the atomic case to the
molecular case, a number of important differences exist. These were first reported in
Frasinski et al 1987. Firstly, in the case of a molecule, the laser field acts over a

finite distance (the internuclear separation) as opposed to over a point, hence the for
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Figure 1.4. Comparison of an atom (R = 0 au) and a molecule (R = 10 au) in a
laser field. In the atomic case (a), an intensity of 8.8 x 10'> Wem'? is required to
ionize the electron (horizontal line), whereas in the molecular case, a field of 6.5 x
10'> Wem? is required.

the same ionization potential, a molecule will be more easily ionized than an atom.
This is illustrated in figure 1.4.

Secondly, it was observed that the laser polarization direction has a profound effect
on the ionization process. Assuming linear polarization, the maximum electric field
gradient occurs along the polarization direction. Initially, it was assumed that the
molecules would have no time to rotate during the laser pulse (Frasinski et al 1987),
and as a consequence, molecules that are initially aligned with the polarization
direction should be preferentially ionized. Following their experimental

investigations into Ny, Frasinski et al (1987) concluded this was case.

1.3 Dissociative processes

Studies into the dissociative ionization of small molecules have focussed on the
simplest molecular ion H,', hence this discussion will follow the literature. It has
been assumed by a number of groups (Giusti-Suzor et a/ 1995 and references therein,
Gibson et al 1997, Walsh et al 1998) that the first ionization step of the hydrogen
molecule prepares the H," ion in accordance with the Franck-Condon principle,
where the neutral molecule distribution of vibrational, rotational and translational

states are transferred to the ion. It is also assumed (see references above) that the first
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ionization step is very rapid as compared to dynamic effects in the molecule
(reorientation, dissociation, and Coulomb explosion). In the following discussion,
these assumptions are treated as reasonable.

It has been found that considering only the two lowest states of the H," ion (1so, and
2poy) gives a realistic framework within which to understand the dynamics of the
system. See Giusti-Suzor et al 1995 for a summary of this principle.

Following the creation of the H,' molecular ion, multiple photon absorption and
emission can lead to a variety of complex phenomena. The most straightforward and
physically transparent method to understand these processes is in terms of 'dressed’

molecular potentials, as illustrated in figure 1.5.
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Internuclear separation, R (au)

Figure 1.5. Ground state and first excited state potential of H," dressed by a
photon field of 780 nm, where ® = 1.6 eV. (From Giusti-Suzor et al 1995)

The 'dressed' molecular potentials are created by shifting the 1so, and 2po, levels
down by the photon energy, ®. This process is illustrated in figure 1.5 for the H," ion
in 780 nm laser radiation. Assuming that the electronic wavefunction starts in one of
the low lying vibrational states of the ion, figure 1.5 may be considerably simplified
by observing parity rules, in that the electron wavefunction will only
interact with those states of the same parity as the ground state (i.e. even). The

dressed molecular potentials are therefore limited to the undressed 1so, state, the
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2po, state dressed by one photon (2poy + 1), the 1so; state dressed by two photons
(Isog + 20) and the 2po, state dressed by three photons (2poy + 3w). These
potentials are show in figure 1.6, again for 780 nm radiation. Importantly, these

curves only apply below ~10'! Wem™, as they are the diabatic dressed potentials.
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Figure 1.6. Diabatic dressed potentials for H," dressed by a photon field of
780 nm, observing the selection rules.

Above 10! Wem?, the points at which the potentials cross (curve crossings) become
repulsive, creating adiabatic dressed potentials, with associated 'avoided' crossings.
These crossings are referred to by the number of photons required to dress the
potential. For example, the avoided crossing between the 1so, state and the 2po,
state dressed by three photons (2pc, + 3®) is referred to as the three photon crossing
or gap. In figure 1.7, the calculations of Giusti-Suzor et al (1995) are reproduced,
showing the adiabatic dressed potentials for H," in a 780 nm 150 fs laser pulse for
three different laser intensities.

The results reproduced in figure 1.7 are calculated using Floquet theory. The
progressive pushing apart of the avoided crossings is analogous to the AC Stark
shift.

The shapes of the adiabatic potentials are intensity dependent, and by careful

consideration of the evolution of the avoided crossing and the populations of the
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Figure 1.7. Adiabatic dressed potentials for H," in a 780 nm laser field at three
laser intensities, illustrating the avoided crossings. (From Giusti-Suzor et al
1995)
vibrational levels, new complex processes are found. In an analogy to above-
threshold ionization (Gavrila 1992), the dissociative ionization of molecules by the
passage of the vibrational population over (and in some cases through) the avoided
crossings in the field-dressed potentials is referred to as above-threshold
dissociation. The populations of the vibrational levels in the H," molecular ion are

shown in figure 1.8. The dissociative processes found in H, are summarised in the

following sections.
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Figure 1.8. Relative populations of the vibrational levels of H,".
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1.3.1 Dissociative processes: one-photon dissociation or bond softening
Laser-induced bond-softening was initially proposed by Bandrauk and Sink (1981).
The term "bond-softening" originates from the idea of the laser field progressively
weakening the internuclear bond. As the laser field increases in strength, the one-
photon adiabatic avoided crossing is suppressed, allowing lower and lower
vibrational levels to dissociate with low kinetic energy.

The first observation of bond-softening was by Zavriyev et al (1990). Using the
method discussed in section 1.3, figure 1.9 shows the potentials for the H,'
molecular ion dressed in a 532 nm laser field. In the left-hand pane of figure 1.9, the
arrow leading from the higher H," vibrational levels to the one-photon dissociative
limit shows the bond-softening process. As the laser intensity increases, the one-
photon gap opens, allowing the vibrational levels lying above the gap to dissociate.
The right-hand pane of figure 1.9 shows the experimental results of Zavriyev et al
(1990). As can be seen, the bond-softening mechanism leads to a peak in the kinetic
energy spectrum of H' ions around 0.5 eV. The energy of the protons released in this
process are measured with respect to the top of the adiabatic barrier, hence the
kinetic energy is intensity dependent. Importantly, the first two peaks in the proton
kinetic energy spectrum shown in figure 1.9 are separated by half the photon energy
(1.3 eV) However, it should be pointed out that the supposed three-photon peak in

the experimental results has not been reproduced since this publication.
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Figure 1.9. Illustration of the three ATD paths open to the H," ion exposed to 532 nm radiation.
(Adapted from Zavriyev et al 1990)

28



' & %
$ &
) #
& 80 %
& ) =#
+
% - .
( % -
# o+
# %
$ GE
$ +) "#
(
+ $ ~
& -
% & (
% % & (
(
$ + . "%
oE
?E&
E
576
8
+ 3'83
) K

#

@

HH =

+) >

@ & HH&*

#

#

+)

JG

/(

H# %



1.3.3 Dissociative processes: zero-photon dissociation

Giusti-Suzor et al (1992) proposed a mechanism in which high vibrational levels
may become trapped in the adiabatic well above the one-photon crossing as seen in
figures 1.7 (780 nm) and 1.9 (532 nm). The small portion of the wavepacket that lies
above the diabatic crossing but to the right of the 2po, + 1o curve will be trapped as
the laser field increases, and in certain cases, the adiabatic potential can increase to
such a degree that the trapped population will escape with near-zero energy.

Very recently, Posthumus ez a/ (2000) observed zero energy protons, and proposed
that the molecule was behaving as predicted by Giusti-Suzor et al (1995). Posthumus
et al (2000) referred to this process as zero-photon dissociation (ZPD), as there is no
net photon absorption. The third harmonic (266 nm) of a Ti:sapphire laser were used
to ionize H,. Posthumus et al/ (2000) observed that ZPD is difficult to measure
experimentally, as it requires very particular laser conditions, and efficient coupling
between the one-photon crossing and the vibrational levels of the molecular ion.
Examining figures 1.7 and 1.8, in the case of 780 nm radiation, the vibrational levels
high enough to be trapped by the upper well at the one-photon gap (v > 12) have a
very low population. By using the third-harmonic (266 nm), which is equivalent to a
photon energy of 4.65 eV, the well-populated lower vibrational levels (around v = 5)
may be accessed by the upper well of the one-photon gap, hence allowing population

transfer.

