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“And the end of all our exploring
Will be to arrive where we started
And know the place for the first time”

T.S.Elliot
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Abstract

S;)lid State laser systems are now capable of generating temporal pulses of sub-10 fs
duration and facilitate the study of ultrafast phenomena in chemical, biological and
physical systems. The high field intensities inherent in these pulses, means that highly
non-linear processes may be observed. Studies of solution phase transient absorption
and femtosecond pulse laser ablation have been undertaken and in each case an

experimental apparatus has been developed.

Ultrafast pump-probe studies of room temperature solutions of 3-hydroxyflavone and a

number of its derivatives have been undertaken. Measurement of transient absorption
spectra attributable to the excited tautomer arising from ESIPT was observed throughout
the visible wavelength range (400 - 700 nm). In cyclohexane and acetonitrile solutions,
ESIPT was found to be so rapid that it was only possible to assign a time constant
< 35 fs to the process. In ethanol, however, a time constant of 60 fs was determined. The
slower ESIPT in this solvent is attributed to the greater strength of the solute-solvent
interactions. The influence of substituents in the 4' position of the phenyl ring of
3-hydroxyflavone has also been investigated and we observe unusual behaviour for a
cyano substituent in polar solvents and for dimethylamino and aza-Crown substituents.

We attnibute this behaviour to charge transfer followed by rapid solvent re-organisation.

The possibility of the formation of TICT states is also discussed.
Ultrafast laser ablation has been studied for a variety of dielectric, semiconducting and
metallic substrates with emphasis on the development of the technique for rapid

prototyping of micro-fluidic devices. Some fundamental observations of the ablation

mechanisms and residual structures is presented along with results for prototyped

devices for molecular diffusion and macro-filter applications.
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Chapter 1: INTRODUCTION

1.1 Thesis Overview

The last decade has witnessed significant advances in the ability to generate
short pulses of radiation throughout the optical (and indeed) vuv and x-ray regions of
the electromagnetic spectrum. These developments have had (and continue to have) a

tremendous impact on the field of chemical dynamics' and high intensity light-matter
interactions®. Fundamental questions concerning chemical reactions are now routinely
studied in real-time experiments (see for example the review by Zewail’). Fig. 1.1.1

shows the typical timescales of some elementary physical, chemical and biological

processes 1n the condensed phase.

Collision Time in I Molecular Rotation l
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D_ Electron Transfer
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Electronic
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Fig. 1.1.1 Approximate time scales of elementary molecular relaxation phenomena and

some chemical and biological manifestations of these phenomena®.
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The majority of chemical reactions occur in the condensed phase. This has

driven a theoretical and experimental effort towards the understanding of chemical
reactivity in the condensed phase at the molecular level. While the half-life of a
unimolecular reaction may span from picoseconds to years, the actual time that a
molecule spends traversing the potential surface from reactant to product is very short.

In understanding rate processes, the most important stage of a reaction is the ‘transition

state,” representing the structure of the reactants [and solvent] at the point where the
reaction crosses from the reactant surface to that of the product. With the emergence of
laser sources in the picosecond and femtosecond range, direct “real time” studies of
ultrafast dynamic processes and coherent control of reactions in the condensed and gas
phases become possible.

The development of stable ultra-intense sources of sub-picosecond pulses has
enabled researchers to examine the interaction of laser fields with matter for such

diverse purposes as x-ray generation®, mass spe:c:tromretry6 and multiphoton imaging7.

This thesis reports the development of two such femtosecond laser applications of

interest to BNFL and the research interests of the Centre for Photochemistry at the

University of Central Lancashire. Studies of Excited State Intramolecular Proton

Transfer (ESIPT) in 3-hydroxyflavone derivatives have been undertaken at a variety of
European centres as well as in house at BNFL for which a transient absorption
spectrometer was developed. In addition to this, an investigation of the interaction of
ultra-intense laser pulses with a variety of target materials has led to the development of

a laser ablation workstation for the micro-machining of micro-fluidic devices of interest

to BNFL.

The structure of the thesis has been ostensibly dictated by the nature of the

research undertaken. Chapter 1 consists of this overview and a number of sections
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which outline relevant background information with regard to ultrashort pulse
generation and amplification (Section 1.2), pulse characterisation and manipulation
(Section 1.3) and sections devoted to each of the subject areas; transient spectroscopy of
ESIPT (Section 1.4) and femtosecond laser ablation (Section 1.5). Chapter 2 is a
discussion of the experimental conditions and techniques employed in the collection of

data and is divided into three sections. Section 2.1 provides details regarding the BNFL

femtosecond laser system (BMI Alpha 1000) previously installed at the Company
Research Laboratories (CRL) at BNFL Springfields. Section 2.2 discusses the

development at CRL of a two colour pump-probe absorption experiment and outlines
the facilities used at other sites as part of the European transport and mobility for
researchers (TMR) large scale facilities program. Section 2.3 discusses the development
of a laser ablation workstation for rapid prototype production of micro-fluidic devices.
The experimental results and discussion are presented as two separate chapters due to
the disparate nature of the subject matter. Chapter 3 is concerned with the experimental
results for pump-probe spectroscopy on compounds which undergo ESIPT and some

other charge transfer processes. Chapter 4 presents results of femtosecond ablation
experiments on a variety of substrate materials. In both cases, discussion is undertaken

alongside the results and conclusions are presented at the end of the chapter in order to
simplify the thesis structure. Finally, publications from the research are presented as an

appendix. In all cases, references highlighted in the text are given at the end of the

chapter concerned.
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1.2 Ultrafast Pulse Generation And Amplification.

In this section the theory of mode-locked pulse generation is given, followed by

a practical discussion of solid state ultrafast lasers and the method of chirped pulse

amplification as applied to ultrashort pulses.

1.2.1 Modt=:l¢z|cking8’9

The majority of devices used to generate ultrashort laser pulses rely on the
technique of modelocking. In principle, modelocking entails modulation of the loss [or
gain] in a laser at a frequency equal to the inverse of the time required for a pulse to
travel one round trip inside the cavity. In order to generate short pulses using
modelocking, the laser resonator must support a large number of longitudinal modes.

Under these conditions, modulation results in the locking together of the phases of the

oscillating longitudinal modes, generating a series of discrete laser pulses that are

separated by the cavity round trip time.

In order to have a stable standing wave within a laser cavity it is clear that we

must fulfil the condition whereby the change in phase between reflectors must be an

integral multiple, n of = [i.e. the cavity length / is an integral number of half

wavelengths, 1]
C 1.2.1
> 2.

In a free running system, these longitudinal modes will have random phases and

the laser intensity will vary with time depending on the number of modes in phase at any

particular time; the output is CW.
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A particular mode with angular frequency wo=2nv (where v is the laser
frequency) will have a time variation of the electric field, E(t) at a particular position
(say the output mirror), given by
E(t)=E, explio,t) 1.2.2

Other modes will have slightly different temporal variations of the electric field.

The n'™ mode of frequency (0g + nAw®) will have
E, (t)=E, explilw, + nAw) +¢,) 1.2.4

where Aw is the angular frequency separation (Aw = 2nAv = nc/l) and ¢, is the

difference in phase between the n™ mode and MWyg.

The total electric field 1s the sum of all the E,(t) fields, so

N-|

E(t)= Z E, expl(i(w, + nAo) + d.) 1.2.5

nu=()

where N is the number of modes present in the laser cavity.

If we make the phase difference between the modes ¢,=0 and assume that the

electric field amplitudes are equal, the total electric field becomes:

. _ .
E(t)=E, exp(icoot{l N exp(léax) +explidar ) +... }

. [ NAowt
(N -1)Aar Sm( 2 ]
hence E(f)= E, exp(im,t)x eXp[I ; ) —_— L 1.2.6
sin(———-—A;x)

The intensity of the radiation at the output mirror is of interest and is given by

the product of E(t) with its complex conjugate E’,

E; sinz(Néwt)

()= E()E* ()=

1.2.7
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This temporal variation of intensity represents a train of modelocked pulses, emitted at a

period trounarip=2//c and of pulselength to= t;ounauip/N. This is demonstrated in fig. 1.2.1.

I 21
10 C
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5 10 15 20
Time/ns

Fig.1.2.1 76MHz, 100 fs Modelocked laser pulses modelled using Eqn. 1.2.7

[corresponding to 1.3x10° phase locked modes and a bandwidth of =10 nm]

Clearly for ultra-short pulses it is desirable to have a large number of

propagating modes in the laser cavity due to the uncertainty relation, AvAt ~ 1, where

the number of modes is proportional to Av.

Many techniques for the ‘phase locking of modes’ have been developed, all of
which act upon the laser in basically the same manner. In order to initiate the pulse some
sort of switch is modulated at precisely the rate at which the pulse oscillates between the
high reflector and the output coupler of the laser cavity. Only light which passes through

the switch can be amplified and since the switch is closed at all other times only one
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pulse circulates around the cavity. Therefore the modulation frequency must be precisely
matched to the repetition rate 1/t;ounarip. An active system imposes a modulation
frequency on the circulating pulse via some external reference and it is clear that timing
and cavity thermal stability in such systems is critical. Passively modelocked systems,
however, determine their timing from the pulse itself, automatically opening on arrival

of the pulse, so that timing jitter due to, for example, a change in cavity length, is

automatically compensated for by the switching mechanism [typically a saturable

absorber].

A self-modelocking Ti:Sapphire laser relies on a passive mechanism to create an

ultrashort pulse'®. Intense pulses propagating through dispersive media can create

perturbations in the refractive index of the medium, so called intensity dependent
refractive index phenomena''. A Gaussian shaped pulse will undergo a lensing effect
due to the difference in refractive index between the edges and the centre of the beam
[Kerr lensing]. In a Ti:Sapphire laser the Kerr lens can be formed in the crystal gain
medium. Normally, the laser will operate exclusively in CW mode, however by
perturbing a cavity mirror, a sufficiently high intensity fluctuation can occur to produce
a Kerr lens in the crystal. If the cavity is well designed an intracavity slit can then be

introduced into the beam which creates higher losses for the CW beam and the

modelocked beam alone propagates in the cavity. The mechanism is described in the

following section.
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1.2.2 Solid State Femtosecond laser Sources'?

The last few years have brought about significant advances in ultrashort pulse

laser physics™'*"

'*, The development of novel all-optical modulation techniques along
with the appearance of ultra-broadbandwidth gain media [e.g. Titanium doped Sapphire]

has opened a new era for femtosecond technology. Within a period of as little as five
years we have witnessed the emergence and evolution of a new generation of ultrashort
pulsed lasers based exclusively on solid state components. In this section I hope to
provide a brief synopsis of the basic operating principles and the major performance
limitations of solid state femtosecond lasers and summarise recent technological
advances allowing the generation of near transform limited sub-10 fs optical pulses

direct from laser oscillators.

Although picosecond optical pulses were first generated in a solid state medium
[Nd:Glass] in the mid-60’s, progress in ultrashort solid state pulse generation halted
soon after the first pioneering experiments. The picosecond relaxation time of the
saturable absorbers used for passive modelocking prevented researchers from pushing
the pulse generation below the picosecond limit. Hence, attention shifted to organic dye
lasers, which, as a result of their nanosecond upper-state lifetimes, were capable of
actively participating in short pulse formation [gain saturation], allowing intracavity

pulse shortening down to the femtosecond regime by using “slow” (picosecond)-
relaxation time absorbers. Operation of femtosecond dye lasers continues to be a highly
sophisticated art up to the present, mainly because of the large number of inaccessible

system parameters. The demand for consistent reproducibility in laser performance

could not be met until the recent development of solid state systems.



Femtosecond Laser Interactions
The development of all solid state laser technology has been possible by the use

of the intensity induced change in the refractive index. This ultrafast “Kerr effect” can
be transformed into an almost instantaneous saturable absorber effect by introducing
appropriate linear optical components into the cavity, The two most successful
embodiments of this general concept have been additive pulse modelocking and self [or
Kerr-lens] modelocking. The effect of these passive Kerr modulators on the envelope of

an electric field E(t) can [to a first approximation] be written as'?
AE() = (£ +ig ) ECY 127

where, K and ¢ measure the strengths of self-amplitude and self-phase modulation [SAM
and SPM] respectively. Apart from SAM and SPM, intracavity group velocity

dispersion [GVD] is a major pulse shaping effect, which is characterised by the

3

pararneterl
A' d’n d*T.(\)
D= 27:02 '&FLAK oC d)f 1.2.8

1.e. by the second derivative of the refractive index with respect to the wavelength [the

peak of the laser wavelength spectrum]. L is the pathlength in the medium. In order to

avoid a strong pulse broadening due to the interaction of a pulse carrying a positive
chirp [as a consequence of ¢>0] with normal dispersion [D>0] the intracavity GVD

must be negative. GVD and SPM are discussed in detail in Sections 1.32 and 1.33

respectively.

