Last update: Ma

Department of Chemistry, University of Leeds, Leeds LS2 JT, UK. Email: g.d.reid@chemistry.leeds.ac.uk URL:

Department of Physics, Strathclyde University, Glasgow G4 oNG, UK. Email: klaas.wynne@phys.strath.ac.uk.

CONTENTS

D6.3.1
D6.3.2
D6.3.3
D6.3.4
D6.3.5
D6.3.6
D6.3.7
D6.3.8
Dé6.3.9
Dé6.3.10
D6.3.11
D6.3.12
D6.3.13
D6.3.14

rch, 2003 Draft 3

Dé6.3 Time Resolved Spectroscopy

Gavin D. Reid

http://www.chem.leeds.ac.uk/people/reid.html

Klaas Wynne

URL: http://dutch.phys.strath.ac.uk/FRC/

Introduction

Pump-probe Techniques

Terahertz-Pulse Generation and Detection
Emission Techniques

Time Correlated Single Photon Counting
Fluorescence Lifetime Imaging Microscopy, FLIM
Time-Resolved Single Molecule Microscopy
Fluorescence Upconversion

The study of fast chemical reactions

Photon Echo Measurements

Femtosecond Mass Spectrometry

Future Trends: X-Ray and Electron-Pulses for Ultrafast Structure Determination
Acknowledgements

References

O NN OB NN

= = o =
abh & R &K o


mailto:g.d.reid@chemistry.leeds.ac.uk
http://www.chem.leeds.ac.uk/people/reid.html
mailto:klaas.wynne@phys.strath.ac.uk
http://dutch.phys.strath.ac.uk/FRC/

D6.3 Applications: Case Studies: Spectroscopy: Time Resolved Spectroscopy 2

D6.3.1  Introduction

Following a short introduction on laser technology, in this chapter we shall describe how pulses of light at
almost any frequency from x-rays to terahertz (THz) can be applied to problems in chemistry, biochemistry and
physics. As predicted a decade ago,* the production of femtosecond pulses has led to many new and
fascinating observations. Indeed, the number of applications of ultrafast lasers is already large and will only
grow; an electronic search of Chemical Abstracts® for the terms ‘femtosecond’ and ‘ultrafast’ yields 19 ooo
references and obviously it would be impossible to describe all of these in the limited space available here,
even if it were possible to become familiar with them alll The first attosecond pulses are now being made *”
and there is even a proposition for the generation of zeptosecond pulses.® As such, the future of time resolved
spectroscopy appears to be brighter than ever.

Ultrafast lasers, of course, allow time-resolved experiments with which one can observe transient species.
However, another important property is that with modest energy, they can have huge peak powers. This also
makes femtosecond pulses suitable for many tasks we would not normally think of as being ‘time resolved’,
including laser ablation of materials,® multi-photon absorption (for imaging of biological materials),*
fragmentation (for example, of DNA into fragments that may be analysed using mass spectrometry),” the
conversion to a range of new wavelengths using nonlinear techniques, (see chapter C3 Frequency Conversion
and Filtering) as well as in producing pulses of electrons or even neutrons (see below) etc.

Femtosecond pulses have proven advantageous in a number of applications. When these lasers are used
for machining for example, the resulting cuts are much cleaner because the laser pulses turn the material
immediately into plasma, whereas longer pulsed lasers had caused materials to boil and sputter and hence
damage the surrounding area. In this application, femtosecond lasers seem particularly adaptable to micro-
machining techniques™ and are being used in areas from corrective eye surgery*** and dentistry" to the
etching of glass and polymer substrates in the fabrication of ‘lab on a chip’ devices.

Since self mode-locking in titanium-sapphire was discovered in 1990 by Wilson Sibbett and his group in St
Andrews,® there has been a revolution in time resolved spectroscopy, primarily as a result of the rapid
commercialisation of ultrashort pulse technology (see C2.3 Ultrashort Pulses.) Also, in parallel with
improvements in oscillator design, the technique of chirped pulse amplification, CPA ** using solid-state gain
media in regenerative or multipass schemes, has greatly simplified amplifier construction.

Ti:Sapphire is the gain medium for the vast majority of short-pulse oscillators and amplifiers, yielding
pulses at around 8oo nm, the fundamental wavelength, with pulse widths as short as 4 —5 fs. Sub 20 fs pulses
have also been obtained from Cr#:YAG,* Cr*:LiSAF,* and Cr*:forsterite-Mg,SiO, ** in the near infra-red,
which is a more useful wavelength range for applications such as high spend communications using optical
fibres and photonic devices. New applications have also been found for these lasers in biomedical imaging®
and optical tomography* for example.

In many cases, the output of short pulse lasers must be amplified for use in time resolved experiments
(D1o.1 High Power Lasers for Plasma Physics). The extremely high peak powers involved complicate the
amplification of nanojoule level, femtosecond pulses to the millijoule level and above. The choice of amplifier
depends to a large extent on the application, the energy required, the repetition rate and the pulse duration
and a wide range are available commercially. Typical operating parameters of Ti:sapphire amplifiers are 4 pj at
up to 250 kHz, 1 mJ at 1 kHz and 100 m) or greater at 10 Hz. The amplifiers can be separated into two families,
regenerative types in which a pulse is made to resonate in a stable optical cavity and multi-pass types where a
pulse travels repeatedly through the pumped region of a gain medium along different paths.**%. If the
standard pulse width > ca 50 fs, available from commercial amplifiers is insufficient then home built amplifiers
or specialist products are capable of improved performance, 20 fs or better. Amplifier technology is now
relatively mature and has been discussed at length in recent reviews ¥ but for state of the art designs see *3

D6.3.2Pump-probe Techniques

Even fast electronic devices cannot measure transients much faster than about a nanosecond and while
there are specialised photodetectors such as streak cameras or avalanche photodiodes that can resolve
picosecond or even 100’s of femtoseconds transients in real-time, generally alternative detection techniques
are required. The techniques that are used most frequently are based on the auto- or cross-correlation of two
beams of femtosecond pulses. If the “sample” is a nonlinear crystal used for sum-frequency generation, this
technique can be used to determine the shape and relative arrival time of two short pulses. If the sample
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contains molecules or atoms that resonantly absorb the incident radiation, the experiment is a pump-probe
experiment, an updated version of the flash photolysis experiment of Porter.”®