1.3.4 Dissociative processes: three-photon trapping

Zavriyev et al (1993) examined dissociative processes using 160 fs 769 nm laser
pulses with intensities greater than 10> Wcm™. The authors observed energetic
protons with energies between 1 and 5 eV, as shown in figure 1.11. The kinetic
energy spectra shown in figures 1.11(a) and (b) were recorded at intensities of 10"
Wem™ and 2 x 10" Wem? respectively, and show evidence for structure. Zavriyev
et al (1993) attributed the low energy peak around 0.5 eV to two-photon bond-
softening peak. Compare these results with those of Thompson et al (1997) as shown
in figure 1.10. Clearly, the intensities at which the experiments are performed are
different, however, two major differences are observed. Firstly, in the results of
Zavriyev et al (1993) (figure 1.11), no one-photon peak is present. Secondly,
Thompson et al (1997) reported no structure in the Coulomb explosion peak, unlike
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Figure 1.11. Proton kinetic energy spectra recorded at (a) 10" and (b) 2 x
10" Wem™ with 160 fs 769 nm laser pulses. (From Zavriyev et al 1993)

Zavriyev et al (1993). Importantly, the results shown in figure 1.10 were discussed in
terms of enhanced ionization, which is discussed in detail later. The work of
Zavriyev et al (1993) preceded the publication of enhanced ionization (Posthumus et
al 1995, Zuo and Bandrauk 1995 and Seideman et al 1996), hence Zavriyev et al
(1993) proposed another mechanism, involving trapping at the three-photon
crossing.

The first step of the population trapping mechanism is illustrated in figure 1.12 for
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H,". Tonization of the neutral molecule was estimated to occur at 1.4 x 10" Wcm'z,
as shown in figure 1.12(a). The proton wavepacket then begins to move out along the
v = 5 vibrational level. After 15 fs, the wavepacket reaches the other side of the
potential well. After this time, the laser intensity has risen to 2.9 x 10" Wem?, as
shown in figure 1.12(b). At this point, the avoided crossing between the 1sG, state
and the (2po, + 1®) state has not opened sufficiently to allow the wavefunction to
escape, hence the wavepacket turns round and begins another oscillation. However,
by the time the wavepacket reaches the turning point for the second time (after 40 fs,
see figure 1.12(c)), the intensity has risen to such a degree (9.0 x 10> Wem™) that
the three photon avoided crossing between the 1so, state and the (2poy + 3w) state
come into play. At this point, the wavepacket crosses into the new adiabatic well and
is trapped.

The second step in the trapping mechanism proposed in Zavriyev et al (1993)
involves multiphoton ionization of the population trapped above the three-photon

gap. This process is illustrated in figure 1.13. Zavriyev et al (1993) calculated that

lonization Trapping
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Figure 1.12. A possible trapping scenario for H,". The solid lines show the adiabatic dressed
potentials, and the thin lines show the field-free potentials dressed by the photon energy (~ 1.6 eV).
(From Zavriyev et al 1993)
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Figure 1.13. Ionization of the population trapped above the
three-photon gap, as suggested by Zavriyev ef al 1993.

this process would require between 13 and 15 photons, depending on the position of
the trapped vibrational wavefunction within the new potential. It is the state of the
vibrational wavepacket in the upper three-photon gap that Zavriyev et al (1993)
proposed caused the structure in the kinetic energy spectrum shown in figure 1.11.
This conclusion has since been criticised by Thompson et al (1997), as the saturation
intensity for the H," jon is 2 x 10'* Wem? (c.f. 1.4 x 10" Wem™? from Zavriyev et al
1993) is very similar to that at which (0,1) dissociation occurs, hence there will be

very little time for the molecule to become trapped.

1.3.5 Dissociative processes - three-photon trapping continued: bond hardening

Very recently, Frasinski et al (1999) returned to the idea of population trapping
above the three-photon crossing. The authors performed an elegant experiment using
792 nm laser pulses incident on H,, and by varying the compressor grating
separation to change the chirp of the laser pulse hence varying the pulse duration,
were able to demonstrate the existence of three-photon trapping. The authors
returned to the terminology of earlier works (Giusti-Suzor et al 1995) and referred to

this process as bond-hardening, as the process stabilises the molecule against
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dissociation, counter to bond-softening.

Frasinski et al (1999) observed a shifting of the one-photon peak in the proton
spectrum when the pulse length of a 1.5 x 10 Wem™ laser pulse was varied from 45
fs to 540 fs. The results from this experiment are shown in figure 1.14. Clearly, if the
laser pulse duration is increased, the pulse energy must also be increased to maintain

a constant intensity.

20
10 f (1,1)
o |
=
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o
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o
@ 260 fs
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S
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1 A i 1 i 45fs

Kinetic energy release (KER) / eV

Figure 1.14. Bond-hardening manifests itself as a shift in energy
of the one-photon peak as the pulse duration is shortened from
540 fs to 45 fs. (Adapted from Frasinski et al 1999)

Frasinski et al (1999) used the light-dressed potentials as published by Giusti-Suzor
et al (1995) for 780 nm radiation. As opposed to assuming all of the laser-induced
processes occur on the leading edge of the pulse, Frasinski et al (1999) realised that
the shifting of the one-photon peak could be explained in terms of bond-hardening
on the trailing edge of the pulse.

Frasinski et al (1999 described the bond-hardening mechanism in a similar way to
vibrational trapping as discussed by Zavriyev et al (1993). The dynamics of this
process are illustrated in figure 1.15.

The bond-hardening process essentially occurs in three phases. On the rising edge of
the laser pulse (figure 1.15(a)), the vibrational wavepacket from the v =3 or 4 levels

in H," reaches the three-photon gap and can cross diabatically into the well created
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Figure 1.15. The dynamics of bond-hardening. (a) On the leading edge of the
pulse, the wavepacket crosses the three-photon avoided crossing. (b) As the
intensity increases, the gap widens, trapping the wavepacket. (¢) On the trailing
edge of the pulse, the well flips from concave to convex, and the wavepacket is
released. (Adapted from Frasinski et al 1999)
by the avoided crossing of the ground state and the three-photon dressed potential.
The wavepacket may then oscillate once in this well, as shown in figure 1.15(b).
However, by the time the wavepacket returns to the gap, the intensity has risen to
such an extent that the probability of making the diabatic transition again is small.
Bond-hardening is the trapping of the wavepacket in the adiabatic well. If this
process happens carly in the laser pulse, the wavepacket may be ionized by
multiphoton absorption, as proposed by Zavryiev et al (1993). Frasinski et al (1999)
proposed dissociation by a second mechanism. If the wavepacket survives until the
trailing edge of the laser pulse, the well in which the trapping occurs switches from
concave to convex, hence the wavepacket is then ejected onto the one-photon
dissociative potential as shown in figure 1.15(c). The kinetic energy release
associated with this process is related to the rate at which the laser intensity falls.

The faster the decrease in intensity, the higher the wavepacket is lifted hence the

greater the kinetic energy release.

1.4  Coulomb explosion processes

As introduced in section 1.2, the first ultrafast laser-molecule experiments were
performed on HI to try to establish whether the electron removal was sequential
(step-wise) or non-sequential (collective). Codling et al (1987) postulated that if the
ionization mechanism were non-sequential, the ionized fragments would have a

kinetic energy equivalent to the ions being placed at the ground state equilibrium
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separation, and allowed to mutually repel under the Coulomb interaction (Coulomb
explosion). Conversely, if the ionization were sequential, the observed kinetic energy
would be much lower, as the molecule would begin to dissociate, hence the final
state of ionization would occur at a much higher internuclear separation.

The HI ionization results of Codling et al (1987) were not fully explained by either
mechanism. The ions were detected with roughly half the expected kinetic energy,
hence the molecule appears to have Coulomb exploded from double the equilibrium
separation. This separation is referred to as the critical distance, as there appears to
exist a critical separation at which ionization is dramatically enhanced.

The following sections will discuss the experimental results, leading to the idea of
the critical distance (section 1.4.2). Classical and quantal theoretical treatments of

the Coulomb explosion process are then considered.

1.4.1 Coulomb explosion processes - experimental results

Experiments performed over the last thirteen years have lead to the discovery of a
number of new phenomena in molecules exposed to ultrafast laser pulses. These
studies have centred on measuring the kinetic energy release (KER) from the laser-
induced fragmentation of a wide variety of diatomic, triatomic and small polyatomic
molecules. Rather than individually discussing this rather considerable number of
publications, the results of these experiments will be tabulated, and the general
behaviour commented on.

e Diatomic molecules

The following publications have investigated fragmentation of diatomic molecules:
H, (Zavriyev et al 1993, Giusti-Suzor et al 1995, Thompson et al 1997, Walsh et al
1997, Gibson et al 1997, Posthumus ef al 1999 and Frasinski et al/ 2000), N,
(Cornaggia et al 1990, 1991, 1992, Posthumus ef al 1995, Hishikawa et al 1998), O,
(Normand et al 1991), CO (Normand et al 1992, Lavancier et al 1994), Cl, (Schmidt
et al 1994) and I, (Posthumus et al 1996, Gibson et al 1998)

e Triatomic molecules

The following publications have investigated fragmentation of triatomic molecules:
CO;, (Cornaggia et al 1994, Frasinski et al 1994, Cornaggia 1996, Sanderson et al
1998ab), N,O (Frasinski et al 1989, Hishikawa et al 1998), SO, (Cornaggia et al
1996, Hishikawa et al 1998) and H,O (Yamanouchi et al 2000).
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¢ Small polyatomic molecules

The following publications have investigated fragmentation in small polyatomic
molecules: C,H; (acetylene) by Cornaggia et al (1995), CsH, (allene) and C3;Hg by
Cornaggia (1995).