Both additive-pulse and Kerr-lens modulators exhibit SPM coefficients that are
much larger than the corresponding SAM parameters. ¢>>k implies that steady-state

pulse formation is dominated by a soliton-like interplay between SPM and negative

GVD. Hence, assuming; i) a linear variation of T,()) as a function of A, 1.e. D(A)=D(Xo);



Femtosecond Laser Interactions
ii) evenly distributed SPM and GVD in the cavity; and iii) a sufficiently broadband gain

medium; the pulse duration 7 is expected to obey the soliton formula'?

353D

TRT, = 1.2.9
oW

where W is the intracavity pulse energy. The soliton like behaviour of the steady state

pulse has been verified in a self-modelocked fused silica prism controlled Ti:Sapphire

laser down to the 10 fs regime'®. Although x does not significantly effect 1, optimised

SAM is essential for stabilising the pulse against noise and perturbations as well as
preventing the emergence of a narrow-band CW background, which tends to co-exist
with the modelocked pulse in soliton-like systems which have not been optimised.

In femtosecond solid state lasers the pulse duration can be reduced by decreasing

the magnitude of intracavity GVD until one of the assumptions or approximations [i-i1i]
leading to equation 1.2.9 fails. The most severe limitation in practical broadband lasers

originates from the increasing deviation of T(A) from a linear function as the oscillation

spectrum broadens. The lowest order contribution to this deviation is referred to as third

order dispersion [TOD]. As the pulse duration decreases and/or the pulse energy
increases the separate action of GVD and SPM increasingly modulates the pulse

parameters [duration, bandwidth] as the pulse circulates in the cavity. This modulation

can be regarded as a periodic perturbation of the ideal soliton-like pulse and manifests
itself 1n an additional term At=a(z)¢W, where o depends on the position of the pulse in

the cavity. Other potential limitations to pulse shortening are the gain and resonator

bandwidths.

Until recently broadband negative GVD has been introduced in short pulse
oscillators almost exclusively by a pair of Brewster-angled prisms. The layout of a prism

controlled Ti:Sapphire laser [similar to the Mira 900F] is shown in fig. 1.2.2. To obtain

10
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the shortest pulse duration, the circulating pulse is coupled out of the cavity after
traversing the dispersive delay line (double pass through Py and P;) and an extracavity
prism pair allows control of GVD outside the laser cavity. Since the prism pair also
introduces a high order dispersion, careful selection of prism material is required if the
pulse duration is to be minimised. For Ti:Sapphire, the optimum prism material is fused

silica, which by minimising TOD in the cavity allows generation of near transform
limited pulses of 11-12 fs in duration around 800 nm. Recent investigations'® predicted
a vanishing of the TOD component in Ti:Sapphire/Fused Silica system at 850 nm. In

fact, tuning to this wavelength, extremely broad, symmetric bandwidth mode-locked

spectra can be generated [symmetry is lost as a result of residual TOD].

P,
- Ti:Sapphire Crystal
Ar Ion Pump beam _
/ I Output
Pz ‘ I
BRF / Slit

Fig. 1.2.2 Schematic showing the Ti:Sapphire Laser; P, and P; are the prisms. BRF;

Birefringent filter, for frequency tuneability.

Recently a novel technique has been proposed and demonstrated for intracavity
dispersion control'’. Broadband, hi gh-reflectivity multilayer dielectric mirrors have been
developed with their multi-layer period modulated during the evaporation process. This
modulation not only broadens the high-reflectivity band-width but, more importantly,

offers the possibility of engineering the dispersion properties of the mirrors. As a first

embodiment of this general concept, chirped dielectric mirrors exhibiting a nearly

11
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the shortest pulse duration, the circulating pulse is coupled out of the cavity after
traversing the dispersive delay line (double pass through Py and P;) and an extracavity
prism pair allows control of GVD outside the laser cavity. Since the prism pair also
introduces a high order dispersion, careful selection of prism material 1s required 1f the
pulse duration is to be minimised. For Ti:Sapphire, the optimum prism material is fused
silica, which by minimising TOD in the cavity allows generation of near transform
limited pulses of 11-12 fs in duration around 800 nm. Recent investigations'* predicted
a vanishing of the TOD component in Ti:Sapphire/Fused Silica system at 850 nm. In
fact, tuning to this wavelength, extremely broad, symmetric bandwidth mode-locked

spectra can be generated |symmetry is lost as a result of residual TOD].
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Birefringent filter, for frequency tuneability.

Recently a novel technique has been proposed and demonstrated for intracavity

dispersion control'’. Broadband, high-reflectivity multilayer dielectric mirrors have been
developed with their multi-layer period modulated during the evaporation process. This
modulation not only broadens the high-reflectivity band-width but, more importantly,
offers the possibility of engineering the dispersion properties of the mirrors. As a first

embodiment of this general concept, chirped dielectric mirrors exhibiting a nearly
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constant [high order dispersion free] GVD over the wavelength range 720-890 nm have

been fabricated, where the wavelength range can be easily shifted to match the emission
spectra of other lasers by simply rescaling the layer thicknesses. Using these mirrors,
compact mirror dispersion controlled [MDC] self-mode-locked oscillators can be

constructed. TOD 1is significantly reduced in this system as compared to its prism

controlled counterpart. It is possible to generate highly stable near transform limited

sub-10 fs Sech’-shaped pulses.

In strong contrast to dye lasers, ultra-short pulse formation in solid state lasers

using Kerr-modulators can be described and controlled in terms of a few uniquely

defined and experimentally accessible parameters [k, ¢, D and W]. As a result, the

reliability of femtosecond solid-state lasers and the reproducibility of their performance
1s far superior to those of any previous femtosecond source. Whilst prism-controlled

systems offer the advantage of continuously tuneable intracavity dispersion, MDC
oscillators exhibit a cavity dispersion that is completely independent of resonator
alignment, resulting in an unprecedented long term stability and day-to-day
reproducibility of femtosecond pulse parameters. These advances are expected to give

rise to further expansion of ultrafast techniques into new areas of science and

technology'®,

12
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1.2.3 Chirped Pulse Regenerative Amplification

The continued development of tuneable, solid-state laser materials has resulted
in the production of ever more powerful and efficient ultrashort pulse laser sources.
Titanium-doped sapphire [Ti:Al;03] is an excellent example; tuneable from 680 to
1100nm, it has a much broader range than that of traditional organic dyes previously
used in femtosecond oscillators and amplifiers. In addition to this unprecedented
tuneability, the energy storage characteristics of these materials make it possible to
produce compact, high peak power lasers. The challenge in solid-state laser design

comes in extracting this energy in an ultrashort pulse. For a 100 fs pulse, the peak power

exceeds Gigawatts for energies as low as a few millijoules. Consequently the intensity
that can develop in a amplifier chain can quickly lead to self-focusing and catastrophic
damage to optical components. This limitation can be overcome by temporally

stretching the pulse prior to amplification, for example a 100 fs pulse can be stretched

by a factor of 10000 to around 1 ns, with standard size optical components. The
stretched pulse can then be safely amplified. Because the peak power has been reduced

[by the same factor as above], the pulse can extract significant energy from the

amplifiers without risk of catastrophic damage from self focusing. After amplification,

the pulse is recompressed back to its Fourier transform limit. This technique is known as

chirped pulse amplification and recompression [CPA}!*%%%!22,

The basic scheme for CPA is given in fig 1.2.3. Initially, a short pulse is

generated in, for example, a self-modelocked Ti:Sapphire laser. The pulse is then

temporally stretched [chirped] using a grating arrangement to introduce positive group

velocity dispersion [GVD] (GVD and Pulse re-compression are discussed in Section

1.3.2). The amount of stretch introduced depends on the level of amplification that is

13
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required. If the final pulse energy is in the 100 mJ range, a stretched pulse-width of 1 ns
is desirable. For a few millijoules, the pulse needs only be stretched to a few hundred

picoseconds. Below a millijoule, 10°s of picoseconds is sufficient.

Input and output beam
Pockels cell ]

Pump beam
INd:YLF]

Thin film Gain medium
polariser

Fig. 1.2.3 Schematic of regenerative amplifier cavity.

After stretching any number of amplification stages can be introduced providing
the damage threshold is not exceeded in the chain. For millijoule systems a regenerative
amplifier scheme 1is typically employed. This configuration consists of a high quality
[high Q] optical resonator that contains the gain medium, a Pockels cell and a thin film

polariser [Fig. 1.2.3]. The Pockels cell is oriented to give a static quarter wave

birefringence that allows an incident pulse to make one pass in the cavity before exiting.
With a pulse inside the cavity, a quarter wave voltage is applied to the cell and the net
birefringence is now a half wave per pass and the pulse is trapped in the cavity. The
pulse 1s allowed to make as many round trips as necessary to fully deplete the gain. At
this point, a further quarter wave voltage is applied to the Pockels cell and the pulse is
forced to exit the cavity (cavity dumped).

Clearly, one of the advantages of this type of configuration is that any arbitrary

number of passes is possible in the cavity, thereby only small single pass gains are

required. This means that for laser pumped gain media, the pump fluence can be kept

relatively low, and the crystal can therefore tolerate an imperfect pump beam profile

much more readily. Extraction efficiencies can be very high [20-30% have been

14
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demonstrated]*'. Also the configuration is easy to align. Because an optical cavity is
used, the amplified beam has the spatial mode of the resonator, acting as a built in
spatial filter ensuring high beam quality.

The limiting factor for regenerative amplification is that broadband intracavity
elements are required. In general, the more passes that are made in the cavity the broader
the bandwidth requirement, so that spectral narrowing is minimised. After amplification

the pulse 1s recompressed using an arrangement similar to that of the stretcher, this time

introducing negative dispersion .

In conclusion, chirped pulse regenerative amplification and recompression

allows the efficient amplification of ultrashort pulses to peak powers far in excess of

those available in conventional laser systems.
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1.3 Femtosecond Laser Techniques

This section aims to present various techniques which are core to the

development of ultrafast spectroscopic methods at BNFL. Initially correlation
techniques for pulse measurement will be described, subsequently the factors affecting

pulse length in optical elements are considered and methods for frequency conversion

are discussed.

1.3.1 Measureﬁent Of Ultrashort Pulses

The problem of measuring the duration of modelocked ultrashort pulses is of

great practical and theoretical interest™. Since the fastest conventional photodiodes have

response times of ~1x10™"! s, it is impossible to use these optical detectors to measure

100 fs (1x10" s) pulses. A number of techniques developed for this purpose all take

advantage of some non-linear process to obtain a spatial autocorrelation trace of the

optical pulse intensity. The measurement of a pulse of 100 fs is thus replaced with

measuring the spatial extent of an autocorrelation trace of length ~30 um, which is a

relatively simple task.

The most commonly used autocorrelators consist of a Michelson interferometer
[see fig. 1.3.1] with its output focused into a second harmonic generation [SHG]
crystal®®, The resulting second harmonic signal is measured by a ‘slow’ photodiode.
Given that a second harmonic signal will only be generated if two photons arrive

simultaneously in the non-linear crystal, as one pulse is scanned through a replica of

its:,elf [in space] the signal measured by the photodiode will vary due to the amount of

pulse overlap ‘seen’ by the SHG crystal.
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- ] Variable time delay
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Fig 1.3.1 Schematic for autocorrelation measurement; SHG, second harmonic crystal.

The autocorrelation function can be expressed, both with and without
background [with and without SHG components arising from a single pulse replica] and

as fast [interferometric] or slow depending on the accuracy of measuring the spatial

increment on the delay line.

Mathematically the 2nd order background free slow autocorrelation is given as**

[I()I(¢ + 7)dt
gﬁz(z.)=-:r~ R 1.3.1

[ 1(r)

where I(t) 1s the pulse intensity and 7 is the time delay between pulse duplicates.

In this case the uncertainty in the measurement of t is such that certain

oscillatory terms containing information about time dependent phase shifts [chirping]

average to zero. A Sech’(t/At) pulse profile is shown with its associated autocorrelation

function in fig. 1.3.2

17



Femtosecond Laser Interactions
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Fig.1.3.2 Sech’(/At) pulse with its associated autocorrelation function (At=100 fs).