The vast majority of ultrafast spectroscopy experiments use the pump-probe technique. The pump beam is
typically much stronger than the probe, the two beams have a different centre wavelength and the
femtosecond time resolution is obtained by sending one of the beams through a motor-driven optical delay
line. The (relatively) strong pump beam initiates some process of interest, for example, a chemical reaction. The
probe beam, entering the sample at later time delay, will be amplified, attenuated, or refracted because of the
changes taking place in the sample. There are so many variations of this scheme and literally thousands of
experimental examples, that it would be pointless to list them all. Therefore, two examples of the pump-probe
technique will be described in some detail here to convey the general idea.
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Figure1. A pump beam is sent through an optical delay line and focused into the sample. A fraction of
the pump beam is split off and converted to another wavelength. In this example, a white-light continuum
is generated as a probe, which is sent through another optical delay line and into the sample. After the
sample, the white-light probe is spectrally resolved before being detected by a “slow” detector.

Figure 1 shows a typical pump-probe arrangement. A relatively strong pump beam is sent through a
variable (motorised) optical delay line and focused into the sample, where it initiates a chemical reaction or
physical change. A small fraction of the pump beam is split off by an optical beam splitter and converted to
another wavelength. In this example, a white-light continuum* is generated as a probe but one could also use
other conversion techniques such as harmonic generation or parametric amplification to make probes at
widely varying wavelengths. The probe pulse is sent through another optical delay line and focused into the
sample. One may temporarily replace the sample by a nonlinear crystal to determine at which setting of the
optical delay lines the pulses overlap in the sample by recording the cross-correlation response. In Figure 1, the
white-light probe is spectrally resolved by a spectrometer after the sample in order to measure the transient
transmission spectrum of the sample. The signal measured as a function of the pump-probe delay time
reflects the creation and destruction of transient species in the sample. However, on short time scales (about
<1 ps), there are numerous phenomena such as cross-phase modulation that may complicate the signal.

In the above example, both the pump and probe were laser pulses. However, lasers can also be used to
make pump and probe pulses of an entirely different kind. Figure 2 shows an example where femtosecond
laser pulses are used to generate, and gate, voltage pulses. % A short laser pulse can be used to create carriers
in the conduction band of a semiconductor and thereby create a femtosecond voltage pulse that can be sent
down a transmission line deposited onto the sample. This voltage pulse can then be picked up using an STM
tip. Gating the current flowing through the STM tip using a second laser pulse, the averaged tunnel current
can be measured as a function of pump-probe delay in addition to the spatial position of the tip. Therefore,
this type of pump-probe technique provides both very high temporal resolution as well as spatial resolution.
There are many other examples of “unconventional” pump-probe techniques. The probe may consist of x-ray
pulses, electron pulses or any other kind of pulsed particle beam (see section D6.3.12). The only critical
requirement is that the pulses in the pump beam are synchronized, with minimum jitter, to those in the probe
beam.

GD Reid & K Wynne



D6.3 Applications: Case Studies: Spectroscopy: Time Resolved Spectroscopy 4

Probe

Pump

Figure2.  “Unconventional” pump-probe technique. In this example, the pump beam excites electrons
in the conduction band of a semiconductor thereby creating a femtosecond voltage pulse in the metal
transmission line deposited on top of the semiconductor sample. The voltage pulse can be measured by an
STM tip. If the current flowing through the STM cantilever is itself gated by a probe pulse, time and space-
resolved measurements can be performed.

Dé6.3.3Terahertz-Pulse Generation and Detection

Femtosecond IR pulses can be generated using parametric down-conversion in an Optical Parametric
Oscillator (OPO) or Amplifier (OPA). As the crystals used in typical OPAs such as BBO, LiNbO,, AgGas,, are
opaque in the far-IR region, standard down-conversion methods cannot produce pulses with a wavelength
longer than ~18 um. However, long-wavelength pulses can be generated (and detected) using so-called
terahertz techniques.”® There are two methods for generating sub-picosecond THz (10™ Hz) pulses:
Photoconduction and optical rectification. In photoconduction, a laser pulse incident on an absorbing
semiconductor creates (real) charge carriers in the conduction band. Acceleration of these carriers in an
electrical bias field gives rise to a transient photocurrent that radiates electromagnetic waves. In the far field,
the radiated electric field is approximately given by* dj (¢)/dt, where j(t) is the time-dependent surface

current. This method is typically used in conjunction with an antenna structure (see Figure 3a), which allows an
external DC bias field to be applied. An antenna structure ideally suited to be used with low-power mode-
locked lasers was developed in the 1980s at Bell Labs*® and IBM,* and is now the most common method for
generating and detecting THz pulses. In such a set-up, two metal electrodes are laid down on a silicon or GaAs
substrate, typically with a separation of ~100 pm. A beam of femtosecond laser pulses is focused between the
electrodes, in a spot with a diameter of a few micrometres. On the generation side, the metal electrodes are
biased with a few tens of volts and the excitation by the pump laser triggers the emission of THz radiation. On
the detection side, the incident THz beam accelerates carriers created by another visible beam, resulting in a
measurable photocurrent. Since the visible beam has to be focused to a very tight spot in this method, only
unamplified ultrafast lasers can be used. There is no overriding reason, however, why one should use such
closely spaced electrodes. Large-aperture photo-conducting antennas work very well for the generation of THz
pulses when pumped by amplified pulses. The conversion efficiency can be as much as ~0.1%. With low
repetition rate (10-1000 Hz) ultrafast laser systems, far-infrared pulses with energies as high as 1 1 have been
generated.” It was recently reported that high-power pulses can even be used to generate THz pulses by
generation of ions and electrons in electrically-biased air®® or by four-wave mixing in air.** Superluminal fronts
have been produced in miniature photo-conducting capacitor arrays in order to produce THz pulses.®* It is
even possible to generate THz pulses by laser-induced electron-transfer in dissolved dye molecules with an
external DC bias applied,” however, this appears to be more a curiosity than an efficient generating technique.
Pulse-shaping techniques have been used to make high-power THz pulse trains®® and narrow band THz
radiation. %
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Figure3.  (Left) Schematic diagram illustrating the generation of terahertz pulses. A visible
femtosecond input pulse irradiates a semiconductor antenna and creates conduction electrons. The
acceleration of these electrons in an external DC field results in the emission of two beams of terahertz
pulses. (Right) THz pulses generated in various ways and detected in a 0.5-mm long <110>-cut ZnTe crystal
by a 4o-fs pulse at 800 nm/1 kHz. “Antenna” is a pulse generated in a large-area DC biased antenna.
“ZnTe” is a pulse generated in a 0.5-mm ZnTe crystal. “MBA-NP” is a pulse generated in a 0.3-mm c-cut
2-(a-methylbenzylamino)-5-nitropyridine crystal.

