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Abstract

During the past decade the understanding of photo-induced ultrafast dynamics in molecular
systems has improved at an unforeseen speed and a wealth of detailed insight into the
fundamental processes has been obtained.

This review summarizes our present knowledge on ultrafast dynamics in isolated
molecules and molecular clusters evolving after excitation with femtosecond pulses as studied
by pump–probe analysis in real time. Experimental tools and methods as well as theoretical
models are described which have been developed to glean information on primary, ultrafast
processes in photophysics, photochemistry and photobiology. The relevant processes are
explained by way of example—from wave packet dynamics in systems with a few atoms all
the way to internal conversion via conical intersections in bio-chromophores. A systematic
overview on characteristic systems follows, starting with diatomic and including larger organic
molecules as well as various types of molecular clusters, such as micro-solvated chromophore
molecules. For conciseness the focus is on molecular systems which remain unperturbed by
the laser pulses—apart from the excitation and detection processes as such. Thus, only some
aspects of controlling and manipulating molecular reactions by shaped and/or very intense laser
pulses are discussed briefly for particularly instructive examples, illustrating the perspectives
of this prospering field.

The material presented in this review comprises some prototypical examples from earlier
pioneering work but emphasizes studies from recent years and covers the most important and
latest developments until January 2006.

(Some figures in this article are in colour only in the electronic version)

1 Also at Freie Unversität Berlin, Fachbereich Physik.

0034-4885/06/061897+107$90.00 © 2006 IOP Publishing Ltd Printed in the UK 1897

http://dx.doi.org/10.1088/0034-4885/69/6/R06
mailto: hertel@mbi-berlin.de
mailto: radloff@mbi-berlin.de
http://stacks.iop.org/RoPP/69/1897


1898 I V Hertel and W Radloff

Contents

Page
1. Introduction 1899
2. Experimental methods and data analysis 1902

2.1. Preparation of isolated molecules and clusters as targets 1902
2.2. Ultrashort light pulses 1910
2.3. Detection methods for ultrafast processes 1915
2.4. Process modelling and data analysis 1926

3. Fast and ultrafast photo-induced processes 1933
3.1. General remarks 1933
3.2. Wave packet dynamics 1936
3.3. Relaxation processes 1940
3.4. Photodissociation 1945
3.5. Photochemical reactions 1949

4. Molecular systems 1954
4.1. Diatomic molecules 1954
4.2. Triatomic molecules and clusters 1958
4.3. Small organic molecules 1960
4.4. Large molecules 1961
4.5. Van der Waals clusters 1965
4.6. Ammonia clusters 1968
4.7. Water- and other hydrogen-bonded-clusters 1973
4.8. Solvated metal atoms 1975
4.9. Molecules and clusters of biological relevance 1978

5. Recent developments and future perspectives 1984
5.1. Electron diffraction 1984
5.2. Few-cycle pulses and atto-second science and chemistry 1986
5.3. Femtosecond multidimensional imaging 1988
5.4. Femtochemistry, optimal control and strong laser fields 1989
5.5. Conclusion 1991
Acknowledgments 1992
References 1992



Ultrafast molecules and clusters 1899

1. Introduction

To understand the nature of inter- and intra-molecular dynamics in detail, to visualize the
making and breaking of molecular bonds and to follow in real time the flow of energy and charge
within molecular systems, to ‘see’ the geometrical rearrangements and chemical reactions after
energy deposition, has long been a dream of physical chemists and chemical physicists. One
may even characterize the whole evolution of reaction kinetics, molecular dynamics, collision
physics and photochemistry over the past 50 years as a quest for direct access to molecular
motion and to the interplay between structure, dynamics and function. But only with the
advent of ultrafast laser pulses have these dreams become true. Ahmet Zewail and his group
were first to realize the chances of ultrashort physics and developed what is now known as
‘femtochemistry’. Honoured in 1999 with the Nobel Prize Zewail (2000a, 2000b, 2000c)
this seminal work has inspired a host of research since the late 1980s proving a wealth of
knowledge and deep insight into a multitude of fundamental questions in molecular physics,
reaction dynamics and photochemistry—impossible to cover in a single review on the subject.

Thus, in the present review we will concentrate exclusively on studies of photo-induced,
ultrafast dynamics in isolated molecules and molecular clusters (i.e. in the gas phase or more
precisely in vacuo). Such studies allow in a most direct manner to observe molecular motion,
rearrangement and energy flow induced within a well-defined molecular system in real time—
unperturbed by any interaction with an often difficult to describe environment with which one
has to bear with in the liquid or solid phase. Moreover, molecular cluster studies provide in
principle a toolbox to built up such environments, adding single perturber or solvent molecules
step by step so that the influence of a localized environment and the size dependence of solvation
effects can be studied in an inductive, systematic manner. Typically, such experiments involve
the absorption of one (or several) ‘pump’ photons from a femtosecond (fs) laser pulse which
deposits a well-defined amount of energy into the system and one (or several) ‘probe’ photons
from a second fs pulse, delayed by a well-defined and variable time with respect to the pump
photon. The probe photon thus ‘detects’ the dynamics induced in the system by the pump pulse.
Various schemes have been devised to make this detection process efficient and informative,
some of which will be described in section 2. At this point it may suffice to indicate that
although conceptually simple the task of performing and understanding such experiments is
nevertheless extremely challenging as soon as complex molecular systems beyond simple
diatoms are studied. The variety of processes which may occur are illustrated in figure 1 by
an ‘artists view’ for the example of a solvated bio-chromophore. Tremendous progress has
been made during the past 10 years towards identifying, understanding and analysing in real
time these different dynamical channels which an excited molecular system may follow and a
variety of molecular systems have been investigated, some to great depths.

Hence, various review papers published in the last years have summarized different
aspects of the state of the art in ultrafast dynamics of free molecules and clusters, most
of them being devoted either to special methods of pico- and femtosecond time-resolved
experiments or to particular molecular systems. For the early work before 1988 we
refer the reader to Felker and Zewail (1988) and to several reviews during the early 1990s
(Khundkar and Zewail 1990, Mukamel 1990, Averbukh and Perelman 1991, Felker 1992,
Pollard and Mathies 1992, Topp 1993, Garraway and Suominen 1995, Syage 1995); a ‘histori-
ography of a very fast gas reaction’ over 12 decades has recently been given by Bauer (2002)
and the reviews of Zewail communicate general trends in the field and the broader vision of
femtochemistry (Polanyi and Zewail 1995, Zewail 2000a, 2000b, 2000c, Ruan et al 2001, Pal
and Zewail 2004). Novel methods successfully developed and applied in ultrafast experiments
in recent years which have intensely been reviewed include femtosecond time-resolved
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Figure 1. Schematic of three potential energy surfaces illustrating the complexity of photo-
induced processes in polyatomic molecular systems. The example shown is an ‘artist’s view’
of the processes’ characteristic for solvated bio-chromophores (e.g. indole-NH3). The equilibrium
ground-state 1 s0 defines the initial wave packet prepared by excitation with the femtosecond
pump-pulse hνpu to the excited state surface 1ππ∗. While radiative decay occurs typically on
a ns time scale, the excited state can evolve through much faster radiation-less channels such as
reactive chemical processes, internal conversion, IC, intersystem crossing, ICS (not shown here)
and/or intramolecular vibrational energy redistribution, IVR. In the present example, two conical
intersections are involved: one between the initially excited 1ππ∗ and the ‘dark’ 1πσ ∗ state and
the other between the latter and the ground state 1 s0.

photoelectron spectroscopy (Radloff 2000, Neumark 2001, Stolow 2003a, 2003b,
Stolow et al 2004), coherent control Dantus 2001, Shapiro and Brumer 2003,Dantus and
Lozovoy 2004, Wollenhaupt et al 2005, analysis and control of ultrafast processes in
atomic clusters (Bonacic-Koutecky et al 2006) and time-resolved charged particle imaging
(Suzuki and Whitaker 2001, Ashfold et al 2006). Time-resolved x-ray absorption (on the time
scale from milli- to femtoseconds) has been reviewed by Bressler and Chergui (2004) and Chen
(2005), while the perspectives of ultrafast electron diffraction have recently been illuminated by
Shorokhov et al (2005) and Srinivasan et al (2005). Very recently a review on femtosecond x-
ray science also appeared (Pfeifer et al 2006). Two more general overviews on ultrafast cluster
dynamics have recently been given by Castleman (Zhong and Castleman 2000, Dermota et al
2004) and Smith et al (1999), also touching the timely subject of clusters exposed to very
intense laser pulses. Keutsch et al (2003) have discussed the water trimer, David et al (2002)
the proton transfer in phenol (and 1-naphthol)-ammonia clusters and the chemical perspectives
of femtosecond lasers have been very recently reviewed by Carley et al (2005). Small
molecules in intense laser fields were comprehensively treated by Posthumus (2004) while for
C60 as a special prototype of a large molecule with an extended π−electron system Hertel et al
(2005) have summarized strong laser-field-induced ionization and fragmentation processes.
Some of the relevant general theoretical aspects have been discussed, for example, by
Domcke and Stock (1997), Henriksen and Engel (2001), and Worth and Cederbaum (2004),
while the theory for time-resolved photoelectron angular distributions has been reviewed by
Seideman (2002). We finally mention some works on ultrafast dynamics in the condensed
phase where often similar molecular systems are investigated: Tamai and Miyasaka (2000)
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give an overview on the dynamics of photochrome systems, CrespO–Hernandez et al (2004)
discuss the recent progress on excited state dynamics in nucleic acids, Nibbering and Elsaesser
(2004) review the work on vibrational dynamics of hydrogen bonds, while the state
of the art in ultrafast dynamics at surfaces is summarized by Zhu (2002) and
Szymanski et al (2005).

With the present review we neither want to add just another topical paper nor do we
aim at a comprehensive survey of the literature on ultrafast processes in isolated molecules
and clusters. Rather, we intend to give a systematic survey on typical processes observed in
small and large molecules and clusters and illustrate them by suitable examples selected from
over 1000 relevant papers published since 1987, focusing on work from recent years with some
emphasis on such systems that have been at the heart of our own efforts. In some cases we have
found it useful to refer to early prototypical achievements, in others we describe more recent
case studies based on methods developed by earlier pioneering investigations—depending on
which examples illustrate the key features best.

As for coherent phenomena they are illustrated best for small molecules with only a
few degrees of freedom where wave packet dynamics can be followed for a significant time,
while for larger molecules de-coherence rapidly prevails due to the high density of states, and
dynamical processes appear to be dominated by what may be viewed as a more or less statistical
motion downhill on the energy landscape. This becomes even more pronounced in molecular
clusters—mostly of the van der Waals or hydrogen-bonded type—which exhibit many final
channels that cannot be fully analysed. We concentrate on narrow cluster size distributions so
that (a) one may follow the transition from isolated molecules (monomer) to larger systems of
identical molecules or to micro-solvates, (b) theoretical support can still be expected and (c)
congestions of the observed cluster ion signals (mass spectra) due to fragments from larger
clusters can be minimized—a general, rather serious, problem after optical excitation and
ionization of weakly bound clusters.

The scope of the present review emphasizes the analysis of ultrafast dynamics in excited
molecules and clusters, rather than of control or modification. Hence, here we concentrate
on studies with sufficiently low pump and probe laser pulse intensity so that only a well-
defined number of photons (preferably one) is absorbed in the excitation and in the detection
step—the latter being typically an ionization or electron detachment process, sometimes the
excitation of a fluorescing state. Thus, here we refrain from entering into the growing body
of fascinating work with high laser pulse intensities which aims at a direct modification of
the molecular potentials by the laser field. A very brief outlook on this rapidly evolving field
will be given in section 5. For reasons of conciseness we will also only briefly touch the ever
expanding subject of coherent or (probably more correctly in most cases) optimal control of
molecular reactions by suitably shaped laser pulses. And we emphasize explicitly that the
whole field of ultrafast dynamics in purely atomic or metal clusters is not treated in the present
review on molecules and their clusters. Finally, another important aspect of time-resolved
studies, its spectroscopic applications, is also not discussed in detail and the interested reader is
referred to specialized literature. Quite generally, the wavelengths used when studying ultrafast
processes in molecules and clusters range from the mid-infrared (IR) to the vacuum ultraviolet
spectral range (VUV). But suitable compromises have to be made between the time resolution
and spectral bandwidth in the experiments. On the other hand, a large body especially of
early work explicitly exploits the complementarity of time and bandwidth, such as rotational
coherence spectroscopy (RCS), which has, for example, been reviewed by Felker (1992).
This time-domain approach to high-resolution rotational spectroscopy is again becoming
increasingly important as a means of obtaining structural information on large species in the
gas phase.
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In contrast to most reviews previously published, aiming at the reader who is more or less
familiar with the field at large and who wants to be informed about the latest developments
in a specific subfield, we also want to address the non-expert, the more generally interested
reader, the newcomer and the graduate student who finds it useful to be introduced to the
experimental basis as well as to the limitations of techniques and methods used in the field.
Studying, analysing and understanding ultrafast processes in isolated molecules and molecular
clusters requires a broad variety of different experimental techniques and theoretical methods
with which the general reader is not a priori familiar. The success of femtosecond pump–probe
experiments with molecules and specifically with molecular clusters depends strongly on the
choice and use of suitable methods and correspondingly chosen laser systems and parameters.
Thus, we have decided to include in this review a section on the relevant experimental tools,
methods and modelling procedures.

The paper is organized as follows: in section 2 we describe the most commonly used
experimental setups including the latest developments in multi-dimensional time-resolved
spectroscopy. Then the parameters available in present femtosecond laser systems are summa-
rized and some characteristic setups are described. This is followed by an update on appropriate
methods for analysing the experimental data. In section 3 we present a systematic overview
of the essential physical and chemical processes in molecules and clusters after femtosecond
excitation, starting with some basics on wave packet dynamics. For each characteristic photo-
induced process, one or two typical examples are given which demonstrate the potential of
the methods employed and the type of insight one can obtain. Section 4 is ordered according
to the systems studied, illustrating how the various methods have been applied for the eluci-
dation of photo-induced processes in small and large molecules, in molecular van der Waals
and hydrogen-bonded clusters, solvated metal atom complexes and molecules of biological
relevance. We compare the behaviour of prototype systems with low and high density of states
after optical excitation, respectively. Finally, in section 5 we report on some of the most recent
developments, comment on future perspectives and give a short conclusion. Over all, we
have tried to present a broad overview of the methods, the relevant processes and the systems
studied in the field, accounting for the most important developments in the literature up to
January 2006—although we want to emphasize again that the review has no ambition to be
comprehensive, which would be an impossible task in this vast field of research.

2. Experimental methods and data analysis

Femto- and picosecond studies of photo-induced dynamics in isolated molecules and clusters
ideally aim at a full ab initio understanding of the processes involved—on the level of individual
molecules not interacting with any environment. In contrast, ultrafast dynamics of molecules
in liquids or in solid matrices is coupled to the surrounding ‘heat bath’ which typically leads
to a number of complications, usually requiring some kind of phenomenological treatment of
this solvent–solute interaction. The price one has to pay for the desired simplification when
studying isolated species is normally a very low number density of the species studied on the
one hand and a broad variety of relatively involved experimental techniques and methods which
have to be employed in a concerted effort to glean the required information on the other hand.
We give here a brief summary of typical experimental tools, setups and evaluation procedures.

2.1. Preparation of isolated molecules and clusters as targets

Isolated molecules and clusters can only be studied in the gas phase—or to be more precise in
vacuo. Hence, each experiment begins with the preparation of the target.
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2.1.1. Gas cells. While the bulk of experiments is done in molecular beams, a number of
experiments employing gas cells have also been reported, dating back to the pioneering work
of Rosker et al (1988a,1988b). For some recent examples see, e.g. Windhorn et al (2002)
and Steinkellner et al (2004). Gas cells have—in comparison with molecular beams—the
clear advantage of higher target densities so that low efficiency detection schemes, e.g. by
fluorescence, may be employed. At the same time the pressure can be kept low enough so
that collisions are negligible: for instance, at 0.7 mbar a typical gas kinetic collision time
(for O2 at room temperature) is about 10−6 s, i.e. much longer than any fluorescence lifetime.
Disadvantages of gas cells are, on the other hand, the relatively high temperatures (typically
room temperature) of the molecules and consequently a broad distribution of states initial
populated which in turn leads to complex excitation spectra. High temperature and moderate
pressures are also prohibitive for cluster formation. Finally, electron or ion detection schemes
cannot be employed.

2.1.2. Molecular beams. Thus, in general molecular beams are the method of choice for
preparing isolated, essentially cold molecules and clusters to study their ultrafast dynamics
after short pulse laser excitation. All molecular beam studies go back to the seminal work
of Stern (1920) who was honoured with the Nobel Prize for physics in 1943 and this was
celebrated on the occasion of the centennial year of his birth in a special issue of Z. Phys. D
edited by Herschbach (1988). Molecular beams were developed by whole schools of physicists
and chemists, e.g. by Fenn (Anderson and Fenn 1965, Scoles 1988) and Toennies (2004) and
their collaborators—to mention just a few outstanding contributors. Pioneering work from the
1960s through the 1980s concentrated on a detailed understanding of atomic and molecular
interactions, on fundamental chemical reactions at the molecular level (Herschbach 1966), on
(multi)photon dissociation (Farrar and Lee 1974), on high resolution molecular spectroscopy
(Smalley et al 1977, Levy 1980), on the study of atomic and molecular clusters (Haberland
1994) and on many other important aspects of isolated particles. This extremely productive
period research culminated in the Nobel prize for chemistry awarded in 1986 to (Herschbach
1987, Lee 1992) and Polanyi (1987), and it is fair to say that femtochemistry may be seen
as a continuation of that work by adding the powerful tools of ultrafast spectroscopy to these
established techniques.

The main advantage of supersonic beams is the possibility of strongly cooling the
molecules by supersonic, adiabatic expansion and the possibility of using very sensitive particle
counting methods for detection—thus compensating the disadvantage of low number densities
which are typically on the order of 1011 cm−3 (give or take two orders of magnitude) in
comparison with gas cell experiments done typically at 3×1016 cm−3 (=̂1 mbar) to 1018 cm−3.
Figure 2 schematically illustrates the essential ingredients of a setup and the characteristics
of the adiabatic expansion. A key element in any supersonic jet is the high pressure gas
inlet and a narrow nozzle or a thin orifice first introduced by Kantrowitz and Grey (1951) and
Kistiakowsky and Slichter (1951). The molecular gas expands adiabatically into the source
chamber in the z direction and thereby cools according to gas kinetic laws to a temperature T (z).
The reduction in the enthalpy of the gas is compensated by (directional) the kinetic energy of
the molecules and the local flux velocity u evolves as u(z) = [2kB(T0−T (z))γ /((γ −1)m)]1/2,
where m is the mass of the molecule, T0 is the initial gas temperature, γ = cp/cv , the ratio
of specific heats cp and cv of the gas. The Mach number is defined as the ratio of local beam
flux velocity u to the velocity of sound in the cooled gas M(z) = u(z) · [m/(γ kBT (z))]1/2.

This in turn allows us to write the local temperature as T (z) = T0[1 + (γ − 1)M(z)2/2].
We should note, however, that M (and hence T (z)) depends in a complex way on the beam
geometry and parameters, i.e. on z, on the nozzle diameter, on the initial (stagnation) pressure
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Figure 2. Top: schematic of a supersonic molecular beam setup. Left: velocity distribution in an
effusive He beam at 300 K and corresponding supersonic jet beams with Mach numbers 10 and
30, corresponding to translational temperatures of 9 K and 1 K, respectively. Right: cooling of the
rotational degrees of freedom in a molecular jet, showing a portion of the fluorescence excitation
spectrum of NO2 for a room temperature cell sample of pure NO2 at 0.04 mbar (upper trace), a
supersonic beam of pure NO2 (middle) and a supersonic beam of 5% NO2 in Ar (bottom). Adapted
from Smalley et al (1977).

p0, and on the molecular properties. In a typical femtosecond experiment, the jet beam is
usually collimated by a skimmer beyond which temperature and velocity remain constant.
In fluorescence experiments it may, however, be advantageous to have the interaction zone
in the region designated as ‘source chamber’ in figure 2(top). Figure 2(left) schematically
compares the velocity distribution for a beam of jet cooled He atoms ∝ v3 exp(−m(v − u)2)

with an effusive (Maxwell–Boltzmann type) molecular beam. In the specific examples shown
the initial temperature is taken to be T0 = 300 K (leading to a maximum possible velocity
u∞ = 1.765 km s−1, the so-called isentropic limit). Mach numbers of M = 10 or 30 are
assumed here. Translational temperatures of less than 1K can be achieved without problems
in molecular jets. At the same time also the rotational and vibrational degrees of freedom are
cooled. This is illustrated in figure 2(right). It should be noted that full equilibrium conditions
are usually not achieved in supersonic jets and one finds ttrans < trot < tvib, typical values at
moderate expansion conditions (1–10 bar stagnation pressure) being 1 K, 5 K and 100 K for
translational, rotational and vibrational temperatures, respectively.