All of these publications concluded that there existed a single distance for each
molecule at which the ionization rate was maximised, and that this distance appeared
to be independent of pulse length. The justification for the critical distance was the
observation of a kinetic energy release between 40% (for H,) and 70% (for L) of that
expected if Coulomb explosion was occurring from the equilibrium separation. This

is shown in table 1.1.

Table 1.1. Comparison between the equilibrium separation (r.) and the
experimentally measured critical separation (r.) as observed in the
Coulomb explosion of a range of molecules.

Molecule r. (A) r./1, Reference

H, 1.1 04 Thompson et al 1997
N» 1.1 0.43 Cornaggia et al 1991
Co 1.1 0.47 Comaggia et al 1991
0, 1.21 0.42 Cornaggia et al 1991
H,0 0.96 0.48 Present work (ch 4)
C,H, 1.2 0.5 Cornaggia et al 1992
Cl, 2 0.5 Schmidt et al 1994
N,O 1.13 0.38 Thomas 1999

CO, 1.16 0.51 See note (a)

HI 1.61 0.47 Codling et al 1987
SO, 1.43 0.43,0.57 Hishikawa er al 1998
OCS 1.16,1.56 0.5 Goodworth 2002

I, 2.7 0.75 See note (b)

(a) This value represents the average of the results of Frasinski et al
1994, Comaggia et al 1994, Cornaggia 1996 and the present work
(chapter 5). Not taken into account are the results from Hishikawa et a/
1999a.

(b) This value is the average over the results of Hatherly er al 1990,
Cornaggia et al 1991 and the results reported in Posthumus et a/ 1995,
1996a and 1996b.

Schmidt et al (1994) reported that, in the case of a diatomic, the apparent
internuclear separation at which the Coulomb explosion occurred from could be

approximated using the following expression:
R, =22(R )% Equation 1.7
where q; and q are the ionic charges and R, is the equilibrium internuclear

separation, all in atomic units. The measured kinetic energy release was converted to

internuclear separation using equation 1.8:
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R, = 1449,9, Equation 1.8
E

where E is the total measured kinetic energy release in eV.
Schmidt et al (1994) tried to explain these observation in terms of light-induced
bound states, as introduced by Fedorov et al in 1975. The term describes the
stabilization of a molecule against dissociation. As discussed in section 1.3.4,
Zavriyev et al (1993) claimed to have observed population trapping in H," using 769
nm laser pulses with a duration of 160 fs. Schmidt et al (1994) cited the work of
Zavriyev et al (1993) and Giusti-Suzor et al (1992) to explain the observation that
Coulomb explosion of chlorine occurred from an internuclear separation greater than
the equilibrium separation. However, Schmidt et al (1994) (along with Codling et al
2000 and references therein) pointed out that it that it was difficult to conceive a
mechanism which was independent of laser intensity, wavelength and pulse duration
over a broad range of values. Importantly, the laser-induced stabilization model
could not explain the stabilization of molecules up to ten-times ionized.

Around 1995, it became common to refer to the internuclear separation at which
Coulomb explosion occurred as the 'critical' distance, as it appeared that there was an
internuclear separation at which explosion occurred preferentially. A number of
mechanisms were used to explain these observations, and they shall be discussed in

the following sections.

1.4.2  Coulomb explosion processes - classical field ionization Coulomb explosion
model

Posthumus and co-workers at the University of Reading, UK, developed a simple yet
accurate model to predict the critical internuclear separation for diatomic molecules.
Posthumus er al (1995) analysed multiple ionization of diatomic molecules in a
purely classical over-the-barrier treatment. Their field ionization, Coulomb explosion
model predicts appearance intensities of ions originating from specific ionization
channels, and allowed the calculation of the kinetic energies of the ionic fragments.
Importantly, this model predicts the critical distance at which the ionization potential
is maximised, and in agreement with experimental observations, these critical
distances were independent of ionization channel.

In the model of Posthumus ez al (1995), the laser-molecule potential is modelled by
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equation 1.9:

v=-_Q __Q . Equation 1.9
|x+R/2| |x—R/2|

where x is the distance along the internuclear axis, R is the internuclear separation

and ¢ is the laser E field, and where

Q= Q_I;'& Equation 1.10

where Q; and Q; are the charges of the atoms. The energy level, E;, of the outer

electron in this potential is approximated by:

— ("El _Qz/R)+(—E2-Q1/R)
2

where E; and E, are the ionization potentials of the atomic ions. This energy is the

E, Equation 1.11

average of the ionization potentials and the influence of each charge across the
internuclear separation.

In their 1995 publication, Posthumus et al defined the critical separation as the
separation at which the energy level E; touches both the inner and outer potential

barriers. This is illustrated in figure 1.16.
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Figure 1.16. Model I," molecular ion in a laser field. The solid curve
represents the potential energy of the outermost electron in the combined
field of the two I' ions and the field. (From Posthumus ef al 1995)

As is apparent from equation 1.11, the only values required by this model are the
atomic ionization potentials. Posthumus et a/ (1995) used this technique to estimate
the critical separation of a wide range ionization channels for a number of diatomic

molecules and for carbon dioxide, which was approximated as linear. The authors
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used the same equations as the 1995 model (Posthumus et al 1995), as shown in
equations 1.9 to 1.11. To explain the mechanics of the field-ionization Coulomb
explosion model, the results of Posthumus er a/ (1996a) have been reproduced in
figure 1.18, which illustrates the model as applied to the I," — I + I' channel.

R=5 au R=9 au

T I T < T
T X T L] ~

R=14 au

(e) 1

Energy (eV)

| N
7 Q \\J
-20 k. 40 e § S 3 I A A A i - 2 L
5 0 51015 5 0 51015 5 0 51015
Internuclear separation, R (au)

Figure 1.18. Potential wells for I," at three different internuclear separations in an
intense electric field, illustrating the calculation of the classical appearance intensity
of the (1,1) channel. In frames (a), (¢) and (e), the equivalent laser intensity is
7.9 x 10" Wem™. In frames (b), (d) and (f), the intensities are 5.3 x 10" Wem?,
1.2 x 10" Wem™ and 3 x 10'2 Wem™ respectively. (From Posthumus et al 1996a)

At an internuclear separation of 5 au, the energy of the outer electron (see equation
1.10) is well above the central potential barrier, as shown in figure 1.18(a). An
intensity of 5.3 x 10" Wem™ is required to suppress the outer barrier to the energy
level of the electron: see figure 1.18(b). At higher internuclear separations, the
appearance intensity decreases for two reasons. Firstly, the electronic energy level,
E1 rises, and secondly, the electric field, now acting over a longer distance, is more
effective at lowering the outer potential barrier. At R = 7.5 au, the central barrier
rises above the energy level of the electron. At this point, a third process comes into
effect, namely electron localization.

The electron is localized when the central barrier increases to such an extent that it is
equal to or higher than the energy of the electron. When this occurs, the electron is
constrained to one of the two wells created by the nuclei and the laser field.

When the electron is localized in the left hand well, the Stark shift increases the
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electron energy by +€R/2. Similarly, when the electron is localized in the right hand
well, the energy decreases by -R/2.

The combined effect of electron localization and the Stark shift is indicated by the
vertical arrows in figure 1.18(c) and (f). The effect of electron localization is to
further lower the appearance intensity, as the electron in the left hand well is easier
to ionize; in fact it now only requires 1.2 x 10'> Wem™? to cause ionization.

At internuclear separations greater than 10 au, the central barrier hinders ionization,
and as a consequence, the appearance intensity increases again. The height of the
central barrier increases as a function of R as does the appearance intensity. The
difference between the models published in Posthumus et a/ 1995 and 1996a is that
the latter does not require the outer barrier to match the inner barrier.

The overall influence of the effects described above conspires to create a minimum
in the appearance intensity as a function of internuclear separation. This minimum is
therefore the critical distance, Rc. The critical distance is the point where the upper

Stark level is at the same energy as the central and outer barriers (see figure 1.18(d)).

1.4.2.2 FICE model - appearance intensity as a function of internuclear separation.
Posthumus et al (1996a) used the method described in section 1.4.2.1 to calculate the
dependence of laser intensity required to generate a certain channel (appearance
intensity) as a function of internuclear separation. An example of such a curve is
shown in figure 1.19. As can be seen, there is a pronounced minimum in the
appearance intensity at around R = 10 au.