An external bias field is not strictly necessary for photoconductive generation of THz pulses, as real carriers
generated by a visible laser pulse can be accelerated in the field of the depletion layer of the semiconductor.
This surface field will accelerate the carriers perpendicular to the surface of the semiconductor and hence the
THz oscillating dipole will be perpendicularly to the surface. Therefore, THz radiation generated through this
effect is only observed if the angle of incidence of the exciting visible laser beam is nonzero. Typically, the effect
maximises at Brewster’s angle.

Optical rectification is distinct from photoconduction, in that the visible exciting beam creates virtual rather
than real carriers. A more appropriate way to describe this is that the second-order susceptibility, ¥, of the
crystal is used for difference-frequency mixing. Thus, the second-order polarisation can be written in the time

s

domain as By) () = &, 7 E, s () Ej, (¢) , which shows that in the near field, the electric field of the THz pulse

has the same shape as the intensity envelope of the visible exciting pulse. Optical rectification takes place in
any non centro-symmetric crystal including some highly nonlinear organic crystals and poled polymers. ¢ In
the last few years, it has been discovered that optical rectification is an efficient method for generating THz
pulses if used appropriately. Since a sub-picosecond THz pulse has a spatial length comparable to its centre
wavelength, it travels through a material at its phase-velocity. Therefore, for optimum conversion from visible
to far-infrared wavelengths, one has to match the group velocity of the visible pulse with the phase velocity of the
THz pulse.** This condition is met in some zincblende, large band-gap semiconductors such as ZnTe and GaP
when the exciting laser has a centre wavelength of circa 8oo nm. Still, the conversion efficiency tends to be on
the order of 107%,° which is inferior to photo-conductive generation techniques.

The “inverse” of optical rectification is electro-optic sampling: A THz pulse incident on an electro-optic
crystal such as ZnTe will induce a birefringence through the Pockels effect. An ultrafast visible probe pulse with
a variable delay co-propagating through the same crystal will experience a retardation that can be retrieved
with balanced detection. Scanning the relative time-delay of the probe pulse, one can record a time-domain
trace of the electric field of the THz pulse. Using this method, signal-to-noise ratios, defined as the ratio of the
THz pulse-peak to the noise background, as high as 107 have been reported.” However, the signal-to-noise
ratio with which one can measure the peak of the THz pulse is typically on the order of 10%-10% in 100 ms.
Techniques for measuring a THz pulse in a single shot have recently been developed. % Comparisons show’
that when high repetition-rate (~100 MHz) lasers are used, electro-optic and photo-conductive sampling are
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about equally suitable for detecting THz pulses. However, electro-optic sampling appears to be the only
useable technique for lower repetition-rate (~1 kHz) lasers.

As rectification and electro-optic sampling are non-resonant effects, the minimum duration of the THz
pulses that can be generated or detected is only limited by the thickness of the crystal scaled with the
difference in phase and group-velocity. Thus, with circa 10-15 fs exciting pulses at 8oo nm, it has been shown
that THz pulses could be generated with detectable frequencies as high as 70 THz. In contrast, with
photoconductive sampling the maximum detectable frequency is about 20 THz” and typically much lower. This
method also works with high-power low repetition-rate lasers.® At these large bandwidths, it is unavoidable
that the THz-pulse spectrum will overlap with a phonon absorption band in the generating and detecting
crystals, leading to large oscillations in the THz field trailing the main peak.

The current record highest detectable frequency for a THz pulse is ~7o THz but there is no reason to
believe that this could not be improved upon. Using the time-bandwidth relation Av-Az =0.32 , it follows that
with the shortest visible pulses achievable, circa 4-5fs, usable power at frequencies from o to 160 THz
(A =1.8 um) could be achieved. As femtosecond lasers continue to shrink in size, ultrafast THz devices may well
take over from Fourier transform infrared (FTIR) spectrometers as general-purpose IR spectrometers. As an
entire THz time-domain trace can be acquired in a single shot, ®% these devices would combine the reliability
and accuracy of FTIR with real-time speeds.