The interferometric autocorrelation is given as*®

2 [ EX(0)E(t + 7)dt + 21E(r)E’ (t+17)+ 3_T E*(0)E*(t + r)at

gB — 1+ 1-3.2

[ E*(r)dt

where E(t) is the electric field envelope. Note that in this case the measurement is not
background free, and information is gained at the expense of signal to noise ratio.

It is clear that the second order autocorrelation function is intrinsically
symmetrical and cannot be used to obtain the pulse shape unless the pulse is known
from other information to be symmetric itself. Higher order correlation functions can

give definite information on pulse shape and have been used to characterise pulses for
various laser types. The vast majority of work, however, uses the autocorrelation

function to provide an estimate of the pulse duration based on a number of assumptions.

If the pulse 1s transform limited, the FWHM of I(t), At, is directly related to the FWHM

of g*o(t), A1, through a numerical factor dependent on the shape of I(t) (estimated by
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taking the Fourier transform of the spectrum). Table 1.3.1collects together the numerical

factors along with the time bandwidth products for transform-limited pulses of some

given shapes. It is common practice to obtain At by selecting the appropriate factor and

dividing At by it.

Table 1.3.1 Autocorrelation correction factors for various pulse shapes

- .

0441 |1.414
e
sech At

Lorentzian

Gaussian

Single Sided Exponential

At CRL, we have two autocorrelation methods available to measure the pulse
width characteristics of both the seed laser oscillator [Mira 900] and the regenerative
amplifier [Alpha 1000]). The experimental methods differ due to the difference in the
frequency of pulse generation in each system; the Mira operates at 76 MHz and the
regenerative amplifier at 1 kHz. For the Mira, a CW autocorrelator [Femtoscope] has
been used to measure the pulse width. This consists of a Michelson interferometer as

described above with the addition of a shaker assembly to continuously scan the time

delay. The frequency of the shaker is chosen (~30 Hz) so that the laser frequency
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appears essentially CW to it. The Femtoscope 1s useful for pulses in the frequency range

10 kHz - 100 MHz. Below this frequency minimum the autocorrelation is no longer

‘real-time’ [the autocorrelation will no longer be produced from a single scan by the

shaker].

For measurement of pulses from the regenerative amplifier, a single shot

autocorrelator is used [BMI, AM-100]”. The AM-100 relies on transforming the

temporal profile of the pulse duplicates into spatial data, which can be imaged on a CCD

camera. A diagram of the AM-100 is given below [fig. 1.3.4].

M- M, Input Pulse
4\
Mg
KEY
L F ] ?“,HGtal BS Beamsplitter,
s A Aperture,
CL Cylindrical lens,
CCD Camera Array,
M, Mirrors.
A
g CL M;

M M, | Variable delay for
: ’ 2 : calibration/optimisation

Fig. 1.3.4. Single shot autocorrelator.

The laser output is directed onto M, and split into two replica pulses at the

beamsplitter, BS. The two arms are directed via M, and Ms;.6, respectively onto M5 and
in turn onto the SHG crystal, where a second harmonic signal is generated and focused

using the cylindrical lens onto the CCD camera. The resulting signal is processed and

viewed on an oscilloscope. The two pulses incident on the SHG crystal are not collinear
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so the second harmonic signal is only produced when the pulses overlap both temporally

and spatially. The spatial intensity distribution of the second harmonic signal is related

to the incident radiation intensity such that®’
S(x)ec [1(e+ ) (t ~7)ar 1.3.3

therefore, one may obtain the same information as with a classical autocorrelator in a

single pulse. The absolute measurement of the pulse width can be obtained either by
measuring the exact spatial width of the pulse or by introducing a delay into one beam

and thereby shifting the SHG signal along the CCD camera. The first method is
undesirable because it requires accurate calibration of the CCD camera and an exact
knowledge of the angle of incidence of the beams on the SHG crystal. A delay, Aty,

introduced into one arm of the autocorrelator, however, is more readily measured and

relates to a relative shift on the CCD, Axq. The FWHM, Ax, of the spatial function S(x)

is related to the incident temporal pulse FWHM, At, by the equation®’

At,

At =K' Ax
A, 1.3.4

where K is given by At/At in Table 1.3.1. The above equation shows that the calibration
of the single shot autocorrelator is obtained in the same way as in a classical

autocorrelator leading to a simple measurement method.

We have found that to obtain reliable results, uniform illumination of the SHG

crystal is essential and great care must be taken when setting up the apparatus, as

misalignment or spatial inhomogenieties can effect the measurement.
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1.3.2 Pulse Broadening In Optical Elements And Pulse Compression

For pulses propagating in optical materials, significant pulse broadening can
occur due to dispersion in optical materials, thereby reducing the temporal resolution of
ultrafast instruments. Such broadening is well studied for prisms, gratings and bulk
media®.

The generation and amplification of femtosecond laser pulses require that one
compensate for the pulse broadening effects. In addition to the effects of optical
elements in the cavity, significant pulse distortions have been observed for high-
intensity pulses travelling through air. Three major broadening mechanisms have
received significant attention, namely group-velocity dispersion [GVD], third-order
dispersion [TOD] and self-phase modulation [SPM]. In addition to these effects, a
fourth phenomenon pulse front distortion [PFD] in lenses has been shown to have a

significant effect on pulse length.

Whilst the effects of GVD and TOD can be compensated for, by passing the

light through a suitable arrangement of gratings and prisms, SPM and PFD can lead to

irreversible temporal broadening. In considering these effects, one can treat the optical
pulse as a wave packet with central frequency wo propagating through a dispersive
medium. A useful way to discuss this is in terms of the Taylor series expansion of the

phase13

)= s)(Z2) (0-0)+3( Z2] (-0 +1( 58] @-oy+o 13

The first term in this Taylor-series expansion represents the propagation of the central

frequency of the pulse. The linear term is related to the inverse of the group velocity of

the pulse and is responsible for PFD?’, The quadratic term refers to the change in shape
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of the pulse as it travels through the medium and gives rise to GVD. The phase term of

an input pulse in the transform limit, due to GVD in dispersive media 1s given by

2
d ¢m B /13 d2nx 13.6
dco?‘ 27:1:2 dﬂ.z

where c is the speed of light in vacuum and x is the distance propagated in the medium.
Thus GVD induced by propagation through a dispersive medium results in a

time-dependent frequency sweep or ‘chirp’ in the laser pulse. In most materials, the
lower-frequency components travel faster than the higher-frequency components,

resulting in increased pulse length. This means that the broadening due to GVD depends
upon the initial laser pulse width. For example, if a 75 fs pulse is passed through a 25
cm cell of water, the output pulse is broadened to 410 fs. However, a 1 ps pulse would

exhibit essentially no distortion passing through the same cell.

The cubic term in Equation 1.3.5 causes complex pulse broadening and
reshaping and is referred to as third-order dispersion [TOD]. TOD only becomes
significant at large bandwidths and intensities and so must be considered in ultrashort
regimes. The phase term for TOD in bulk media is given by*®

3
d°¢ 24 (3d%n ad3n
3 = — >3 5 + 3 X 1.3.7
dow 2T di dA

Two schemes are commonly used to compensate for GVD; a four prism

arrangement proposed by Fork et al’%, and a grating pair proposed by Treacy®. Both
schemes introduce a negative GVD thereby slowing the red pulse components and
allowing the blue pulse components to ‘catch-up’. The phase terms for GVD and TOD

for a double prism pair [Eqn. 1.3.8 and 1.3.9] and a double grating pair [Eqn. 1.3.10 and
1.3.11] are given below*®";
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GVD 1.3.8
do* 2r%c? di

do’  arc\ dF  dR 1D 133
_3
d’¢, A . 2T 7
= 32 +(———sin7] GVD 1.3.10
do® m*d d
d3¢ -d2¢ - (l +—3 siny-—-sin2 7)
s5__ s\ d 7 TOD 1.3.11

do>  do* [ (ﬂ . ]21
1- E-—smy

Lenses present a special case for analysis; not only are GVD, TOD and SPM

factors in determining the pulse width but the linear term in equation 1.3.5 also becomes

significant. For simplicity we will assume that TOD and SPM are insignificant in this
case (in a practical situation this is probably true for pulses >100 fs). The most

significant effect (especially in the UV and for large aperture lenses) is pulse front
distortion [PFD]. In this case, the pulse front [defined as the surface coinciding with the
peak of the pulse] moves with group velocity through a lens and is delayed with respect

to the phase front. This is peculiar to the lens case as the path length in the media of the
lens is dependent on radius. A parabolic delay is therefore seen across the diameter of
the lens. It is clear that GVD 1s also radially dependent, however, as we will see, the
effect on pulse width is relatively insignificant. It is interesting to note that PFD has
been, for the most part, ignored as a source of pulse distortion in experiments. This is
for the most part because autocorrelation techniques are not capable of detecting spatial

beam distortions (the autocorrelation for two interacting parabolic wave fronts is the

same as that for a plane wave front).
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Following the proof of Bor'': to calculate the propagation time we begin with
Fermat’s principle. Stating;
L +nL,+L,+L,=nDy + f 1.3.12
Where, £ = Focal length of the lens.
L1234=Pathlengths defined in fig.

and Dy =The central thickness of the lens.

fig. 1.3.4 Basic geometry for geometrical optical derivation of PFD in simple lenses.

A pulse is propagating in a medium with group velocity given by v, = dw/dk,

where o is the angular frequency and k is the wave-vector. In this case it is far more
convenient to define group velocity in terms of wavelength in vacuum A and refractive

index, n(A). Now the group velocity is expressed as;

1.3.13
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The propagation time T(r) of a plane wave from plane A to the focal point, F,

can be given as;

L+L. +L, L dn
riyo Lt L+ L, +_z.( ..... ,1_) 13.14
) c c \'""ax
In the paraxial approximation we obtain for Dy, L; and f;
D =.r_oi(_1____1_)
2 \R, R,
2
L, =D0--’-'—(i-—1-) 1.3.15
2 \R, R,

where r and rg are the input radii of an arbitrary and the marginal ray respectively and R,
and R, are the radii of curvature of the lens surfaces.
Now substituting the expressions 1.3.15 into 1.3.14 and using the definition of

the focal length given by Fermat’s theorem we obtain the propagation time;

f Dﬂ( dn) r ( 1 1 ) dn
I\ry==—+—|\n-A—|+—|—=—|A— 1.3.16
=2 el R )" dA

Substituting the expression for Dy into Eqn. 1.3.16 and taking r = ry we obtain

the propagation time for the marginal ray;

T =T(r=r°)=—£-+-—l-)-:‘:£ 1.3.17

Since the optical pathlength from Plane A to F is nDg+f it follows that the

marginal ray propagates with the phase velocity.

The temporal delay AT(r) between the group and phase fronts for a ray at

arbitrary radius r is therefore;
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) B o =r 1 1\ ,dn
AT(r)=1(r)-1T, = 2¢ (R, R,]( ﬂdl) 1.3.18
o . 3.

For materials of practical interest, A\dn/dA has a negative value in the spectral
range of transparency. It is instructive to compare the relative magnitudes of PFD and
GVD in lens designs. As we have already seen the magnitude of the induced GVD is

given by equation 1.3.6. A more practical form of this equation is given by

Adin

ArGID —:;{?Aﬂx 1.3.19

where the usual symbolic conventions are observed. We can then substitute the axial

thickness;
2
rﬂ
- 1.3.20
YT -1

and assuming a transform limited sech? pulse to give;

Adn r 0.16

— wifele— s 4ol oS el e

-
“* ¢ dA f(n-1) Ar,,, .

where Atpuse is the full width at half maximum [FWHM] of the pulse. Since PFD and

GVD are both functions of the f number [f#] of the lens they can be plotted graphically
for companson. Fig. 1.3.5 shows PFD and GVD calculated for a single element fused
silica lens at 790 nm with a pulse width chosen at 80 fs (in this case the lens diameter is
fixed at 25 mm). It is clear that the pulse stretch is several orders of magnitude more
significant in PFD than in GVD. This is likely to remain true even for real lenses which
will be thicker in order to maintain a workable edge thickness. The comparison is all the

more significant when we consider that the initial pulse duration and stretch due to GVD

add in quadrature.
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10000 - — - e | S

F number

Fig. 1.3.5 Effect of F# on PFD and GVD in an arbitrarily chosen fused silica singlet lens

(A =790 nm, rp = 12.5 mm).

The ratio of PFD to GVD is then given by

\/:E-;m'sr + A v GVD v pulse

A v PFD

G = 1.3.22

Using the same data as before and fixing the f# = 2, the ratio of GVD to PTD 1s

£ ~1/1015.