One big step in the development of molecular beam techniques was the introduction of
pulsed valves by Gentry and Giese (1977) and (1978). They allow us to reduce the pumping
speed for intense gas beams dramatically and render themselves particulary well for operation
with femtosecond lasers that have repetition rates of presently up to typically 1 kHz. The
duration of the gas pulse may be as short as a few 100 µs and synchronization of laser pulses
and molecular beam presents no problem. In addition, such conditions are ideal for time-of-
flight (TOF) mass or electron detection.
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Figure 3. Typical jet-cooled molecular beam apparatus used in femtosecond pump–probe
experiments (Lippert 2005).

When studying molecules one usually premixes them with noble gases for efficient cooling.
The concentration of the molecular gas ranges typically from 0.1% to 10% at a total (stagnation)
pressure of a few bars to some tens of bar. A realistic experimental setup for a molecular beam
experiment used in femtosecond experiments with ion detection is shown in figure 3, also
indicating the different vacuum chambers and necessary pumping speeds, the gas inlet, pulsed
nozzle, and skimmer positions as well as the ion optics to scale. Note that the ions are somewhat
deflected on their way to the detector with respect to the primary molecular beam in order to
reduce the probability of unwanted collision processes of ions with neutral molecules which
might lead to dissociation.

The relatively high pressure in the expansion zone just behind the nozzle and the ensuing
very low-translational temperatures may also lead to the generation of atomic and molecular
clusters, starting with long living collision complexes formed in binary collisions which
are then rapidly stabilized by further collisions. Small complexes may then aggregate
to larger specimens in the same manner and so on. This condensation process can be
reinforced in addition by evaporative cooling of larger aggregates further downstream, small
units carrying away surplus internal energy. Such rapid cooling of the gas in the jet
expansion is a key ingredient for cluster formation. Pre-cooling the gas enhances cluster
formation. A major achievement in cluster science was the introduction of conical or Laval
shaped nozzles by Becker et al (1956) which substantially enhance the aggregation process.
Based on a (semi)quantitative understanding of the cluster formation process developed by
Hagena and Obert (1972) (also see Gspann (1982)) today one typically uses conical, sometimes
cooled, nozzles of the type displayed in figure 4. The field has ever since developed with
amazing speed and creativity. For details the interested reader is referred to the standard
textbook edited by Haberland (1994).

Using pulsed nozzles one obtains additional freedom to prepare more or less broad cluster
distributions by choosing the time of ionization within a gas pulse: the pressure in the expansion
zone rises and decreases as the nozzle opens and closes again. As the probability for cluster
formation follows the gas pressure we find the largest cluster in the middle of the pulse, while
at the beginning and end the clustering is significantly less. This is illustrated in figures 5(c)
and (d) where for indole-ammonia clusters the delay between ionizing laser pulse and gas
pulse is changed, leading to broad or narrow cluster size distribution. For pure ammonia
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sonic nozzle laval nozzle conical nozzle

Figure 4. Typical nozzles for supersonic expansion according to Hagena and Obert (1972). Cooled,
conical or Laval nozzles are particularly favourable for cluster formation. Typically, nozzle
diameters d are 0.05–0.3 mm, lengths L of conical or Laval nozzles 20–30 mm and opening angles
θ are 5◦–10◦ degreees. .
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Figure 5. Typical TOF mass spectra (MS) for (a) and (c) narrow, n � 1 to 2, and (b) and (d) broad
cluster distributions, n � 6–7, studied in a femtosecond pump–probe experiments. Left (a) and
(b): pure ammonia clusters with pump (200 nm) and probe wavelength (267 nm); the delay time
was optimized for maximum cluster signal. The cluster size distribution is adjusted by changing
the content of NH3 in the He carrier gas. Adapted from Farmanara (2001). Right (c) and (d):
mixed indole-(NH3)n clusters; the delay time between pump (263 nm) and probe (395 nm) laser
pulse was 300 ps. The peaks marked x belong to mixed Ar-indole-NH3 clusters. The cluster size
distribution for indole-(NH3)n is adjusted by the timing between gas and laser pulse as indicated
in the insets. Adapted from Farmanara (2001) and Lippert (2005).

clusters figures 5(a) and (b) the size distribution has been controlled by changing the content
of ammonia in the carrier gas He (0.8% and 8%, respectively).

2.1.3. Thermal evaporation and pick-up sources. Most of the more interesting molecules
one wants to study with fs pump–probe techniques in a molecular beam experiment are not
available in a pressurized bottle. For liquid substances such as benzene with a convenient
vapour pressure (about 100 mbar at room temperature) one typically ‘bubbles’ a carrier gas
through the liquid which brings the molecule of interest through a cw or pulsed nozzle into
the vacuum. Usually, pulsed nozzles are preferred, requiring only moderate vacuum pumping
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(bottom), documenting that the setup allows for relatively large Na(H2O)n clusters with n < 100
(unpublished data, similar to Bobbert and Schulz (2001)).

capacity and minimizing the throughput of potentially expensive compounds. For materials
with lower vapour pressure, heating may help as long as decomposition is not a problem. For
solid samples or doping of clusters with metal atoms so-called ‘pick-up’ sources have been
developed (see, e.g. Schulz et al (1986)). They allow us, for example, to generate solvated
alkali atoms, such as Na(H2O)n and Na(NH3)n Hertel et al (1991). A pulsed beam of ammonia
clusters intersects an atomic sodium beam in the expansion zone. The scheme, illustrated in
figure 6, also works very efficiently in cw operation (Bobbert and Schulz 2001, Schulz et al
2003) allowing the preparation of relatively large clusters.

An alternative way for generating clusters from metal atoms or sublimable dopants are
aggregation sources, first introduced by Sattler et al (1980) and developed into a fine art
by Martin and his group (see, e.g. Martin (1984), Pedersen et al (1991), Zimmermann et al
(1994)), where the atoms or molecules are evaporated inside a stream of cold gas. Large
and/or cold clusters may be prepared by this technique. Its use in ultrafast spectroscopy
has recently been demonstrated in studies with (liquid nitrogen) cooled C60 molecules
(Boyle et al 2004).

2.1.4. Laser evaporation. Laser evaporation is a very powerful method to entrench substances
of low or vanishing vapour pressure into a molecular beam and to form clusters of or containing
such species. It was first introduced by Smalley and coworkers (Dietz et al 1981) and has since
then been used as an indispensable tool in numerous applications, in particular for metal cluster
research. Figure 7 shows two recent implementations. The setup shown on the left was used
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Figure 7. Two recent realizations of laser desorption sources as first introduced by Dietz et al
(1981). The setup shown on the left has been employed to generate Ba–CH3F clusters for time-
resolved studies of harpooning reactions (according to Farmanara et al (1999)). The ablation zone
is positioned before a conical nozzle forming the supersonic beam. The scheme on the right is used
in laser spectroscopy of biologically relevant molecules with low vapour pressure. The specimens
are entrenched in a graphite bar placed behind the pulsed nozzle and are desorbed by a pulsed
Nd : YAG laser (according to Nir et al (2002)).

in our group for the preparation of van der Waals clusters such as Ba–FCH3 (Farmanara et al
1999). Studies of ultrafast dynamics in a ‘harpooning’ reaction using such clusters will be
discussed in section 3.5.2.

The scheme in the right panel of figure 7 was first introduced by Meijer et al (1990). It is
now routinely employed in molecular beam spectroscopy of biologically relevant systems, a
subject which has developed into a flourishing field of research during the past decade (see, e.g.
Nir et al (2002)) and which is the basis for corresponding time-resolved dynamical studies
to be reviewed in section 4.9. The setup may be seen as a combination of a pulsed laser
evaporation source and MALDI techniques and allows us to study complex, fragile molecules
with extremely low vapour pressure, e.g. nucleic acids such as guanine which does not even
sublime significantly at 450 ◦C (Glavin et al 2002) but is subject to rapid decomposition at
such temperatures. The material is entrenched in a graphite bar (or disc) placed in front of
a pulsed nozzle (∼1 mm in diameter, backing pressure ∼5 atmospheres argon drive gas) and
the laser beam is focused to about 0.5 mm diameter. Very low fluences �1 mJ cm−2 of the
Nd : YAG desorption laser are used. The gentleness of the scheme relies on the fact that graphite
absorbs at the laser wavelengths of 1064 nm but guanine and other bases do not.

2.1.5. Cations and anions of molecules and clusters. An efficient source for studying
radicals and cluster ions was developed by the Lineberger group in the 1980s (e.g. Johnson
et al (1984a, 1984b), Alexander et al (1985)). It is now a standard for a variety of charge
and mass selective cluster studies and forms the basis for most femtosecond studies of
molecular ions and clusters. Its most recent implementation for studying the ultrafast dynamics
of photodissociation and caging of cluster anions is the tandem mass spectrometer shown
schematically in figure 8. A pulsed molecular beam is crossed by a 1 keV electron beam
right in front of the nozzle. The ions generated there are cooled with the molecular beam
in the expansion zone and large clusters may be formed. They are then pulse extracted by
a Wiley and McLaren (1955) time-of-flight (TOF) mass spectrometer setup which is set to
focus individual masses onto the interaction region where the ions are crossed with one or
more femto- (or nano-) second laser pulses. A pulsed electric field mass gate transmits only
the particular cluster size or molecular mass which one wants to study. After the interaction
zone clusters and fragments enter a second reflecting mass spectrometer (so-called reflectron)
which is used to analyse fragmentation and reaction processes which have been induced by
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Figure 8. Schematic diagram of the cluster ion source and tandem time-of-flight mass
spectrometers used by Sanford et al (2005), (figure 1) for studying femtosecond time-resolved
cluster photodissociation and caging.

the laser pulse(s). Unfragmented parent ions or fast neutral products can be detected behind
the reflectron system.

The Neumark group employed a similar setup for their pioneering time-resolved
photoelectron spectra of anions (e.g. Greenblatt et al (1996) Greenblatt et al (1997a)). There,
the ion detection in figure 8 is simply replaced by a magnetic bottle type of photoelectron
spectrometer—and most recently by angle-resolved photoelectron detection (see figure 18).

2.1.6. Electrospray and other techniques for mass spectrometry of macromolecules. This
introduction into the preparation of isolated molecules for ultrafast dynamical studies would not
be complete without mentioning the well-known electrospray ionization as a source for large
molecular ions usable in mass spectrometry (ESI-MS), in particular for species of biological
interest such as parts of DNA strands or peptides or even whole sections of proteins. The
conceptually simple device first introduced into molecular beam techniques by Fenn et al
(1989) and (1990) has proved to have tremendous potential for the ‘identification and structure
analyses of biological macromolecules’ such that the Nobel prize 2002 was awarded to
John Fenn for these achievements. By generating volatile micro-droplets out of the liquid,
containing the molecules of interest, and ionizing them in a high electric field it is possible
to virtually bring any biological macromolecule into the gas phase—to make elephants fly as
Fenn (2003) puts it in his Nobel lecture. A wealth of information has already emerged from
using this technique in mass spectrometry, reaction dynamics and—just starting now—in laser
spectroscopy. Although up to now less than a handful of first reports on studies of femtosecond
dynamics using the ESI-source have emerged (Kang et al 2005a, 2005b, 2005c, Chen et al
2005b) there is no doubt that such investigations will become important and any serious effort
towards studying ultrafast, photo-induced dynamics of isolated biological macromolecules
will have to employ such techniques.

There is one other potential technique which may eventually play a role in this context.
Brutschy and collaborators have developed a desorption method which they call laser induced
liquid beam ionization/desorption mass spectrometry (LILBID-MS) (see Wattenberg et al
(2000) and references cited therein). With this method it is possible to desorb solvated ions
directly from a liquid. The latter is injected as a microscopic liquid beam into the high vacuum
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of a mass spectrometer. Using an infrared desorption laser ensures a soft desorption, for
example, of proteins and of their complexes. No femtosecond studies with this method have
been reported to date.

2.2. Ultrashort light pulses

The generation and manipulation of ultrashort light pulses is at the heart of studying ultrafast
dynamics in molecules and clusters. The workhorse for generating femtosecond light pulses
is still the titanium sapphire laser (Ti : S) which operates in a wavelength ranging from 700 to
1000 nm (best at 800 nm). For present gas phase experiments standard commercial systems
form the basis of short pulse generation, now available with pulse durations down to 30 fs
and pulse energies up to some mJ at repetition rates of typically 1 kHz. For good statistics
the repetition rate should be as high as possible—subject to sufficient single pulse energy. As
we shall discuss in section 2.4 a figure of merit is P̄ 2/R, with P̄ being the average output
power and R the repetition rate of the laser system. High repetition rates and correspondingly
lower energy per individual pulse are clearly preferable if saturation might be reached in the
excitation step by the pump pulse. The same holds for coincidence studies where the number
of events per laser shot has to be kept significantly below 1 (see section 2.3.5). The limit for
useful pulse repetition is the inverse flight time of ions in the TOF-MS, which amounts to some
10 kHz for standard setups. One additional practical limitation arises when pulsed molecular
beams are used since their repetition rate is also limited—typically to a maximum of 1 kHz.
Another limitation comes from the need for sufficient intensity in the individual laser pulse to
give flexibility for frequency conversion. Thus, for almost all gas phase experiments amplified
laser pulses are used so that a minimum of several µJ is available after frequency conversion
for the pump pulse while for the probe pulse a somewhat higher pulse energy is desirable. The
current trend towards high average power lasers will in the near future lead to the 10 kHz limit
with sufficient pulse energy.

Frequency conversion is achieved with a broad variety of nonlinear optical methods,
from relatively simple harmonic generation (typically the 2nd up to the 4th harmonics is
generated in nonlinear optical crystals) to quite sophisticated wave mixing schemes. The
spectral range readily available for pump–probe studies now ranges from the mid-infrared
at around 10 µm down to the ultraviolet (UV) at about 190 nm. Pulses as short as a 3.8 fs
have been reported (Zhavoronkov and Korn 2002), although almost all ultrafast pump–probe
studies on free molecules and clusters reported so far have relied on sources with typically 20 to
150 fs pulse duration and some 10 µJ pulse energy which allow some flexibility of wavelengths
tuning and provide stable operation for many hours. We do not enter into the details of laser
setups and conversion schemes here and refer the reader to ample literature in the field (e.g.
Diels and Rudolph 1996). Rather, we will in the following (a) note a few quantitative relations
which are useful to know for femtosecond laser spectroscopy and (b) illustrate typical efforts
necessary on the laser side for sophisticated experiments by two special setups used in our
laboratory.

2.2.1. Pulse duration and spectral width. Ideally, short laser pulses can be described by
Fourier-limited Gaussian laser pulses, their intensity envelope being

I (t) = I0 exp[−(t/τ )2] = I0 exp[−4 ln 2(t/�th)
2], (2.1)

which corresponds to an electric field strength

F(t) = F0 exp

[
−1

2
(t/τ )2

]
cos(ω0t) = F0 × g(t) cos(ω0t). (2.2)
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Here

g(t) = exp
[− (t/τ )2 /2

]
(2.3)

is the field envelope function,

F0 =
√

2I0Z0 (2.4)

the maximum field amplitude with Z0 = 377 V A−1 the wave impedance of vacuum, ω0 is the
carrier (or mean) frequency of the pulse and �th = 1.665τ the pulse width (FWHM). Note
that arbitrarily a cos(ω0t) term has been assumed for the carrier field which is modulated by
the Gaussian envelope. We note here in passing that the phase of the carrier with respect to
the envelope is thus tacitly assumed to be a fixed quantity. For experiments done with pulses
corresponding to many cycles of the laser field this is without practical relevance. However,
as extremely short, phase-stabilized pulses containing only a few cycles become available for
real experiments one has to include the relative phase between the carrier and the envelope in
a rigorous treatment of laser-matter interaction. We will briefly describe one pertinent very
recent experiment on ultrafast dissociation dynamics of H+

2 in section 5. For the main part of
this review we neglect such refinements.

The power spectrum corresponding to equation (2.1) is given by

P(ω) ∝ exp

[
−4 ln 2

(
ω − ω0

ωh

)2
]

and �th is related to the frequency band width �νh = �ωh/(2π) (FWHM) by

�νh�th = 2
ln 2

π
= 0.441. (2.5)

This may also be given in wave numbers as

�ν̄h

cm−1

�th

fs
= 14710 (2.6)

or in wavelengths units

�λh/ nm = 1.471 × 10−3 (λ/nm)2

�th/fs
. (2.7)

For instance, a typical laser pulse with �th = 100 fs corresponds to a band width of
�ν̄h � 150 cm−1 (or �λh � 10 nm at 800 nm). For the type of molecules and clusters
discussed here this usually implies that many rotational and vibrational states are coherently
excited.

In practice, the laser is usually focused mildly onto the molecular beam in order to define
the interaction volume well. With respect to its intensity one has to ensure that it remains
sufficiently low so that no saturation is reached in the state(s) excited by the pump beam
(or accidentally by the probe beam). Usually the ionizing laser should be more intense,
since ionizing cross sections are usually much lower than those for excitation. Intensity
calibration with short pulse lasers is, however, a non-trivial problem. For comparison of
different experiments it is important to define clearly to which quantity a given intensity refers.
In the most favourable case the spatial distribution is also a Gaussian and the intensity I (mostly
given in W cm−2) may be written as

I (r, t) = Im exp(−(r/w)2) exp(−(t/τ ),2 ), (2.8)

with Im = I0(r = 0) giving the maximum intensity at t = r = 0 with τ and w

characterizing the temporal and spatial beam profile—quantities which can in principle be
measured experimentally by determining the autocorrelation function (for τ ) and, for example,
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the total energy passing a knife edge which is moved into the beam (for w). For a Gaussian
one easily works out that

Im = F 2
m

2Z0
= Ep√

πτπw2
= 0.83

Ep

�thd
2
h

, (2.9)

with �th and dh being the FWHM of the temporal and the spatial pulse width, respectively,
Ep the total pulse energy and Fm the maximum field amplitude in space and time. We note
that the maximum intensity at the pulse centre corresponds to a hypothetical circular beam of
constant intensity of radius w. Note, however, that w is the 1/e beam waist radius and not the
1/e2 radius often given for laser beams!

For completeness we mention that rather than a Gaussian temporal profile one often
uses the soliton line shape sech2(t/τ ) = 4/[exp(t/τ ) + exp(−t/τ )]2, which accommodates
somewhat broader pulse wings. In this case the laser pulse width (FWHM) is �th =
1.7627τ, the relation between spectral and temporal width reads �νh�th = 0.314 instead
of equation (2.5) and the relation between pulse energy and intensity is Im = Ep/(2τπw2) =
0.78Ep/(�thd

2
h ) instead of equation (2.9).

Today time-dependent studies with laser pulses as short as 10 fs are feasible in gas
phase experiments—in which case already 25% of the whole visible spectrum are covered
by a single pulse. The consequences from a spectroscopic point of view are obvious: high
temporal resolution can only be gained at the cost of spectroscopic selectivity. Nevertheless,
it turns out that in many instances it is, in principle, possible to obtain similar spectroscopic
information about molecular systems from studies in the frequency (wavelength) domain as
from pump–probe spectroscopy in the time domain—they convert into each other by Fourier
transformation. In some cases, time-domain spectroscopy has even distinctive advantages
(see, e.g. Felker (1992)).

Basis for all quantitative evaluation of transient signals measured in pump–probe
experiments is sufficient knowledge about the temporal characteristics of the pulses used,
ideally a full determination of the electric field as a function of time. For ultrashort optical
pulses with durations in the femtosecond range no electronic device has a fast-enough
temporal response to record the electric field directly and thus one has to resort to nonlinear
interactions. The minimum requirement for transient analysis is a precise determination
of the temporal widths �th of the pulses. One standard technique to determine it is to
measure the cross correlation and autocorrelation functions of the pump and probe pulse
by superposing two pulses in a nonlinear optical crystal and measure the sum frequency
signal (cross correlation) or the second harmonics (autocorrelation). For a Gaussian pulse
(equation (2.1)) with �th FWHM the autocorrelation function has a FWHM

√
2�th while

the cross correlation function of the pump and probe pulse with FWHM of �t
(pu)

h and

�t
(pr)
h , respectively, has a FWHM

√
(�t

(pu)

h )2 + (�t
(pr)
h )2. More sophisticated methods aim

at a full reconstruction of the electric field in amplitude and phase as a function of time.
Several powerful techniques have been developed during recent years towards this goal,
differing in the procedure required for reconstructing amplitude and phase from recorded
data. We mention as two prominent examples ‘Frequency-Resolved Optical Gating (FROG)’
(Kane and Trebino 1993) and ‘Spectral Interferometry for Direct Electric Field Reconstruction
(SPIDER)’ (Iaconis and Walmsley 1998, 1999). Both methods are now available in various
commercial realizations. The interested reader is also referred to the monograph of
Trebino (2002).