It is true that THz pulses give relatively easy access to a region of the electromagnetic spectrum that used
to be hard to study. Unfortunately, absorption bands in the THz region tend to be extremely broad (at least in
the condensed phase) and therefore it tends to be difficult to extract meaningful information from THz
absorption spectra. THz absorption spectroscopy has been used in the past few years to study liquid
dynamics™ and the dynamics of charge carriers in semiconductors. 7 One of the most interesting aspects
of THz pulses is that it is possible to measure the electric field of the pulse directly and how it changes on
propagation through some optical system. This property has been applied, for example, to study the
propagation of evanescent waves and superluminal propagation of light. 7% It has also been used to great
effect for THz imaging and object reconstruction.®® Because THz pulses from large-area antennas are half-
cycle in the near field, they can be used as powerful quasi-DC electrical pulses that can, for example, ionise
Rydberg atoms.®*® Because THz pulses are automatically synchronised to a visible ultrafast laser (unlike the
far-infrared pulses from a free-electron laser), they can be used for pump-probe spectroscopy. For example,
visible-pump THz-probe spectroscopy has been used to study carrier dynamics in semiconductors,®*
superconductors and liquids.®*%

D6.3.4Emission Techniques

Time resolved emission measurements are performed using one of two techniques, time correlated single
photon counting (TCSPC) or fluorescence up-conversion using a non-linear crystal. The TCSPC method is
much the more common and the literature contains myriad examples, but the technique is limited to a time
resolution >20-50 ps and the data obtained are often seriously compromised by convolution with the
instrument response function. Consequently, the up-conversion technique, which lacks the sensitivity of
TCSPC, is favoured when studying shorter-lived processes.

D6.3.5Time Correlated Single Photon Counting

TCSPC is well described elsewhere.”**° The sample is repetitively excited at ca 1 MHz by a pulse train from
a mode-locked oscillator. The laser light is detected by a fast photodiode, which is used to signal the beginning
of the experiment. This pulse initiates a voltage ramp on a time-to-amplitude converter (TAC) and the ramp is
stopped on the arrival of the first photon after the excitation event from the sample. A constant fraction
discriminator (CFD) is typically used to differentiate between background noise and the single photon signal
from the detector (usually a fast proximity type, micro-channel plate photomultiplier tube MCP-PMT). The
voltage, so obtained from the TAC, is a linear function of the elapsed time between the start and stop events.
This voltage level is then converted to a time channel by a multi-channel analyser (MCA). The event is binned
to form a histogram of counts versus channel number (time) over many millions of excitation events. The
histogram represents the decay of the excited state convoluted with the instrument response function. Figure
4 shows some representative data from the fluorescence of N-acetyl L-tryptophanamide in water.
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Figure 4.  Time-correlated single photon counting measurement of the lifetime of N-acetyl L-
tryptophanamide in water showing the data (dots) and the instrument response function (circles). Data
courtesy of Veysel Kaiser (University of Leeds)

Traditionally, the excitation source would have been a picosecond, cavity dumped dye laser synchronously
pumped by a modelocked argon ion or Nd:YAG laser. Dye laser technology has now largely been superseded
by the use of solid-state lasers, Ti:sapphire in particular. The CFDs, TAC and MCP can also now be purchased
on a single computer board, greatly simplifying the instrumentation.

Dé6.3.6Fluorescence Lifetime Imaging Microscopy, FLIM

Fluorescence lifetime imaging produces a 2-D map of a sample based on the distribution of measured
fluorescence lifetimes at each position in the sample, using a microscope equipped with high frequency
modulation***** in the frequency domain or, better, a nanosecond gated, multichannel plate image intensifier
193294 and the lifetimes are calculated on a pixel by pixel basis. It might be imagined that a simple measurement
of intensity versus position would provide sufficient information. However, intensity analysis requires
knowledge of the concentrations of each species present. Real world samples may also be turbid or signal size
may depend on optical alignment. If the assumption is made that the sample is composed of discrete emitters
whose fluorescence lifetime is exponential, an analysis that is independent of intensity can be made. For a
review see Szmacinski and Lakowicz'* There has also been recent progress on the analysis of more complex
decays.’*®*7

FLIM is often used in conjunction with fluorescence resonance energy transfer, FRET.*® FRET is the
transfer of energy from the initially excited state (the donor) to an acceptor due to Férster dipole-dipole energy
transfer. The rate of transfer depends on the spectral overlap between the emission spectrum of the donor and
the absorption spectrum of the acceptor, the fluorescence quantum yield of the donor, the relative orientations
of the transition dipole moments and the distance, d, between the donor and acceptor, which has a 1/d°
dependence. This allows a probe of the local environment of the donor, since FRET will change the observed
fluorescence lifetime in a manner that depends intimately on the local environment. It is the last property, the
distance dependence that has led to the most common application of FRET, the measurement of the distance
between donor and acceptor in tagged molecules. For example, the dynamics of protein folding and unfolding
have been observed by following the FRET in fluorescently tagged peptides.’***° In an elegant study by Ng et
al., ™ a dynamic marker of protein kinase Co (PKCal) activation was exploited. Activation of PKCa was detected
through the binding of fluorescently tagged phosphorylation site-specific antibodies and the corresponding
FRET was measured through the donor fluorophore on PKCa by FLIM. This experiment demonstrated that
FLIM could be used to detect the catalytic function in-vivo.

D6.3.7 Time-Resolved Single Molecule Microscopy

While TCSPC or FLIM usually measure the average fluorescence lifetime from an ensemble of molecules,
the last decade has seen the integration of TCSPC with microscopy in such a way that single molecules within
the condensed phase, whether it be solution, polymer, crystal or protein, can now be observed routinely as a
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function of time.** Thus, molecular recognition by an environment sensitive fluorescent probe can allow for
the observation of specific individual molecular states rather than an ensemble average. For recent reviews see
references *»*4. From such measurements, we now know that the properties of single molecules such as
fluorescence intensity, spectral shape and position, fluorescence lifetime, intersystem crossing rate and triplet
lifetime fluctuate in time, showing us that the conformation of the molecule or the chemical or physical
environment in which it resides, influence the photophysics. One problem in utilising FRET detection is
knowing the orientation of the dipole moment and recent work has shown that there can be discrete jumps in
absorption dipole orientation.™