The physical processes behind the structure of figure 1.19 are indicated by the three
vertical dashed lines. At the equilibrium separation (R = Rg = 5 au), the electron
energy level Ep (see equation 1.11) is well above the central barrier. As the
internuclear separation increases, the appearance intensity falls as discussed earlier.
Firstly, Er increases, and secondly, the laser field is acting over a larger distance,
hence lowers the outer barrier further. At R = Ry = 7.5 au, the central barrier rises
above the electron energy level, localizing the electron. At this point, the Stark shift
comes into play, and the energy level in the upper well is lifted over the inner barrier,
hence lowering the appearance intensity. The appearance intensity is minimised
when the up-shifted electron energy level is the same height as the inner and outer

barrier. Then, as the internuclear separation continues to increase, the central barrier
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Figure 1.20. Classical appearance intensities of the fragmentation channels of I, (full curves) and
classical trajectories (broken curves). The laser parameters corresponding to each of the trajectory
calculations are as follows: (a) 150 fs, 8 x 10" Wem™ resulting in (2,2) channel, KER = 15.9 ¢V,
(b) 400 fs, 5 x 10" Wem™ resulting in (2,2) channel, KER = 14.1 eV, (c) 150 fs, 2.5 x 10'* Wem™
resulting in (4,4) channel, KER = 58.8 eV and (d) 400 fs, 1 x 10" Wcm? resulting in (4,4)
channel, KER = 35.9 eV. (From Posthumus et a/ 1996a)

assumed that this step occurs at the equilibrium separation (R = 2.6 A = 5 au), as
shown in figure 1.20. The molecular ion generated then begins to dissociate. The
dissociative behaviour of the I," ion was approximated by the Coulomb explosion of

a molecule sharing the single charge across both nuclei. Posthumus et al/ (1996a)

used the following relationships to calculate the kinetic energy release (KER) in eV:

E=14—'49l%- where Q, =Q, =0.5 when 5 <R <10au
0.529R
E= % where Q, =Q, =0.5 when R> 10 au Equation 1.12.

The experimentally observed KER of the (0,1) dissociation channel is reasonably
well reproduced by these equations. Hatherly et al (1994) observed I'" ions from the
(0,1) channel with a kinetic energy of between 0.5 and 1.0 eV. As is shown in figure
1.21, this is a reasonable approximation.

With the dissociation mechanism established, the molecule was allowed to expand,
and the molecule is monitored in steps of AR = 0.1 au, and the time taken to travel

this distance t(AR) is calculated using the following expression:
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Figure 1.21. The treatment of the (0,1) dissociation channel as used by
Posthumus et al (1996a).

VAo pA
t(AR):(-‘f] ( (E&Q—Zj "R Equation 1.13.

2) g R

where p is the reduced mass of the molecule, R and R; are the limits of the present
step and E is the cumulative energy, all in atomic units. Note that this expression is
not published in Posthumus et al (1996a,b), only in Thompson's 1997 thesis. During
the time t(AR), the laser intensity will have increased, hence the new intensity I is
then compared with the known appearance intensities at that value of R. If the
appearance intensity is exceeded, ionization to the next channel occurs. The
expansion of the molecule will then be fully Coulombic, in the (1,1) channel, hence
the rate of expansion must be altered. This process is repeated until the laser pulse
has finished.

Posthumus et al (1996a) used this method to calculate the classical trajectories as
shown in figure 1.20 (dashed lines). Depending on the intensity and pulse duration of
the laser pulse, the final Coulomb explosion channel reached is found by following
the trajectory of the internuclear separation as a function of intensity and observing
where it first crosses the appearance intensity curves.

Following trajectories (a) and (b) in figure 1.20 (150 fs, 8 x 10"> Wem™ and 400 fs 5

x 10'* Wem™ respectively), which both result in the (2,2) channel it can be seen that
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the shorter pulse reaches the (2,2) channel at a smaller internuclear separation, hence
resulting in a higher kinetic energy release. However, the difference in KER is small
(15.9 eV as compared 14.1 V), and may not be resolved experimentally.

There is a more pronounced difference in the case of the higher intensity processes
resulting in the (4,4) channel. Trajectories (¢) and (d) in figure 1.20 have laser
conditions of 150 fs, 2.5 x 10" Wem™ and 400 fs 1 x 10° Wem™ respectively. In the
case of the 150 fs pulse (c), the final channel is reached just before Rc, with a KER
of 58.8 eV. The 400 fs pulse however, generates the (4,4) channel well past Rc,
hence the process can be thought of as PDI of the (3,3) channel, as the molecule
passes Rc¢ before reaching the (3,4) channel. This is in agreement with calculations
for the (3,3) channel, resulting in a KER of 34 eV.

Posthumus et al (1996a) compared experimentally measured kinetic energy releases
in I, recorded using 5 different pulse lengths. These results are shown in table 1.3,
and generally show the success of the FICE model. The notable exception is the
(4,4,) channel at 400 fs, which appears to be PDI of the (2,2) channel rather than the
(3,3) channel as predicted.

Table 1.3. Experimental and theoretical kinetic energy releases for Coulomb explosion channels in I,
as a function of laser pulse width. (From Posthumus et al 1996a)

Experimental KER (eV) Theoretical KER (eV)

Channel 55fs 100fs 150fs 200fs 400fs S55fs 100fs 150fs 200fs 400 fs
D 49 4.8 4.6 3.7 29 53 53 53 5.1 39
(1,2) 9.7 8.9 8.8 7.4 73 10.7 104 9.1 8.4 7.6
2,2) 17.6 16.5 15.6 13.5 12.1 20.9 19.6 15.9 15.4 14.1
2,3) 26.0 23.8 24.0 21.0 19.5 28.9 26.6 24.2 23.2 21.8
3.3) 39.0 35.5 348 29.8 16.0 40.0 37.0 34.8 33.9 32.1
3.4 50.3 47.2 46.8 423 51.0 47.6 45.2 443

4,4 60.0 56.8 16.0 65.7 612 58.8 57.7 5.9
4,5 75.6 72.3 80.2 74.8 72.8 70.6

(5,5 94.0 88.5 17.0 97.7 91.9 88.8 74.3 40.1

1.4.3 Coulomb explosion processes - quantum mechanical treatments of enhanced
ionization

The mechanics of multiple ionization of molecules by intense laser fields has been
examined by a number of groups over the last decade. Plummer and McCann (1996)
examined the ionization of H," in a static electric field, Corkum and co-workers have

solved the time-dependant Schrodinger equation (TDSE) in one-dimension for a
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generic diatomic (Seideman et al 1995, Ivanov et al 1996), and Bandrauk (Zuo and
Bandrauk 1996) and co-workers have performed a three dimensional solution for
H,". Kawata and co-workers (1999) have expanded the work of Bandrauk using a
different mathematical technique. All of these studies observed considerable
enhancement of the ionization rate for internuclear separations greater than the

ground state separation.

1.4.3.1 One-dimensional DC treatment of intense field ionization of H,"

Within the assumption that tunnelling ionization occurs very rapidly within the laser
cycle, Plummer and McCann (1996) simulated the ionization of the H," molecular
ion in a static field. The authors used a Floquet technique to calculate the energies
and ionization rates of the 1so; and 2po, (referred to by the authors as 1o, and 1oy)
levels in static laser fields with intensity around 10'* Wem™. Plummer and McCann
(1996) found that the ionization rate from the upper level was considerably higher
than from the lower level (except in very strong fields, where their model breaks
down). The ionization rate from the upper level is shown in figure 1.22 as a function
of internuclear separation. As can be seen in figure 1.22, there are two distinctive

maxima in the ionization rate at around R = 6 au and R = 10 au. Plummer and

5 ——DC field = 0.05 au
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Figure 1.22. Static field ionization rate as a function of internuclear separation
for H,', where ionization occurs from the upper level (From Plummer and
McCann 1996)
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McCann observed that the first maximum at R = 6 au could be explained by over-
the-barrier ionization of the upper level following the Stark shifting of the levels by
the laser field. The authors could not explain the maximum observed around R = 10
au using this simple method. To counter this problem, Plummer and McCann (1996)
calculated the ionization rates from the upper and lower levels during a time-
averaged electric field (equivalent to a laser pulse envelope), and found that the
three-dimensional propagation of the electron wavefunction from the upper level
complicated the ionization process. By calculating the electron current as the
molecule expands, Plummer and McCann observed that the "wavefunction of the
upper level scattered from the lower well". They concluded that the H," system in an

intense laser field required a full quantum-mechanical treatment.