As both these phenomena are radially dependent they cannot be corrected in the

usual manner (as different radial components require different compensations), but they
can be minimised by an astute choice of lens (using only large f#) and by taking into
account the spatial profile of the beam. For example, a Gaussian intensity distribution
will minimise the effect on the FWHM but will suffer a slight change to its rising edge
at the focus. A “top hat” (radially homogeneous) profile, conversely, will have a FWHM

equal to the sum of the original FWHM and Atprp. However, it has been shown that by

replacing singlet lenses with achromatic lenses PFD can be eliminated and GVD
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homogenised across the entire beam profile; in this respect, the GVD can be

compensated for by the usual method®’.
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1.3.3 Non-Linear Wavelength Conversion

Application of femtosecond laser pulses to spectroscopy in a wide range of

molecules requires the ability to generate wavelength tuneable pulses to excite specific

electronic or vibrational states. Whilst solid-state femtosecond sources are intrinsically

tuneable over a limited bandwidth, this is typically in the near infrared. However, peak

intensities generated by these sources are compatible with non-linear optical techniques

by which their outputs can be frequency up/down converted. By this means broadly
tuneable, coherent femtosecond sources are now available from the vacuum ultraviolet
to far-infrared to address an increasing array of applications. For the purpose of this
project, the most appropriate methods for wavelength conversion were Second

Harmonic Generation and White Light Continuum (or Supercontinuum) generation. I

cover each subject in turn.

1.3.3.1 Second Harmonic Generation

The first experiment in non-linear optics® consisted of generating the second

harmonic (347 nm) of a ruby laser beam (694 nm) that was focused in a quartz crystal.

The conversion efficiency of this first experiment (~ 10" %) has been improved to a
point where ~30 % conversion may be observed in a single pass through a few

centimetres of a non-linear crystal®,

Second harmonic generation is a special case of sum frequency generation

(v3 = vi+v2) where two photons of the same frequency (vi=v,) interact to form a signal

photon at twice the initial frequency (v; =2v)). The intensity of the generated second

harmonic assuming an undepleted pump regime is given by’
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X . 2
2 sin( 2.
L, =20’d, (-'58‘%‘-—) Jz(m){-f-"-&ﬁ} 1.3.23

where ® is the angular frequency (2nv), d is the non-linear susceptibility tensor and Ak

represents the relation™

Ak = k*® =2k”® = ﬂr_ n*® —n“’] 1.3.24

where n, represents the refractive index at » and 2. If Ak # 0 then the generated second
harmonic will propagate with a different phase velocity to the fundamental and
destructive interference will occur between SHG light generated at different points in

the crystal. The coherence length is the maximum crystal length useful for producing

second harmonic power (i.e. when sin(Ak/L)=1) and is given by’

Ic =E=w 1.3.25

It is clear that we need to phase match co-linear beams in a non-linear crystal to
maximise relation 1.3.25. Typically n*® > n® due to normal dispersion, hence the most
effective method of phase matching is to exploit the birefringence of non-linear crystals.

In anisotropic materials there are two normal modes of propagation for each

frequency. These waves are orthogonally polarised and travel at different phase

velocities. In uniaxial crystals, for example, one of these waves, called the ordinary

wave, sees a constant index of refraction, n, independent of its direction of propagation.

The second wave, sees a refractive index ne(8) which is dependent on its direction of

propagation. The angle 6 describes the direction of propagation relative to one of the
principal axes of the medium. The limits of the extraordinary index are n, for 6 = 0 and

ne for 8 = 90°. Since the non-linear susceptibility is a tensor and can couple waves of
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orthogonal polarisation, it is possible to mix ordinary and extraordinary waves in an

anisotropic medium and achieve the phase matching conditions given above.

There are two types of phase matching. Type I refers to the situation where the
pump beams are linearly polarised (either o+o=e or e+e=o (where o and e are ordinary
and extra-ordinary rays respectively) and is the preferred form for SHG). Type Il
corresponds to a situation where the pump is in a superposition of orthogonal
polarisation’s (o+e=0 or e+o=e and is typically used for sum frequency generation). The

phase matching angle for SHG in uniaxial crystals (single axis of symmetry which

coincides with the optical axis) is given bf 3

e \2 o \2 _[.0)2
sin” 8, = ((n,:))z l'z(ffi))?m(&%)f] for o+o=e phase matching. 1.3.26
no n, ) —\n;,
¢ Z o 1 L o 2
sin® 8, = (n"’) (nh,) (n“') for ete=0 phase matching. 1.3.27
(ms.) L ()" = (m2)

Experimentally we used a crystal of beta Barium Borate (BBO, B-BaB,04) to
generate tunecable wavelengths in the region 425 - 375 nm. BBO is a non-linear crystal
with a combination of unique features; wide transparency and phase matching angles, a
large non-linear coetficient , high damage threshold and excellent optical homogeneity.

The phase matching angle for type I SHG in BBO is given as a function of fundamental

wavelength in fig. 1.3.6 calculated from expression 1.3.26 and the refractive indices

given by>>
n? = 27405+ 00 _ 0015542
(4 - 0.0179)
1.3.28
0128 |
n, =23730 + ———— = 0.0044 22
(4" -0.0156) A
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The calculated phase matching angle for frequency doubling the harmonic at 800
nm (the peak of the laser output in its tuning range) is 29.0713°. The BBO crystal 1s cut

specifically for this angle and doubling for other wavelengths 1s then achieved by careful

tuning of the laser beam incidence angle.

Phase Matching Angle / deg

o

0.9

o O e

O L ) . -
=T - T — I - —

0.4

—“_—-—

Wavelength Of Fundamental / Pm

Fig.1.3.6 Phase matching angle as a function of fundamental wavelength for BBO.

For ultrashort pulses the quasi-cw approximation can no longer be applied and

pulse propagation effects must be considered. In general, the interacting pulses will

travel with different group velocities and over a certain distance they will no longer

physically overlap reducing the conversion efficiency. The critical distance over which

the interacting pulses clearly separate is given by

ng Vg?m

L =

¢ 1.3.29

ng - ngm

where 1 1s the pulse width and v denotes the group velocities given by

-1
Vea = c(na + wa(@-) ] 1.3.30
aa) w=w,
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Here o denotes the appropriate field, ® or 2w. For the situation of SHG at 800 nm with

an 80 fs pulse, the critical thickness is L =259.1 um.

1.3.3.2 White Light Continuum Generation
Intense picosecond/femtosecond pulses propagating in non-linear media can

produce frequency broadened output beams with a nearly ‘white’ spectrum, known as a

supercontinuum (SC) or white light continuum (WLC)*. WLC formation has been
observed in a wide variety of media; liquids [H,O, D,0, ethylene glycol, phosphoric
acid], solids [quartz, glass, calcite, NaCl, CaF,] and gases [Xe, Ar]. The observed WLC
is correlated with self-focusing and self-ﬁapping of filaments®. The threshold®® for
WLC is thought to be media independent and is of the order 10" Wcem™. Various
processes are believed to be responsible for continuum generation. Whenever an intense

laser pulse propagates through a medium, it changes the refractive index, which in turn
changes the phase, amplitude, and frequency of the incident laser pulse. A phase change
can cause a frequency sweep within the pulse envelope. This process is termed Self-

Phase Modulation [SPM]. Non-degenerate four wave mixing [FWM] usually occurs
simultaneously with the SPM process’'. Photons at the laser frequency parametrically

generate photons to be emitted at Stokes and anti-Stokes frequencies in an angular
pattern due to the required phase matching condition. When a coherent vibrational mode
is excited by a laser, stimulated Raman scattering [SRS] occurs. SRS is an important
process that competes and couples with SPM, The interference between SRS and SPM
causes a change in the emission spectrum resulting in stimulated Raman scattering cross
phase modulation [SRS-XPM]. A process similar to SRS-XPM occurs when an intense
laser pulse propagates in a medium possessing a large second and third order non-linear

susceptibility. Both second harmonic generation and SPM occur and can be coupled
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together. The interference between SHG and SPM alters the emission spectrum and is
known as second harmonic generation cross-phase modulation [SHG-XPM]. A process
closely related to XPM, induced phase modulation [IPM], occurs when a weak pulse at
a different frequency propagates through a disrupted medium whose refractive index is
changed by an intense laser pulse. The phase of the weak optical field can be modulated

by the time variation of the refractive index originating from the primary, intense pulse.

All the proposed models have difficulties in explaining WLC. Moreover, none of

them is universal enough to explain the common characteristics observed in such a
variety of media. For example SPM as a source of WLC predicts a spectral broadening
smaller than observed and fails to explain the spatial properties of WLC and
accompanying ring emission. Under conditions where SPM plays a more prominent role
than self-focusing and propagation effects, such as WLC generated in a short interaction
length by femtosecond pulses, the observed spectrum is independent of emission angle

and retains the directional properties of the pump beam. An accurate model of WLC

should not depend on the spectroscopic details of the media and must fully explain the

spatial properties of the phenomenon. However, a simple model for self-phase

modulation should provide us with at least a feel for the phenomenon®®.
Following the arguments of Yariv®, a sufficiently intense laser pulse can induce a
significant change in refractive index of a medium. This in turn can affect beam

propagation, a self action phenomenon. In this instance the refractive index is given by

n=n,+n,I(t) 1.3.31

where n; is the intensity dependent refractive index, which is dependent on the 3rd order

non-linear susceptibility. All systems possess a non-linear refractive index. For n>0, an

intense pulse with, for example, a Gaussian transverse intensity profile will produce a

refractive index change, on, given by
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N = anz(t) 1.3.32
which is clearly a maximum at the most intense part of the pulse. This will produce a

lensing effect referred to as self-focusing. Spectrally, a time varying phase shift [SPM]

occurs given by

chaxz

C

Ag = 1.3.33

As the time derivative of the phase of the wave is the angular frequency of the

wave, the phase shift leads to a frequency shift with respect to the central laser

frequency o

N o d)
w-a) —_— e e TV e —— T ——— 1.3.
TTTa T ¢ a *

If n; is positive the pulse sees an up chirp, a positive frequency sweep. Since the

intensity varies throughout the pulse envelope, the various parts of the pulse undergo

different phase shifts leading to a frequency chirp which is directly proportional to the

distance travelled in the medium. This means that the pulse is spectrally broadened with

a frequency sweep but its electric field envelope remains unchanged. This is shown

pictorially in fig. 1.3.6.

36



Femtosecond Laser Interactions

e 1(t)

+ve frequency shift
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No frequency sweep
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Fig.1.3.6 Gaussian pulse and its associated frequency sweep due to SPM.

To find the total frequency excursion due to SPM we assume a Gaussian pulse

profile

2
{
— I _(—) - .
I(t) = I, exp — 1.3.35

where At is the full width at half maximum. It is clear that the maximum periods of
frequency excursion occur for times tAt. From this we find that the total angular
frequency excursion A® 1s given by

4o ,2n, 1,

Ao =20 —w,) = -1 .

w=2Aw-n,) oy exp(-1) 1.3.36

and hence

Av=1472 Pako 1.3.37
' A, At 3.

where v 1s the optical frequency, A the central laser wavelength and z the pathlength in

the medium. The maximum frequency shift indicates the following points;
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e The frequency excursion is inversely proportional to the input pulse duration (At).
Clearly the shorter the incoming pulse the greater the spread of generated frequencies.

e The spectral broadening is proportional to n,. The supercontinuum generation can be

enhanced by increasing the non-linear refractive index.

e The spectral broadening is linearly proportional to pulse amplitude Io.

o Spectral broadening is proportional to Ao and z.

For example a pulse from a Ti:Sapphire laser [800 nm, 100 fs, 10pJ] incident on

a 1 cm thick fused silica window [ny= 3.2x10' cm*W'] with a spot size of 100 pm

[corresponding to an area of ~3.14x10™* cm?], will generate a frequency excursion of
19000 GHz [~633cm™, ~40.5nm]. This is in agreement with experimental results
published by Alfano for frequency generation due primarily to SPM in fused silica'®.

It is clear that SPM alone cannot predict the huge frequency excursion observed

[300-1000 nm typically]. In most practical situations, however, the action of self

focusing will significantly increase the peak intensities within the media and under the

correct circumstances ‘trap’ the focus so that it travels through the medium [self-
trapping]. A far broader spectrum can be observed due to an increased apparent

interaction volume. With the additional complexity of four wave mixing, stimulated

Raman Scattering and [in ¥** media] SHG, it is clear that complex and highly unstable

broad spectra are obtainable as the various processes compete and interfere with one

another.