The primary experimental difficulty in single molecule detection is the separation of the desired fluorescent
photons from the background Rayleigh and Raman scattering and impurity emission. The background signal
will be proportional to the excitation volume and therefore this needs to be minimised. A confocal, epi-
illuminated microscope is often employed, where the excitation spot is a diffraction-limited area determined
by the focus of a high numerical-aperture objective lens, see Figure 5. The same objective lens is used to collect
the emitted light, which is focussed through a small aperture (typically 20 ym) and onto a detector, usually an
avalanche photodiode (APD) of high quantum efficiency and rapid temporal response. APD packages including
discriminators can be purchased providing a TTL pulse for each single photon event. The aperture acts as a
spatial filter and so passes only those photons that originate from the focal point i.e. it reduces the depth of
field thus removing weak fluorescence derived from those molecules below and above the focus, as well as
scattered light. If the APD is sufficiently small, it may itself act as the aperture easing alignment sensitivity.
Since fluorescent photons are red shifted from the excitation wavelength, due to (vibrational) relaxation in the
excited state, a simple filter can be used to separate the emitted photons from any remaining scattered light.
The spatial resolution is limited to about 100 nm but can be further enhanced by using two-photon excitation.
If the sample is sufficiently dilute (10™° mol dm?) then statistically, only a single molecule will occupy the
excitation volume at any one moment. On the other hand, if the molecules are free to diffuse then molecules
will move in and out of ‘view’ resulting in bursts of fluorescence signal which are discriminated from the
background using the technique of burst-integrated fluorescence lifetime, BIFL.*¢# Other photophysical
processes also result in intensity fluctuations including time dependent shifts in the fluorescence
spectrum,”™*? triplet formation,”*® which results in ‘blinking’, a period of darkness while the triplet state relaxes,
and irreversible bleaching.* Therefore the analysis of the time resolved fluorescence requires great care.

sample

e
aperture objective
B2 4
!

filter
‘ monochromator
aperture and detector

Figure 5.  Schematic of a confocal microscopy apparatus. The laser profile is cleaned up through a
spatial filter and reflected from a dichroic beamsplitter through a high numerical aperture objective onto
the sample. Fluorescence is collected back through the objective, imaged onto a second aperture and
focused onto a avalanche photodiode detector.

By way of illustration, recent work from Talaga et al *** has shown the trajectories of a small peptide
undergoing folded to unfolded transitions by single molecule FRET. The observation of a single protein
domain in dynamic equilibrium between folded and unfolded states is extremely exciting. The terminal ends of
a peptide, a two stranded coiled-coil subunit from the yeast transcriptase factor GCN4, were labelled with
rhodamine 6G (donor) and texas red (acceptor) and the FRET signal was used to determine the end-to-end
separation of the tags, this being a direct probe of the path between the folded and unfolded states.
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D6.3.8 Fluorescence Upconversion

Upconversion is a derivative of the pump probe technique, see Figure 6. The laser (often the second
harmonic of a Ti:sapphire oscillator) is split such that part of the beam excites the sample and the fluorescent
photons are detected by sum frequency generation with a short gate pulse in a non-linear crystal.*> For the
best temporal resolution, the fluorescence is often collected using a reflecting microscope objective, or off-axis
parabolic or elliptic reflectors, in place of refractive optics. The resultant signal is separated from any scattered
gate photons using a collection of filters and a grating monochromator (sometimes double grating) and
detected using a photomultiplier tube. By scanning a delay line between the gate and the excitation event, the
fluorescence decay can be built up point by point as in a pump probe experiment and by scanning the phase
matching angle of the upconversion crystal, the full emission spectrum can be obtained. Unfortunately, small
changes in optical alignment result from a change in crystal angle and for this reason, the upconversion
technique is considered to be experimentally difficult and the full spectral method is somewhat tedious. The
technique has however, been used extensively and is the only emission technique with true femtosecond
resolution. Ideally, the upconversion method requires a high repetition rate, low energy source but examples
of data collected at a 1 kHz rate are known. We give references to illustrative examples from the recent
literature.”>. A new method for upconverting the entire fluorescence spectrum without realignment of the
optical elements has recently been proposed and while not yet perfected, seems very appealing.’?.

focusing
_ objective monochromator
- 3 and detector
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filter

collecting
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Figure 6. A schematic of a fluorescence upconversion experiment. Fluorescence from the sample excited
by the second harmonic of a Ti:Sapphire oscillator is collected and focused onto a frequency doubling
crystal, where a portion of the laser light is used to time-gate the fluorescence by sum frequency generation
(SFG).

In a pump-probe experiment, the loss of the excited state is often observed by following the decay of the
stimulated emission signal. Often, however, this is not possible or the resulting signal remains ambiguous as
to its origin due to competing signals from transient or ground state absorption. In these cases it is desirable
to measure the emission directly. Figure 7 shows the oscillatory fluorescence from a charge-transfer complex
hexamethylbenzene with TCNE**® and the vibrational wavepacket is similar to that observed in the excited state
of the TCNE:pyrene complex (see Figure 10 below). Deconvolution of a TCSPC decay with a known instrument
response function is incapable of such resolution.

GD Reid & K Wynne



D6.3 Applications: Case Studies: Spectroscopy: Time Resolved Spectroscopy 10

Time / fs

Figure7.  Oscillatory emission from the charge transfer complex of hexamethyl benzene and
tetracyanoethylene. Reprinted with permission from reference *** © 1997 American Chemical Society.

D6.3.9The study of fast chemical reactions

Ultrafast spectroscopy has become one of the most active areas of physical chemistry. Rather than
postulating mechanisms for chemical and biological reactions, ultrashort laser pulses can now be used to
observe and even control the outcome of reactions in real time.

In the 1980s and gos, a series of experiments were performed by a number of groups, which came to be
known as “femtochemistry” or “femtobiology.” Impulsive excitation of a molecule results in a wavepacket that
is initially localised in the Franck-Condon region of the upper surface. The wavepacket is the superposition of
characteristic frequencies corresponding to the energy differences between coherently excited vibronic states
where importantly, the spatial resolution of the wavepacket is not lost due to the uncertainty principle.”® The
wavepacket, behaves as a classical particle in that it has a well-defined position and group velocity (speed) and
will evolve on the excited state potential moving along the Franck-Condon direction,***** see Figure 8. Since
the wavepacket ‘explores’ much more of the potential surface than simply the Franck-Condon region, its time
dependent behaviour provides a wealth of information about the surface(s).
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Figure 8.  (Left) Schematic diagram of a vibronic transition excited by a pulse whose width is smaller
than the vibrational period. The pulse creates a coherent vibrational wavepacket in the excited electronic
state that will oscillate in the excited-state potential well. (Right) Time-resolved 600-nm-pump 700-nm-
probe signals in the dye molecule thionine studied with 4o-fs time-resolution. The signal is stimulated
emission from the excited electronic state and the oscillations correspond to a vibrational mode at 443 cm™
in the excited-state potential.