1.4.3.2 One-dimensional AC treatment of intense field ionization in a diatomic
molecule

Corkum and co-workers examined the experimental results suggesting the existence
of a critical separation, and concluded that the stabilization model (Schmidt et a/
1994, section 1.4.1) could not offer a satisfactory explanation. Seideman et al
(1995), and more thoroughly, Ivanov et a/ (1996), took the field ionization model of
Codling et al (1987) as their starting point. They modelled a generic diatomic
molecule A,, with characteristics similar to those of diatomic molecules such as
iodine. Seideman et al (1995) created a smooth (no asymptotes at the nuclear
centres) one-dimensional potential, representing the molecule aligned with the laser
field, and solved the TDSE for an electron moving in this potential (hence within the
single-active electron approximation). The Schrédinger equation was solved using
the split operator fast Fourier transform method, and the nuclei were treated in the
Born-Oppenheimer regime. The authors calculated the ionization potential as a
function of internuclear separation for a number of Coulombic channels for two
different sets of field conditions. Firstly, a smooth pulse f(t) = 1 - exp(-t/t) was
simulated, to determine the ionization rates. The smooth turn on was necessary for
the model to be physically realistic, and hence only populate the ground state of the
field free molecule. Secondly, to determine the ionization probabilities, a short laser-
like pulse 30 fs in duration with a wavelength of 900 nm was used. The results of

these calculations are shown in figure 1.23(a) and (b) respectively.
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Figure 1.23. One-dimensional model of the generic diatomic A; in an intense laser field. (a)
Ionization rates as a function of internuclear separation for two channels calculated using a smooth
turn-on pulse with a wavelength of 1064 nm. (b) Ionization probabilities for a number of different

channels calculated for a 30 fs laser pulse with a wavelength of 900 nm. (From Seideman et al
1995)

As can be seen from figure 1.23, ionization is strongly enhanced for a range of
critical internuclear separations. Figure 1.23(a) shows that enhanced ionization
occurs over a wide range of channels, and that the peak in the ionization rate occurs
at the same internuclear separation. Also, although the range of internuclear
separation where enhanced ionization occurs with increasing charge decreases with
channel, the peak value of the ionization probability remains very high as compared
to the atomic case (when R — ). In the case of the A>*" ion, the ionization rate is
around three orders of magnitude greater then the atomic case. For the higher states,
the enhancement is even higher. A small increase of intensity from 9 x 10'* Wem™?
to 1.2 x 10" Wem? is required to produce A, ionization rates of the order of A," at
equilibrium. Qualitatively, Seideman et al (1995) observed a strong enhancement in

the ionization rate of molecular ions around a critical separation, around double the
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equilibrium separation, which is in good agreement with experiments.

Seideman et al (1995) and Ivanov et al (1996) physically interpreted their results
using a quasistatic model, which allowed for two major differences between the
dynamics of atomic ionization as compared to molecular ionization. Importantly,
Ivanov et al (1996) pointed out that earlier calculations of field ionization (Codling
et al 1989) treated the electron adiabatically, whereas the model originally published
by Seideman et al (1995) allowed the electron to move non-adiabatically. This
difference is central to molecular ionization, when the shape of the potential is
examined. Figure 1.24 shows the potentials used by Seideman et al (1995) and
Ivanov et al (1996). The dashed arrow illustrates tunnelling ionization from the
upper (left-hand) well. As can be seen, at small R (4 au, figure 1.24(a)), the electron
must tunnel through the outer barrier, implying a low atom-like ionization
probability. Similarly, at large R (16 au, figure 1.24(c)) the electron must tunnel
through the central barrier. However, at intermediate R (around 8 au, figure 1.24b)),
the central barrier narrows considerably, increasing the ionization rate.

Seideman et al (1995) realised the importance of the central barrier with relation to
the behaviour of the electron in an oscillating field. Seideman et al (1995) and

Ivanov et al (1996) observed that part of the electron wavefunction may become
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Figure 1.24. Smoothed electron potentials at several internuclear separations,
illustrating tunnelling ionization through the central barrier for intermediate
separations. The electric field strength is 10'* Wem™ in all cases. (Adapted from Ivanov
et al 1996)
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localized in the rising well, and if a significant population is present in the well, it
can tunnel through the central barrier into the continuum. This is where the non-
adiabatic treatment of the wavefunction is necessary, because if the electron is
treated adiabatically (low laser frequencies), the population transfers to the lower
well, hence ionization is inhibited. The mechanism of localization of the
wavefunction in the upper (rising) well is most efficient when the transition
frequency (frequency of motion of the electron between wells) is smaller than the
laser frequency.

Seideman et al (1995) also pointed out the presence of another ionization mechanism
for high charge states at intermediate field strengths. For highly charged parent ions,
the localized ground state in the rising well is very deeply bound, requiring a very
strong field to suppress the outer barrier sufficiently. However, in the case of the
highly charged parent ions, a number of localized excited states are supported by
each well. Hence, during the first half-cycle of the laser field, the ground state of the
rising well can become depopulated into the descending excited state by an adiabatic
Landau-Zener transition. This is achieved by tunnelling through the central barrier
between the two states. Similarly, as the two states come into resonance again,
population may be transferred to the rising excited state by a diabatic Landau-Zener
transition, which may then ionize through the central barrier when sufficient
population has accumulated. This mechanism is referred to as resonant tunnelling.
Corkum and co-workers (Seideman et a/ 1995 and Ivanov et a/ 1996) concluded that
molecular ionization proceeded in the following manner. Firstly, one or more
electrons are removed until the first repulsive state is reached, then as the molecule
expands, rapid multiple ionization may occur around the critical distance. This
process stops when the molecule does not have time to expand to the next critical
distance, or the laser pulse finishes. This effect causes the ion fragments from all

channels to explode from around the same internuclear separation.

1.4.3.3 Three-dimensional AC treatment of intense field ionization of Hy"

Bandrauk and co-workers have performed a number of calculations on the behaviour
of simple one- and two-electron systems in intense laser pulses. Their efforts centred
on solving the (TDSE) using split-operator numerical methods. Initial calculations
were performed in the Born-Oppenheimer regime, and treated the nuclei and

electron(s) in one-dimension. Later calculations were performed in three-dimensions
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and in the non-Born-Oppenheimer regime. The laser field was treated in a variety of
ways, and the behaviour of the molecules was studied at a number of wavelengths
(532 nm, 600 nm and 1064 nm).

Early efforts centered on understanding high-harmonic generation in H, and H,", and
were successful in reproducing experimental results. In two important publications,
Zuo, Chelkowski and Bandrauk (1993) and Zuo and Bandrauk (1995) reported a
significant enhancement in the ionization rate in H," as compared to atomic
hydrogen over a specific range of internuclear separations. Zuo and Bandrauk (1995)
named this phenomenon Charge-Resonance Enhanced Ionization (CREI) due to the
importance of Charge-Resonance (CR) states that are strongly coupled to the laser
field. The authors calculated the ionization rate of H," as a function of internuclear
separation (R) for a 10"* Wem™ laser pulse at 1064 nm, by solving the TDSE at fixed
R. In this case, the molecular ion is modelled in three-dimensions within the Born-
Oppenheimer approximation. In this publication, the laser pulse was ramped linearly
over 5 cycles (1 cycle = 17.5 fs) then kept constant. The ionization rate is calculated
by allowing the electron wave function to propagate to the absorbing boundaries at
the edges of the model.

The results of Zuo and Bandrauk (1995) are shown in figure 1.25. Two distinctive

maxima in the ionization rate are observed, one at 7 au (R;) and one at 10 au (R;).

lonization rate (10'%/s)
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Figure 1.25. lonization rate of the H," molecular ion in a 10"
Wem? 1064 nm laser pulse. The H," ion is modelled in three-dimensions
in the Born-Oppenheimer regime. From Zuo and Bandrauk 1995)
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Zuo and Bandrauk (1995) attributed these maxima to electron localization (R;) and
CR-state-induced above-barrier ionization (R;z). The term 'Charge-Resonance' refers
to the behaviour of the lowest two states of the H," molecular ion, namely the 1o,
ground state and 1o, first excited state, in an intense laser field. Zuo and Bandrauk
(1995) showed that these two states couple strongly to the laser field, and the dipole
interaction between them diverges linearly as R/2 with large R. This causes the
populations of these two states to become nearly identical and their energies to
become nearly degenerate.

The ionization process identified by Bandrauk and co-workers involved the
excitation of an electron in the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO). The laser field alters the energy of
these states (discussed below). Ionization occurs when the LUMO lies above the
inner and outer barriers, and the state is sufficiently populated.

Specifically, the CR effect is the shifting of the LUMO and HOMO by radiative

coupling R€/2 (in au), along with the variation of the two levels with internuclear

separation. This process is illustrated in figure 1.26, where the H," molecular ion is

" R=3au

Energy (au)

../\ ﬂ J-
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Figure 1.26. Three-dimensional Born-Oppenheimer calculations of the LUMO (dotted line) and
HOMO (dashed line) for H," as a function of internuclear separation in a static field of 10" Wem?
in a 1064 nm electric field. (From Bandrauk 1999)
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state 1oy. These results are shown in figure 1.28.

Comparing this result with that of Zuo and Bandrauk (1995) and Plummer and
McCann (1996) as shown in figures 1.25 and 1.22 respectively, it can be seen that
there is only one maximum in the ionization probability around R = 7 au. In the work
of Plummer and McCann (1996), the peak around R = 10 au was understood in terms
of the departing (ionized) electron scattering from the lower well, and in the work of
Zuo and Bandrauk (1995), the maximum around R = 10 au was attributed to the
charge-resonance effect. However, Kawata ef al (1999) explained the maximum in
the ionization probability around 7 au by barrier suppression coupled with high
population of the upper levels by the diabatic transition of the electron

wavefunction.