For pump-probe spectroscopy it is clear that we must develop a method for
continuum generation that is both highly stable and reproducible on a day-to-day basis.

A large body of work has been presented in the literature on this subject but many of the

experimental parameters are omitted. However, it is clear that a method of
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supercontinuum generation which is dominated by SPM is required. Experimental

investigation of WLC generation is given in Chapter 2.
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1.4 Transient Spectroscopy In The Condensed Phase

In this section I aim to describe the main experimental techniques and principles
of transient spectroscopy, followed by a brief literature review of Excited State
Intramolecular Proton Transfer (ESIPT) processes as studied on the ultrafast time-scale

(typically <1 ps) for some relevant molecules.

1.4.1 Experimental Techniques

Transient absorption spectroscopy is probably the simplest form of pump-probe
spectroscopy, yet it is a powerful technique used by many researchers, principally due to
its versatility and simplicity. It has been used to study a number of important
photochemical and photo-physical processes in the condensed phase®®', for example
photo-dissociation and recombination®*’, optical bleaching and recovery, vibrational

relaxation®', solvation and charge transfer [i.e. electron and proton transfer]*?.

In order to record the transient absorption of a spectroscopically unknown
molecule 1t is necessary to measure the optical density change due to the pump

irradiance  with both time [kinetics] and wavelength [spectra]. For spectral
measurements the change in optical density is recorded at fixed time delays by varying

the wavelength; this may be achieved by changing the probe wavelength for each

successive measurement or by probing with a spectrum of wavelengths using an optical

multi-channel analyser®?,

Transient kinetic experiments involve measuring the change in optical density at

fixed wavelengths while varying the probe delay*. For brevity I will restrict myself to a
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discussion of transient absorption kinetics, as many of the features of this technique are

common to the measurement of transient spectra.

BS SC Sample Cell
. WLC Wavelength Conversion
s DM Dichroic Mirror
BS Beamsplitter
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BD Beam Dump Detection
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Figl.4.1 Block diagram for a transient absorption spectrometer.

Figure 1.4.1 shows a typical arrangement for a two-pulse pump-probe transient

absorption spectrometer*’, In this Michelson interferometric set-up, the pump pulse at

wavelength A, excites the sample. After a variable time delay, 1, the second pulse at

wavelength A; is introduced to the sample to probe the change of absorbance at A,. The
variable time delay between the pump pulse and the probe pulse is achieved by varying

the difference in optical paths through a high precision mechanical translation stage

typically controlled via a computer.

The detected transient absorption change may be classified into three categories:

absorption, bleach and gain. If the intensity of the probe pulse decreases in the presence

of the pump pulse, then there is an increase in absorption of the sample. If the intensity
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of the probe beam increases in the presence of the pump pulse, but remains less than the
intensity of the probe beam before it enters the sample, then the pump has caused a
bleach in the density of the absorbing molecules. Finally, if the intensity of the probe
beam increases in the presence of the pump pulse beyond its incident intensity, the
transient signal is referred to as stimulated gain. In this later case, the signal results from

the molecules in the excited state being stimulated back to a lower level by the probe

pulse.

The typical pump-pulse-induced relative absorbance change amounts to far less
than a few percent of the total absorbance of the sample. Unfortunately, this is generally
less than the pulse to pulse fluctuations exhibited by the lasers used in such studies. As a
result, a normalisation and signal averaging scheme is of vital importance to increase the
signal to noise ratio in transient absorption experiments. In the set-up shown, a reference
beam 1s employed to reduce shot to shot noise. In this case the laser pulse is split into

two beams. One beam overlaps the region of the sample excited by the pump laser

beam, while the other beam traverses through the sample cell in a region that is not

perturbed by the pump pulse. The ratio of the intensities of the probe and reference
beam as a function of the delay time reflects the evolution of the transient absorbance of

the sample. In general, multiple laser shots are averaged at a particular delay time in

order to achieve an acceptable signal to noise ratio.

For laser systems with a repetition rate higher than 500 Hz it is necessary to

modulate the probe radiation using a mechanical chopper to introduce an AC component
in the transmitted intensity of the probe beam*'. This AC component is then detected by

a lock-1n amplifier as a function of delay time. It should be noted that the selection of
the modulation frequency is not random, a judicious choice will place the modulation

frequency at or near the minimum of the intrinsic noise spectrum of the laser.
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Many types of detectors are used in transient absorption spectrometers.
Typically, however, a silicon-based diode is chosen, due to its large bandwidth response
and cost-effectiveness. In cases where the transmitted signal is weak, photomultiplier
tubes may be employed. For studies in the infrared, pyroelectric detectors or up-

conversion techniques may be used.

Transient absorption spectroscopy can not only be used to measure population
kinetics, but also orientational dynamics when polarised pump and probe light pulses

are employed. The orientational anisotropy, Al(t), defined by equation 1.4.2, can be
studied directly by making separate transient absorption measurements with pump and

probe beams having parallel and perpendicular polarisations".

Al(t)= M:—Iﬂ@— 1.4.2

The polarisation characteristics of the laser beams are usually controlled by

calcite polarisers and waveplates, and Pockels cells or photo-elastic modulators are used

when periodic switching between different polarisations are needed. In cases when
population information is desired, the relative polarisations of pump and probe pulses

are set at 54.7°, which is the so-called ‘magic angle’*>*°.

Time-resolved emission spectroscopy is an important and commeonly used tool in
the study of chemical reaction dynamics in the condensed phase. There are three general
approaches to obtaining time resolution in emission spectroscopy: time-correlated single
photon counting, direct detection by streak camera and fluorescence up-conversion.
Each of these techniques has 1its limitations and advantages and the best approach will

depend on the characteristics of the chemical system being studied. The following is

limited to a brief discussion of fluorescence up-conversion.
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Despite the routine generation of sub-100 fs laser pulses, it has been a challenge

to obtain time resolution comparable to the laser pulse width in time resolved
fluorescence spectroscopy. The best technique developed to date relies on the optical
gating of the fluorescence emission by non-linear optical crystals. This technique is

currently used to study a wide variety of chemical phenomena. In the following section

the technique and general principles are introduced.

The basic concepts of optical gating in a non-linear optical crystal to obtain time
resolution in emission experiments are outlined in fig. 1.4.2. The incoherent
fluorescence photons excited by a pump laser pulse are focused into a non-linear

frequency mixing crystal. Another ultrafast, appropriately delayed [probe] pulse is

overlapped with the fluorescence spot in the crystal. The relative timing sequence of the

pump, fluorescence and the probe pulses are illustrated in the lower portions of fig.1.4.2.
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Fig. 1.4.2 Principle of fluorescence up-conversion.
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The non-linear optical crystal is oriented to satisfy the phase matching conditions
for the frequency mixing process. The mixing process is generally sum-frequency
generation [due to the availability of sensitive detectors in the UV and visible regions,
i.e. PMT’s], however, these discussions also apply to difference frequency mixing,

which has been used to time-resolve UV emission. The light generated at the sum

frequency is then collected and sent into subsequent light detection and data acquisition

devices.

The sum-frequency signal can be expressed by the following equation;
Lon(7) = [T (D) et — 7)dlt 1.4.3

where Isum, In, and Inone are the intensities of the sum, fluorescence and probe beams

respectively. Equation 1.4.3 clearly shows that the sum frequency signal is only present
when fluorescence photons and the probe pulse are simultaneously coincident on the

crystal. Since the probe 1s typically much shorter than the time-dependent fluorescence,
1t acts as an optical gate to the up conversion signal, analogous to an electronically gated
boxcar integrator. In principle, this technique has a time resolution comparable to the
probe pulse width. The actual time resolution of the measurement also depends on the

temporal width of the pump (i.e. the accuracy in the definition of t = 0).
Fig. 1.4.3 shows the basic experimental arrangement for an up-conversion

experiment. At time t=0, the sample is excited by an ultrashort laser pulse at wavelength

A2. The resulting fluorescence, Aq, is then collected and focused on a non-linear crystal
[MXC]. A second laser pulse at A; overlaps the fluorescence spot on the crystal. The

delay time, T, between the arrival of the fluorescence and the second laser pulse is

typically adjusted by moving a computerised translation stage. The generated sum

frequency light (Where 1/4,,, =1/4, +1/4,) is detected by a photomultiplier after
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rejection of stray and laser light by a monochromator. The signal level of this
experiment is usually low due to the small conversion efficiency of the mixing process

and the lack of peak intensity of the incoherent fluorescence light. This is especially true
for high-repetition rate, low power laser systems. In these cases photon counting

electronics are often used to improve the signal to noise ratio.
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Fig. 1.4.3 Schematic for a fluorescence up-conversion instrument. In addition to the
abbreviations 1n fig.1.5.1; MXC, mixing crystal; MONO, monochromator; PMT,

photomultiplier.

The fluorescence up-conversion technique can be used to study orientation
dynamics in a similar fashion to transient absorption spectroscopy. The angle between
the polarisations of the detected fluorescence and the up-conversion gating pulse is
determined by the type of phase matching in the sum-frequency generation crystal [0°

for type I and 90° for type II (for further definition see Section 1.33)]. Therefore the
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fluorescence anisotropy can be measured in the same manner as described by equation
1.4.2, ie., measuring separate up-conversion data with parallel and perpendicular
polarisations between the excitation and up-conversion gating pulse. When only
population information is desired the polarisation angle between pump and probe pulses
should be set at 54.7°, Care must be taken in selecting fluorescence collection optics that
maintain polarisation properties.

In practice, the time resolution attainable in an up-conversion experiment is
always longer than the probe pulse width. There are two main mechanisms that are
responsible for this lengthening of time resolution:

1. GVD of the emitted fluorescence photons through the sample and collection optics.
2. Group velocity mismatch between the probe pulse and the fluorescence light in the
mixing crystal.

The first mechanism can be alleviated by using all-reflective (non-dispersive)

optics. A thin sample cell also helps in reducing the fluorescence dispersion. The second

mechanism, however, is unavoidable. The group velocity mismatch physically arises

from the fact that the probe laser wavelength and the fluorescence wavelength are

different. In order-to minimise the effect, a low dispersion, thin non-linear crystal 1s
required. Unfortunately, a low-dispersion crystal will typically have a low non-linear

susceptibility also, resulting in inefficient conversion. The non-linear mixing signal
scales with the crystal thickness, so the desire to obtain the shortest time resolution
needs to be balanced with the fact that a reasonable signal level is required to obtain
meaningful results. Two ways to reduce the group-velocity mismatch are to keep the

probe wavelength as close as possible to the fluorescence wavelength and use type I

phase-matching (ete—>0; or o+o—¢) whenever possible.
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1.4.2 Excited State Intramolecular Proton Transfer

Proton or hydrogen atom transfer represents one of the most elementary

reactions which can occur in chemical and biological systems*’ and these processes are
often initiated by the absorption of light. Enhancement of the acidity or basicity of a
molecule on absorption of a photon of light is a phenomenon which is well known and
the terms photo-acid and photo-base have been used to describe molecules which
experience such an enhancement in the excited state’>, In these systems, upon
absorption of a photon, the molecule either loses (photo-acid) or gains (photo-base) a
proton, the other partner in the exchange usually being the solvent. In numerous
heterocyclic aromatic molecules, photoexcitation results in intramolecular proton
transfer where a proton, initially linked to an acidic donor atom, moves to a basic
acceptor group that is part of the same molecule. This process is known as excited state

intramolecular proton transfer (ESIPT)*+°, The geometry change is highly localised

within the molecular structure, affecting mainly the proton and neighbouring groups. In

a number of compounds, absorption of a photon initiates a closed reaction cycle

comprising proton transfer in the excited state, radiative or radiationless deactivation of
the reaction product (the photo-tautomer) and reverse proton transfer to reform the
original molecular geometry. The latter reaction step occurs either via the electronic

ground state or the triplet manifold.

The formation of the photo-tautomer leads to substantial changes in the

vibrational spectra and the electronic absorption and emission bands of the molecule.

These have been investigated by both steady state and time-resolved spectroscopic

techniques as well as by theoretical methods®, Time-resolved methods using ultrashort

laser pulses to monitor the photophysical properties give insight into the dynamics and

49



Femtosecond Laser Interactions

the mechanism for this type of reaction. These measurements provide information on the

relevant potential energy surfaces and the vibrational degrees of freedom involved in the

structural change.
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Fig. 1.4.4 Normal and tautomer structure of 2-(2’-hydroxyphenyl) benzothiazole (I) and

3-hydroxyflavone (II).
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Fig. 1.4.5 ESIPT in 2-(2’-hydroxyphenyl) benzothiazole.