In the gas phase, the wavepacket will eventually lose phase coherence and dissipate, due to both the
anharmonic nature of the potential surfaces and coupling between vibrational modes. As it happens, the
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timescale for dephasing is longer than that of nuclear motion and the wavepacket remains intact for many
periods of vibration and so will survive for sufficient time to enable detailed study.’> Even though the
wavepacket eventually disperses, it has the remarkable ability to rephase ** at some later time and this property
has been exploited in isotope separation for example' since the recurrence time will depend on the mass of
individual isotopes.

In the condensed phase, dissipative interactions of either inter- or intra-molecular nature can lead to a
rapid loss of phase coherence among the nuclear eigenstates that make up the wavepacket. Sometimes the
wavepacket motion is strongly damped but on other occasions, it remains intact for many picoseconds.
Chemists are particularly interested in the chemical products formed as a result of crossing from one potential
energy surface to another. In the strongly damped case, the decay of the population is monotonic and tells us
little about the nature of the reactive nuclear dynamics. However, if the dissipative reactions are weak, then the
nuclear motion is underdamped and the wavepacket may repeatedly sample the surface-crossing region. Each
visit to the crossing region results in some product being formed and it will therefore appear in a step-wise
manner with a frequency corresponding to the period of the wavepacket motion. In most molecules of
chemical interest, several vibrations couple both to the optical transition and to the curve crossing. In such
cases, excitation of two or more modes leads to an evolving, multidimensional wavepacket and the short time
dynamics will depend on the extent to which the Franck-Condon modes project onto the modes that couple to
reaction coordinate i.e., the promoting modes.

The “hydrogen atom” of femtochemistry is the diatomic molecule Nal. Non-adiabatic transitions in this
molecule have been studied extensively in the gas phase. *° When Nal is excited by a femtosecond UV pulse
(Figure 9), a wavepacket is created on the repulsive side of the potential in the excited state, which (at large
interatomic distances) corresponds to the ion pair Na* and I. However, this repulsive potential forms an
avoided crossing with the ground-state potential, which (at large interatomic distances) corresponds to the
radical pair Na + I. If the molecule is probed in the excited-state potential well, the wavepacket is observed to
oscillate, with the signal intensity diminishing with each period. However, if the sodium radical is probed by
inducing fluorescence with the probe pulse, the population of the radical is observed to increase in a stepwise
fashion. Such an experiment shows that the chemical reaction (a dissociation in this case) is a quantum-
mechanical process in which a fraction of the bound wavepacket tunnels to the state of dissociated radicals
each time the wavepacket travels through the crossing region.

Interestingly, it is possible to use quantum mechanical interference of wavepackets to steer a reaction in a
desired direction and away from undesired pathways,** often referred to as coherent control. The idea of
using lasers to control chemical reactions is an old one.**** Progress in the field though was limited for many
years because of both the computational difficulty of solving Schrédinger’s equation with sufficient accuracy to
know how to shape the pulses to produce the desired effect, over and above the technological problem of
producing light modulated on the femtosecond timescale. However, a general approach where the required
pulse shapes are derived empirically from experimental feedback**¢ has been shown capable of learning how

to cleave selective bonds in organic molecules such as acetone * and organometallic compounds™® as well as
optimising laser induced fluorescence* and stimulated Raman emission.*
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Figureg.  (Left) Simple diagram depicting a typical coherent dissociation reaction. The pump pulse
excites a small molecule to its first excited state. If the pump pulse is shorter than the vibrational period, it
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may create a coherent wavepacket that will oscillate in the excited state potential well. In this diagram, the
molecule splits into two fragments either consisting of two radicals or two ions. A probe pulse excites the
molecule to a third state, from which it fluoresces back to the ground state. The total fluorescence is
measured as a function of pump-probe delay. (Right) Pump-probe results from Nal with A,,,, = 310 nm.
(a) Aprobe = 580 nm; (b) A0, = 589 nm (on resonance); and (c) A, = 612 nm. Reprinted with permission
from reference **° © 1988, Elsevier Science B.V.

A study, such as the one on Nal described above, becomes even more interesting if one can compare the
behaviour in the gas phase with that in solution.*® A number of molecules that had been studied in the gas
phase have now been studied in solution where again one could observe quantum beats due to vibrational
wavepackets. Examples are Hgl, ***, I, and I, and I, ** in solution or in small clusters ****°. Vibrational
quantum beats have now been observed in a large variety of molecules in the condensed phase including
proteins.® In these large complicated systems, quantum beats provide a unique opportunity to determine the
potentials relevant for chemical and biological reactions. Not least, the femtochemistry technique may be used
to detect short-lived intermediates that would be invisible when ordinary spectrally resolved techniques are
used.