2.2.2. Typical laser systems and setups. As an example for a somewhat complex laser system
we show in figure 9 the three-colour system used by our group to control the efficiency of the
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Figure 9. Typical laser system for fs pump–probe experiments. Here we show the three-colour
setup used for a pre-excitation and pump–probe scheme to enhance the breaking of strong versus
weak bonds of Ba–FCH3 by pre-exciting the system with an IR pulse at 3400 nm (as used by Lippert
et al 2004a). See text for some details.

harpooning reaction in Ba–FCH3 by infrared pre-excitation (Lippert et al 2004b) discussed in
section 3.5.2. A similar setup was used for studying and controlling the H-transfer process in
the first excited state of the ammonia dimer and trimer (Farmanara et al 2001b, 2002a, 2002b)
as described in section 4.6.

The system is based on a commercial (Spectra Physics GmbH) Ti : S oscillator
(TSUNAMI) and amplifier (SPITFIRE) system with 2 mJ pulse energy and sub-50 fs pulse
duration at 1 kHz repetition rate. Two optical parametric generator/amplifier (OPG/OPA)
systems (TOPAS model 4/800/f from Light Conversion) enable the generation of the tuneable
wavelengths for the control and the pump pulses. The schematic of figure 9 illustrates the
relative complexity of the system, involving several beam splitters of well-defined reflection
R, dichroitic mirrors DM to combine different beams as well as analysing devices such as an IR
spectrometer and a SPIDER for determining the pulse shape. Four delay stages allow precise
temporal adjustments of the laser pulses and variation of the delay. The IR pre-excitation pulse
at 3.4 µm interacts with the target at a well-defined time prior to the VIS pump pulse with the
wavelength 745 or 618 nm whereas the probe pulse at 400 nm is scanned across the whole delay
time interval of interest. The infrared wavelength is obtained by mixing the second harmonic
of the idler wave of one TOPAS system with the fundamental wave (800 nm) of the laser system
in MLN-OPA (with a 2 mm MgO : LiNbO3 crystal). The maximum available pulse energy at
3.4 µm is 4 µJ and the pulse width (FWHM) is about 100 fs. The two pump wavelengths are
generated as second harmonics of the signal wave of the second TOPAS system. The probe
pulses at 400 nm are given by the second harmonic of the fundamental wave. The width of the
pump pulse is about 80 fs. All three laser beams are strongly focused and coupled collinearly
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Figure 10. Laser system for studying ultrafast dynamics in the VUV (as used by Wittmann et al
(2000), Farmanara et al (1999c)). For some details see text.

into the molecular beam apparatus crossing the cluster beam perpendicularly. The laser beam
diameters in the interaction zone of the time-of-flight mass spectrometer are on the order of
0.25 mm. Thus, for the infrared laser pulse at 3.4 µm a peak intensity of about 80 GW cm−2

is realized. The energies of the pump and probe pulses are attenuated to about 1 µJ and 3 µJ,
respectively, in order to avoid stronger background signals by multiphoton absorption.

The second setup to be discussed here is shown in figure 10. It was used for studying
ultrafast dynamics in excited states at high energies - a rather typical situation for many
molecular systems of interest such as water, acetylene and many others. Thus we have devoted
a substantial effort to generate femtosecond laser pulses in the VUV (Wittmann et al 2000,
Farmanara et al 1999c). The fs laser pump pulses at 155 nm are generated by near-resonant
four-wave difference frequency mixing (FWDFM) in argon inside a gas cell (see inset top right
in figure 10). In the gas cell (length: 55 cm, Ar pressure: 2.2 bar) ultrashort pulses of 193.5
and 258 nm are superposed collinearly. The pulses at 193.5 nm are generated by quadrupling
the radiation of a Ti : S oscillator-amplifier system tuned to 774 nm (pulse duration ∼80 fs).
Subsequent amplification in a commercial ArF excimer gain module results in pulses of 250 fs
duration at an energy of 2 mJ. The pulses at 258 nm with 150 fs are derived from the third
harmonic of the fundamental wave of the Ti : S. The fs laser pulses at 155 nm are analysed by
the combination of a 0.2 m VUV spectrometer and an UV-enhanced charge coupled device
(CCD) optical multichannel analyser (OMA). They are reflected by four dichroic mirrors into
the TOF mass spectrometer to excite the molecules. In this way, the strong background pulses
at 258 and 193.5 nm can be discriminated. Because of the high absorption in air, the VUV
radiation has to be coupled into the molecular beam apparatus through vacuum tubes. The
energy of the pump pulses in the interaction zone of the TOF mass spectrometer was estimated
to be on the order of 100 nJ. The temporal pulse width (FWHM) differed somewhat from day
to day in the range 350–450 fs. The repetition rate was limited to 10 Hz due to the excimer
laser system used. Details about the setup are described by Wittmann et al (2000).
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Figure 11. Schematic of the pump–probe concept for detection of ultrafast processes. The pump
pulse (wavelength λpu) excites the molecular system which then evolves with time t . Its population
may, e.g. decay exponentially as indicated. The probe beam hits the target after a delay time �t

and transfers it into a state which can be directly monitored experimentally. The delay time �t can
be varied by an optical delay line as indicated.

Although a series of successful and unique experiments has been performed with this
system (see, e.g. sections 3.3 and 3.4) the pulse duration is far from being satisfactory and the
low repetition rate makes experiments difficult and time consuming. Novel, more efficient,
approaches towards short pulse generation in the VUV are being currently investigated in our
laboratory. The first results look promising on the way to high repetition rate sub-100 fs VUV
pulses for sophisticated studies of ultrafast dynamics in a whole class of isolated molecules
and clusters which were hitherto unaccessible (Tzankov et al 2005).

A pioneering study by Zamith et al (2003) at the 10 Hz Terawatt laser facility in Lund in
the group of Huillier has recently demonstrated the feasibility of yet another way to introduce
short VUV pulses into time-resolved gas phase spectroscopy, using higher harmonics generated
by a very intense laser field in a gas jet. They exploited their 100 mJ pulse energy at 792 nm to
produce a still very powerful second harmonics at 396 nm. Time-resolved experiments utilize
the third harmonics (132 nm, 9.5 eV) of the latter pulse as pump to excite higher valence-
excited states of acetylene molecules and part of the 396 nm pulse to probe the dynamics
of these states by time-resolved photoelectron spectroscopy. The pulse energy obtained was
about 50 nJ at a pulse duration of 300 fs. For monitoring purposes they were even able to use
the fifth harmonics of the 396 nm pulse. All in all the perspectives for using VUV pulses in
time-resolved spectroscopy of free molecules and clusters are promising and the field is rapidly
developing.

2.3. Detection methods for ultrafast processes

2.3.1. The pump–probe concept. The general pump–probe concept which underlies all
studies of ultrafast dynamics is schematically illustrated in figure 11. The pump pulse excites
the molecular or cluster system from its initial into some excited state which then evolves
with time t along a reaction coordinate. The system may thereby undergo rovibrational and/or
electronic transitions or reactions, it may be caught in conical intersections, etc—as already
illustrated in figure 1. The probe pulse hits this molecule along its path after a delay time �t

and transfers it into a third state which in turn can easily be detected as described in more
detail below. Thus, population and phase of the excited state may be monitored. Ideally, the
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two laser pulses have independently adjustable wavelengths, λpu and λpr for pump and probe
pulse, respectively. The delay time �t between both pulses is varied by an optical delay line.
Usually Mach-Zehnder or Michelson type interferometer setups are used, i.e. the time delay
is achieved by mechanically changing the optical path lengths difference between both pulses.
Typically, the pump and probe pulse (as well as any additional pulse used in the experiment)
are automatically synchronized by deriving them from the same laser system through beam
splitters with subsequent nonlinear optical conversion setups as required by the molecular
system under study. The precision of the optical delay line is crucial for the measurement. It
has to ensure a precise overlap between the two pulsed laser beams at the interaction region
with the molecular beam over the whole range of delay times of interest. Thus, the mechanical
precision and the size of the delay line limits the reliable scanning ranges to typically some
100 ps, with enhanced efforts perhaps to some ns. Note that 10 ns already correspond to 3 m
path difference (�x = 1.5 m). For signal averaging one normally has to scan the delay time
iteratively over the whole time range of interest. In the following we now discuss the most
commonly used detection schemes for the changes imposed on the molecules or clusters by
the pump and probe beam.

2.3.2. Fluorescence detection of pump–probe signals. One possibility of detecting the
changes in the excited state population and geometry is to observe the fluorescence induced
by the probe laser. The latter is tuned in resonance with a transition from the state initially
excited by the pump laser to another, fluorescing state of the system. We will discuss several
examples where this technique is used in later sections, in some cases in combination with
up-conversion methods. One should, however, be aware of the fact that fluorescence detection
has to cope with limited collection efficiency for the light emitted into 4π s̃r, with the need to
select a well-defined region of the spectrum and to suppress stray light, and with the generally
low detection efficiency for photons in the relevant visible or near infrared spectral region.
Consequently, long absorption paths and rather high particle densities are needed, as well as
long-lived final products with high fluorescence yield. Suitable fluorescence cells at relatively
high vapour pressure have to be employed with the typical limitation already discussed in
section 2.1.1.

2.3.3. Ion detection. In general, ionization is the method of choice for studying ultrafast
processes in free atoms, molecules and clusters. Ion detection allows mass selection which
is mandatory for size selective clusters studies. Mass selection is typically done in time-
of-flight (TOF) mass spectrometers (TOF-MS), possibly of the reflecting type (reflectron).
Typical experimental realizations will be discussed below in connection with photoelectron
spectroscopy and are shown in figures 8, 14 and 15.

Ion detection is highly efficient. Individual single ions are detected, e.g. by multichannel
plates with high probability, and by extracting the ions with sufficiently high electric fields one
may essentially collect all ions emitted into the full solid angle. Wherever possible excitation
and ionization by one pump and one probe photon are preferred to avoid ambiguities. This poses
some challenge to the laser sources and the frequency conversion schemes used. Also, different
wavelengths for pump and probe photon enable the best discrimination against background
signals. In principle, even highly selective experiments are possible with pre-selection of
a single component in a mixture of different species (e.g. if several isomers are present).
They do however require, one (e.g. IR pre-excitation) or two (e.g. UV-UV stimulated emission
pumping) additional laser pulses. While such techniques have been established successfully for
spectroscopic purposes, e.g. for molecules of biological relevance (see, e.g. Nir et al (2002)),
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Figure 12. Ionization and fragmentation schemes in pump–probe studies of molecular clusters.
Molecular cluster systems (here labelled AB(YZ)n with excess internal energy tend to fragment—
either in the ion (AID process)—by evaporation of YZ units—or in the neutral excited state after
absorption of the pump photon (ADI process). This leads to characteristic ion signals as a function
of delay time �t between pump and probe beam as shown in the three panels (a)–(c).

where nanosecond laser sources are used, their implementation in femtosecond pump–probe
studies is still to be awaited.

Typical ion signals recorded as a function of the delay between pump and probe pulse
show characteristic rise and fall curves which are indicative for the underlying processes as
indicated in figure 12. Two classes of processes have been identified first by Purnell et al
(1993) and Snyder et al (1996) who studied the formation of protonated ammonia clusters:
in the absorption–dissociation–ionization process (ADI) the molecule or cluster AB(YZ)n
dissociates with a time constant τd in the excited, neutral state after excitation by the pump
photon (hνpu) from the S0 ground state into the excited S1 state. This leads to a loss of
population in the excited AB∗(YZ)n system (as shown in panel (a)) and a corresponding rise
in excited fragment AB∗(YZ)n−1 (as indicated in panel (b)). The so-formed cluster fragment
is then ionized by the probe photon (hνpr), leading to a contribution of the same type (b) to
the finally detected AB+(YZ)n−1 ion signal. An alternative route to the same final product
is the absorption–ionization–dissociation process (AID): the remaining unfragmented excited
species AB∗(YZ)n are ionized and the ion signal AB+(YZ)n decays as a function of delay time
according to (a). Ionic species with sufficient internal energy (depending on the share of energy
carried away by the photoelectron) may then in turn fragment into AB+(YZ)n−1 + YZ. The
time scale for the latter process cannot be monitored in the pump–probe experiment, which
only probes the excited state dynamics, and not the ion dynamics. The AB+(YZ)n−1 ion signal
detected may thus contain a contribution the ADI as well as the AID process and the resulting
combined signal is schematically depicted in panel (c). If the smaller cluster AB(YZ)n−1 is
also excited and ionized by the pump and probe photon its contribution is superimposed on
the fragment ion of AB(YZ)n just described.

We note that unimolecular ion fragmentation may need substantial redistribution of internal
vibrational energy to overcome the fragmentation barrier and can take ns or even µs. This has
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Figure 13. Schematic energy diagram of photoelectron spectroscopy in a pump–probe experiment
indicating the time evolution of the molecular system.

to be compared with typical times of flight of ions in a TOF-MS. As long as the fragment ions
are formed close to the ionization region (i.e. for some ns) they are detected on their proper
mass in the mass spectrum. In contrast, ions formed by unimolecular decay after leaving the
extraction and acceleration region (i.e. after some µs) are detected on their parent mass in a
linear TOF-MS. Fortunately, a reflectron type of mass spectrometer (see, e.g. figure 8) allows
us to discriminate these ‘metastable’ ions from their parents due to their difference in total
kinetic energy. In general, it is not trivial to unravel the different components of ion signals,
and statistical cluster fragmentation in the ionic state due to excess kinetic energy plays an
important role in all evaluations of pump–probe signals from clusters. The reality is even more
complex. A more quantitative approach to disentangle the information on ultrafast dynamics
imbedded in ion yield signals as a function of pump–probe delay time will be described in
section 2.4.

2.3.4. Photoelectron spectroscopy. Detecting photoelectrons may be seen as an extension
and refinement of ion detection. Moreover, photoelectron spectra reveal additional information
on the electronic structure and energetics of a molecular or cluster system. In combination
with fs pump–probe techniques one may—in principle—follow the energy flow in the photo-
excited state on a femtosecond time scale. Figure 13 indicates the potential and the problems
of this concept. As indicated in the left part of the figure 13, the system is initially in the
ground state X̃ in a distribution p(E) of states v′′ with energies EX(v′′). This distribution
will be transferred to the excited state by the pump photon with a probability defined by
the corresponding Franck–Condon factors. To simplify the following discussion here we
nevertheless assume the system to be initially in a well-defined vibrational level with internal
energy Ev0 . The pump photon hνpu excites the molecule into a coherent superposition of
several excited vibrational levels (of—say—the B state) with energy EB(v′′). The energetic
width of this distribution is determined by the band width of the laser pulse. After additional
absorption of the probe photon hνpr the total energy of the system is Ev0 + hνpu + hνpr. If this
energy exceeds the ionization potential IP and the probe pulse follows the pump pulse without
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delay the system may be ionized. In the ionic state X+ the distribution of states with internal
energy E+(v+) depends on the Franck–Condon factors for the ionization process. The surplus
energy is carried away by the electron with kinetic energy Eel. The full energy balance is thus
written as

Ev0 + hνpu + hνpr = Eel + IP + E+(v+), (2.10)

Eel = hνpu + hνpr − IP − (E+(v+) − Ev0). (2.11)

Equation (2.11) is the basis of photoelectron spectroscopy in isolated molecules: E+(v+), the
internal energy distribution of the system after ionization, is directly measured by the electron
energy Eel. The population of the vibrational states v+ in the ion depends on the Franck–
Condon overlap between the vibrational levels v′ in the intermediate B̃ state and the ionic
ground state X̃+. We may, however, go even one step further and rewrite equation (2.11) using
the identity Ev0 + hνpu = EB + EB(v′) (see figure 13) with the electronic energy EB of the
excited B̃ state and EB(v′′) the vibrational energy of the intermediately populated levels:

EB + EB(v′) − E+(v+) = Eel + IP − hνpr. (2.12)

Equation (2.12) appears to indicate that any change in total energy EB + EB(v′) of the system
after excitation with the pump pulse is reflected directly in the electron kinetic energy Eel, with
IP and hνpr having well-known values and assuming E+(v+) not to change. Changes in the
internal energy EB(v′) → EB(v̄′) and/or in the electronic energy EB → EA in the initially
excited state may be due to internal vibrational energy redistribution (IVR) and rearrangement,
due to internal conversion involving electronic transitions (IC), intersystem crossing (ISC),
dissociation or even reactions. Time-resolved photoelectron spectroscopy can follow this
energy flow as indicated in figure 13: by delaying the probe pulse for a time �t with respect to
the pump pulse the electron energy Eel(�t) is expected to change correspondingly. However,
in order to interpret photoelectron spectra correctly we need to be somewhat more precise.
(i) First we note that, strictly speaking, the total energy of an isolated excited molecular system
is conserved and the concept of energy change or energy dissipation in an isolated system
just refers to energy redistribution among different degrees of freedom, some of which are
no longer accessible for ionization by the probe photon. Only in that sense the zigzag arrow
in figure 13 pointing downwards is meaningful: it indicates loss of energy accessible in the
subsequent ionization process. This loss may be due to any of above-mentioned mechanisms,
e.g. IVR or as indicated in figure 13 due to IC or ICS. (ii) This loss of ‘accessible’ energy may
be quantified by the Franck–Condon principle. Different vibrational levels of the system have
different Franck–Condon (FC) factors with the ionic ground state. Hence, the levels indicated
in figure 13 refer only to characteristic degrees of freedom relevant for photoionization of
the system. Since typically we do not excite a stable stationary state of the system, internal
rearrangement is pertinent and leads to changes in the FC factors. (iii) We note from equation
(2.12) that only the difference EB(v′) − E+(v+) between internal energies of the excited and
ionic states is monitored by the photoelectron energy. Hence, if that energy difference does
not change during the ionization process the electron energy Eel also does not change with
time—even though substantial internal motion may have occurred. Such situation is often
encountered, e.g. when the potential energy surfaces for excited and ionic states are very
similar and the corresponding FC factors lead to a propensity rule �v � 0. On the other
hand, it may even be possible that the internal dynamics of the system allows us to access
a different ionic state of the system as indicated by the state Ỹ + in figure 13. The situation
encountered in practice is typical, such that energy is dissipated into unaccessible degrees of
freedom with time so that the delayed probe photon energy is no longer sufficient to ionize
the system, hence the photoelectron spectrum changes correspondingly. Finally, we must
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emphasize that changes in photoelectron spectra can be encountered even without any energy
relaxation: diffusion of an initially coherent wavepacket, e.g. will lead to loss of electron signal
as well as any changes in Franck–Condon factors in the course of the evolving dynamics—
even on a single well-defined potential surface. From this discussion it should be clear that an
unambiguous analysis of time-dependent photoelectron spectra will not be possible without
reference to some kind of plausible model for the potential energy surfaces and the ensuing
nuclear dynamics—preferably based on ab initio calculations.

The experimental verification of femtosecond time-resolved photoelectron spectroscopy
(FPES, TRPES) is essentially straightforward for isolated molecular systems as long as just
one molecular species is prepared in the molecular beam (i.e. no clusters are found in the
beam) and if fragmentation can be neglected. Time-of-flight (TOF) spectrometers are most
convenient to determine the electron kinetic energy since they are best adapted to pulsed lasers.
They record in principle a full kinetic energy spectrum with each laser pulse—as opposed to
electrostatic analysers mostly used in photoemission from surfaces which are set to one specific
energy or a limited range of energies. While first femtosecond time-resolved zero kinetic
energy electron (ZEKE) detection was reported for Na3 by Baumert et al (1993), the first
photoelectron spectrum (with femtosecond time resolution) was recorded by Cyr and Hayden
(1996).

The situation becomes more complicated if atomic and molecular clusters are studied.
Here some kind of selection for the clusters has to be made. For ionic clusters mass selection
prior to the interaction with pump and probe laser pulse is possible. Corresponding techniques
were first employed by Neumark and collaborators (Greenblatt et al 1996) for anions and
subsequently used in many studies. They used an experimental setup very similar to that
described above in figure 8 employing a pulsed molecular nozzle and a keV electron beam
interacting with the molecular beam in front of the nozzle. The negative cluster ions are mass
selected by a (Wiley and McLaren 1955) time-of-flight (TOF) setup and a pulsed electrostatic
mass gate, focusing only one selected cluster mass into the laser interaction region. Analysis
of the photoelectron spectra is done by a magnetic bottle time-of-flight (TOF) spectrometer,
originally developed by Kruit and Read (1983) and explained in some more detail below
(see figure 15). A recent example for a state-of-the-art photoelectron spectrometer from
the Zewail group is shown in figure 14. The setup was first used to study charge-transfer
and solvation dynamics in negative-ion clusters of di-oxygen (Paik et al 2001). Its setup
combines electron, ion and fast neutral product detection. The latest development involves
time-resolved photoelectron imaging (see, e.g. Bragg et al (2003)), the principles of which
are briefly described in section 2.3.6.