The structural requirements for a molecule to exhibit ESIPT are quite strict. The
acidic group in the molecule is almost invariably a hydroxyl group and the basic
acceptor is usually a heterocyclic nitrogen atom or the oxygen of a carbonyl function.

Examples of systems containing these groups are 2-(2’-hydroxyphenyl)benzothiazole

(HPBT, I) and 3-hydroxyflavone (3-HF, II) respectively. It is noticeable that the donor

and acceptor sites are in close proximity in these systems and it is usual for the sites to
be hydrogen bonded in the ground state. The zwitterion produced as a result of ESIPT

usually has a resonance form similar to that in Fig. 1.4.5 and this has led to the adoption
of the terms enol and keto to describe the species before and after the ESIPT reaction.

However, there are a number of systems (including II) where this terminology is

erroneous and it 1s better to describe the states as a normal or Franck-Condon excited

state and the tautomer excited state produced via ESIPT. The generic description of

proton transfer reaction involves reaction co-ordinates of the type

Oa—""H

Ob or O—H—N 1.4.4
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where the light hydrogen nucleus is between two heavier hetero-atoms. With H moving
(or transferring) between O, and Oy, for example, the O;—H bond is broken and a new
one (H-Op) is formed. This elementary description, which may involve neutral H motion
or zwitterion (H'O?) formation, is abundant in organic photochemistry and proton
transfer Spe':ctroscopy5 ' However, even under collisionless conditions, the motion may

not be that simple. The motion of the hydrogen on the picosecond or femtosecond time

scale may be localised (as Eqn. 1.4.4), or may involve nuclear motions with a
simultaneous redistribution of electrons in many bonds. The nature of the bonding and
electronic charge distribution determines the reaction pathway, while intramolecular

vibrational energy redistribution (IVR) may play a role if the nuclei have enough time to

change their positions during the course of the reaction’.

In general, ESIPT involving excited singlet states shows very fast reaction
kinetics. Proton transfer times in the sub-picosecond regime were estimated from early

picosecond measurements, which could not temporally resolve the change. A

substantially higher time resolution is required in the femtosecond regime in order to

probe the proton dynamics directly. In this section I describe the recent progress in the

investigation of excited state intramolecular proton transfer (ESIPT) with particular

attention to the ultrafast dynamics.

Fig. 1.4.6 Structures of salicyclic acid (III, R;=H, R,=H), methyl salicylate (IV,
R1=CH3, Rz-"‘-H), methyl 2-rneth0xybenzoate (V, R|=CH3, R2=CH3) and

2-methoxybenzoic acid (VI, R;=H, R,=CHj).
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A whole host of molecular systems have been shown to undergo ESIPT, the first

reported study (to the best of our knowledge) was by Weller’?, who was studying the
solution phase absorption and fluorescence properties of salicyclic acid (IIT) and methyl
salicylate (IV). The latter was found to exhibit two fluorescence bands in
methylcyclohexane at room temperature compared to methyl 2-methoxybenzoate (V)
which had only one, corresponding to the higher energy band of IV. III in methanol also
exhibited only one emission band, but the size of the Stokes shift for this band

(10000 cm™) compared to that for 2-methoxybenzoic acid (VI, 5000 cm’) implied that

the fluorescence was also anomalous here.

Weller suggested that the explanation for these observations was that ESIPT
occurred in both III and IV to yield a zwitterionic species (Fig. 1.4.7). He calculated
that the proton transfer rate constant at 93 K was > 10% 5! and that an activation energy
of <10 kJ mol! was involved in the ESIPT step. Weller considered that the proton

transferred species was the zwitterion in Fig. 1.4.7 but it is also possible to write down

an uncharged resonance structure (also shown in the figure). Further studies support this

picture of an excited state proton transfer although subsequent experiments have

avoided molecules III and VI as prototype molecules for ESIPT due to the complication

of dimerisation in the ground state.
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Fig.1.4.7 ESIPT in esters of salicyclic acid.
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Much work on these molecules has concentrated on the long time dynamics of
both the keto and enol species and interested readers should consult the two reviews on
the subject as it is beyond the scope of this thesis**~°. However, Herek et al*’, have
undertaken a study of the ultrafast dynamics of IV and V (and deuterated species) in the
gas phase, thereby 1solating the molecule from collisional and solvent effects in order to

resolve the pure proton movement in the excited state. The dynamics were probed using

a femtosecond fluorescence depletion technique. Unlike the typical pump-probe
experiment in which the pump excites the molecule to an intermediate state and the
probe carries it to a final fluorescing state, here the emitting state is intermediate so that
the probe depletes the fluorescence by absorption to some higher excited state. Both

short and long (up to 120 ps) transients were obtained, depleting the fluorescence at

both emission maxima: 330 and 440 nm, corresponding to the enol and keto states
respectively. In the case of the 330 nm state the lifetime was long (in comparison to the

transient dynamics ~1.1 ns) leaving the excited state population constant on the time-

scale of interest. However, for the 440 nm state, the decay was on the picosecond time

scale.

Measurement of a rise component of 60 + 10 fs is reported for the 440 nm state
indicating the rate of proton transfer along the hydrogen bond. Discussion of the

relevant vibrational modes that could contribute to a transfer rate on this time-scale lead
Herek et al to tentatively propose that the state is populated by low frequency modes
associated with out of plane deformations of the “ring” comprising the intramolecular
hydrogen bond. However, the OH stretch period is 13 fs (taking an O-H stretch
frequency of 2582 cm"). They suggest that dispersion of the wavepacket in the excited
state could easily be responsible for broadening to 60 fs due to the large number of

vibrational modes in the excited state of the keto form. They conclude that pump-probe
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experiments with better time resolution (cross-correlation of pump and probe was ~ 80

fs) may yield faster kinetics information.
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Fig. 1.4.8 Normal and tautomer structure of saliclideneaniline (VII)

Sekikawa et al*? reported measurement of proton transfer rates in thermochromic
salicylideneaniline (SA,VII) crystals. Three SA substituent species were investigated:
N-5’-chlorosalicylideneaniline (CISA), 4-methyl-N-5"-chlorosalicylideneaniline
(MCISA) and 4-methyl-N-salicylideneaniline (MSA). Comparison of these three
samples was expected to reveal substitutional effects on the dynamics of the proton
transfer. They measured the decay rate of the S; normal excited state fluorescence by

femtosecond fluorescence up-conversion and attribute this to the rate of ESIPT to form

the keto species (direct measurement of the rise time of the keto fluorescence would be

ambiguous due to thermal population of the keto ground state at time zero). The lifetime
of the excited enol was found to be less than a few picoseconds (as we expect from
previous studies). The rate of S; state decay was shown to be dependent on both the
nature of the substituent and the probe energy, suggesting the existence of a potential
barrier to proton transfer in the excited state. The results of their experiments are

summarised 1n Table 1.4.1. The difference in the dynamics of the proton transfer among

CISA, MCISA and MSA can be explained in terms of the change in the barrier height of
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the potential-energy surface in the excited state. The energy separation (Eg) between the
excited enol (S;) and keto (S;") forms is obtained from stationary fluorescence and
excitation spectra. If it is assumed that the hydrogen bond lengths are the same for all

the molecules, both the height and the width of the potential barrier increase with

decreasing E,. They suggest that the presence of two decay rates at lower fluorescence

energies also suggests the existence of the potential barrier between the two forms: if
there were no barriers, the fluorescence would decay exponentially with the continuous
elongation of the decay time towards the lower energy fluorescence. In addition, the rate

of proton transfer should be faster in the barrier-less potential (as observed in Tinuvin

and 3-hydroxyflavone (see later)).

Table 1.4.1 Time constants for saliclideneaniline derivatives

In a low temperature experiment at 77 K, Sekikawa et al show that the rate of

transfer 1s not significantly different to that at 293 K. Since the rate of proton transfer by
thermal activation is expected to become exponentially lower with temperature, it is
concluded that quantum-mechanical proton tunnelling through the barrier is taking
place. The existence of a potential barrier is supported by the deuteration effect on the

dynamics of the proton transfer; the rate of proton transfer in CISA becomes smaller on
deuteration from 1.28 to 1.00 ps™. For a model such that the two energy surfaces

(normal and tautomer state) cross to form a potential barrier, the rate of proton transfer
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correlates with the frequency of the O - H stretching mode, so that the reduction of the

rate by deuteration indicates the existence of the barrier. This result contrasts markedly
with previous studies of proton transfer in the femtosecond regime (notably Herek et
al’?). This may be due to the difference in the phase of the investigated system. In the
liquid and gas phases, a molecule has more degrees of freedom in order to shorten the

hydrogen bond length, resulting in a barrier-less potential. Sekikawa et al conclude that

further investigation of the potential energy surfaces involved in proton transfer is
necessary. Kobayashi et al’* confirmed these conclusions showing a deuterium effect
was observed in another salicylideneaniline derivative; N, N’-bis(salicylidene)-
p-phenylenediamine, where the S, lifetime increased from 1.0 to 1.3 ps on deuteration.
In a recent paper by Mitra and Tamai’ the solution phase dynamics of VII were

reported in cyclohexane and ethanol. Transient absorption spectra for VII in

cyclohexane show the presence of an absorption band in the region 400-500 nm and
corresponding emission centred around 620 nm. Mitra and Tamai suggest that evolution

of the absorption band around 420 nm and the emission at 620 nm occur at the same

time and indicate the presence of the keto species, although the dynamics may be
complicated by uncorrected dispersion in the white light continuum. A time dependent

spectral shift in the 420 nm band towards the blue is observed which, they suggest,

corresponds to the relaxation of vibrationally hot molecules, leading to the formation of
photochromic products from the proton transferred tautomer (again we suggest caution
in the assignment of processes which occur on a time-scale comparable with the
dispersion of the continuum). They find the rise time of the 420 nm band to be 210 fs in
cyclohexane and 380 fs in ethanol. It is interesting to note that the experimental error

quoted later in the paper is 400-600 fs indicating that any proton transfer on the time

scale indicated would not be sufficiently resolved! Certainly it would appear that the
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dynamics of the proton transfer are significantly different in the solid and liquid phases
and that the dynamics of the proton transfer are solvent dependent. The rate of proton

transfer in solution appears to be instrument limited in this case, indicating a barrier-less

potential to the proton transfer.

~ ~
N N
b:I | hv lﬁ |
H % ——» H '
I ' :
\ . \ I
Ground State Dimer Tautomenc Dimer

Fig. 1.4.9 Normal and tautomer structure of 7-azaindole (VIII).

Dimers of 7-azaindole (VIII) in non polar solvents have been proposed as a
model for DNA base pairs for many years”®,VIII dimers are thought to undergo double-

proton transfer in the excited state as shown in Fig. 1.4.9. The case of intermolecular
double proton transfer reactions in dimers differs from the more typical case of an acid
in a base solvent or cluster, in that a sterically specific geometry is required for the

double proton exchange. The reaction is then less dependent on the solvent and can
represent a model for proton transfer in the gas phase. Lopez-Martins et al’’ undertook a
study of the picosecond time-resolved photoelectron spectroscopy of VIII. Dimers were
prepared by pulsed supersonic helium expansion (1.2 atm) and both the fluorescence
and photoelectron spectra (PES) were recorded. Fluorescence excitation spectra

recorded over the absorption range of the dimer show a progression of bands with a

fundamental frequency of ~ 117 cm’! corresponding to the symmetric stretching motions
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of the N-HA N. To probe the time dependence of the tautomerisation reaction, the

authors recorded photoelectron spectra using 2 pulse durations of 0.8 and 5 ps of equal

energy. A dramatic drop in the collected PES was reported for the longer pulse duration.
The authors suggest that this indicates that the excited state lifetime of the dimer is

significantly less than 5 ps and that the ionisation cross-section is significantly less for

the reactant excited state.

Douhal et al>® investigated the dual proton transfer of prepared dimers of VIII in
a molecular beam. Transient signals were obtained by time resolved ionisation
spectroscopy, with the 1on signal being measured as a function of probe delay by time-

of-flight mass spectrometry. They studied the dynamics (with an instrumental function

of ~ 150 1s) on both VIII and its deuterated analogue to investigate possible quantum
tunnelling effects. Excitation with excess vibrational energy (E) is shown to change the
time constant for the proton transfer from 650 fs (E = 0) to 200 fs (E = 1.5 kcal mol™)

indicating that although the vibrational excess energy plays a part in proton transfer a

direct reaction pathway exists. On deuteration and excitation with 1.0 kcal mol™! excess
energy, the time constant is shown to increase from 360 fs to 3 ps (or 1.5 ps for

deuteration of a single moiety in the dimer). These results are known to be consistent

with a model involving quantum mechanical tunnelling. The authors obtain a barrier

height of ~ 2.6 kcal mol™ for the second proton transfer step and suggest that this i1s

reflected in the ps timescale for the transfer.