1.5  Laser-induced reorientation

A strong anisotropy in the angular distribution of the ionic fragments was observed
in early experimental studies (Codling et a/ 1989, Hatherly et al 1990, Strickland et
al 1992, Normand et al 1992, Dietrich ef al 1993). In the case of diatomic molecules,
it was found that the ions were preferentially ejected along the direction of the laser
electric field. With the laser polarization parallel to the axis of the TOF spectrometer,
pairs of 'forwards-backwards' peaks were observed, as discussed in chapter 2.
However, when the polarization was rotated to be perpendicular to the TOF axis, the
forward-backward peaks merged into one peak, centred at the zero momentum point.
Initially, this observation was explained in terms of the classical field ionization
model (see section 1.4), where it was argued that molecules initially aligned with the
laser polarization direction would be more easily ionized than those at a large angle
to the field. As the natural rotation of small molecules is of the order of picoseconds
it was assumed that the molecules would be rotationally 'frozen' within the duration
of the laser pulse. In the case of Codling et al 1987 and 1989, it was assumed only
those molecules initially aligned with the field would be ionized, hence this process
was referred to as 'preferential ionization'.

A number of publications addressed this problem. Strickland et a/ (1992) and
Dietrich et al (1993) suggested that mechanism for laser-induced reorientation was
that the electric field generated by the laser pulse would induce a dipole moment in

the neutral molecule, which would them couple to the electric field of the laser. This
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coupling produces a torque, which acts to align the molecule with the laser field.
The following section will discuss the experimental investigations into laser-induced
reorientation, followed by a brief summary of the theoretical treatment of this

phenomenon.

1.5.1 Laser-induced reorientation - experimental results

Hatherly et al (1990) employed covariance mapping to measure the angular
distributions of the ionic fragments from the Coulomb explosion of carbon
monoxide, and observed that the angular distributions of the ionic fragments
narrowed with increasing charge state. The authors concluded that this narrowing
implied greater alignment with the laser polarization direction.

Strickland et al (1992) reported similar results after measuring the angular
distribution of Coulomb explosion products from I, exposed to sub-100 fs pulses.
The angular distributions showed strong alignment of the molecules with the laser
electric field direction. As with Hatherly et al (1990), the higher the charge state, the
greater the degree of alignment. An important argument was raised in Strickland et
al (1992), in that the field ionization model could not account for the lack of ions
emitted perpendicular to the polarization direction.

As discussed in section 1.4, there is a distribution of intensities within the laser
focus. Clearly, the highest intensities will be produced at the centre of the focus.
Furthermore, in accordance with Codling et al (1987) (see section 1.3), well aligned
molecules are easier to ionize, hence well aligned molecules at the laser focus should
produce the strongest decay channels. In the case of Strickland et al/ (1992), the
highest decay channel observed was the (3,3) channel. However, there will also be
molecules in the centre of the focus which are not well aligned, hence should ionize
and Coulomb explode into lower channels. If this were the case, it was argued that
there should be a broadening of the angular distributions as a function of peak laser
intensity, and that ions should be detected at right angles to the polarization
direction. As this effect was not observed experimentally, Strickland et al (1992)
suggested that the laser field could be applying a torque to the molecules, causing
reorientation of the unaligned molecules. The proposed mechanism for this
reorientation was coupling of either an induced or permanent dipole moment with
the laser electric field, which would produce a torque if there were any angle

between the polarization and the 'dominant’ dipole moment.
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Thus, between 1990 and 1992, there was considerable debate as to the behaviour of
molecules in intense fields. Codling e a/ (1987, 1989) believed aligned molecules
were ionized, and unaligned molecules were not, whereas Strickland et a/ (1992)
believed the molecules were forced into alignment, then ionized.

Normand et al (1992) performed an elegant pump-probe experiment in an attempt to
resolve which mechanism was occurring In this experiment, the dissociative
ionization of carbon monoxide was studied using two linearly polarized 30 ps laser
pulses, one polarized parallel to the detector axis, and one perpendicular. The two
pulses were temporally separated by 800 ps; this period was chosen such that there
was insufficient time for the random thermal motion of the molecules at room
temperature to repopulate the focal volume following the action of the first pulse.
The results of this experiment are shown in figure 1.29. If the hypothesis of Codling
et al (1987, 1989) were correct, the TOF spectrum shown in figure 1.29(c) should be

the sum of figures 1.29(a) and (b). However, this is clearly not the case. The number
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Figure 1.29. Ion time-of-flight spectra for pump-probe ionization of carbon monoxide with (a)
perpendicular pulse only, (b) parallel pulse only and (c) the perpendicular pulse followed by the
parallel pulse with a 800 ps delay. A schematic of the pulse delays is shown to the right of the
figure, where the detector axis lies up the page. (Adapted from Normand ef a/ 1992)
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calculations. The main difference between the results of Normand et a/ (1992) and
Dietrich et al (1993) is that in the former, the reorientation is proposed to have
occurred within the laser pulse whereas the latter concluded that the reorientation
process could continue for up to 10 ps affer the laser pulse.

The Coulomb explosion of diatomic molecules has been more recently re-examined
by Posthumus et al (1998) who measured the angular distribution of the ionic
fragments as a function of laser intensity. The field-ionization Coulomb explosion
model was used in two dimensions to investigate the influence of angle-dependent
enhanced ionization on the angular distributions. The authors calculated the
threshold intensities for ionization into a range of channels for a series of angles
between the laser polarization direction and the molecular axis. This result is shown
in figure 1.32. They showed that, for a particular peak intensity (in this case, 5 x 10"
W/cm?, indicated by the horizontal dashed line), molecules perfectly aligned with the
laser polarization originate from a low intensity volume of the focus. However,
molecules that are initially badly aligned with the laser polarization have to lie nearer
the centre of the laser focus to ionize into the same channel. This process is
illustrated in figure 1.31 for the (1,2) channel. The arrow labelled (1) in figure 1.31
shows the range of intensities which generate the (1,2) channel from molecules that
are perfectly aligned. This process will occur away from the centre of the focus.

Molecules at an angle of 45° to the polarization will come from volume (2), which
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Figure 1.31. The minimum threshold intensities at the critical distance Rc which define
the fragmentation shells in the focal volume. The arrows show the shells in which
molecules that make a certain angle with the laser polarization that end up in the (1,2)
channel. (From Posthumus ez al 1998)
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must lie nearer the focus, hence contains fewer molecules. Molecules at an angle
greater than 74° (3) to the field cannot contribute to the (1,2) channel. Posthumus et
al (1998) calculated the relative signal from each of these shells, assuming an initial
random distribution of orientations. They showed that the predicted and observed
distributions were very similar, implying that, in the case of iodine, it was not
necessary to include any laser-induced reorientation effects to reproduce the
observed angular distributions. Furthermore, the broadening of the angular
distributions with increasing laser intensity was observed for iodine, as predicted by
Strickland et al (1992).

Comparisons were also made between this classical model and the angular
distributions from hydrogen and nitrogen. Previous measurements on H, were
carried out above the saturation intensity (2 x 10" Wem™) (Thompson et al 1997)
hence, these measurements were carried out below saturation. For both hydrogen and
nitrogen, Posthumus et al (1998) observed a narrowing of the angular distributions
with increasing laser intensity. A comparison between the results for iodine, nitrogen

and hydrogen is shown in figure 1.32.
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Figure 1.32. The angular widths of the explosion channels of different molecule species as
a function of laser intensities. The lack of laser-induced reorientation in iodine is shown by
the agreement between the experimental results and the classical model. Nitrogen and
hydrogen however, are reorientated by the laser. The narrowing of the angular distributions
with increasing laser intensity is a signature of laser-induced reorientation. (From
Posthumus et al 1998)
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Ellert et al (1998) suggested a straightforward method for measuring whether a
molecule is reorientated within the laser pulse. A comparison was made between
TOF spectra recorded with circular and linear polarization. Importantly, for this
technique to work, the energy in the circularly polarized pulse is made to be double
that in the linear pulse and the linear polarization direction is parallel to the detector
axis. Hence, in both cases, the average electric field in the direction of the detector is

identical. If the angular acceptance of the detector is small, energetic ion fragments
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Figure 1.33. Coulomb explosion products from (a) oxygen, (b) chlorine and (c) iodine with linear
and circular polarizations. The average electric field strength in the direction of the detector has
been made the same in all three cases. The increase in ion signal with parallel polarization indicated
laser-induced reorientation in the case of oxygen and chlorine. However, in the case of iodine, the
ion signals are equal, implying there is no reorientation. (From Ellert ez al 1998)
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reaching the detector originate from molecules that are well aligned when they
Coulomb explode. By investigating the ionization of CH,l, with an 80 fs laser pulse
with linear and circular polarizations as described above, the authors showed that the
ion signal from circular polarization is nearly the sum of the perpendicular and
parallel components. This implies that the assumption of the equivalence of circular
and parallel polarizations with equal parallel field is well founded. Therefore, by
comparing TOF spectra recorded with circular and parallel polarizations (with equal
parallel components), any laser-induced reorientation will be apparent as an
enhancement of the ion signal in the parallel case. Ellert et al (1998) examined the
Coulomb explosion of a number of diatomic molecules under these conditions. The
results are shown in figure 1.33 (a-c) for oxygen, chlorine and iodine respectively.
There is clear evidence for laser-induced reorientation in the cases of oxygen and
chlorine (enhanced parallel ion signal) but not in the case of iodine. This result is in
agreement with Posthumus et al (1998).