2.3.5. Femtosecond time-resolved electron ion coincidence experiments (FEICO). If more
than one well-defined molecule or cluster is present in the target (as is usually the case when
neutral clusters in molecular beams are investigated) and/or if the interaction process with
the pump and probe laser pulses can lead to more than one ionic species one has to resort
to coincidence detection of ions and electrons in order to obtain unambiguous signals. Such
photoelectron photoion coincidence techniques (PEPICO) have been used for many years in
photoionization studies with a single photon, in particular in connection with VUV photons
from synchrotron radiation. Since the average ionization rate is usually rather low in such
experiments—much smaller than 1/tTOF,where tTOF is the typical time-of-flight (TOF) of an
ion in the mass spectrometer (several tens or hundreds of µs) one can readily separate true
from false coincidences and thus attribute an electron detected with an energy Eel to a specific
molecular fragment of a specific size cluster ion. This is different for ionization with pulsed
lasers: usually many ions and electrons are generated with each laser shot and none of these
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Figure 14. Schematic representation of the time-resolved photoelectron spectrometer used by Paik
et al fig. 1 (2001) highlighting the essential features of the apparatus.
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Figure 15. Schematic of the experimental setup for femtosecond time-resolved coincidence
(FEICO) to study the excited state dynamics of molecular clusters by photoelectron spectroscopy,
reproduced from Lippert (2005). On the left, the field lines and electron paths in the magnetic
bottle are illustrated.

many electrons detected can be attributed to the ion from which it originated. The obvious
solution to this dilemma became possible with the advent of high repetition rate femtosecond
lasers: with high repetition rate it is possible to reduce the number of ionization events per
laser shot significantly (much below unity) and still keep a sizeable average signal. In this
way femto second time-resolved electron - ion coincidence experiments (FEICO) become
possible. A schematic of the first FEICO experiment reported by our group (Radloff et al
1997, Stert et al 1997) is illustrated in figure 15. It combines a magnetic bottle type of
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Figure 16. Calculated total, true and false coincidences per laser shot as a function of the average
number of electron-ion pairs per laser shot. Details of the calculation are given in (Stert et al
1999).

electron spectrometer with a time-of-flight (TOF) mass spectrometer. The magnetic bottle
consists of a solenoid for the weak guiding field (∼ 0.3 mT) and a simple ring of permanent
magnets for the strong collecting field (∼ 150 mT). Ions can easily pass through the latter.
Electrons drift in a very weak electric field (∼ 1 V cm−1) out of the interaction zone, the ions
are pulse extracted some 100 ns after the interaction event by a field of ∼ 1 kV cm−1 into the
ion TOF. The principle of the magnetic bottle is illustrated in the schematic on the left, showing
the characteristic magnetic field distribution and electron pathways from the interaction region
towards the detector. The adiabatic transition from the strong initial field Bi in the interaction
region to the weak guiding field Bf in the major part of the time-of-flight (TOF) tube keeps the
magnitude of the electron velocity constant |vi| = |vf | but reduces transversal components of

vi dramatically. Hence, the total time-of-flight (TOF) of an electron allows determination of the
kinetic energy of the electron while at the same time a 4π solid angle of emitted photoelectrons
is detected. Calibration (in our case) is done by multiphoton ionization of Xenon. Two well-
known reference energies are given by the transitions Xe(1S0) → Xe+(2P3/2) or → Xe+(2P1/2)

with IP’s of 12.13 and 13.437 eV. The energy resolution is typically �Eel/Eel ∼ 0.04. For
energies below Eel = 0.5 eV one thus reaches a resolution of better than 20 meV which
corresponds to the bandwidth of a 100 fs laser pulse (see equation 2.6).

A detailed analysis of the coincidence rates which can unambiguously be discerned in
such experiments has been given by Stert et al (1999).

Due to the finite detection probabilities for electrons and ions (in the case of this experiment
both were determined to be about 0.4) the actual mean number of true coincidences 〈n〉 has to
be very low. Starting with a Poisson distribution for the probability p(n) = 〈n〉n exp(−〈n〉)/n!
to observe n pairs after one laser pulse one easily derives an average probability for measured
true and false coincidences as a function of the mean number of actually occurring ionization
events 〈n〉 for a given ion mass. This is displayed in figure 16. We typically keep the number
of true events at ∼0.3 per laser shot. Note, however, as one reads from figure 16, that this
corresponds to a measured coincidence rate of 0.05 per laser shot from which less than 10% are
false coincidences. With a laser repetition rate of 1 kHz one thus has to measure at least several
hours to obtain a reasonable experimental error. Typical data obtained in such an experiment
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Figure 17. Femtosecond time-resolved photoelectron-photoion coincidence (FEICO) signals for
indole and indole–ammonia clusters. Two-colour two-photon ionization was achieved with 100 fs
laser pulses at λpu = 263 nm and λpr = 395 nm (Lippert 2005). Plotted are the measured
coincidences as a function of electron energy Eel and ion mass, each dot corresponding to one
event.

are shown in figure 17 where each dot corresponds to one coincidence event. This is plotted
in a two-dimensional array as a function of electron energy Eel and ion mass m (divided by
charge q). Integration of all counts over Eel at any given m/q ratio leads to a standard mass
spectrum, while a photoelectron spectrum (for a given m/q) is obtained by integrating at any
Eel over a small m/q range and plotting the results as a function of Eel. Examples will be
given in section 3.

2.3.6. Time-resolved photoelectron and coincident photoion imaging. Photoions as well as
photoelectrons formed in the interaction volume are ejected into the full solid angle depending
on their kinetic energies. The fully correlated momentum distribution of all particles ejected
gives the maximum possible information obtainable for any photo- or collision-induced frag-
mentation and ionization process. Techniques to collect all this information are now available
and are employed more and more in femtosecond pump–probe experiments. A tremendous
amount of data can thus be gathered. It appears that the very detailed and wealth of information
which can be extracted in this way has limited the number of cases in which these powerful
techniques have been applied so far. Several experimental approaches are currently followed
which we will summarize in the following. One realization of photoion or photoelectron imag-
ing was first implemented by Helm et al (1993) for studying electrons ejected from atoms in
a strong laser field. The scheme is based on the analysis of an image obtained by projecting
the expanding electron cloud resulting from the ionization process by a static electric field
onto a two-dimensional position sensitive detector. The latter consists of a multichannel plate
(MCP) backed by a phosphor screen. The transient image on the screen is monitored by a
CCD camera (for a detailed description see Bordas et al (1996)). By inverse Abel transform
the image can be converted into electron kinetic energies. The angular photoelectron distribu-
tion can then be read conveniently for each electron energy. The group of T Suzuki reported
first efforts to make this technique available for femtosecond pump–probe ionization. They
studied photo-fragmented ions from acetylchlorid and acetone (Shibata and Suzuki 1996).
The same technique was later used for fs time-resolved photoelectron imaging on ultrafast
electron dephasing in pyrazine (Suzuki et al 1999). One of the recent implementations for
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Figure 18. Apparatus for time-resolved photoelectron imaging: (a) ion source region; (b) time-
of-flight (TOF) mass spectrometer; (c) laser interaction region and ion-beam collinear velocity-
map imaging (VMI) lens; (d) photoelectron imaging system. (DP) diffusion pump, (TMP)
turbomolecular pump. Arrows indicate femtosecond pump and probe laser pulses. On the right,
one example for an electron image is shown, illustrating how from the observed rings (top) one
extracts photoelectron spectra (bottom), from Bragg et al (2005). The inset at the bottom shows
some details of the time and position sensitive detection setup allowing for coincidence imaging
from Faulhaber et al (2005).

femtosecond time-resolved photoelectron spectroscopy of anions by Bragg et al (2005) is
shown in figure 18. With advanced detection techniques, the setup may also be used for
coincidence detection as indicated by the inset (Faulhaber et al 2005).

With suitable electric and possibly magnetic guiding fields the full three-dimensional
momentum distribution of photoions and photoelectron can be projected on large-area detectors
and be recorded in coincidence as a function of pump–probe delay time. This technique was
first applied to femtosecond spectroscopy by Davies et al (1999) and is illustrated in figure 19.
In this case time and position sensitive detectors are used for electrons and ions and inverse
Abel transform becomes obsolete. The position of the detected ion or electron on the detector
characterizes two coordinates of the particle momentum while the flight time to the detector
(TOF) gives the third coordinate of this vector. Thus, complete information on both the ion and
the electron momentum can be derived—which is, in principle, even possible in coincidence
for all ejected charged particles. The kinetic energy distribution of fragment- and product-ions
gives also information about the molecular orientation induced in the excitation step by the
pump pulse. The spatially resolved electron detection allows gleaning insight into the electron
configuration in the ion continuum from which the configuration of the excited state can be
derived. The anisotropy of the electron distribution reflects the wave function of the ejected
electron and depends on the polarization of pump and probe beams, the symmetry and the
electronic properties of the molecule or cluster. Its calculation is a complex task for each
molecular species (Seideman 2002). In the case of a laser induced reactions the knowledge of
ion and electron energies gives direct access to the full energy balance of the reaction.

Even more powerful are so-called reaction-microscopes which allow detection of
efficiently fully correlated momentum space distributions of photoionization products for
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Figure 19. Schematic diagram of the femtosecond PEPICO imaging apparatus used by the group
of Hayden Davies et al (1999). Detector images and time-of-flight (TOF) spectra for NO+ ions
and coincident electrons are shown for the DMI of NO2 at 375.3 nm with zero time delay. Each
TOF spectrum is measured along the direction of acceleration of the charged particles, while each
image is recorded in a plane perpendicular to this direction. The arrow labelled E indicates the
direction of the laser polarization, parallel to the detector planes. The most intense signal in the
images is shown in red.

solid angles close to 4π , one key feature being that the photoelectrons are guided in a
magnetic field. Superior momentum resolutions around a few per cent of an atomic unit
(a.u.) for several fragment ions and electrons are achieved in the state-of-the-art machines,
evolving from recoil-ion and cold target recoil-ion momentum spectroscopy (COLTRIMS)
in ion atom/molecule collisions. Recent reviews summarize the potential of this method
(Dörner et al 2000, Ullrich et al 2003). In photoionization, it has been applied so far to obtain
multi-dimensional images in momentum space after single-photon induced fragmentation of
fixed-in-space molecules and on high-intensity short-pulse laser induced fragmentation of
atoms and molecules. Although, or perhaps because this technique provides an enormous
amount of information, up to now only one femtosecond time-resolved study has been reported
(Ergler et al 2005) which will briefly be discussed in section 5.

2.3.7. Time-resolved electron diffraction. Finally we just mention this method which may
become very important in the future: the dream is to follow nuclear motion within and between
molecules (in the gas phase and in condensed matter) in real time pump–probe experiments
initiated by a laser pulse and seen by diffraction of a pulsed electron beam of 10 to some
100 keV. Without going into any details of the present state of the art or even describing
the results we just refer the interested reader to the literature. Typically, one generates an
electron pulse by emitting surface photoelectrons with a femtosecond ‘photocathode’ laser
pulse and then uses suitable electron optics to guide and focus the electron onto the molecular
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target beam (or onto a surface). The diffraction pattern of this electron pulse is then detected by
suitable imaging techniques. A major part of the laser pulse from which the photocathode laser
pulse is derived is taken to pump the system under investigation. The laser pump pulse and
the electron probe beam pulse are hence synchronized automatically. The first efforts towards
such studies were reported by Zewail and coworkers in the early 1990s (Williamson and Zewail
1991, Williamson et al 1992). Their most recent perspectives based on a tremendous progress
during the past years are described by Shorokhov et al (2005) and the state of the art has been
reviewed in great technical detail also recently (Srinivasan et al 2003). The same general
approach but slightly different techniques are followed in the groups of RJD Miller (for a
recent reference see, e.g. Siwick et al (2005)) (aiming at nuclear dynamics in condensed
matter) and of PW Weber (see, e.g. King et al (2005)). Essentially all attempts so far suffer
from a not fully satisfying time resolution which is limited mainly by space charge effects. In
any case, the interpretation of electron diffraction patterns requires a lot of theory to properly
interpret the experimental data recorded (Debye–Scherrer type of interference fringes). This
is even more so the case for a completely different route which has been proposed by Corkum
and collaborators (Zuo et al 1996, Niikura et al 2002), who suggest the use of the re-scattered
electron ejected from the molecular system under study in a very intense laser field. While first
interesting results have emerged from this conceptually very elegant and challenging approach
(Yurchenko et al 2004, Spanner et al 2004, Milosevic et al 2004), it still waits to be proved as
a viable method for studying nuclear dynamics in molecules beyond the most simple diatomic
systems. For the time being, it is probably fair to say that none of the efforts discussed here
briefly has already led to a substantial body of genuine, hitherto unknown information on
ultrafast nuclear motion of molecular systems. Hence we refrain from discussing the various
results reported so far in the literature and look forward to future experiments.

2.4. Process modelling and data analysis

As already indicated in section 2.3.3 in the process of understanding the dynamics it is important
to find suitable, at least semi-quantitative concepts for the ultrafast ionization and fragmentation
processes studied in order to model the observed signals, recorded as a function of delay time
between pump and probe pulse. This statement holds for the evaluation of transient ion
yield signals as well as for a quantitative interpretation of time-resolved photoelectron spectra.
Ideally, a full ab initio treatment of the dynamics would be desirable which may be compared
directly with the experimentally observed transient signals. This requires quantum-dynamical
calculations, i.e. wave packet propagation on ab initio calculated potential energy surfaces
(PES) including non-adiabatic transitions as required. Electron density distributions of the
excited states and Franck–Condon probabilities for transitions between ab initio calculated
PES are the basis for such interpretation of time-dependent electron spectra or even angle-
resolved photoelectron spectra. Substantial progress has been made in recent years towards
this goal, including MD ‘on the fly’ methods which allow for an efficient simulation of dynamics
and time-dependent electron spectra in complex systems (Leforestier 1978, Car and Parrinello
1985, Ben-Nun et al 2000, Doltsinis and Marx 2002, Bonacic-Koutecky and Mitric 2005).
This approach is usually based on a semiclassical treatment of nuclear dynamics including
all degrees of freedom and is suitable for heavy atoms. Alternatively, quantum dynamics is
applicable to limited numbers of degrees of freedom and therefore suitable for systems which
allow for separation into passive and active degrees of freedom. While we will mention some
of this work in the context of discussing specific processes in the following sections, we do
not attempt to give an in-depth review of the various theoretical approaches and achievements.
Here we just mention a few additional characteristic references which may allow the interested
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reader to connect with the current theoretical trends in this field (Ben-Nun and Martinez
2002, Vallet et al 2005, Full et al 2005, Jasper et al 2004, Suzuki Seideman and Stener,
Worth and Cederbaum 2004) and specifically to the comprehensive book by Domcke et al
(2004).

Clearly, such full ab initio understanding of ultrafast dynamics will always be restricted to
a selected class of model cases or—in more complex systems—to a very general ellucidation
of specific prototype processes and reaction pathways with restricted degrees of freedom. In
all other cases one will have to resort to a simple phenomenological evaluation of the data in
order to extract the essential physics and chemistry from the experimental data. Often, a pure
rate equation approach is used to tackle the problem. We note, however, that the mechanisms
underlying the excitation dynamics of molecules and clusters are intrinsically of a coherent
nature and thus a more rigourous treatment is a priori warranted. Fortunately from the point
of evaluation, it turns out the coherence is often averaged out due to an apparently statistical
mixture of contributing processes. Nevertheless, we consider it important for the present
review to summarize the basis of such evaluation schemes somewhat more rigorously and
hope that this may turn out to be useful for future approaches in the evaluation of experimental
data on ultrafast dynamics of large molecules and clusters.

2.4.1. Optical Bloch equations and rate equations. One major difficulty in the evaluation of
transient ion and electron signals from femtosecond pump–probe experiments is the necessity
of determining the exact zero delay time in order to extract the correct dynamics from the
experimental observations. Since in a gas phase experiment this cannot be measured directly,
one may e.g. resort to a comparison with other known excitation–ionization processes, in
particular using a 2C-REMPI process involving a stable intermediate. One then often assumes
the point where such a signal has risen to 1/2 of its maximum so as to represent the delay
time t = 0 (see, e.g. Cheng et al (1995a)). We have shown that this is not necessarily a
reliable calibration in the case of exact resonance (Freudenberg et al 1996). Instead we treat
the preparation of the intermediate state by the pump pulse exactly by integrating the optical
Bloch equations which describe the excitation process of an optically driven two-state system
and add the necessary dissipative loss channels empirically. This procedure, although strictly
valid only a for a two-colour resonantly enhanced multi-photon ionization process (2C-REMPI)
for systems with well separated energy levels (i.e. atoms) has turned out to be a viable method
for evaluating pump–probe experiments for a broad range of free molecules and clusters. It
allows one to derive a good estimate of transient time constants even below the cross correlation
times of the pulses used and establishes a well-defined procedure for fixing zero delay time.

The optical Bloch equations are derived in the so-called rotating frame approximation
from the more general Liouville equations (Loudon 1983, Mukamel 1995). They describe the
optical excitation process of a two level system with state |1〉 and |2〉 in terms of its density
matrix {ρik} and are applicable for pulse lengths long compared with the oscillation period
of the electric field 2π/ω0 and for small detuning �ω = (ω0 − ω21) off the exact molecular
resonance ω21 for the transition studied. With the transition dipole moment µ12 and the electric
field strength F(t) = F0g(t) cos(ω0t) of the laser pulse (see section 2.2, equation 2.2) the Bloch
equations are written as

ρ̇11 = i

2
�0g(t)(ρ12 − ρ21), (2.13)

ρ̇22 = − i

2
�0g(t)(ρ12 − ρ21) − �22ρ22, (2.14)

ρ̇21 = i

2
�0g(t)(ρ22 − ρ11) − (�21 − i�ω)ρ21, (2.15)
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where we have introduced the Rabi frequency

�0 = µ12F0

h̄
(2.16)

which in the fully saturated situation gives the oscillation frequency of the population between
the ground and excited states. We note that �2

0 is proportional with the laser intensity (see
equation 2.4). To be clearly outside the saturation regime �0 must be small compared with the
reciprocal pulse duration time, i.e. �0τ  1. The diagonal terms of the density matrix,
ρ11 and ρ22, represent the population of ground and excited states, respectively, the off-
diagonal terms, ρ12 = ρ∗

21, describe the optically induced coherence between the ground and
excited states. The Bloch equations allow for convenient introduction of phenomenological
depopulation and dephasing rates for the excited state �22 and �21, respectively. For free atoms
or molecules with isolated excited states in the absence of any other internal dynamics, nuclear
or electronic, the rate �22 describes the radiative decay and �21 = �22/2. In femtosecond
pump–probe experiments �22 and �21 are used to model the dynamics of interest, such as
adiabatic transition, dissociation or internal vibrational redistribution etc.—clearly only in a
crude, phenomenological manner. The radiative decay rate usually can be neglected and often
the dephasing occurs much faster than the population/depopulation, i.e. �21 � �22. The
processes of interest may be rather complex and involve a variety of steps which cannot be
discerned individually. However, in a simplified model they may be included schematically by
adding (usually in an incoherent manner) a number of rate equations describing the population
and depopulation of different ‘channels’ involved (Lippert et al 2003a, Freudenberg et al
1996):

ρ̇kk = fik�iiρii − �kkρkk,

where �ii = 1/τi is the decay rate of channel (i) with lifetime τi and fik the branching ratio
for transitions from channel i to k. The ion or electron signals detected are taken proportional
to the temporal evolution of the population densities ρ22(t), ρii(t), ρkk(t) which finally have
to be convoluted with the ionizing probe pulse profile and added with different weights. The
weights, decay rates and branching ratios are taken as fitting parameters to obtain the best
agreement with the experiment. In spite of the fact that such models do not claim to reproduce
an accurate picture of the true dynamics, they allow comparison, quite instructively, with
different systems, cluster sizes and processes in a semi-quantitative manner and establish time
scales on which the isolated molecular systems evolve—as we believe has been demonstrated
for many cases over the years.