Takeuchi and Tahara® also investigated the excited state dynamics of the proton

transfer reaction of VIII, using the femtosecond fluorescence up-conversion technique

with a time resolution of ~280 fs. Solutions of 10 mol dm™ concentration in hexane
were used to prepare an estimated 87 % of the VIII molecules as dimers. They

measured fluorescence kinetics from both emission bands and observed tri-exponential
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dynamics corresponding to t; = 200 £ 100 fs, t; = 1100 £ 100 fs and a “slow”

component with t=3.2 ns. The long lifetime is assigned to the decay of the proton

transferred tautomer and the two fast lifetimes to ultrafast relaxation from the primary
excited state (t1) to another excited state of the dimer followed by double proton transfer

to the tautomer excited state (t2). However it is interesting to note that the ultrafast
decay (present as a rise component for fluorescence measured at long wavelengths) is of
the order of the ESIPT rate as measured in a variety of systems. The authors note that
previous measurements in the gas phase revealed similar time constants which had been
attributed to the transfer of a single (short time dynamics) and both protons (long time
dynamics) respectively.

A model of an intermediate single proton transfer prior to double proton transfer
is further supported by the work of Folmer et al*® using the phenomenon of coulomb

explosion to arrest and directly interrogate the reaction. A beam of 7-azaindole dimers
was prepared in a pulsed beam in vacuum. The desired tautomerisation was initiated

with a low intensity ultrashort pulse at 312 nm and at subsequent times the reaction was

probed using a high intensity 120 fs pulse (624 nm, 2 mJ) to accomplish intense field
lonisation and subsequent coulomb explosion. The ions produced were analysed by

time-of-flight mass spectrometry. The authors report the detection of mass units of 119
amu and 118 amu as well as a large number of smaller fragments and the dimer mass
(~236 amu). They associate the 118 amu fragment to one half of a dimer molecule and
the 119 amu fragment to the intermediate state where only one proton has been
transferred. A fragment at 117 amu was not detected, indicating that this part of the

intermediate forms the observed smaller fragments. A plot of the ratio of 119 to 118

amu mass fragments gives the temporal evolution of the intermediate state, a rise of ~
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660 fs is observed corresponding to the first proton transfer and a value of ~ 5 ps is

given for the decay corresponding to the second proton transfer.

Of particular interest to the research reported here is the work on
3-hydroxyflavone (II), the excited state dynamics of which has received significant
interest in the literature on longer time scales (ps and ns). The anomalous fluorescence

behaviour of 3-hydroxyflavone was first reported in detail by Sengupta and Kasha®'

although they noted that Frolov et al®* had earlier reported on the luminescence of IT and
related molecules in 77 K ethanol glasses. The emission spectrum was found to exhibit
two emission bands, the presence and intensity of which were very sensitive to solvent
and temperature. Excitation spectra for the two emission bands were identical and
closely matched the absorption spectrum indicating that this behaviour was due to some
excited state process. It was proposed that the two emission bands corresponded to
fluorescence from the Franck-Condon excited state S; (emission around 400 nm) and

the tautomer S;’ produced by ESIPT (emission around 500 nm) as shown in Fig. 1.4.10.
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F1g. 1.4.10 ESIPT in 3-hydroxyflavone
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It was suggested that the ESIPT step could be prevented by external hydrogen
bonding (i.e. to the solvent) and that it was necessary for the 2-phenyl ring to be
co-planar for the full basicity of the carbonyl oxygen to be developed. It is noteworthy

that this explanation still holds essentially true.

Following the initial report, the photophysics of II has been studied by a number
of research groups. There are several early papers which report on the solution
fluorescence kinetics of both the normal (from S;) and tautomer (from S;’) fluorescence.
All of these found that the tautomer exhibited multi-exponential kinetics including a rise

time which matched the decay of S;. However, there was some disagreement as to

whether the fluorescence decay of S; and the rise of S, was single or double
exponential. In all cases this process was found to be rapid with values quoted by Wolte

and Thistlethwaite®® of 69 + 8 ps for the decay of the S; fluorescence and 65 + 10 ps for

the rise of the S;” fluorescence in deuterated methanol giving an indication of the speed

of the process. The lifetime of the S,’ state was found to vary considerably with the

solvent environment from a few hundred picoseconds to several nanoseconds and some

representative data is given in Table 1.4.2.

The amount of fluorescence from the two species was found to vary with
temperature such that the ratio of the quantum yields of fluorescence for S; and Sy’
increased with decreasing temperature®>®*, It was found that the lifetimes of both the

species also increased with decreasing temperature. The lifetime of the S; fluorescence

in methyltetrahydrofuran was found to increase up to a maximum value of 1.8 ns at 150

K and below® which allowed the authors to calculate an activation barrier for ESIPT of
approximately 12 KkJ mol’. Similar measurements in deuterated methanol and

methylcyclohexane gave activation energies of 7.6 and 22 kJ mol™ respectively®. In the
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light of later findings, interpretation of these values as being the activation energies for

ESIPT is dubious.

Table 1.4.2 Solvent effect on the tautomer fluorescence of 3-hydrox flavone®®

it | 1o

Deuterated Methanol® | 0.37 +0.025

Triton X-100 micelles®® | <0.80/1.90

The S,’ state exhibits similar temperature dependent behaviour. In all the solvent

systems which have been studied, the lifetime increases as the temperature is decreased
until a maximum value is obtained and further reduction in temperature elicits no further

increase in S;’ lifetime. Once again it is possible to calculate activation energies for this
process in Sy’ and values between 11.8 kJ mol' (polymethylmethacrylate) and

29.8 kJ mol™ (methylcyclohexane) have been obtained®>®. These values are believed to

relate to the torsional motion of the S’ state, probably involving the bond between the

pyrone and phenyl rings.

Some of the above work and its interpretation was thrown into question when

McMorrow and Kasha®"®*revealed that they had found the behaviour of II to be
extremely sensitive to the presence of hydrogen bonding impurities in non-hydrogen

bonding solvents. In rigorously purified hydrocarbon solvents ground state molecules of
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II are intramolecularly hydrogen bonded and there appears to be little or no intrinsic
potential energy barrier to ESIPT following excitation, only tautomer fluorescence 1s
observed. However, in alcohol or aqueous solvents it was proposed that a range of
mono- and poly-solvated species were present (including the anion of II in water®®)
whose ground state distribution is temperature dependent. The addition of traces of
water to a hydrocarbon solution of II at 77 K leads very clearly to emission, not only

from S;’ but also S; and the 3-hydroxyflavone anion.
The tautomer rise-time was found to be < 8 ps in pure hydrocarbon solvents at

ambient temperature and 37 £ 6 ps at 77 K®. Most subsequent attempts to measure
ESIPT in non-interacting solvents have proved to be instrument limited, including
measurements on II in solid argon at 10-15 K and on 3-hydroxychromone (where the 2-
phenyl group is absent) and two substituted 3-hydroxyflavones in hydrocarbon solvents
at room temperature’® although Emsting and Dick’' were able to calculate the ESIPT

rate constant as 7.4 x 10'! s on the basis of line shapes in the jet-cooled emission of II.

Peluso et al’? have calculated the potential energy surfaces for the ground and excited

states of Il using MINDO/AMI and attribute the rapidity of the proton motion to the

promoting effect of a loW-frequency bending vibration which shortens the distance

between donor and acceptor sites (much as Herek et al*? and Elsaesser and coworkers”

predicted from experimental observations for IV and Tinuvin P respectively).

Relatively little work has been published in the literature with regard to the

experimental measurement of ESIPT in I at femtosecond time-scales. Recent work by
Schwartz et al” reported the first observation of the ESIPT process on an ultrafast time
scale. Measurements of the transient absorption with a resolution of 125 fs, were
undertaken for absorption at 620 nm after excitation with a 310 nm UV pump pulse.

The results of their experiments are summarised in table 1.4.3. The fast transient
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absorption changes of II in dry methylcyclohexane (MCH) showed a resolved
sub-picosecond component of 210 fs convoluted with the 125 fs time integrated

Gaussian instrumental function. In methanol the ultrafast rise component was shown to
fit to the instrument function convoluted with an 80 fs exponential rise component.
They showed that the addition of hydrogen bonding impurities significantly increased

the rate of ESIPT and they suggested that the time scale for the proton transfer in MCH

(210 fs) indicates that no part is played by twisting of the phenyl group. Discussion of
the effect of hydrogen bonding impurities leads the authors to suggest that a different

mechanism is responsible for ESIPT in polar solvents. They suggest that the formation
of hydrogen bonded complexes creates inter-molecular motions which may play an

important role in the tautomerisation process. If the new intermolecular modes are also
displaced, the resulting wavepacket could follow a trajectory in the excited state which

is altered from the unsolvated species leading to a different measured proton transfer

time. They propose that a cyclically hydrogen bonded monosolvate (Fig. 1.4.11) would

lead to dual proton transfer moderated by the stretching of the two intermolecular

hydrogen bonds alone (i.e. without coupling into low frequency in plane vibrations in
order to modulate the intramolecular hydrogen bond). In contrast disolvated complexes

(Fig. 1.4.12) would not undergo proton transfer and may explain the presence of the
slower rise component. The authors propose that this slow rise component is the time

for desolvation of 3-HF(ROH), to become either the monosolvated or the free 3-HF

species. A note added in proof reports no significant isotope effect for the deuterated

3-hydroxyflavone 1n methylcyclohexane or for deuterated methanol in agreement with

the previous work of Elsaesser and co-workers on HPBT®,
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Fig. 1.4.11 Proposed structure for cyclically hydrogen bonded 3-hydroxyflavone

methanol monosolvate.

Fig. 1.4.12 Proposed structure for disolvated 3-hydroxyflavone methanol complex.

Table 1.4.3 Effect of solvent on ESIPT dynamics of 3-hydroxyflavone’
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Ormson et al’* report the excited state transient spectra for II In

methylcyclohexane with a resolution of ~ 200 fs after excitation at 295 nm. Two distinct
absorption bands are present, centred around 460 (blue) and 575 nm (green). Evolution
of both of these bands is clearly resolved, showing the blue band shifting from
approximately 430 nm to 460 nm in approximately 10 ps. After this point the transient
absorption spectrum remains approximately constant and simply decays with a lifetime

of the order of 5 ns (the lifetime of the tautomer species). The shape of the green band

also changes in time but the evolution is somewhat contaminated by the laser
fundamental at ~590 nm. It is possible that the blue edge of the 410 - 500 nm absorption
band is due to the S’ state of II which then evolves into a lower energy configuration

on a time-scale comparable with solvent relaxation. A study of the kinetics of this

absorption band should elucidate this assignment.

A molecule which has received significant attention in the literature as an
analogue for ESIPT is Tinuvin P (2-(2’-hydroxy-5’-methylphenyl)benzotriazole, IX).
Along with the ortho-hydroxybenzophenones, benzotriazoles such as IX have been used
for more than thirty years as ultraviolet photostablisers in polymer systems. Upon

excitation with UV light, ESIPT can take place and the rapid cycle Sg—S;—S;’—

So’—>Sp can occur to dissipate the absorbed energy:.

CH, CH,
N N
-\ -\
o0 O
N =N
‘H—O +

/
\H"O-

Normal (enol) Tautomer (Keto)

Fig. 1.4.13 Normal and tautomer structures of Tinuvin P (IX).
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The enol form of IX, which represents the main ground state species, shows a
So—S; absorption band around 350 nm and emission from the tautomer structure is
located in the wavelength range between 600 and 800 nm with an extremely low
fluorescence quantum yield of ~ 10°, Wiechmann et al” investigated the ultrafast
dynamics of IX in non-polar solvents. Femtosecond pump-probe measurements were
undertaken at a number of probe wavelengths in cyclohexane with a resolution of
~ 70 fs. The transient gain of the S;’ state in C,Cly is shown to possess a rise component

of about 100 fs that 1s attributed to the proton transfer reaction. This is followed by

ultrafast decay to the Sqy’ state with a time constant of ~150 fs and transformation back
to the enol form within 600 fs. The rapid depopulation of the S;’ state is attributed to

rapid internal conversion by vibrational redistribution, corresponding to large-amplitude

motions in the low frequency range (80 to 200 cm™). Vibrationally hot molecules in the

ground state are cooled on a time-scale of several tens of picoseconds by interaction

with the solvent. The authors conclude that the rapid proton transfer and subsequent

back transfer to the ground state enol suggest a potential energy surface with negligible

potential barrier to proton transfer (as depicted in Fig.1.4.14).