In an experiment analogous to the coherent appearance of products in the Nal photo-dissociation reaction,
coherence in a solution-phase reaction has also been observed.* In one example, vibrational wave packet
motion was created in the excited charge-transfer state of the ‘Mulliken type’ electron donor-acceptor complex
between tetracyanoethylene (TCNE) and pyrene by an ultrashort ~40 fs, 810 nm pump pulse. A new charge
transfer (CT) absorption band appears when two molecules form a complex and the optical transition to the CT
state causes a charge separation. The ground state recovers by a thermal electron transfer reaction back from
this charge-separated state. The advantage in studying such reactions is that the Franck-Condon active modes
in the absorption will be the same vibrational modes that couple to the back electron transfer reaction and in
principle, these modes may be known from resonance-Raman spectroscopy. Observations of the dynamics of
the TCNE=-anion transient absorption and the disappearance of the bleach of the ground state absorption
show that the electron-transfer reaction back to the ground state of the complex occurs on a 250 fs—1.5 ps time
scale. The bleach recovery signal shows clear oscillations, Figure 10. Vibrational coherence was also monitored
by observing quantum beats in the stimulated emission from the charge transfer state back to the ground
state in the near infrared. This observation strongly suggests that the electron transfer reaction is indeed
vibrationally coherent and that the reaction rate is modulated by this coherence i.e. the ground state is
reformed in a step-wise manner.
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Figure 10.  Vibrational coherence in the excited state of the TCNE:Pyrene complex as observed through
the stimulated emission in the near infrared (left). This is responsible for the step-wise re-population of the
ground state (right), shown enhanced by the residual plot (far right) Top is in acetonitrile solution and
below in benzonitrile, where the reaction is a little slower.

In a femtosecond pump probe experiment, vibrational dynamics, as we have seen, are recovered from
wavepacket motion superimposed on the electronic signals. Another method is to follow a reaction or the
response of a solvent or crystal lattice directly, either by time resolved resonance Raman scattering®** or by
using an infrared probe pulse. #** Until effective non-linear crystals for infrared generation or upconversion
became available in the past decade, time resolved infrared experiments were uncommon. In recent years,
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however, infrared probes have been used successfully in monitoring organometallic chemical reactivity,***”

solvation and liquid dynamics,”"* biochemical applications,”**” electron transfer reactions”® and in bulk and
nanostructured semiconductors.” On longer timescales, Fourier transform techniques can be applied,

principally step scan FTIR spectroscopy,®** which can have a resolution of 10 ns in modern configurations.
187

182-

D6.3.10 Photon Echo Measurements

In principle, it might seem that there is no difference in the information that can be obtained from a
frequency-resolved or a time-resolved experiment. In a frequency-resolved spectrum, a vibronic transition may
show up as a series of sharp absorption lines. In the equivalent time-resolved experiment, one will observe
quantum beats whose periods correspond to the inverse of the spacings between the absorption lines. In
practice, however, there may be differences. For example, even in the gas phase, the spacing between the
absorption lines may be so small that they are hard to resolve. In the solution phase, the molecule under study
will couple to the degrees of freedom of the surrounding bath and most of these bath states will be coupled to
the vibronic states in the molecule resulting in the broadening of the transition. In such a case, a spectrally
resolved experiment will provide little information about the dynamics of the molecule or the dynamics of a
chemical reaction that one would like to study. Similarly, a standard pump probe experiment is unlikely to tell
us very much about the timescale of solvent fluctuations and their influence on a chemical reaction, yet
fundamental theories, for example, of solvent assisted barrier crossing™® and electron transfer reactions™®*°
require such information.

A variation on the pump-probe technique is the photon echo.* Figure 11 shows the so-called folded-box
CARS geometry, which enables the simultaneous determination of a wide range of transient non-linear
signals. The figure is in a plane (xy) after the sample perpendicular to the z direction of the almost colinear
excitation beams (1,2,3). Experimentally, the intensity, i, of one of the twelve outgoing waves i, i = 1to12, of
wavevector ki is measured. Beams 4 to 6 are those resulting from diffractions of one of the three beams from a
grating formed by the other pair (4-wave mixing); in particular, beam 4 represents the diffraction of the probe 1
from a grating formed by pump beams 2 and 3. The phase-matching conditions for these beams are k, = k, -
k, + k,, k, =k, + k,—k; and k, =—k, + k, + k,. Beam 6 would represent diffraction of either 2 or 3 from a grating
formed by the other pair but, as such, is present only when all three beams are time coincident and is a
suitable instrument function to determine the ultimate temporal response of the system. Beams 7 to 12 are
two beam self-diffraction or 3-wave mixing spots; in particular beams 7 and 8 result from the mixing
processes: k, =2 k, — k, and kg = 2 k,— k.. In the excitation of inhomogeneously broadened systems, diffraction
of beam 1 from a grating formed by beams 1 and 2 may be thought of as a photon echo and in modern
language the four-wave mixing experiment described here is termed a three pulse echo. The folded box CARS
setup also allows the detection of transient absorption, pump-probe signals with either beam 2 or 3 blocked
whilst monitoring beam 1.

The echo signal of interest may be time integrated, time gated or heterodyne detected, all of which yield
subtly different information about the response of the system. For applications and a full description of the
different methods see for example reference **°.
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Figure11. A folded-box CARS beam geometry for three-pulse photon echo experiments. A laser is
divided into three parts labeled I-3 which are focused into a sample from three corners of a square. The
sample will radiate a fourth field in the direction of the momentum matched locations, 4-6.

Vibrational frequencies are likely to be more sensitive to their local environment than electronic transitions
and, therefore, recently photon echo techniques have been extended to use infra-red pulses.”** Of
particular note are the experiments from the Hochstrasser and Tokmakoff groups, who have both used two
dimensional photon echo spectroscopy in a manner analogous to 2-D NMR. In particular, Hochstrasser has
been able to determine the structure of a small peptide in solution from its 2-D IR spectrum.**® These
techniques appear to be extremely promising for future application.

D6.3.11 Femtosecond Mass Spectrometry

Femtochemistry has long been combined with mass spectrometry to provide mechanistic detail about
chemical reactions.******* Pump and probe laser beams are crossed with a molecular beam and ionised
fragments are detected with a time-of-flight mass spectrometer as a function of pump-probe delay. Zewail’s
group at Caltech, has applied the technique to direct studies of the transition state of a chemical reaction.**
The concept of concertedness has been tested in a-cleavage and retro-Diels-Alder reactions,****** while recent
work has focussed on elimination and Norrish ‘type I’ reactions.***>* The introduction of high repetition rate
lasers allows new experiments in this area.