2.4.2. Limiting cases and examples. Before illustrating the key points by characteristic
examples we discuss some important limiting cases (Ritze 2005). We first recall that in genuine
pump–probe experiments one tries to avoid saturation and thus keeps the laser intensity low,
i.e. �0τ  1 (see, also section 2.4.3). In that case the optical Bloch equations (2.13)–(2.15)
may be solved in a perturbation type of approach. One obtains with the substitution x = t/τ

for the depletion of the ground state :

1 − ρ11(t) = τ 2�2
0

4

∫ t/τ

−∞
dx ′g(x ′)e−τ�21x

′+iτ�ω·x ′
∫ x ′

−∞
dx ′′g(x ′′)e+τ�21x

′′−iτ�ω·x ′′
+ c.c, (2.17)

which for long lived excited states is identical to ρ22(t). With the electric field envelope g(t ′/τ)

of the laser pulse (see section 2.2.1) contributions to these integrals arise only during the pulse
duration time τ . Assuming exact resonance �ω = 0 we can further evaluate the double
integral (2.17) by partial integration (similar to Freudenberg et al (1996)) and distinguish the
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Figure 20. Schematic illustration for deriving the excitation probability in the case of densely
spaced levels

two limiting cases:

• τ�21  1: The dephasing time is much larger than the pulse duration. Then the
exponential expressions in equation (2.17) are taken to be unity and we arrive at the
coherent limit:

1 − ρ11(t) = τ 2�2
0

4

∣∣∣∣
∫ t/τ

−∞
dx ′g(x ′)

∣∣∣∣
2

(2.18)

= 1

8
πτ 2�2

0[erf(t/(τ
√

2)) + 1]2 t→∞−→ π

2
τ 2�2

0,

where the error function erf(t/(τ
√

2)) determines the temporal behaviour when using a
Gaussian field envelope equation (2.3) for evaluating the integral.

• τ�21 � 1: The dephasing time is much smaller than the pulse duration. With
equation (2.17) this leads to the incoherent limit:

1 − ρ11(t) = τ�2
0

2�21

∫ t/τ

−∞
dx ′ ∣∣g(x ′)

∣∣2
(2.19)

= 1

4

√
π

τ 2�2
0

τ�21
[erf (t/τ ) + 1]

t→∞−→ 1

τ�21

√
π

2
τ 2�2

0,

which is distinctively different from the coherent case.
• For larger detuning τ�ω � 1 the situation is more complex. Explicit calculations

show that detuning in combination with significant relaxation rates of the excited state
(�22 � 1/τ ) makes the process effectively incoherent and leads in the limit τ�ω � 1
to maximum excitation at t = 0. We will illustrate this below in some more detail (see
figure 22).

So far, we have implicitly assumed that state |2〉 excited by the pump pulse is an isolated,
single energy level as indicated in figure 20(a). However, in larger molecules or clusters, as a
rule, we will have to consider many vibrational levels, especially so in higher electronic states.
To describe this situation we may have to as a first approximation assume an infinite number
of differently detuned states as indicated in figure 20(b). For simplicity we assume (without
loss of generality) that the contributing levels are equally spaced with a distance δε and they all
have identical dipole transition matrix elements µ12. In addition we assume zero dephasing for
each level, i.e. �21 → 0 (coherent limit). From equation (2.17) follows for the superposition:

1 − ρ11(t) ∝
∫ t

−∞
dt ′F(t ′)

∫ t ′

−∞
dt ′′F(t ′′)

n=∞∑
n=−∞

exp

(
i
nδε

h̄
(t ′ − t ′′)

)
+ c.c. (2.20)
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Figure 21. pump–probe signal for a long lived state |2〉 with population ρ22(t) according to
equation (2.18) and equation (2.19) excited by a Gaussian laser pulse of a width (FWHM) �th.
For comparison the signals are normalized to unity for t → ∞. The pump–probe delay time t is
measured in units of �th (FWHM). While for the incoherent case the signal reaches half maximum
at delay time zero, this point is shifted by 0.327 �th in the case of coherent excitation.

Using Poisson’s sum formula 2 we obtain:

1 − ρ11(t) ∝ 2π

δε

[∫ t

−∞
dt ′|F(t ′)|2 + 2

∞∑
n=1

∫ t

−∞
dt ′F(t ′)F (t ′ − 2πh̄n/δε)

]
. (2.21)

In the limit δε → 0 the second term in the brackets [ ] vanishes and one obtains an expression
equivalent to equation (2.19). Thus, the coherent excitation of a quasi continuum of states can
be treated in the same manner as the incoherent limit for a pure two level system—a very
convenient result for evaluation pump–probe experiments with large molecular systems and
justifying the rate equation approach used in much of the related work.

Experimentally the cases may very well be distinguished if zero delay time is well-defined
or if different cases can be compared directly. In figure 21 the excited state population given
by equations (2.18) and (2.19) is plotted for the case of a long lived excited state |2〉 with
�22 → 0 and ρ22(t) = 1 − ρ11(t) and a Gaussian temporal pump-pulse profile. Note that in
the incoherent case the signal reaches the half maximum level at delay time zero. In contrast,
for the resonant case this point is delayed by 0.545τ = 0.327�th where �th is the FWHM
of the pump-pulse intensity profile. In real experiments this shift is crucial when determining
lifetimes below the pulse duration.

This behaviour is clearly documented in the experimental results for ammonia, and
ammonia clusters (Freudenberg et al 1996). Figure 22 shows the transient ion yield after
excitation of the rapidly decaying Ã(v′ = 4) state in NH3. Alternatively the pump laser was
tuned on resonance (∼204 nm) or off resonance (∼200 nm). The subsequent ionization was
achieved with 267 nm pulses. The pulse duration in these early experiments was ∼150–170 fs
for pump as well as for the probe pulse. Shown are the experimental NH+

3 signals as with
the exciting laser pulse tuned on and off resonance together with a least squares fits to the

2 Here:
∑∞

n=−∞ eina = (1/2π)
∑∞

n=−∞
∫ ∞
−∞ dxeixa/2π e−inx.
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Figure 22. (a) Calibration of the pump–probe delay using resonant and non-resonant excitation
of NH3 to the rapidly decaying Ã(v′ = 4) state by ∼ 204 nm and ∼ 200 nm, respectively. Note
the shift towards positive delay for the resonant case. An even larger shift is seen for ND3 and
ammonia clusters. The fits curves are derived from the Bloch equations (2.13)–(2.15), using the
known laser pulse width of 160 fs FWHM and assuming an excited state lifetime of 40 fs for NH3
(180 fs for ND3). (b) For comparison, the corresponding delay scans for benzene (resonantly)
excited as well as for (NH3)3NH+

4 (a) are given (two data sets are given, taken with 204 nm and
200 nm). Obviously, the delay scans for benzene as well as for the clusters are identical in both
cases within the experimental limits of error. (Data adapted from (Freudenberg et al 1996)).

corresponding solutions of the optical Bloch equations (2.13)–(2.15). Assuming a decay time
of 40 fs, a laser pulse width of 160 fs FWHM and a detuning of 1.5 nm in the non-resonant case,
excellent agreement between fit and experiment is achieved. Note the shift of the resonant
NH+

3 signal towards positive times by about 70 fs as predicted theoretically. In contrast, in
the non-resonant case the signal is essentially symmetric with respect to zero delay time. The
simultaneous fit of resonant and non-resonant transient allows confirmation by a real time
experiment to within about ±10 fs the lifetime of NH3 (Ã v′ = 4) which was previously
estimated from spectral line widths measurements by Ziegler (1985). For ND3 excited with
the same wavelengths, a lifetime of ∼180 fs was derived (open symbols with corresponding
fit). For comparison, also presented in figure 22 are the transients for benzene and ammonia
clusters—fitted with the assumption of resonance in all cases. Obviously the density of states is
high enough to match resonance sufficiently close at these wavelengths but not high enough for
the limiting, incoherent case described by equation (2.19). It should be mentioned, however,
that in much of our later work with larger molecules and clusters, the assumption of incoherent
processes has led to the most satisfactory results. For calibration it is best to add a small
amount of a well characterized molecule to the molecular beam of the species to be studied.
Preferably a calibrating molecule is used which has a very short lifetime and is excited off
resonance. Simultaneous recording of all (mass-analysed) ion yields in connection with the
corresponding Bloch fits allows then unambiguously to define zero delay time.

2.4.3. Intensity considerations. We end this section with some quantitative considerations
about useful laser pulse energies, intensities and repetition rates. We first note that the
population density is not simply proportional to the laser intensity I0. In the case of coherent
excitation of a state with a very long lifetime (�22 → 0) we read from equation (2.18) that the
maximum population density is determined by the Rabi frequency andthe pulse duration and
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is given by

ρ22(∞) ∝ τ 2�2
0 = τ 2µ2

12F
2
0

h̄2 = 2
τ 2µ2

12I0Z0

h̄2 ,

and in terms of the single pulse energy, Ep, (according to equation 2.9) this becomes

ρ22(∞) ∝ τ 2�2
0 = 2Z0

h̄2√π

τµ2
12Ep

πw2
. (2.22)

We note that for a given pulse energy the probability of exciting a system is proportional
with the pulse duration (as long as that is short compared with the excited state lifetime,
i.e. for τ�21  1). Hence it is usually more difficult to excite a system with femtosecond
lasers than with longer pulses—in spite of the higher intensity of femtosecond laser pulses.
However, in the opposite case (i.e. for τ�21 � 1) equation (2.19) shows that the excitation
probability becomes proportional τ�2

0/�21 ∝ Ep/�21. Hence, in this incoherent case for a
given pulse energy the excitation probability is proportional to the excited state lifetime 1/�21

and independent of pulse duration.
Next we try to estimate some upper limit for the product of Rabi frequency and

pulse duration τ�0 in order to obtain an estimate for useful pulse energies. We assume
(Freudenberg et al 1996) typical experimental values for the laser pulse duration τ = 100 fs
and fluence Ep/(πw2) � 1 mJ cm−2 (corresponding to 10 GW cm−2) and estimate an upper
limit for the transition dipole moment to be µ12 ≈ 1e0 Å · FC with a relatively high Franck–
Condon factor FC = 0.2. From equation (2.22) we then obtain

τ�0 =
√

2Z0

h̄π1/4
µ12

√
Ep

πw2
τ � π/10, (2.23)

while saturation would be achieved for τ�0 = π/2. The assumed conditions would apparently
be optimal for pump–probe experiments where one desires a high population density of the
excited state which is, however, still significantly below saturation. The estimate also shows,
that one has to be very careful with choosing the parameters right and that a proper estimate
of µ12 is important in order to avoid the saturation regime.

Finally, we resume the question of optimal repetition rate of the laser pulses and desirable
focusing of the laser beam which we have briefly touched upon at the beginning of section 2.2.
Thus we have to derive the dependences of the total number of ionization events generated
by the probe pulse after initial excitation of state |2〉 by the pump pulse. This signal will
be proportional to the excited state density n2(t), to the probe laser intensity Ipr, and to the
detection volume V which is given by its length � and the overlap cross section A = πw2 of
pump and probe laser beams. Further factors enter into the signal, such as pulse duration, but
we consider these as given by the problem to be studied. We further assume a linear process for
the pump (excitation) as well as for the probe pulse interaction (ionization) with the target. The
excited state density is assumed to be proportional to the initial target density n0 (no saturation)
and to the pump pulse fluence Epu/A (see equation 2.22), the ionization probability will be
proportional to the probe pulse fluence. Thus the signal per laser pulse is

s ∝ n0ρ22 · Epr

A
· V ∝ n0

Epu

A
· Epr

A
· � · A ∝ n0

Epu

A
· Epr · �, (2.24)

with the individual pulse energies Epu and Epr, for pump and probe pulse, respectively.
Introducing now the repetition rate of the laser R per second and the average output power

P̄ we discuss the limiting cases. We first assume the pulse energy to be very low so that
we are very far from saturation by the pump pulse and we assume Epu and Epr each to be
(oversimplified) constant fractions of the total pulse energy P̄ /R. The average signal S per
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second is then derived by multiplying S with R so that finally we have an average signal per
second as follows

S ∝ n0 · (
P̄ /R

)2 · (�/A) R ∝ n0 · (
P̄ 2/R

) · �/A. (2.25)

Obviously, simply increasing the repetition rate at constant average output power reduces the
signal. We also note that focusing helps to increase the signal. A figure of merit of the laser
system from the point of signal maximization is then P̄ 2/R.

Now let us consider the case where we can afford a rather high average power laser system
and recall that the excitation probability due to the pump pulse must be significantly below
saturation, i.e. Epu/A has to be kept at the maximum tolerable level while the probe pulse
energy increases with P̄ /R since the ionization step is usually much less efficient. Rewriting
equation (2.24) and multiplying by R gives

S ∝ n0 · Epu/A · � · P̄ . (2.26)

We see that in this case it is simply the average power of the laser system which enhances the
signal, independent of the repetition rate.

We mention, however, that in some cases, e.g. when using coincidence techniques, one
has to limit the number of events per pulse to a very low value below unity. In that case, a high
repetition rate is useful. The average signal is then strictly proportional to the repetition rate
R. A similar consideration holds if the ionization step also comes into saturation and the probe
pulse intensity has to be kept at its maximum useful value Epr/A. Missing in these simple
estimates is of course any consideration about frequency conversion efficiencies. In summary,
each experiment requires a careful design and choice of the laser system. But in general it will
be necessary to have sufficient single pulse energy for all gas phase experiments.

3. Fast and ultrafast photo-induced processes

3.1. General remarks

We will now discuss the different types of physical and chemical processes which can be
initiated in molecules and molecular clusters by an ultrafast laser pulse. While in principle one
may excite (ro)vibrational states of the electronic ground state by using infrared laser pulses, it
turns out that with femtosecond pulses it is extremely difficult to achieve sufficient population
for a satisfactory gas phase experiment, the excitation probability being determined by the
permanent dipole moment of the molecule. Only very few successful infrared pump VIS/UV
probe experiments in the gas phase have been performed to date. As a first prominent example
the infrared-mediated UV dissociation of nitric acid should be mentioned (Bingemann et al
1997). Using 100 fs laser pulses at 1.44 µm the first overtone of the O–H stretch vibration
was excited leading after IVR relaxation (see section 3.3) to the dissociation of the HNO3

molecules by delayed femtosecond laser pulses at 266 nm. Windhorn et al (2002) reported
efficient infrared multiphoton dissociation of metal carbonyles using 5 µm femtosecond laser
pulses for excitation of the C–O stretch vibration with its particularly high dipole moment.

In the following we concentrate on electronic excitation with laser pulses in the visible
and UV spectral region, which typically also involves vibrational (and rotational) excitation
as determined by the electronic part of the transition dipole moment and by the corresponding
Franck–Condon factors. As already discussed in 2.2.1, in contrast to cw spectroscopy the
use of femtosecond laser pulses implies an unavoidable intrinsic, relatively broad spectral
width of the excitation laser pulse. The shorter the pulse and thus the higher the temporal
resolution, the worse the spectral resolution. This means, that not only a single transition but



1934 I V Hertel and W Radloff

also all neighbouring transitions whose energies lie within this energy interval, e.g. within
100 cm−1 for a pulse of 150 fs is included in the excitation process. The total number of
contributing transitions generally depends on the state densities of the ground and the excited
state. With respect to the ground state from which the optical transitions are starting, the
number of thermally populated levels is determined by the temperatures for the different
degrees of freedom. Depending on the molecular parameters (e.g. vibrational frequencies,
rotational constants, fine and hyperfine splitting) one obtains a large number of levels populated
at room temperature, while for molecules and clusters in a supersonic cooled molecular
beam (rotational temperature: e.g. 5 K, vibrational temperature: 100–200 K) the number of
thermally populated levels is much lower. Nevertheless, also in the latter case with the strongly
reduced number of starting levels, numerous optical transitions are possible because of the
manifold excited states which are accessible within the spectral width of the femtosecond laser
pulse.

3.1.1. Wavepackets. Very briefly we sketch here a formal description of wave packet
excitation by ultra short laser pulses within the framework of time dependent perturbation
theory (Schinke 1993, Lippert 2005). In semiclassical dipole-approximation the perturbing
Hamiltonian for the molecule in the field F(t) of the light pulse is written as


H ′ = − 
̂µ · 
F(t), (3.1)

with the dipole operator 
̂µ and the time dependent electric field 
F(t) of the pulse given in
equation (2.2). For a transition from the lowest vibrational level of the electronic ground
state |1〉 into a bound excited state |2〉 the wave function within the framework of the Born–
Oppenheimer approximation and perturbation theory can be written as

�( 
Q, 
q, t) = χ1( 
Q)�1 + χ2( 
Q, t)�2, (3.2)

where χ2 represents a vibrational wave packet in the excited state which can be written in
terms of the corresponding time independent vibrational eigenfunctions η2l with vibrational
frequencies ω2l and time dependent coefficients a2l(t):

χ2( 
Q, t) =
∑

l

a2l(t)η2l( 
Q)e−iω2l t . (3.3)

Within the framework of first order perturbation theory (Schinke 1993) the coefficients can be
determined individually and the resulting wave packet is given by

χ2( 
Q, t) = − i

h̄
〈�2|µ̂e|�1〉︸ ︷︷ ︸

A

∑
l

〈η2l|η10〉︸ ︷︷ ︸
B

η2l( 
Q) · e−iω2l t

.. ×
∫ t

0
dt ′F(t ′)e−i(ω2l−ω10)t

′

︸ ︷︷ ︸
C

. (3.4)

The integral marked A contains the electronic part µ̂e of the dipole operator and leads to the
electronic transition moment responsible e.g. for selection rules. The square of integral B is
essentially the Franck–Condon factor and describes thus the probability for a dipole transition
into the corresponding vibrational state l. For femtosecond spectroscopy the integral C is of
particular importance since it describes how many stationary states η2l are excited coherently
by a laser pulse. This is determined by form and temporal width, respectively, of the electric
field F(t), the field envelope function g(t) introduced in equation (2.2) as well as by the density
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of states at the transition energy. The shorter the pulse duration (see equation 2.6) and/or the
higher the density of states, the more eigenfunctions participate in equation (3.4).

In principle, according to equation (3.4) a coherent wave packet may propagate forever on
the excited state potential energy surface. However, such weakly damped oscillatory dynamics
is usually observed only for smaller molecules with low density of states and slow competing
processes. For larger molecules and clusters the density of states grows and different relaxation
processes come into play which drastically shorten the lifetime of the coherently excited levels.

3.1.2. Non-radiative relaxation processes—IC. One important relaxation channel which
often occurs in more complex molecules and clusters is internal conversion (IC) from electronic
energy into vibrational energy. Different mechanisms and models are used to describe this
process. One such scenario goes back to Bixon and Jortner (1968) and has been successfully
applied in numerous cases with not too large non-adiabatic coupling matrix elements, i.e. in
situations with well separated energy levels without crossings or avoided crossings. Then the
rate klm for the transition from a vibronic level l in state |2〉 to levels m in state |3〉 is given
essentially by Fermi’s Golden Rule

klm = 2π

h̄
|〈η3m�3|Ĥ |η2l�2〉|2ρmm = 2π

h̄
v2

lm ρmm, (3.5)

where vlm = vl is the coupling strength between the two levels and ρmm the density of states in
level |3〉. Both quantities are considered constant over the m-range of interest and vlm depends
directly on the non-adiabatic coupling matrix elements and may be written as a product of
electronic coupling elements, vibrational overlap integrals (their squares are Franck–Condon
factors) and the overlap integral between the spatial derivative of the vibrational wave function
in one electronic state and the vibrational wave function of the other state. This spatial derivative
is taken along the direction of the so-called promoting modes determining the coupling between
states |2〉 and |3〉. The process is essentially irreversible. If the energetic distance between the
states is large the coupling and thus the rate will be small. Quantitatively, this is described by
the energy-gap-law, which connects the rate k with the energy E to be bridged and the mode
frequency ωv by

k ∝ exp(−E/ (h̄ωv)) (Englman and Jortner 1970). (3.6)

Experimentally observed time constants for internal conversion of this type are between
100 fs and several tens of ps (Klessinger and Michl 1995). The same formalism is also able
to describe inter-system-crossing (ISC) e.g. between singlet and triplet states. The coupling
is mediated in that case by spin–orbit interactions and lifetimes are significantly longer (from
10 ps to 1 µs).

3.1.3. Conical intersections. Regions of a molecular energy landscape where two potential
hyper-surfaces become exactly degenerate—as illustrated in figure 1—are called conical
intersections. This is a common phenomenon for all multidimensional hyper-surfaces and
leads to very fast internal conversion processes with time constants on the order of a few 10 fs
(Yarkony 1996, Domcke and Stock 1997, Worth and Cederbaum 2004). A vibrational wave
packet on the energetically higher surface which come close to such a conical intersection will
branch with a high probability onto the lower surface. One hence also speaks of a photochemical
funnel.

Another loss channel is the dissociation of the excited species which can also be extremely
fast if the excitation leads to a repulsive potential surface. Besides this simple chemical process
further chemical reactions such as isomerization, electron transfer, hydrogen atom or proton
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transfer play an important role. They may all be initiated by femtosecond laser pulses and
proceed on the fs and/or ps time scale.