As has been shown in this section, there has been considerable disagreement over
laser-induced reorientation over the past decade. However, it is now accepted, in
light of the results of Ellert et a/ (1998) and Posthumus et al (1998), that I, is not
reorientated (unlike originally concluded by Dietrich et a/ 1993). Furthermore,
Posthumus ez a/ (1998) has shown that unaligned molecules are ionized (see figure
1.31), again contrary to the observations of Strickland ez a/ 1992. In the case of
lighter molecules such as N, and Cl,, reorientation is now accepted, but hasn't been
quantified completely.

From the point of view of the present work, the technique suggested by Ellert et a/
(1998) is preferable to that of Posthumus ez a/ (1998), it is less time-consuming, both
in laser time and computation time. As a consequence, this technique is used as a
starting point for the experimental investigation into laser-induced reorientation in

carbon dioxide (chapter 5).

1.5.2 Laser-induced reorientation - theoretical results

Following the experiments of Normand et al (1992), Friedrich and Herschbach
(1995) addressed the problem of intense laser-induced molecular reorientation from
a theoretical standpoint. The authors proposed a mechanism for reorientation of
molecules involving the interaction of the electric field vector of the laser radiation

with the anisotropic molecular polarizability. Friedrich and Herschbach (1995)

63



suggested that the laser field creates an induced dipole moment in the molecules,
which generates pendular eigenstates. The motion of the molecule is therefore
modified: rather than just rotating, the molecule oscillates back and forth around the
laser polarization direction.

Consider a linear molecule, treated as a rigid rotor, with a permanent dipole pu along
the internuclear axis, and polarizability components oy and o perpendicular and
parallel to the axis. If this molecule is subjected to a time varying electric field given
by:

E = E f(t)cos(wt) Equation 1.14.
where f(t) is the pulse envelope, Ej is the pulse amplitude and ® is the frequency of
the field, the interaction potentials between the molecule and the field are given by:

V,(6) = —uEcos0 Equation 1.15.

\Y4 =——;-E2[(au—(xl)cosze+aL] Equation 1.16.

o

where V|, is the potential created by the interaction of the field with the permanent
moment, and V. is the potential created by the induced moment. 6 is the angle
between the molecular axis and the electric field direction. For a molecule with a; <
oy the interaction of the induced moment with the field will create potential minima
at 0 = 0° and 6 = 180°, forcing the molecule into alignment with the laser field. The
degree of alignment for a molecule is quantified by the expectation value of cos’6,
<cos’0>. If the molecule is perfectly aligned, <cos’0> = 1, whereas if the molecules
are isotropic, <cos’0> = 1/3.

The interaction of the induced moment with the electric field creates pendular states,
where the molecular axis is trapped by the electric field. Importantly, the evolution
of these states depends strongly on the laser pulse intensity profile. In the case of
picosecond pulses, the molecule is able to adiabatically adjust to the electric field,
and forms stable pendular states. However, in the case of femtosecond pulses, the

molecule does not have time to form pendular states, and is rapidly rotated by the
field.

1.6 Coulomb explosion and geometry modification of polyatomic molecules
Following the considerable interest in diatomic molecules, beginning with the work

of Codling and Frasinski (1987), experimental studies investigating laser-induced
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processes in matter progressed to triatomic molecules in 1989 (Frasinski ef a/ 1989).
To date, this has been a rich seam of physical development, not only from the point
of view of discovering new phenomena, such as laser-induced bond-angle
modification, but also in the development and application of new and exciting
experimental techniques. The following sections will deal first with the experimental
observations of a number of groups, followed by a brief introduction into the

theoretical treatments necessary to continue these studies.

1.6.1 Coulomb explosion and geometry modification of polyatomic molecules -
experimental techniques: covariance mapping

As the understanding of the behaviour of diatomic molecules developed,
experimental and theoretical studies expanded to include small polyatomic
molecules. The earliest study (Frasinski et a/ 1989) used covariance mapping to
identify the ionization channels. Following a discussion concerning the application
of the covariance technique to carbon dioxide, covariance maps of N,O and SO,
were presented. It was observed that, within a 600 fs, 600 nm laser pulse, focused to
3 x 10'® W/em?, N,O retains its linear structure. The end nitrogen and oxygen are
released in opposite directions along the laser polarization with considerable
momentum, and the middle nitrogen is released with a small amount of momentum
in the direction of the end nitrogen. This was indicated by the middle ion being
correlated with the end ions. In the case of the bent SO, molecule, these correlations
are observed to be far broader, hence the sulphur ion carries a more considerable
amount of momentum from the reaction.

Luk et al 1992 performed an elegant experiment on N,O to determine how the
molecule was dissociatively ionizing in the laser field. They used high purity
“N'>N'®0, and subjected it to a 600 fs 248 nm KrF* laser pulse, focused to 3 x 10'°
W/em®. Following fragmentation, N ions from the centre of the molecule were
detected with much lower kinetic energy than either of the end ions. Furthermore, it
was found that atoms at the end of the molecule were more easily ionized than that in
the centre. A comparison was made to fragmentation patterns observed with high-
energy ion impact fragmentation. It was suggested that this effect may be due to
laser-induced reorientation of the molecule.

The first detailed studies of the laser-induced Coulomb explosion of a triatomic were
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carried out in 1994 by Frasinski et al (1994) and Cornaggia et a/ (1994) both of
whom employed titanium:sapphire laser systems to generate short laser pulses which
initiated energetic Coulomb explosion in carbon dioxide. The laser parameters for
these two experiments are summarised in table 1.4.

Table 1.4. Laser parameters for Frasinski e a/ 1994 and Cornaggia et al 1994
Wavelength Pulse length  Focused intensity

Publication (nm) (fs) (W/cm?)
Frasinski et al 1994 794 200 10'°
Cornaggia et al 1994 790 150 5x 10"

Frasinski et al 1994 continued the previous studies on N,O and SO,. At the time of
writing this publication, the question of laser-induced reorientation had not been
resolved, hence Frasinski ez al (1994) referred to the work of Normand et al (1992)
and Dietrich et al (1993). In Frasinski et a/ 1994, a two-dimensional covariance map
was recorded for CO,. The results from this experiment are shown in figure 1.35(a).
The first observation made from this map was that the major fragmentation channel
was the (2,2,2) channel, there the numbers in parenthesis represent the charge of the
ions, hence CO.%" — OM" + CN" + OF" where M+N+P=Z. Frasinski et al (1994) also
performed a simulation of the two-dimensional covariance map, which is shown in
figure 1.34(b). As can be seen the major features of figure 1.34(a) are well-
reproduced by this simulation.

It was observed that the fragmentation of CO, was charge symmetric. This term is
somewhat counter-intuitive, in which channels such as the (2,2,1) are referred to as
symmetric (in addition to the (1,1,1), (2,2,2) and (3,3,3) channels) whereas the
(1,3,1) channel is referred to as asymmetric. The term symmetric implies the
difference in charge between any two ions from an exploding molecule differ by no
more than one unit of charge. In the two-dimensional covariance experiment of
Frasinski et al (1994), no substantially asymmetric channels were observed. Those
channels observed are shown in table 1.5, along with the associated kinetic energy
release (KER).

As discussed above, Luk e a/ 1992 observed higher ion yields from the end atoms of
N,O as opposed to the central nitrogen atom, referred to as 'site specific' ionization.
In Frasinski et al 1994, no such behaviour was observed in the case of COa,.
However, the experiment of Luk et al (1992) was performed with very short

wavelength laser pulses, hence it may be unfair to make a comparison.
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Cornaggia et al 1994 recorded two- and three-dimensional maps of carbon dioxide
(see table 1.4 for laser conditions). The fragmentation channels observed in the
three-dimensional correlation map are shown in table 1.6, along with the associated
kinetic energy release. As with Frasinski et al 1994, the kinetic energy release
associated with the Coulomb explosion of CO, was found to be around 50% less

than expected from the ground state internuclear separation.

Table 1.6. Fragmentation channels
from Cornaggia et al (1994).