D6.3.12 Future Trends: X-Ray and Electron-Pulses for Ultrafast Structure

Determination

Ultrafast time-resolved pump-probe spectroscopy has been used for two decades to study chemical,
biological, and physical reactions. Spectroscopy relies on a careful and skilful analysis of transient UV-VIS or IR
spectra to find out the nature of intermediates or reaction products. Probing with ultrafast infrared pulses can
provide more direct information about the making and breaking of bonds* but no spectroscopic technique
will ever provide direct and unambiguous information about the instantaneous positions of the atoms
involved in a reaction. X-ray diffraction has been used for close to a century to determine the atomic structure
of crystals. Especially in the life sciences this has resulted in a much better understanding of the structure of
proteins and other biomolecules and hence to a better understanding of the fundamentals of biochemistry.
Because of the great absorption of electrons by materials, time-resolved electron-diffraction experiments have
so far only been performed in the gas phase and on surfaces. Clearly, it would be a great advantage if one
could apply the technique of x-ray diffraction on a femtosecond timescale. Modern synchrotron facilities such
as the European Synchrotron Radiation Facility (ESRF) in Grenoble and the Advanced Light Source (ALS) in
Berkeley now make it possible to study structural dynamics using time-resolved x-ray crystallography on a
(sub)nanosecond time scale. However, as many reactions take place on a picosecond or even femtosecond time
scale, the race is on to produce femtosecond x-ray pulses with enough intensity for rapid acquisition of
diffraction patterns. Over the last few years, huge progress has been made in the technology of producing
femtosecond x-ray pulses. These new sources have allowed the first few simple time-resolved diffraction
experiments to be performed.
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Nonlinear crystals typically used for second or third harmonic generation, are useless for generating
radiation in the deep UV, let alone the x-ray region. However, high harmonic generation in low-pressure gases
has been used successfully to generate femtosecond deep-UV and soft x-ray pulses. A new direction of
research is the application of capillary or corrugated waveguides to achieve phase-matching for high-harmonic
generation. For example, a glass capillary has been used™® to modify the phase-matching condition for
coherent soft x-ray generation. Using this set-up, femtosecond pulses at 800 nm were converted to the 17 to
32 nm wavelength range (~30" harmonic) with about 0.2 n energy per harmonic order. Extremely short (5 fs)
amplified laser pulses have been used™ to generate x rays (~4 nm) in the water window by harmonic
generation in a gas jet. The advantage of very high harmonic generation is that the x rays are generated in a
well-collimated beam. The disadvantage is that it has not been shown to be possible yet to generate hard x rays
with wavelengths smaller than a molecular bond length required for diffraction experiments.

Developments in chirped-pulse amplification have made it possible to produce laser pulses with peak
intensities exceeding 10™® W/cm>2>*3 At such high intensities, the laser can produce a relativistic plasma in
which the electric field in the laser focus is so high that electrons are accelerated to near light-speed and
interaction with the magnetic component of the electromagnetic wave becomes significant. Under these
conditions, electrons perform complicated (quiver) motions in the field and emit electromagnetic radiation at a
range of frequencies extending into the hard x-ray region.”** In addition, recombination of electrons with
high charge-state ions may occur resulting in the production of narrow bandwidth K, radiation.”® Under
certain circumstances, these plasmas can also produce very high energy (MeV) electron beams that may be
used to study nuclear reactions or to produce hard x-rays through bremstrahlung.” It has also been shown
that reverse Thompson scattering of terawatt laser pulses off a high-energy (50 MeV) electron beam can be
used to produce hard x-rays (0.4 A) but with relatively low efficiency.?”

Ultrafast electron pulses are also useful as a probe for determining the time-dependent structure through
diffraction. Electron pulses can be generated using the photoelectric effect followed by electrostatic
acceleration into a narrow beam. In recent experiments,™ this technique has been brought into the sub-
picosecond domain. The main problem in maintaining the time-resolution is the space-charge effect: Non-
relativistic electrons repel each other through Coulomb repulsion. It is therefore of the greatest importance to
accelerate the electrons as quickly as possible and to keep the number of electrons per pulse as low as possible.
Thus, it was seen experimentally™® that for a 100-um laser spot size on the photocathode, the electron pulse
would broaden to about 15 ps when there were as few as 1000 electrons in the pulse. By reducing the number
of electrons per pulse and increasing the laser repetition rate, it may be possible to achieve femtosecond
resolution in ultrafast electron diffraction experiments.

A series of (sub)picosecond time-resolved electron-diffraction experiments have recently been performed
on gas-phase samples in a molecular beam.”® Two-dimensional electron-diffraction patterns were recorded as
a function of pump-probe delay with sub-picosecond time resolution. In these experiments, dissociation
reactions in, for example, CF,l,, Fe(CO),, and small cyclic hydrocarbons were studied. The method allowed the
observation of rare reaction intermediates and, most importantly, the determination of their spatial structure.

Generating femtosecond hard x-ray pulses is much more difficult than generating electron pulses, which
may explain the small number of unique time-resolved diffraction experiments.®#*5 All ultrafast x-ray
diffraction experiments to date®®*4+»5?°?% have studied the lattice expansion of semiconductors, metals or
organic films under intense laser irradiation. In such an experiment, one typically selects one diffraction peak
and measures the intensity of diffracted x rays as a function of the pump-probe delay or the shift or
broadening of the diffraction peak. A shift of the diffraction peak is caused by lattice expansion (or, in the
presence of shock waves, compression) and a decrease of intensity indicates a loss of crystalline order.”
Ultrafast x-ray diffraction comes with unique complications. For example, to maintain a high time resolution,
the pump beam and x-ray probe beam have to be nearly collinear, restricting the experimental geometry. Also,
taking a single diffraction pattern (at one pump-probe delay time or at one orientation of the crystal under
study) may take several laser shots. It has been estimated® that taking a diffraction pattern of a protein might
take as much as seven hours. This makes it very difficult to apply the standard Bragg method in which
diffraction patterns are taken for several crystal orientations. Therefore, it will take significant further
development of the technology before femtosecond x-ray diffraction will become more commonplace.
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