3.1.4. IVR. In contrast, intramolecular vibrational redistribution (IVR) occurs within one
electronic state and leads from the initially populated vibrational states to a broad distribution
of the vibrational energy equilibrated over all vibrational degrees of freedom. It represents a
relaxation process with slower time constants from picoseconds up to nanoseconds. Intuitively
IVR-processes correspond to the classical case of coupled, usually anharmonic oscillators
which exchange energy. To a first approximation it may also be described by equation (3.5),
however, with identical states |2〉 and |3〉. The present models are described in overview articles
by Gruebele and Bigwood (1998) and Gruebele (2003). Common to all IVR processes is the
change in vibrational population with time and for larger molecules a rapid diffusion of the
wave packets (equation 3.4) originally prepared.

3.1.5. Spectral structures. Since the processes mentioned before are extremely fast, in
general the spectral structures of the corresponding molecular transitions observed e.g. with
ns laser pulses are smeared out. For a homogeneously broadened linewidth the lifetime of the
corresponding state can be estimated. For polyatomic molecules, however, different transitions
overlap in the interesting spectral range and, hence, the lifetime cannot be gleaned from the
inhomogeneous width of the measured structures. Another possibility of obtaining dynamical
information in photochemical experiments on the ns time scale is provided by measurements of
the optical anisotropy of the reaction products. Furthermore, for small molecules and clusters
for which ab initio calculations of the potential energy surfaces of the excited states have been
carried out, the lifetimes of these states were estimated by molecular dynamic simulations.
Here, experiments with ultrahigh time resolution are particularly valuable as their results are
decisive for confirming the theoretical methods applied.

In the following subsections we will illustrate the different photo-induced physical and
chemical processes, partially touched above, by one or two typical examples demonstrating
the high potential of pump–probe spectroscopy with ps or fs time resolution.

3.2. Wave packet dynamics

After these general remarks we start our discussion with the dynamics of wave packet
propagation in electronically excited molecules.

As described by equation (3.4) the large spectral width of femtosecond laser pulses allows
for simultaneous coherent excitation of closely spaced rovibrational levels in the electronic
ground state (excitation with IR laser pulses) or in the electronically excited state (excitation
with UV/VIS pulses). The coherent superposition of the corresponding wave functions leads to
time-dependent transient signals if the amplitude and phase of the populated states are probed
by suitable detection methods. If two or more vibrational states are coherently excited a wave
packet will be formed which propagates on the corresponding potential energy surface and the
coherent superposition of several rotational states leads to additional (much slower) dynamics.
The time evolution of this wave packet can be visualized e.g. by ionization or by inducing
fluorescence with a time-delayed probe pulse, provided the ionization/excitation efficiency
varies with the position of the wave packet. The first experiments were conducted with diatomic
molecules, e. g. in the group of Zewail with I2 (Gruebele et al 1990, Gruebele and Zewail
1993), NaI (Cong et al 1990) or ICl (Janssen et al 1990) and Na2 in the group of Gerber
(Baumert et al 1991, 1992, Engel et al 1993). We now discuss some key features for three
special examples and refer to section 4.1 for further cases and details.



Ultrafast molecules and clusters 1937

Figure 23. Left: Typical pump–probe scheme for studying wave packet dynamics. The pump
photon (hνpu) excites the wave packet as a coherent superposition of vibrational eigenstates i,j
on the V1 potential; the time-delayed probe photon (hνpr) leads to fluorescing (LIF) states on the
potential V2. Thus, the time-dependent LIF signal reflects the propagation of the wave packet.
Right: The upper panel displays the experimentally observed LIF signal for I2 excited at 620 nm to
the B3�u state as a function of pump–probe delay time (femtosecond temporal spectroscopy, FTS).
Vibrational and rotational coherence is clearly seen on different time scales. Different polarization
of the detected light reveals different features: (a) parallel detection, (b) perpendicular detection and
(c) detection at the magic angle, which removes both early time and later time rotational anisotropies.
Below, the Fourier transform shows the spectrum of the vibrational frequency differences, growing
with vibrational quantum number v due to the anharmonicity of the excited state potential curve.
Adapted from (Gruebele and Zewail 1993).

3.2.1. The prototype diatomic molecule—I2. The pump–probe excitation scheme applied to
I2 is shown in figure 23. The pump photon (wavelength λpu) excites the system to several
closely spaced rovibrational levels of the electronically excited state V1. The number of
excited adjacent vibrational levels is determined by the ratio of the laser spectral width and
the vibrational mode distance E(vi) − E(vj). The propagation of the wave packet on the
potential surface V1 is probed by time-delayed pulses (wavelength λpr) exciting a higher lying
electronic state V2 and detecting the fluorescence signals out of the state V2. According
to the excitation scheme (figure 23 left) and the corresponding Franck–Condon arguments,
the transition probabilities from V1 to V2 will strongly differ for the left and right turning
points of the wave packet on the potential curve V1. Hence, the observed fluorescence signal
is modulated e.g. by the vibrational (and rotational) frequency of the excited molecule. In
the example of I2 the time-dependent signal is shown in the upper right panels of figure 23.
Here the 70 fs pump pulse at 620 nm excites the levels v = 6–11 of the vibrational mode in the
electronic B3�u state. On the short-time scale a fast modulation of 300 fs is observed, followed
by two recurrences with a distance of about 10 ps. The corresponding Fourier transform
spectrum (lower right panel of figure 23) reveals the distances between neighbouring pairs of
the vibrational ladder due to the anharmonicity of the B3�u potential: with an accuracy of
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Figure 24. RKR potential energies for the B3�u state of I2 obtained from the inverted data (o) of
femtosecond time-resolved spectroscopy (FTS) compared with those derived from high resolution
spectra (solid line, Barrow and Yee (1973)). From Gruebele and Zewail (1993).

0.2 cm−1 the distances are found to lie around 1.6 cm−1 at the vibrational frequency of roughly
113 cm−1. The corresponding modulation periods are 21 ps and 295 fs in agreement with the
measured values. The signal modulation at the position marked 1/2〈B〉 seen in the upper right
panel of figure 23 (∼600–640 ps) reflects the time scale for the rotation of the I2 molecule. A
detailed analysis of rotational coherence was first given by Felker and Zewail (1987).

By tuning the wavelength λpu of the pump pulse, the vibrational ladder of the B3�u

state can be scanned from v = 0 up to the dissociation limit. The obtained vibrational
frequencies allow a precise determination of the molecular parameters (Dunham coefficients)
for constructing the B3�u potential curve (Gruebele et al 1990). In figure 24 the results
of the Fourier transform analysis are compared with the potential curve (solid line) derived
from high resolution spectroscopy. The deviations between the two curves are below 1%
demonstrating the precise correspondence between experiments with high time resolution and
high spectral resolution. This holds, however, only for a coherent evolution of the system. For
larger molecules and clusters with many interaction and loss channels for the excited state, the
coherence will be destroyed rapidly and thus a wave packet analysis is rarely possible.

3.2.2. Potassium dimers in liquid He-droplets. A very special counter example to the state-
ment made above (that in large systems coherences will be destroyed rapidly) are atoms
and small molecules imbedded in He-droplets. Although this is in principle a huge sys-
tem the He-droplets act essentially as an efficient cooling agent and the interactions of this
environment with the molecule under study are weak, albeit clearly discernable. During the
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Figure 25. Wave packet propagation of potassium dimers attached to helium nano-droplets. Pump
and probe pulses at 12 000 cm−1 were used. Left: ion count rate as a function of the pump–probe
delay. The inset presents the original data. The right panel shows a spectrogram of the pump–probe
oscillation. The main intensity around 66 cm−1 corresponds to the vibration in the A1�+

u state K2.
The inset contains the same data, but normalized for each delay time emphasizing the shift of
vibrational frequency with time. Adapted from Stienkemeier and Lehmann (2006).

past years the groups of Stienkemeyer and Schulz have carried out a unique series of fem-
tosecond experiments with these systems (Droppelmann et al 2004, Schulz et al 2004, 2001,
Stienkemeier et al 2000, 1999). Figure 25 reproduces as one particulary illustrative exam-
ple the wave packet propagation of potassium dimers attached to such helium nano-droplets
(Stienkemeier and Lehmann 2006). Pump and probe pulses at 12 000 cm−1 were used. The
decay of the average signal (within 3.2 ps as seen in figure 25 left), corresponds to the desorp-
tion of the K2 from the helium droplet. The main curve represents essentially the vibrational
wavepacket in the A1�+

u state. The offset present in the originally measured trace was sub-
tracted to centre the oscillation around the origin while the inset shows the original data. The
spectrogram (figure 25 right) of the pump–probe oscillation has a maximum around 66 cm−1

corresponding to the vibration in the A1�+
u state of the potassium dimer. The normalized data

in the inset show clearly the shift of the vibrational frequency during desorption of the dimer
from the helium droplet.

3.2.3. A triatomic case. The excitation of a coherent wave packet requires at least a
few neighbouring vibrational levels to lie within the spectral width of the laser pulse (see
equation 2.6). Standard femtosecond laser pulse durations on the order of �100 fs thus allow
only excitation of low energy vibrational modes into a real wave packet as we have seen for I2.
Nevertheless, under special conditions coherent phenomena are also observable for molecules
with larger vibrational frequencies and/or longer laser pulses. Let us take for example, the
OClO molecule where a strong absorption band at 290–450 nm leads to the excitation of the
Ã2A2 electronic state and its vibrational modes of ν1 = 713.2 cm−1, ν2 = 287.1 cm−1 and
ν3 = 401.5 cm−1 (Richard and Vaida 1991). Figure 26 shows unpublished results from our
lab for OClO. A strong signal modulation is observed if the wavelength of the pump pulse with
a laser pulse duration �th ≈ 130 fs (band width �ν̄h ≈ 113 cm−1) is tuned to λpu = 386 nm
which lies almost exactly in the centre between the two neighbouring combination bands
(v1 = 7, v2 = 0, v3 = 0) and (6,0,2).
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Figure 26. Quantum beats in the pump–probe ion signals of OClO excited at λpu = 386 nm and
ionized at λpr = 257 nm. The modulation period �τ differs for both isotopomers. As shown in
the inset, the quantum beats vanish at λpu = 387.5 nm. Unpublished data from our lab.

The modulation period of �τ = 242 fs corresponds exactly to the difference frequency
of 138 cm−1 for the neighbouring modes of the O35ClO isotopomer whereas for the second
isotopomer O37ClO with a mode distance of 134 cm−1, the time �τ = 247 fs has been
measured. The duration of the coherent modulation is restricted in both cases to about 4.7 ps,
which is the lifetime of the excited electronic Ã state due to vibronic coupling to other closely
spaced electronic states (Ludowise et al 1997). No signal modulation is observed, however,
if the pump pulse wavelength is tuned into resonance with one of the two combination bands,
e. g. to the (7, 0, 0) mode of the Ã state at 387.5 nm (see inset in figure 26).

3.3. Relaxation processes

The excitation of larger molecules by femtosecond laser pulses leads to the population of
resonant vibronic levels which are surrounded by many other vibrational and electronic states to
which the excitation energy can be transferred and distributed by different relaxation processes
(see section 3.1). If the excited electronic state is energetically well separated from adjacent
electronic states, if their coupling matrix elements are small, and no crossings or conical
intersections are in reach, we expect intramolecular vibrational redistribution (IVR) to occur,
i.e. pure vibrational coupling from the initially excited vibrational mode to the manifold of
all other vibrational modes. If, however, the potential energy surface of the excited electronic
state comes close to that of another electronic state, a non-adiabatic coupling between these
states can occur which leads to internal conversion (IC) of electronic to vibrational energy,
i.e. to a violation of the Born–Oppenheimer approximation. We also recall that according to
equation (3.5) a high density of states and sufficiently large coupling matrix elements can also
lead to efficient IC—even without crossings or conical intersections. A specific example will
be discussed in section 4.8.

3.3.1. Intramolecular vibrational redistribution. IVR involves the transfer of energy from
a well-defined state to other isoenergetic states in the absence of collisions. The transfer is
due to intrinsic molecular coupling (e.g. anharmonicity coupling, Fermi resonance interaction)
from the initially excited state to the neighbouring states. If the coupling is to one or only a
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Figure 27. (a) Scheme of an IR-UV pump–probe experiment demonstrating the IVR process in
phenol from the excited OH stretch to the bath via the doorway states. (b) Upper traces: time profiles
of the OH0

1 band for phenol-d0 and phenol-d5. Lower traces: time profiles of the redistributed levels
(bath states) monitored at 35 430 cm−1 for phenol-d0 (•) and at 35 700 cm−1 for phenol-d5 (◦).
Adapted from Yamada et al (2004b).

few other states, coherent excitation will be propagated and quantum beats may be observed
with a modulation depth determined by the coupling matrix elements. For a larger number of
accepting states, however, these coherent recurrences disappear and one observes a dissipative
IVR process.

In early pioneering experimental investigations Felker and Zewail (1984) have studied
different regions of vibrational state density for anthracene by gradually increasing the pump
photon energy. Depending on the thus deposited excess vibrational energy Evib in the excited
electronic state the time-dependence of (red shifted) fluorescence signals varied dramatically:
at Evib = 766 cm−1 the coupling is very weak and the excited state decays exponentially with
its radiative lifetime of 8 ns; at Evib = 1420 cm−1 quantum beats were observed due to a
moderate number of coupled states while at even higher vibrational energy Evib = 1792 cm−1

a dissipative decay was seen with a time constant of 22 ps corresponding to the broadening of
the spectral structures of the detected fluorescence signal.

Recent studies have shown that in larger molecules the energy transfer from the initially
excited vibrational state to the continuum of dense states proceeds via so-called doorway
states of sparse density. This is nicely demonstrated in ps time-resolved IR-UV pump–
probe experiments for the isolated phenol molecule and its isotopomers (Yamada et al
2004a, 2004b). An infrared laser pulse of 12 ps at 3657 cm−1 excites the OH stretch vibration
in C6H5OH which is coupled (by the matrix element V1) to the doorway states and thereafter
(by V2) to the dense states of the bath of all vibrational modes in the electronic ground state as
seen in figure 27(a). The vibrational states populated in this model on the ps time scale were
probed by time-delayed (�t) two-UV-photon ionization via the electronic S1 state. The UV
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Figure 28. (a): Schematic drawing of ground and excited state potential energy surfaces of nitric
acid HNO3 illustrating time-resolved vibrationally mediated photodissociation. λovt is the vibration
overtone excitation laser wavelength (1.44µm), λdiss is the photolysis wavelength (266 nm), and �t

is the time delay between excitation pulse and photolysis pulse. In this schematic, the HO − −NO2
stretch coordinate represents all vibrational modes with a strong increase in photodissociation yield
after vibrational excitation. (b): Observed fluorescence yield as a function of �t (•). The solid
line is a single exponential rise with a time constant of 12 ps. Adapted from Bingemann et al
(1997,figures 1,2)

wave number (νUV ) of the probe pulses differs for the three stages and thus reflects the change
in vibrational energy. As seen in figure 27(b) the time-dependent ion signals demonstrate the
fast decay (14 ps) of the OH vibration in C6H5OH (phenol-d0) and the simultaneous rise of the
bath state population due to the IVR process. In the deuterated molecule C6D5OH (phenol-d5)
the corresponding IVR relaxation proceeds in 80 ps. Although the density of states at the OH
stretch energy in phenol-d5 is about three times higher than in phenol-d0, the IVR process is
much slower. This is interpreted by the coupling strength of the OH stretch to the doorway
states being much stronger in phenol-d0, probably since CH stretch or bend vibrations with
their strong isotope effect belong to the doorway modes. The fit curves in figure 27(b) (solid
lines) are single exponentials, reflecting on the one hand the statistical character of the IVR
process and demonstrating on the other hand that the doorway → bath transition is much faster
than the observed OH stretch-doorway transition.

Another interesting example illustrated in figure 28 is the observation of the IVR process in
the electronic ground state of the isolated nitric acid molecule whose O–H stretch mode has been
excited to v = 2 (first overtone) by a 100 fs laser pulse at λovt = 1.44µm (Bingemann et al
1997). The IVR process has been monitored by detecting the spontaneous fluorescence of
excited NO2 fragments formed due to irradiation of the vibrationally excited HNO3 molecules
by a delayed dissociation pulse with λdiss = 266 nm. As illustrated in the schematic potential
surface scheme in figure 28(a), photolysis of the HNO3 molecule to OH and NO∗

2 through
the repulsive excited state can only occur if prior to the UV-photolysis pulse (λdiss) vibrational
energy in the electronic ground state is transferred from the initially excited O–H mode to
the OH–NO2 mode by IVR. Thus, by delaying the photolysis laser pulse at 266 nm with
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respect to the IR pulse at 1.44 µm, this transfer has been followed directly by the rise of the
fluorescence signal as shown in figure 28(b). Surprisingly, the time constant of 12 ps obtained
is comparable with values for larger molecules with a much larger number of vibrational
modes (e.g. anthracene discussed above). Furthermore, this example demonstrates how a
dissociation reaction can be initiated by vibrational pre-excitation, i.e. by excitation of a
selected vibrational mode in the electronic ground state. We mention in passing that recently a
similar technique—detecting, however, the change in transient absorption—has been employed
to study IVR for benzene and toluene in the gas phase and in solvents, also giving typical IVR
conversion times of some 100 ps (von Benten et al 2004). Generally, the time scale of the
IVR processes in molecules and clusters has been found to reach from the ps range up to the ns
region.

3.3.2. Internal conversion. IC, in contrast to IVR processes, mostly proceeds on the sub-
ps time scale. Non-adiabatic coupling between different electronic states leads to transfer
of electronic to vibrational energy. For weak non-adiabatic coupling, i.e. a relatively large
distance between the electronic states of interest, the coupling between the optically excited
vibronic state to the vibrational states of the other electronic state is mediated by so-
called promoting modes and a few accepting modes. Depending on the coupling matrix
elements the corresponding time constants are found in the range of about 100 fs up to
few 10 ps.

If the potential energy surfaces come very near or intersect each other, conical intersections
occur which are characterized by an exact degeneracy of the adiabatic potential energy surfaces.
The cone can strongly focus the initially formed wavepacket to its apex leading to very
fast conversion times down to a few 10 fs. In particular, for large molecular systems with
their manifold of electronic states, conical intersections between the potential energy surfaces
are expected to appear within the Franck–Condon region with high probability. Extensive
theoretical studies of the non-adiabatic coupling and conical intersections (dating back to
Mead and Truhlar (1979) and Domcke et al (1981)) have been carried out over the past
two decades in the group of Domcke (see, e.g. Domcke and Stock (1997), Sobolewski et al
(2002), Sobolewski and Domcke (2003), Viel et al (2004), Sobolewski and Domcke (2004),
Lan et al (2005), Perun et al (2005a), Vallet et al (2005)).

As it turns out, also for polyatomic molecules only a few modes of the whole
spectrum of vibrational modes suffice to describe the dynamics very well. This was, for
example, exemplified by CASSCF/MRCI calculations for the conical intersections in pyrazine
where qualitative agreement with experimental spectra for the interacting S1(ππ∗)–S2(ππ∗)
manifold was obtained by including only four of the 24 vibrational modes (Woywod et al
1994). Almost perfect agreement was found if seven active modes were considered (Stock et al
1995). The corresponding lifetime of the excited S2 state due to internal conversion was
predicted by the ab initio calculations to be 20 fs (Stock et al 1989) in agreement with later
experiments (Stert et al 2000) (see, also section 4.4).

Also in benzene the S2 state is coupled to the lower electronic states by conical intersections
(Domcke et al 2004). Thus, similar ultrashort lifetimes have been expected to characterize
the photochemistry of this molecule. Indeed, first experimental evidence for the ultrafast
decay of the benzene molecule in the S2 state was found by pump–probe experiments in our
group demonstrating the internal conversion from the S2 to the S1 as well as to the S0 state
(Radloff et al 1996). These processes may serve as typical examples for internal conversion
as illustrated in figure 29. The time-dependent ion signals of the benzene monomer and dimer
are shown for a pump wavelength of 200 nm and a probe pulse wavelength of 267 nm. For both,
monomer and dimer, the ultrafast decay of the S2 state with a time constant τIC = (40 ± 10) fs
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Figure 29. Ion yield of the benzene monomer and dimer as a function of the delay time �t

between pump (200 nm) and probe (267 nm) pulse. The ultrafast decay of the excited S2 state for
the monomer and the dimer (shown on the left) occurs with nearly equal time constants of about
40fs. The inset documents the decay of the S1 state of benzene on the ps time scale, populated by
IC from the S2 state. The lower right panel shows that benzene clusters retain internal energy for
several hundreds of picoseconds without fragmentation. Adapted from Radloff et al (1996).

is followed by a finite slowly decaying signal attributed to the S1 state which is populated
during the IC process from S2 and which can still be ionized by the probe photon of 4.65 eV
(Radloff et al 1997). This is confirmed by the corresponding FEICO photoelectron spectra
reproduced in figure 30: at short delay times the electron spectra are broad and reach nearly up
to the maximum possible electron energy Emax

el = hνpu + hνpr − IP = 1.6 eV for the benzene
monomer (2.2 eV for the dimer). However, this high electron energy signal decreases very
fast. At 400 fs only a low energy signal Eel < 0.5 eV with a maximum at about 0.1 eV (0.2eV)
remains which reflects directly the very slowly decaying population of the S1 state. This
decrease of photoelectron energy (and the corresponding increase in vibrational energy of the
ion) is more or less equivalent to the energy difference between the S2 and S1 electronic states,
which for the benzene monomer is about 1.3 eV—in agreement with the general discussion in
section 2.3.4 (see in particular figure 13 where B̃ and Ã may be identified with the S2 and S1,
respectively).