Channel KER (eV)
2.2,2) 62

2,3,2) 87

2,2,3) 92

23,3) 100
(3,3,3) 130

Interestingly, Cornaggia et al 1994 reported two extra high-energy channels from
CO, as compared to Frasinski et a/ (1994), namely the (2,3,2) and (2,3,3) channels.
As the laser conditions are similar, it seems more likely that this is a consequence
either of the data processing technique (two-dimensional covariance as opposed to
three-dimensional correlation coefficient) or experimental differences. The
observation of the (2,3,2) channel in particular is important, as this observation
showed that the central atom of a triatomic molecule might be more heavily ionized
than the terminal atoms. As discussed above, Frasinski et al (1994) reported that this
process was not observed in carbon dioxide.

Even so, the overall observation of these two experiments was that CO, Coulomb
explodes from around double the internuclear separation. A comparison between the

results of both publications is shown in table 1.7, along with kinetic energy release

Table 1.7. Total KER for the Coulomb explosion of carbon dioxide as reported by
Frasinski et al and Cornaggia et al, both 1994, The Coulombic kinetic energy release
(CKE) is also shown, along with the ratio k= KER / CKE.

Frasinski et al 1994 Cornaggia et al 1994

CKE

Channel (V) KER (eV) & KER (eV) &
(1,1,1) 31 17 0.55

(1,2,2) 87 33 0.38

(2,1,2) 74 42 0.57

2,2,2) 124 66 0.51 62 0.50
2,2,3) 161 81 057 92 0.57
2,3,2) 174 87 0.50
(2,3,3) 223 100 0.45
(3,3,3) 279 110 039 130 0.47
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(KER) and the Coulombic kinetic energy release (CKE), which is the kinetic energy
expected if the Coulomb explosion from the internuclear separation. The ratio k& =
KER / CKE is also shown.

In analysing their two- and three-dimensional correlation maps, Cornaggia et al
(1994) brought up the question of molecular geometry to the present work. Despite a
lack of quantitative analysis, this publication raised important question about the
assumption that the molecule was static within the laser pulse. Furthermore,
Cornaggia et al (1994) proposed that laser-induced reorientation of the molecule
may be causing bending.

Investigations into laser-induced nuclear motion were continued by Cornaggia et al
(1995a) where acetylene (C,H;) was subjected to 790 nm 130 fs Ti:S laser pulses in
the 10'>-10' W/cm? intensity range. Cornaggia et al 1995a chose acetylene as it is
linear both as C,H, and as C,H,", hence substantial structural changes were not
expected in the first ionization step.

Importantly, this publication recognised the importance of the work of Codling and
Frasinski (1993) and Dietrich et al (1993), in that the multiple ionization of
molecules was in the field ionization regime (see section 1.1 for discussion).
Specifically, Cornaggia et al (1995a) noted that the observed kinetic energies are
consistent with Coulomb explosion at double the internuclear separation, and
specific reference was made to a 'modified molecular ion'.

Cornaggia et al (1995a) proposed a number of mechanisms for creating this
‘modified molecular ion'. Firstly, a simple model was proposed in which molecule
stabilises at an extended bond length when the centrifugal force caused by the
reorientation equals the binding energy of the molecule. A second, more elaborate
postulate was also made which involved bond softening population trapping in
vibrationally excited states (Zavriyev et al 1993).

Two-dimensional correlation maps were recorded at 2.5 x 10" W/cm’. The
ionization channels were identified by examining the distribution of ion momentum
along the lines of maximum correlation. The authors were able to identify the
channels by conservation of momentum along the molecular axis. The gradient of
the correlation islands indicated that, although the molecule remained on average,
linear, there was considerable geometry modification before explosion. It was also

found that the following relationship holds: a(H) = 0.9a(C), where a(H) and a(C)
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are the angles between the laser polarization and the H-H and C-C axes respectively.
This implied that the molecular ion undergoes small damped oscillations around the
laser polarization, and that the oscillation of the H atoms was smaller than for the C
atoms. Cornaggia et al (1995a) explained this in terms of the moments of inertia of
the two axes.

In a further experiment, Cornaggia (1995b) investigated laser-induced nuclear
motion in more detail. Two relatively large polyatomic molecules were examined in
the femtosecond regime. Allene (CsHs) and propane (Cs;Hg) were field ionized by
130 fs laser pulses. See figure 1.35 for a simple representation of the structure of
each molecule. In each case, the relative abundance of molecular ions was examined.
The fragmentation of both molecules was examined from the standpoint of the

different types of bonds within the molecules.

H H H H H
| | |
c=c=¢ H—C—C—C—H
/ \
H H | | |
H H H
Allene Propane

Figure 1.35. Schematic of the structure of allene and propane

When two-dimensional correlation maps are recorded for allene and propane, the
fragmentation mechanism of the carbon chain may be clearly seen. In the case of
allene, the correlations occur in well-defined islands, as reproduced in figure 1.36(a).
However the carbon ions from propane have a broad, elliptical distribution, which
indicates that the structure of the carbon chain is ‘blurred', either by deformation or
through the pre-dissociation of the molecule.

As the fragmentation process in propane is complex, involving more than one step,
Cornaggia (1995b) focused on understanding the dynamics of the Coulomb
explosion of the carbon chain in allene. A simulation of the two-dimensional
correlation map was performed. Three triangular distributions were used to describe
the bond length (r), bend angle (0) and the alignment with the laser field (¢). These
co-ordinates are illustrated in figure 1.37 for an arbitrary triatomic molecule. In the

case of Cornaggia 1995, the two 'arms' of the molecule are set at the same length.
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Figure 1.37 Monte Carlo Simulation co-
ordinates

Table 1.8. Best fit r, 6 and ¢ for allene from Cornaggia 1995.

Parameter Minimum Peak Maximum
Bond length (r) 0.5r, I. 1.5r,
Bend angle (8) 140° 180° 220°
Alignment (¢)  -40° 0° 40°

undergoes a large bending motion, which is larger than that expected in the neutral
field free molecule.

An important consideration that has come to light in the present work is the effect of
sequential dissociation. The bonds in the molecules studied in Cornaggia et al
1995a,b will not necessarily expand at the same rate, and hence there may be some
scattering between the ions during Coulomb explosion. Specifically, considerable
C,H," signal was observed from C,H,, whereas very little C;Hg" was seen from
C;Hs, indicating propane may undergo sequential dissociation. This is supported by
the blurring of the covariance map published in Cornaggia (1995b). This is also
consistent with the 'scattering' picture, as the carbon backbone is surrounded by
hydrogen ions.

Cornaggia 1996 investigated the geometry of the carbon dioxide molecule Coulomb
exploding in a 130 fs 790 nm laser pulse focused to 10> W/em®. Figure 1.38(a)
shows the experimental two-dimensional correlation map, recorded under the laser
conditions as described above. Figure 1.38(a) was recorded with the laser
polarization direction parallel to the detector axis. Again, the experimental maps

were reproduced by the Monte Carlo technique first described in Cornaggia 1995a.
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fit distributions are given in terms of r, = 2r.. In carbon dioxide, the equilibrium
bond length is r = 1.16 A (Herzberg 1966).

Cornaggia (1996) suggested that the bending and stretching processes were caused
by the interaction of the laser field with the electrons surrounding the molecule. It
was suggested that the electronic polarizability will cause the electronic structure to
be modified, and the electron-nuclei interaction will allow the molecular structure to
be modified. However, this mechanism was not quantified.

In both Cornaggia 1995 and 1996, the author reported that the average straight
geometry of the molecules in question (C3H4 and CO, respectively) was unchanged,
but large bending motions were induced by the laser field. Furthermore, Cornaggia
(1996) hinted that the laser-induced Coulomb explosion of a triatomic molecule may
involve reorientation, as previously seen in diatomic molecules (see section 1.5). The
author continued his investigations of nuclear motion on small molecules by
investigating the Coulomb explosion of SO,.

Using laser pulses 50 fs in duration, with a wavelength of 790 nm, Cornaggia et a/
(1996) induced Coulomb explosion of SO, with field intensities of 3 x 10" Wem™.
In this publication, direct reference was made to the interplay between the permanent
and induced dipole moments. Cornaggia et al (1996) pointed out that the permanent
dipole moment of the SO, molecule lies perpendicular to the O-O axis, hence if
laser-induced reorientation involving the permanent dipole was present, there should
be a maximum in the oxygen signal perpendicular to the laser polarization direction.
However, the oxygen ion signal was found to be at a maximum when the
polarization direction was parallel to the detector axis, hence the authors deduced
that the molecule was being reoriented by the laser field through its interaction with
the induced dipole moment. Cornaggia et al (1996) compared the C'/O" correlations
from CO, with the S*/O" correlations from SO,. These results are shown in figure
1.39(a) and (b) respectively.

Cornaggia et al (1996) observed that the C*/O" correlation from the 'linear’ CO,
molecule exhibited a parallelogram contour, whereas the S'/O" correlation from the
bent SO, molecule was elliptical. The authors concluded that the low-order Coulomb
channels were from around the bent geometry, where 6 ~ 120°. However, when
Cornaggia et al (1996) examined the S*7O?" correlation, as shown in figure 1.40,

they found a pronounced parallelogram shape, hence Coulomb explosion was
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