In a further paper Wiechman et al’® reported ultrafast time-resolved

measurements of IX in a number of solvent and polymer environments. Their results on
a picosecond time-scale suggest that the solvent environment strongly affects the
quantum yield of the keto tautomer and the kinetics of the S, state. Analysis of data
from IX with a methoxy substituent in place of the OH (so that proton transfer cannot
occur) suggests that the S emission is from a twisted conformer of IX without an
intramolecular hydrogen bond (indicating that the proton transfer only occurs for the
planar conformer). This is in contrast with previous explanations which suggest

coupling between solvent molecules and the hydroxylic group of IX. DMSO was shown
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to exhibit by far the strongest solvent effect with significant broadening and red shifting

of the enol excited state emission. The emission lifetime of the state is very short
(170 ps) and the fraction of the enol species emitting is very high (60 %). Wiechmann et
al conclude that the high polarity of DMSO could not be the only reason for this
behaviour when compared to acetonitrile which has nearly the same polarity. However,

DMSO 1s a hydrogen bonding solvent and they suggest that this might have some

bearing upon the twisting of the enol form prior to ESIPT. Coupling to the solvent then
accounts for the short fluorescence lifetime of the S; twisted conformer. Femtosecond

spectroscopy of the tautomer species compared well with previous measurements by the
same team and the authors observe that the proton transfer rate remains essentially
unchanged in the different solvent environments. For IX in a polystyrene film, slower
proton transfer was observed (approximately 200 fs) with an S;’ state lifetime of 350 fs
and a back transfer (So’-So) rate of the order 1.2 ps. This result, when compared with the

previously discussed paper on crystalline salicylideneanilines, suggest that although the

molecule is sterically hindered in the polymer matrix, it is not sufficiently confined to

restrict the low frequency modes thought to facilitate proton transfer.

Frey and Elsaesser’’ investigated the process of back proton transfer using 70 fs

UV pulses to probe the absorption of IX in the region 310-400 nm. The data shows a
decrease 1n absorption (compared to the steady state) and a broadening of the absorption
followed by complete recovery of the ground state population within 30 ps. They

conclude that the ultrafast back transfer of the proton (700 + 100 fs) creates vibrationally

hot molecules at approximately 1200 K (as estimated from the temperature dependent

specific heat of the compound). Intramolecular randomisation of energy then occurs

(facilitated by the large number of anharmonically coupled low frequency modes of I1X)
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on a time scale comparable with the proton transfer (50 - 500 fs) followed by solvent
relaxation in 30 ps.

Lenz et al’”® measured resonant and non-resonant Raman spectra for IX to
facilitate quantitative calculation of the equilibrium vibrational temperature after
excitation at 310 nm in non-polar solvents. Raman spectra were measured in the

frequency range 850 and 1650 cm™'. The intensity of a mode at 1552 cm” showed a

pronounced solvent dependence and the authors suggest (based on normal mode
analysis) that this mode contains essential contributions of the C-O stretching and O-H
bending co-ordinates, which should be intimately involved in the enol-keto

transformation. It is interesting to note that the O-H stretching mode at around

3200 cm’! has a Franck-Condon factor which is too small to be observed in their spectra.

Calculations based on the Raman data adequately reproduce the absorption spectra for

the Sy-S; transition at times > 10 ps with a maximum vibrational temperature of 1200 K

(estimated from intramolecular randomisation of 32260 cm™ photon energy in all 78
vibrational modes of IX). On ultrafast time-scales the measured spectra show
significantly broader absorption than calculated. Lenz et al conclude that this is due to a

non-equilibrium thermal population distribution, i.e. a finite picosecond time interval is

required prior to randomisation of the vibrational energy.

Chudoba et al” measured the femtosecond transient absorption of IX in
cyclohexane for various excitation energies above and below the absorption band of the

purely electronic transition. The authors found that there was no measurable difference
in the kinetics of the proton transfer measured across the excited state abscrption
spectrum, suggesting that there is no significant potential barrier to proton transfer under
these conditions. They also observed that the absorption and emission bands overlap

significantly (~2000 cm™) which they suggest is evidence of strong vibrational
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excitation of the keto species, since large Stokes shifts between the enol absorption and
tautomer emission are usually observed. Substantial populations of molecules in high
lying vibrational states may couple to the electronic transitions. Transitions from high
lying vibronic states in S, lead to an enhancement of the emission at short wavelengths,

whereas population of vibrational levels in the ground state result in an enhancement of

the low-frequency absorption edge.

A recent paper by Chudoba et al*® claims to have detected vibrational coherence
in spectrally resolved transients (corrected for solvent response) observed from IX with
a time resolution of approximately 20 fs. Experimental measurement of the S,’ rise
component with improved resolution gives a proton transfer time constant of between
60-80 fs and spectrally integrated data (measured with a 10 nm band-pass filter) shows

the characteristic behaviour as described above in other experiments. However, for a

detection window of approximately 4 nm around 726 nm, pronounced oscillatory

transmission changes persisting up to ~700 fs are observed. It was observed from

systematic variation of the detection window from 716 - 784 nm that the oscillatory

changes are most pronounced on the short wavelength tail of the spectrum. After
subtraction of the known dynamics (rise and decay, as fitted by a four state model),

Fourier analysis of the remaining oscillatory signal shows strong contributions around

the frequencies of 250 and 470 cm™. The authors conclude that this is direct evidence
for the importance of low-frequency modes in the proton transfer reaction. They also
note that the vibrational coherence in these modes persists much longer than the
formation time of the keto-state of 60 - 80 fs, suggesting that the potential energy
surface along these reaction co-ordinates does not change significantly due to the proton

transfer reaction. The frequency spectrum of the vibrations and the proposed potential

surface of the excited state are given in Fig. 1.4.18.
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Fig. 1.4.18 Oscillatory transmission changes measured in Tinuvin P and a proposed

excited state potential energy surface showing the possiblity of proton motion mediated

by low frequency twisting vibrations®’

(Reproduced from http:// www.mbi-berlin.de/en/research/projects/Ile/lle6/
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Elsaesser and Kaiser" investigated the visible and infrared spectroscopy of I

(HPBT), a structurally similar molecule to IX, on a picosecond time-scale. Although,
strictly speaking, not an ultrafast study, transient spectra in the infrared (3 to 10 pm) for

these types of molecules have not been measured on time-scales less than picoseconds

due to instrumental limitations. Infrared spectroscopy specifically probes the local

binding geometry of the hydroxylic proton which is transferred after electronic

excitation. The changes in vibrational absorption due to an ultraviolet pump pulse are
monitored by infrared probe pulses tuneable in the wavelength range from 2 to 10 um.

The absorption cross-sections of vibrational transitions in I are much smaller than those

of the electronic S - S, transition, i.e., the penetration depths of the ultraviolet and

infrared pulses are drastically different. In order to compensate for this a pump-probe

geometry was adopted in which the sample cell was transversely pumped by the
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ultraviolet pulses (cell thickness 0.1 cm) and the infrared beam intersected along the
axis of the cell (length 1cm). The ultraviolet pump was spatially chirped using a grating
pair to synchronise the pump and probe pulses throughout the interaction length. In this
geometry the instrument had a response on the order of 4 ps. Transient infrared
absorption during and after UV excitation was investigated in the frequency ranges of

the OH, NH and C=0 bands. In the ground state of I the intramolecular hydrogen bond
is observed as a very broad OH-stretching band between 2600 - 3500 cm™'. At 3070 cm™

the CH-stretching band 1s superimposed on the OH band leading to a sharp peak in the
spectrum. Transient spectra at S0 ps after excitation show a decrease in absorption in the
wings of the OH-band, whereas the oscillator strength increases considerably between
2800 and 3100 cm™. The kinetics of the transient are shown to recreate those of
transient gain measurements on this time-scale (in the same report) and the authors
tentatively assign this transient band to an NH-stretching mode. They also find that the
ground state infrared spectrum of I shows no evidence of a C=0 stretching band,
demonstrating that in non-polar solvents the proton is predominantly present as an OH
bond (no presence of ground state keto species at time zero). Transient spectra at 50 ps
show the presence of an intense band centred around 1540 cm™ (in the frequency range
for C=0 stretching vibrations) indicating the presence of an excited state keto species.

The authors conclude that these results are conclusive proof of a structural change in the
molecule 1.e. proton transfer, in the excited state.
Laermer et al** measured the rise time of the transient gain of the keto tautomer

of I using femtosecond pump-probe spectroscopy in non-polar solvents at 630 nm. With
an instrumental function determined by measurement of the ground state bleaching of

Oxazine-1 dye dissolved in ethanol, deconvolution of the instrumental function from the

transient signal of T gives a rise time of 170 20 fs relating to the formation of the keto
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tautomer. The time-scale of this transfer once more suggests the influence on proton

transfer of low frequency bending modes in the vibrational relaxation of the molecule to

the keto S’ state.

Elsaesser et al*> measured the transient gain at 540 nm for I and its deuterated

analogue 2-(2’-deuteroxyphenyl) benzothiazole (DBP) in non-polar C,Cly. In contrast to

the work on crystalline salicylideneanilines discussed earlier, no pronounced deuterium

effect was observed. The time delayed formation of both keto-HBP and DBP were
temporally resolved and have time constants of 160 + 20 fs (in agreement with Laermer

et al*’) and 140 + 20 fs respectively. The gain decays with a fluorescence lifetime of
300 ps. They conclude that this result suggests that O-H and O-D stretching vibrations
are of minor importance for the transfer reaction. They suggest that, as for IX, the
redistribution of electronic charge immediately after excitation of the enol tautomer

establishes a virtually barrier-less excited state potential with a broad minimum for the

keto configuration.

In conclusion, we have a picture of ultrafast proton transfer characterised by a
schematic of the potential energy surface in Fig. 1.4.18. A wavepacket, created in the

excited state by an ultrashort pump pulse, propagates along a reaction co-ordinate due to

an origin shift of a low frequency mode. Subsequent motion along this co-ordinate leads
to a change of the potential energy surface along another vibrational co-ordinate of

higher frequency, opening an essentially barrier-less channel for the transfer reaction in

the gas and liquid phases.
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1.5 Femtosecond Laser Ablation

In this section I aim to describe the main experimental techniques and principles

of laser ablation, followed by a brief literature review of laser ablation using ultrafast

laser pulses (typically < 1 ps) for materials of relevance to the experimental sections of

this thesis.

1.5.1 Principles
The ability to machine sub micron features in a wide variety of materials has a

number of technological applications in industry and medicine. One machining method

which shows promise is that of pulsed laser ablation®*%>. Currently CO;, nanosecond
Nd: YAG and excimer laser systems are the most commonly used for machining.

However, it is believed that the limiting factor for the spatial resolution of laser ablation

(at a particular wavelength) 1s the diffusion of heat outward from the irradiated area.

This diffusion length 1s proportional to the square root of the pulsewidth, therefore

diffusion length will decrease by shortening the pulse width. Further, a nanosecond
pulse will generate a plasma at a surface within its temporal pulse width. The plasma

will thereby decouple the radiation from the surface and the remaining pulse energy will

serve only to heat the plasma. In contrast, femtosecond pulses will effectively be

absorbed by the surface before generation of a plasma plume.

Laser micromachining, specifically drilling, marking and cutting, involves the
removal of material from a target substrate. Material removal takes place throughout the
ablation process, where a target under laser irradiation absorbs energy and undergoes a
phase transformation to liquid or vapour. The melted liquid is expelled from the

interaction region (laser focus) by the recoil from the expulsion of vaporised material at
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the liquid/vapour phase boundary. Other processes associated with the laser matter

interaction include heat conduction, radiation and plasma expansion.

The primary interaction mechanism is electronic excitation by the absorption of
photons, which may be accomplished by both linear and non-linear means, depending
on the properties of the material, laser wavelength and intensity. In metals, the band
structure allows absorption of most moderate to low energy photons because the Fermi
level is in the middle of the conduction band. For semiconductors and insulators, the
Fermi energy is between the valence and conduction bands and so an absorption cut-off

for photons with energy less than the bandgap is present. Absorption of energy can

hence be accomplished by one of two processes; electron avalanche and multiphoton

absorption.

In transparent dielectric materials, the bound valence electrons have an

ionisation potential or bandgap greater than the laser photon energy. The bound
electrons do not absorb the laser l<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>