The lifetime of the S1 state (populated through the decay of the S2 state) for the monomer
is read from the inset in figure 29 (top left) to be about 6.7 ps while for the dimer the observed
decay time is much longer, 100–300 ps, and for the trimer even longer (Radloff et al 1997).
Surprisingly, for the benzene dimer this long living signal corresponds to low photoelectron
energies and thus to high vibrational energies in the ion (as well as in the S1 state), i.e. to
energies significantly above the dissociation limits of the benzene dimer or benzene dimer
cation. Obviously, the S2 to S1 internal conversion leads to highly excited intramolecular
vibrations, whereas the energy transfer to the intermolecular vibrations in the dimer is much
less efficient so that fragmentation is negligible on the relevant time scales. This result clearly
illustrates the depth of information obtainable when FEICO spectroscopy (see section 2.3.5) is
applied to molecular clusters. Very recent theoretical investigations of the conical intersections
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Figure 30. Electron spectra of the benzene monomer and dimer for different delay times �t

between pump (200 nm) and probe (267 nm) pulses. The maximum electron energy Emax
el is given

by the difference of the photon energies absorbed and the ionization potential. Reproduced from
Radloff et al (1997).

in benzene by Toniolo et al (2004) have also studied the wave packet dynamics ‘on the fly’
leading to IC. Using a re-parametrized multi-reference semi-empirical method, RPM3-FOMO-
CASCI(6/6), for the surfaces an impressive agreement with the experiment is achieved on the
ultrashort lifetime of the S2 state and the possibility of decay directly from S2 to S0 as well
as to S1. The lifetime of the S2 state is estimated to be 60 fs, essentially due to IC into the S1

state and the population of the S0 state begins to appear after about 150 fs.
We mention here in passing that the results from these time-resolved studies may also

provide valuable information for the dissociation dynamics of aromatic molecules on longer
time scales (Ni and Lee 2004). Recently the dissociation of benzene (Tsai et al 2000) and
pyridine (Lin et al 2005) was studied by multi-mass imaging techniques (where mass and
dissociation energy are recorded simultaneously). Dissociation rates of 105 and 5 × 104 s−1,
corresponding to C6H6 and C6D6, respectively, were observed after excitation at 193 nm. The
fast relaxation from the S2 and S1 states to S0 and the slow dissociation rate suggest that the
dissociation of benzene occurs in the ground state after internal conversion.

3.4. Photodissociation

3.4.1. General remarks. Photodissociation, a prototype of a unimolecular reaction, is the best
studied and simplest photochemical process. Generally speaking, a molecule or cluster will
break (eventually) if the photon energy deposited into the system is high enough to overcome
the binding energy of one of the molecular bonds. In practice, however, for large molecules this
is often not observed. Rather, a minimum internal energy significantly higher than expected
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from the energetic barriers has to be deposited before the system is found to fragment. This
additional energy, called kinetic energy shift, arises from the fact that after excitation with
typical nanosecond (often even with femtosecond) light pulses the energy absorbed in a specific
vibrational mode will be rapidly redistributed by IVR processes (cf section 3.3) over all other
vibrational modes in times shorter than the pulse duration. This implies that dissociation will
only occur if in the course of the subsequent statistical redistribution of energy, sufficient
excitation energy is located in a particular bond, typically in the weakest bond. We note that
the fragmentation time depends not only on the energetics of the system but also on the number
of vibrational states among which the absorbed energy is distributed. For such a statistical
dissociation a rough first guess for the rate k can be obtained from the classical Ramsperger,
Rice and Kassel (RRK) formula

k(E) = αν̄

(
E − D

E

)s−1

(3.7)

where E is the internal energy of the molecule, D is the dissociation energy and s is the
number of relevant vibrational degrees of freedom. This number and the prefactor αν̄ have
to be chosen judiciously to obtain meaningful estimates, α being the reaction degeneracy
and ν̄ a suitable average vibration frequency of the system. Typically, for larger molecules
and clusters, dissociation occurs on the ps and ns time scale, often even after µs. A molecule
which is particularly resilient against fragmentation after energy deposition is C60 (Hertel et al
2005). For more rigourous calculations of dissociation rates in large molecules one has to apply
RRKM theory developed by Marcus (1952) which introduces the proper quantum mechanical
treatment. It is also the basis for all further variants of statistical theory which have been
and are still employed with great success for understanding unimolecular reactions in large
molecular systems.

However, we will not enter into any details here, since one key idea of applying
femtosecond pulses is to circumvent the limitations of statistical energy redistribution. Quite
generally, mode-selective bond breaking in large molecules cannot be achieved by ns pulses.
In contrast, the use of femtosecond laser pulses, possibly specifically shaped, promises in
principle the initiation of a specific dissociation process before the IVR processes can occur,
i.e. femtosecond pulses can be used for mode-selective reactions. This is the basic idea behind
femtochemistry—if understood as aiming for control of chemical reactions by ultrafast light
pulses. It is one of the key issues of present research in photochemistry. We will describe
some prototype experiments of this kind in section 4 and discuss in the following only direct
dissociation.

3.4.2. Direct dissociation in a diatomic case. We turn now to the most simple class of
fragmentation processes: the direct or indirect excitation of dissociative states on a potential
energy surface which leads to dissociation or predissociation of the molecule. In the latter
case the initially excited potential energy curve—for which a minimum with a stable geometry
may exist—is crossed by a dissociative, e.g. a repulsive potential energy curve. The coupling
between the corresponding potential surfaces (e.g. by IC or ISC) can then lead to dissociation
of the molecule on the repulsive surface.

A representative example is molecular oxygen with different dissociation channels
observed for the Schumann–Runge band. The Schumann–Runge band reflects the excitation
of O2 from the X 3�−

g ground state to the B 3�−
u excited state and extends from 6.18 eV

up to energies above the absorption maximum near 8.6 eV (Huber and Herzberg 1979). In
figure 31(a) the relevant potential energy curves are shown for this energy range. The excited
B state is coupled to four continuum states (1�u,

3 �u,
5 �u and 23�+

u ) which are responsible
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Figure 31. Direct dissociation of O2. (a) Potential energy curves of the O2 molecule for the X 3�−
g

ground state and the excited B3�−
u state. Four repulsive states are represented by the broken lines

(according to Lin et al (1998)). (b) O+
2 ion signal as a function of the delay time �t between

the pump (155 nm) and the probe (258 nm) pulses. The full line gives the Bloch fit according to
equations (2.13)–(2.15). Despite the relatively large width τL of the pump pulse the decay times
τD for O2 and τIC for C2H3Cl can be clearly analysed. (c) The transient signal for C2H3Cl+ is
shown for comparison. From Farmanara et al (1999c).

for the predissociation of this state. The strong shift of the equilibrium internuclear distances
between the ground and excited state causes the broad spectral range of the Schumann–
Runge band. Due to the small Franck–Condon factors the absorption to low vibrational levels
(v′ = 0–2) of the B state is very weak but is characterized by discrete lines. For v′ > 2 the
absorption line width is strongly broadened due to predissociation; at these excitation energies
the crossing to the repulsive states is reached, the mode frequency being 709.3 cm−1 (according
to Huber and Herzberg (1979)), and the O2 molecule predissociates. As suggested by ab initio
calculations, the 5�u state should give the main contribution to predissociation. At 7.08 eV
where the dissociation limit of the B state is reached (cf figure 31(a)), direct dissociation of
O2 is possible and dominates the absorption processes and the spectrum becomes continuous.
At 8.0 eV (155 nm) the branching ratio between direct dissociation and predissociation of the
B state exceeds 99% (Lin et al 1998). The spectral continuum measured at these energies
suggests very short lifetimes of the excited state but it is impossible to determine the direct
dissociation time with conventional spectroscopic methods.

On the other hand, the VUV spectral range is not easy to access with femtosecond laser
pulses. Using the source described in section 2.2.2 (cf figure 10) we have, however, achieved
a direct lifetime measurement of O2 in the B state excited at a pump photon energy of 8.0 eV
(Farmanara et al 1999c). The result of the pump–probe experiment is displayed in figure 31(b).
Despite the relatively broad pump pulses (τL ≈ 500 fs), it was possible to obtain an estimate
for the dissociative lifetime τD = (40 ± 20) fs using the Bloch equation analysis described in
section 2.4.1. As discussed therein, the shift of the signal maximum with respect to zero delay
time is a sensitive measure for the decay time as illustrated by the Bloch model fits. The fit
of the simultaneously measured transient for C2H3Cl+ (figure 31(c)) with its well-known time
constant τIC confirms the calibration of the time scale. The measured decay time τD of O2
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Figure 32. Energy correlation spectra for the DMI of NO2 at 375.3 nm with different pump–probe
time delays. The intensity distribution is plotted on a linear scale with red representing the most
intense features and dark blue representing the least intense. The lowest 5% of the signal are plotted
in white. Reproduced from Davies et al (1999).

characterizes the direct dissociation rate and reflects the residence time of the wavepacket on
the B state potential curve within the Franck–Condon region.

3.4.3. Direct dissociation in triatomic and polyatomic cases. Several other molecular systems
are known for which theoretical studies and line width measurements have suggested ultrafast
direct dissociation processes as well. For example, lifetimes near 10 fs have been theoretically
estimated for the repulsive Ã state of H2O (Henriksen et al 1988) and the excited S2 state of
methylnitrite CH3ONO (Suter et al 1990), respectively. First results of femtosecond pump–
probe experiments using the same VUV source as for O2 have, indeed, revealed τD � 20 fs for
H2O (Farmanara et al 1999c) and τD = (25 ± 15) fs for CH3ONO (Farmanara et al 1999d).

A particularly informative example is the dissociative multiphoton ionization (DMI)
of NO2. In a pioneering experiment Davies et al (1999) recorded for the first time on
a femtosecond time scale, the full three-dimensional energy and angular distributions of
photo-fragment ions and photoelectrons in coincidence. The experimental set-up has already
been described in section 2.3.6. Figure 32 reproduces the results. The measured intensity
distributions are displayed as a function of ion and electron energies (energy correlation
spectra) for different pump–probe delay times. The diagonal distribution at short delay times
in figures 32(a) and (b) (0 and 350 fs, respectively) reflect the conservation of the total kinetic
energy (fragments + electron) during DMI of the NO2 molecule. Ionization occurs during



Ultrafast molecules and clusters 1949

the dissociation process at these short times, leading to observed broad electron distributions.
After 500 fs and even more so after 10 ps the dissociation appears to be completed. (We note
here in passing that the question of what the term ‘dissociation completed’ implies is by no
means trivial and refer the reader to Stert et al (2002b) where a similar problem is analysed; a
brief discussion of the subject will be given in section 3.5.2.) The narrow and nearly constant
electron energy distribution seen in figures 32 (c) and (d) result from the ionization of the free
neutral NO fragments by the delayed probe photon. The detailed analysis has shown that in this
experiment three-photon excitation (at 375.3 nm) leads to a repulsive state of NO2 followed by
one-photon ionization at the same wavelength. Photoelectron angular distributions from this
experiment can be derived in the molecular frame of the dissociating molecule (Davies et al
2000) and allow very deep insights into the underlying processes, showing for the DMI of NO2

a strong asymmetry at short delay times while at longer delay times the typical 1 + βcos2θ

distribution for photoionization of the fragment NO is recovered.

3.5. Photochemical reactions

Besides the ultrafast bond-breaking processes in femtosecond laser excited molecules and
clusters discussed in section 3.4, various other types of photochemical reactions have been
studied using femtosecond time-resolved methods. For three typical reactions we will
demonstrate how the application of the methods of the femtochemistry reveals the first direct
insight into the dynamics of these reactions: (i) photo-induced ultrafast structural change
(photoisomerization), (ii) formation of new reaction products (bond-making) and (iii) hydrogen
or proton transfer inside molecules and clusters.

3.5.1. Isomerization. Isomerization is a classical problem in chemistry. Much work has
been done in solution as well as on isolated molecules in the gas phase. One of the most
frequently studied molecules is stilbene with early time-resolved nanosecond quantum beat
studies dating back to Felker et al (1985) while the most recent experimental work exploits
femtosecond photoelectron spectroscopy (Dietl et al 2005, Baumert et al 2001). Significant
progress has also been made in the development of ab initio based theoretical models for
understanding the dynamics in ethylene and stilbene (Improta and Santoro 2005, Leitner et al
2003, Quenneville and Martinez 2003, Dou and Allen 2003). Earlier experimental results
were summarized by Baskin et al (1996). In figures 33(a) and (b) the chemical structures of
the cis- and trans-configuration of stilbene (directly related to the structure of ethylene) are
shown together with a three dimensional view of the isomerization coordinate, a torsional
twist around the ethylenic bond. The excitation to the electronic S1 state by the pump
photon (wavelengths λpu) involves mainly the phenyl groups. As schematically illustrated
in figure 33(c) the potential minimum is reached through a low barrier in trans-stilbene (about
1200 cm−1) and via a very small barrier in cis-stilbene. The lifetime of the excited state is
about 300 fs for cis-stilbene in a liquid environment (Sension et al 1993) and about 200 ps
for trans-stilbene just above the barrier (Zewail 1983). In figure 34 the isomerization rate of
jet-cooled trans-stilbene is displayed as a function of the excess vibrational energy in the S1

state: for example, the trans to cis isomerization time amounts to 25 ps at an excess vibrational
energy of about 6000 cm−1 (Baskin et al 1996).

The energetic minimum of the S1 state potential surface for stilbene (as well as for ethylene)
lies at a twist angle of about 900, i.e. halfway between the values for the cis- and the trans-
configuration (phantom state P). From this minimum the molecules can reach the ground
state via a conical intersection leading to vibrationally excited molecules in the cis- and in
the trans-configuration. Because the latter process should proceed within a few 10 fs, the
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Figure 33. (a) Chemical structures of trans- and cis-stilbene. (b) Three dimensional illustration
of cis-stilbene indicating the isomerization coordinate θ (twist around the ethylenic bond). (c)
General, schematic view of the potential of ground and excited state depicting the methodology of
the experiments, adapted from Baskin et al (1996). P is the perpendicular (phantom) state with
minimum energy along θ in S1. The initial preparation of the wave packet is by λpu, and the probe
process is either ionization by 2 × λpr or depletion of fluorescence by λpr .

Figure 34. Non-radiative, or isomerization, decay rate of trans-stilbene versus excess energy, the
latter being computed from the photon energy and the average thermal vibrational energy. Data sets
from several authors are shown. The lines are derived from RRKM theory using different models
for the transition state. Adapted from Baskin et al (1996).

resultant isomerization time, from for example, excited cis-stilbene to trans-stilbene will be
not significantly larger than 300 fs. A similar behaviour has been found for the photochemistry
of many other simple polyenes (e.g. Fuss et al (1998)). The photochemistry of free stilbene
continues to be a subject of active femtosecond research (see, e.g. Fuss et al (2004)).
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3.5.2. Electron transfer: Electron transfer is a key ingredient for the ‘making and breaking’
of molecular bonds. One particularly intuitive concept involving electron transfer which goes
back to Polanyi (1932) is that of harpooning reactions. These reactions proceed via an ionic
intermediate, e.g. M + RX → M+ + (RX)− → MX + R, where typically M is an alkali or
alkaline earth atom and RX a halide molecule or an organic halide. The ionic intermediate
can be formed at a crossing of the potential energy surfaces for the neutral (covalent) and ionic
states. This crossing occurs at the large separation of the reactants, because of the long-range
Coulomb attraction of the ionic state and the low ionization potential of the neutral alkali atom.
As Herschbach (1987) summarizes: the attacking alkali atom tosses out its valence electron,
hooks the halogen-containing molecule and hauls it in with the Coulomb force. The resulting
(large cross sections) may be estimated from the crossing radius rc by

e2
0/(4πε0rc) = IP (M) − EA(RX)

with IP (M) being the ionization potential of the alkali atom and EA(RX) the electron affinity
of the reactant molecule. Obviously, the cross section will be particularly large if M is
initially in an excited state and IP (M) is low. Photoexcitation thus may ‘trigger’ such a
harpooning reaction. Originally these reactions were studied in collision experiments with
crossed molecular beams (see, e.g. Herschbach (1966), Gillen et al (1969)). However, because
in such experiments the starting time cannot be defined, it was not possible to follow this
ultrafast process in real time. Wittig and collaborators (Buelow et al 1985) first introduced
the idea of combining the reactants in a weakly bound van der Waals cluster prior to the reaction
and then to initiate the reaction by a pulsed laser source, a method particularly well suited for
femtosecond time-resolved studies of reactions (Zewail 1996). In this way, a harpooning
reaction may be started with a femtosecond laser pulse at a well-defined time (so-called ‘half
collision’). The method was first applied for molecule–molecule complexes, e.g. for the
electron transfer reaction in a benzene-I2 cluster which was found to yield within 750 fs the
stable C6H+

6I− product via an ionic transition state Cheng et al (1995b, 1995c, 1996).
We have studied the intracluster harpooning reaction in the alkaline earth metal atom-halide

complex Ba–FCH3 (Stert et al 1999, Farmanara et al 1999) and in Ba–FCD3 (Stert et al
2002a). The cluster source has been described in section 2.1.4. As our own ab initio
calculations have shown Stert et al (2001a, 2001c), the cluster geometry is characterized by the
direct neighbourhood of the Ba atom to the F atom of methyl-fluoride in nearly C3v symmetry.
Thus, after electronic excitation one Ba valence electron can ‘jump’ to the F atom and bring
the two ions together (harpooning mechanism), thus forming the ionic bound Ba+F− product.
The reaction is initiated by resonant excitation of the Ba–FCH3 cluster at a pump wavelength
λpu = 618 nm, and its time evolution is followed by ionizing the parent cluster and the product
with the time-delayed probe pulses λpr = 400 nm. The ion signals observed are reproduced in
the left part of figure 35. The cartoon on the right in figure 35 illustrates the results of a thorough
analysis of the process, including ab initio calculations of the potential curves involved, as
well as photoelectron spectroscopy (Stert et al 2001a) and isotope studies (Stert et al 2001c).
The decay of the parent cluster ion signal with a time constant τIC = 270 ± 30 fs is due to
internal conversion (IC) from the initially excited electronic Ã state to the next lower Ã′ state.
Photoelectron spectroscopy indicates that the primary excitation of the Ã state is due to a
v = 0 → v′ = 0 transition. The IC process is accompanied by vibrational excitation of the
FCH3 component of the complex which in turn is necessary to overcome the reaction barrier.
Thus, the BaF product is formed in two consecutive steps with time constants τIC = 270 fs
and τR = 50 ± 20 fs. The time constant τR then reflects the ultrafast formation of the product
by the harpooning process.
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Figure 35. Photoinduced harpooning reaction. (a) Parent ion Ba–FCH+
3 and (b) product ion BaF+

signal as a function of the delay time �t between pump (λpu = 618 nm) and probe (λpr = 400 nm)
pulses. The solid lines are fit curves to the Bloch model which allows us to determine the internal
conversion (τIC) and reaction time constants (τR). (c) Parent ion signal with λpu = 636 nm,
reproducing the pump–probe cross correlation function (pump pulse duration τL) by non-resonant
excitation. (Data as in Farmanara et al (1999)). On the right a schematic illustration of the
reaction is shown, to be read from top to bottom; after excitation of the Ba-atom by the pump
pulse, internal conversion accompanied by vibrational excitation of the FCH3 precedes the charge
exchange (harpooning) process which is finally followed by the reaction. The latter is probed by
ionizing BaF with the probe pulse.

Further studies have also probed the wave packet dynamics on the dissociating Ã′ state of
the Ba–FCH3 complex—a route which provides an interesting alternative to obtain ionic BaF+

(Stert et al 2002b), rather than exciting the Ã state as discussed above; a 120 fs laser pulse at
745 nm is used to directly access the Ã′ state which is repulsive at the ground state geometry
and decays into neutral Ba and CH3F. Using probe pulses at 267 nm BaF+ and Ba+ ions
were observed with strongly different time dependences. While BaF+ is formed by ionizing
the dissociating complex, Ba+ ions are generated after the ‘dissociation is finished’ (see, also
the corresponding discussion in section 3.4.3). The product ions thus just reflect an image of the
Franck–Condon windows available in both cases. The experimental results were qualitatively
confirmed by theoretical studies based on ab initio calculations of the corresponding potential
energy surfaces.

Finally, we mention that very recently, in a combined effort with theory, it has also been
shown that the rate of the harpooning reaction can be enhanced by infrared pre-excitation of
local vibrational modes of the complex—prior to initializing the reaction with the pump photon
(Lippert et al 2004a).

3.5.3. Proton or H atom transfer. These are important primary processes in many chemical
reactions as well as in biological processes. David et al (2002) have reviewed this subject
and discussed in detail the controversial issue of proton versus concerted electron and proton
(i.e. H-atom) transfer. Here, we only briefly summarize some general considerations. Several
examples will be presented in section 4.

Proton transfer is an acid–base reaction which may occur in the ground or excited states
(ESPT) of neutral and ionic complexes. For the neutral excited state of a heterodimer it may
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be written as

AH · · · B + hν → AH∗· · ·B → A−∗ · · · HB+.

Different aromatic molecules such as phenol, naphthol or indole bound to clusters of alkaline
molecules B with a high proton affinity (e.g. ammonia, water) have been studied in their
electronically excited states AH∗. The first systems for which excited state proton transfer was
claimed are 1-naphthol(NH3)n and phenol clusters with (NH3)n. The proton affinity of these
alkaline clusters depends on the number of ammonia molecules (Chesnovsky and Leutwyler
1985). Indeed, pump–probe experiments with 1-naphthol(NH3)n clusters excited by ps laser
pulses to the S1 state have revealed a decay process only for n = 4 (with a time constant of about
60 ps) which has been attributed to proton transfer (Lührs et al 2000). For smaller clusters
(n < 4) proton transfer in the excited state is not possible and time-dependent ion signals
observed in these cases are due to NH3 evaporation of the 1-naphthol(NH3)+

4 ion. For n � 5
the proton transfer occurs already in the ground state and cannot be detected in pump–probe
experiments (Lührs et al 2000). Picosecond pump–probe experiments on phenol(NH3)n have
led to the conclusion that in these clusters the excited state proton transfer reaction takes place
for n = 5, 6, 7 and is characterized by time constants of 60–70 ps (Syage and Steadman 1991).
The formation of product ions H+(NH3)n (n = 4, 5) with comparable time constants has been
interpreted as being due to dissociative ionization after the proton transfer.

However, recent experiments have led to an essential correction of the reaction schemes
discussed for electronically excited phenol (NH3)n clusters. Comparing the mass spectrum of
the educt and product ions for simultaneous irradiation by a nanosecond pump (281.65 nm) and
probe (355 nm) pulses with that for a long delay time of 200 ns between both pulses, a strong
decrease of the parent cluster signals is observed while the product ion signals (NH3)n−1NH+

4
(n = 2–4) do not decay (Pino et al 1999, 2000). This result can only be interpreted as being
due to the formation of stable neutral products after an H atom transfer reaction (instead of a
proton transfer) in the excited state. This is in full agreement with the well-known ionization
potentials and lifetimes (several µs) of the neutral products (NH3)n−1NH4 (Fuke et al 1994).

A new, fundamental understanding of the reaction pathways in excited phenol (NH3)n
clusters originates from recent theoretical studies of Sobolewski and Domcke (2001). Their
ab initio potential energy curves for phenol (H2O)1 and phenol (NH3)1 are reproduced in
figure 36. They show that the optically accessible S1(1ππ∗) state is crossed by the repulsive
potential curve of the dark 1πσ ∗ state and a conical intersection between these two potential
energy surfaces is formed. In the 1πσ ∗ state a significant amount of the electron charge is
displaced along the O–H coordinate of the phenol molecule from the O atom towards the H
atom. In phenol-ammonia clusters the electron charge is completely separated from the phenol
molecule—as illustrated in figure 36 (b’) in contrast to the ground state (b’). As ammonia is
a good hydrogen acceptor, the electron transfer is accompanied by a proton transfer; thus, a
hydrogen atom transfer is the resulting process. This is demonstrated also in figure 36(b);
the phenol (NH3)1 complex gains energy for larger O–H separations along the hydrogen-
transfer reaction coordinate on the 1πσ ∗ potential curve. In contrast, for phenol (H2O)1 only
a (weak) minimum was obtained on the 1πσ ∗ potential curve as seen in figure 36(a). Up
to now no clear experimental signature of an H-transfer in this cluster has been observed. In
pump–probe experiments with ps laser pulses, relatively long lifetimes have been found for the
vibrationless excited S1 state of phenol (NH3)n clusters: 400 ± 50 ps for n = 2, 50 ± 10 ps
for n = 3. At higher vibrational energies in the S1 state the lifetime decreases significantly,
e.g. to 60 ± 10 ps for n = 2 at 200 cm−1 excess energy (Gregoire et al 2000). These
values are of the same order of magnitude as measured in earlier experiments for n > 4
(Syage and Steadman 1991).
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Figure 36. Left: Ab initio calculated potential energy profiles (CASPT2 PE) (a) for phenol–water
and (b) for phenol–ammonia complexes as a function of the H-transfer reaction coordinate; squares:
1ππ∗ state, triangles: 1πσ ∗ state. Right: The sigma∗ orbital for phenol-ammonia as obtained
from a CASSCF calculation for the 1ππ∗-state (b′) at the ground and (b′′) at the excited state
for equilibrium geometries. Adapted from Sobolewski et al (2002) and Sobolewski and Domcke
(2001).

As a very important further theoretical result Sobolewski et al (2002) predicted that
a similar structure of the potential energy surfaces and deactivation mechanisms are to be
expected also for aromatic biomolecules such as indole or adenine. There too, the repulsive
1πσ ∗ state plays a key role for the excited state H-transfer reaction for these complexes and
other nucleic bases and amino acids. We note, however, that very recently also alternative
mechanisms (e.g. involving out-of-plane modes) for the dissipation of excited state energy
are discussed for adenine (Marian 2005, Perun et al 2005a, 2005b). Further details will be
discussed in section 4.9.

4. Molecular systems

In this chapter dynamical processes in molecular systems of different size and degrees of
freedom will be discussed in some systematic detail. We try to give a representative overview of
results from the most active groups in this field, with the focus as described in the introduction.
Not aiming at a comprehensive collection, we hope nevertheless to have selected typical and
instructive results which are helpful for understanding the key issues which continue to be
the subject of ongoing research. The systematics in this section is the following: we start
with small molecules and the typical phenomena associated with a low density of states, then
the dynamics in larger (e.g. organic) molecules with a high density of states will be treated,
followed by fast and ultrafast processes in weakly bound van der Waals and in hydrogen-
bonded clusters and finally we will discuss a selection of (not too large) molecular systems of
biological relevance, which can still be studied as isolated systems.

4.1. Diatomic molecules

Diatomic molecules with only one vibrational mode are the systems best suited for
demonstrating vibrational wave packet dynamics after coherent excitation of a few vibronic
energy levels as already documented in section 3.2.
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Figure 37. Wave packet dynamics in NaI. (a) Potential energy scheme of indicating pump λpu
and probe pulse λpr together with the wave packets evolving on the excited state according to
Mokhtari et al (1990) and Jouvet et al (1997). (b) Na+ ion signal as a function of the delay
between the pump (312 nm) and probe lasers (263 nm), (c) corresponding slow and (d) fast electron
signals along with a classical model fit (model without decay) adapted from Jouvet et al (1997).

One of the model systems, pioneered by the Zewail group in the early development of
femtochemistry, is sodium iodide (e.g. Rose et al (1988), Rosker et al (1988), Rose et al
(1989), Mokhtari et al (1990), Materny et al (1994)). The wave packet induced by the pump
photon in the first excited A(� = 0) state of NaI was probed by inducing a transition to
an upper state (correlating with Na(32P) + I) and detecting the fluorescence of the sodium
D-lines. We describe here some more recent results of Jouvet et al (1997) and Gregoire et al
(1998) who in a pump–probe experiment simultaneously detected the product ions and the
emitted electrons. The potential energy curves shown in figure 37(a) illustrate that two
channels are involved in the excited state dynamics of NaI due with the avoided crossing of the
ionic Na+I−(X1�−

0 ) ground state and the covalent excited state correlating to the asymptotic
Na(32S1/2) + I(2P3/2) limit. The resulting potential curve causes an oscillatory motion of
the wave packet excited by the femtosecond pump pulse (λpu) from the ground ionic to the
excited covalent A state. Each time the oscillating wave packet reaches the right turning
point (corresponding to the transition state Na · · · I#) a small leakage (about 10%) through
the crossing region occurs which leads to Na + I fragments. The ion signal (figure 37(b))
shows the oscillatory motion of the wave packet as well as the exponential decay of the excited
NaI molecule due to dissociation. The oscillation period is determined by the shape of the
potential curves and depends on the excess energy in the excited covalent state of NaI. The
electron signal has two components: a slow one (0–500 cm−1) corresponding to the inner
(covalent) turning point (figure 37(c)) and a fast component (2000 cm−1 up to the maximum
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possible kinetic energy 3400 cm−1) from the outer (ionic) turning point, which nicely follows
the Na+ ion signal (figure 37(d)). NaI continues to be of current interest and provides further
challenges for the future. Recent theoretical work (Arasaki et al 2003), for example, has
shown that energy and angular distributions of photoelectron spectra would provide useful
mapping of the bifurcation of the wave packets through the crossing region, hitherto unexplored
in detail.

Other diatomic systems which have been studied intensively since the early days of fem-
tochemistry are ICl and Na2 as well I2, IBr, K2, Cs2 and Hg-Ar. The iodine dimer in particular
has been a benchmark system for novel techniques and concepts, both in experiment and
theory. Higher excited states in I2 were investigated by Farmanara et al (1999b) and the I−2
anion was studied in great detail Neumarkes group by femtosecond time-resolved photodisso-
ciation (Greenblatt et al 1996, 1997b), by conventional and femtosecond time-resolved pho-
toelectron spectroscopy including resonant impulsive Raman scattering (Zanni et al 1997,
1999), by femtosecond stimulated emission pumping (Zanni et al 2000a, Davis et al 2000),
and by time-resolved photoelectron imaging (Davis et al 2003). The work was also sup-
ported by theory (Batista et al 1999). We illustrate the state of the art and the amount of
detail one can presently derive with sophisticated experiments by a very recent result from
the group of Sanov who compared the dissociation of I−2 and IBr− by femtosecond time-
resolved photoelectron imaging (Mabbs et al 2005a, 2005b). Figure 38 shows photoelec-
tron spectra as a function of delay time between the dissociating and the photo-detachment
laser pulse for I−2 and IBr−. From the potential energy curves in the upper half of fig-
ure 38 indicating the dissociation step, it is clear that the maximum photoelectron energy
will be obtained at zero delay time while at later times the fragments carry part of the
energy away.

Another very well studied system is the Na2 dimer (Baumert et al 1991) for which
the first combination of kinetic energy time-of-flight (KETOF) mass spectroscopy and
femtosecond time resolution was reported (Assion et al 1998b). Continued inter-
est in alkali molecules has also led to many recent studies. Wöste and collaborators
(Heufelder et al 1997, Bartelt et al 2001, 2003, Lupulescu et al 2004, Lindinger et al 2004,
Schäfer-Bung et al 2004) studied in particular K2 and NaK which also served as model sys-
tems for optimal control strategies. Figure 39 illustrates their results on efficient control of
selective ionization of two isotopes of K2. By applying an evolutionary algorithm to the
shape of the ionizing laser pulse Lindinger et al (2004) were able to enhance the regular ratio
[39,39K2]/[39,41K2] of 6.9% to 71% or to reduce it to 0.51% within about 200 optimization
cycles. The XFROG traces of the corresponding pulses reveal the excitation mechanisms
involved in this optimization process: the observed sub-pulse distance of 250 fs ( 1/2Tosc

of the A1�+
u state) and the wavelength shift of up to 1 nm between two adjacent sub-pulses

indicate a successive excitation of the electronic states on the optimal ionization path. As
in all optimal control experiments, the pulse forms which the optimization process finally
applies are very complex and it is not clear whether all of the observed components signif-
icantly contribute to the optimized process or essentially just have random values. Small
molecules are particulary well suited to study this problem, as very recently documented for
K2 and NaK by Lindinger et al (2005), who applied control pulse cleaning (CPC) to ex-
tract the essential physics from the experimentally observed pulse shapes. We also mention
very recent time-resolved studies on Ag2 (Bernhardt et al 2005) using the NeNePo method
(see, section 4.2).

As a last prototypical example for demonstrating basic processes in a diatomic system we
mention experiments aiming at control of the photodissociation of CsCl by Glass et al (2000).
The excitation of this molecule by a femtosecond UV pulse (pump) leads from the ionic bonded
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Figure 38. Photodissociation of I−2 (a) and IBr− (b). The respective potential curves for the relevant
electronic states are reproduced in (a) and (b). Below, the measured time-energy contour plots of
time-resolved photoelectron spectra are shown in the range of 50–750 fs and 0.0–0.3 eV for (c) I−2
and (d) IBr−. In (c) the dashed white curves represent trajectory simulations with detachment via
the labelled neutral states. The solid black line represents a mean of the individual detachment
channels. In (d) the lines represent trajectories corresponding to different starting values R0 of
the dissociating trajectory. The best fit corresponds to R0 = 3.30 Å(black line). Adapted from
Mabbs et al (2005b).

ground state to the repulsive excited A state and, thus, to dissociation of CsCl. Irradiating the
decaying molecule on the repulsive potential curve with a second, time-delayed, femtosecond
laser pulse (dump) the dissociation process can be interrupted by resonantly de-exciting the
molecule back to the ground state. With this Tannor and Rice (1985) scheme the fraction of
dissociated CsCl molecules was controlled by changing the delay time between pump and
dump pulse.

All these experiments have, in turn, stimulated a host of theoretical efforts. Extensive
quantum calculations of wave packet motions have been performed e.g. for NaI (Meier et al
1991), Na2 (Assion et al 1996, 1998b), and I2 (Ermoshin et al 2000), to mention
just a few examples. For more information we refer the reader to a recent review
on theoretical wave-packet descriptions for diatomic and some triatomic molecules by
Henriksen and Engel (2001).
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Figure 39. Optimal control in K2. Progressions of the mean [39,39K2]/[39,41K2] ion ratio during
single pulse optimization for maximization (a) and minimization (b). (c) and (d) XFROG traces
for the respective pulses. From Lindinger et al (2004).

4.2. Triatomic molecules and clusters

Without any question the most important triatomic molecule is water. Unfortunately, due to its
high lying absorption bands in the VUV the neutral H2O up to now resists a rigourous attack of
ultrafast spectroscopy. Its first excited Ã state is strongly repulsive and the molecule dissociates
rapidly after photoexcitation in the region of 180 to 140 nm. Very first ultrafast dissociations
studies of H2O, HDO and D2O using the VUV source described in section 2.2.2 have allowed us
to estimate an upper limit of the dissociation lifetime of �10–15 fs. Multiphoton excitation is in
principle possible but typically leads to problems in assigning the complex reaction dynamics
observed. Some results on the ultrafast dynamics in the C̃ and D̃ states have nevertheless
recently been obtained (Steinkellner et al 2004). In any case, the free water molecule as well
as its clusters remain a big challenge for ultrafast spectroscopy.

Thus we turn now to more accessible triatomic systems of which we first mention the try
alkali molecules such as Na3 and Na2K. While for Na3 the dynamics of the pseudo-rotation has
been studied in great depth (Baumert et al 1993, Rutz et al 1993, Kobe et al 1993, Wöste
1996, Vajda et al 1998), the Na2K system has served as a test case for optimal control with
suitably shaped laser pulses, stabilizing the parent complex or alternatively maximizing the
formation of the NaK fragment (Vajda et al 1998, 2001, Bartelt et al 2001, 2003).

As an example of a small, non-stoichiometric alkali-halogenide cluster we mention Na2F
where two-colour fs pump–probe spectra with λpu � 1208 nm for excitation and λpr � 405 nm
for ionization were measured, showing an oscillatory structure on the ion signal with a period
of �185 fs. This was attributed to a periodic structural rearrangement in the first excited
state of Na2F which can be manipulated in optimal control experiments (Vajda et al 2002,
Lupulescu et al 2003).

Try iodide I−3 has long been a popular molecule for ultrafast studies in the liquid phase
(see, e.g. Kühne et al (1998) and references therein). Zanni et al (1999) studied this triatomic
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anion in the gas phase by photoelectron spectroscopy. A very pronounced time and energy
dependence was observed. They were able to determine the ground state frequency of I−3 from
oscillations in the photoelectron spectrum induced by resonant impulsive stimulated Raman
scattering. The dynamics of the fragmentation reaction was modelled using one- and two-
dimensional wave packet simulations from which the formation of I2 was attributed to three-
body dissociation along the symmetric stretching coordinate of the excited anion potential.
The photodissociation dynamics of gas phase I−3 differs significantly from that observed in
the liquid. Research on the photo-induced dynamics of try halides continues, making use
of the results from femtosecond spectroscopy (see, e.g. Hoops et al (2004) and references
therein). Very recently, photodissociation was studied also for I2Br− by Mabbs et al (2004),
using femtosecond time-resolved photoelectron imaging.

Other interesting examples are the noble metal trimers Ag−
3 and Ag2Au−. They have

been studied in so-called NeNePo (negative-neutral-positive) experiments, a method devised
by Wöste and Berry which combines the mass selectivity of cluster anion studies with the
possibility of investigating the dynamics and spectroscopy in the neutral state (Wolf et al
1995). The basic idea of this charge reversal method is to prepare the neutral system in
a highly non-equilibrium state by electron detachment from the mass-selected anion and to
subsequently probe the neutral nuclear dynamics through two-photon ionization to the cationic
state. For Ag−

3 Wolf et al (1995) used a wavelength �400 nm for pump and probe pulse
while Boo et al (1997) studied the process at several wavelengths from 396–415 nm as well
as with 410 nm photo-detachment (pump) and 273 nm REMPI (probe) excitation. The Ag−

3
structure is linear; the geometry of neutral Ag3, however, is triangular. Thus the Ag+

3 ion
signal reflects the evolution from the linear Ag3 formed by the photo-detachment process to
the equilibrium triangular geometry. A time constant of 500 to 800 fs has been estimated from
the first experiments, depending on the wavelength (Wolf et al 1995).

Most recently, Bernhardt et al (2005) studied Ag2Au− with NeNePo spectroscopy.
The origin of the observed pronounced time and wavelength dependence of the ionization
probability on the femtosecond time scale is revealed by ab initio theoretical simulations of
the transient spectra. Based on the analysis of underlying dynamics, two fundamental processes
involving (i) geometry relaxation from linear to triangular structure followed by (ii) ultrafast
IVR have been identified.

Another triatomic molecule with an interesting dynamics which has attracted the attention
of different groups is the OClO molecule (see, also section 3.2). The optically accessible
excited electronic state 2A2 (in the range of 290–450 nm) couples to the close lying 2A1 state
by spin-orbit coupling which leads to fragmentation into ClO + O and/or internal conversion
to the 2B2 state and subsequent dissociation. Due to the different couplings the observed
lifetimes depend strongly on the excitation wavelength. For the increasing state density at
shorter wavelengths the coupling rates grow: the characteristic time constant for the decay of
the initially excited 2A2 state decreases from about 30 ps at 409 nm to 7 ps at 398 nm (Stert et al
2001d) and to 4.7 ps at 387 nm (Ludowise et al 1997). At a wavelength of 329 nm in addition
to deactivation processes on the ps time scale an ultrafast (50 fs) direct dissociation of OClO has
been observed (Baumert et al 1993). Despite all detailed studies a complete understanding of
the complex reaction dynamics in this triatomic molecule has not yet been achieved (see, also
Sun et al (2004)).

In section 3.2.3 we have already seen that CS2 is an attractive molecule for femtosecond
time-resolved studies. Here we present this molecule as an illustrative example for a significant
dependence of the predissociation rate on internal energy. CS2 has been and continues to be
subject to a host of spectroscopic investigations. First femtosecond pump–probe experiments
were reported by Baronavski and Owrutsky (1994). A systematic study of the predissociation
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Figure 40. Predissociation lifetime τPD of CS2 in the 1B2(
1�+

u ) state versus excitation energy νpu.
Also indicated is the barrier position for a geometry change from the nearly symmetric top to the
quasi-linear molecule at higher energies. Adapted from Farmanara et al (1999e).

time in the 1B2(
1�+

u ) state as a function of the excitation energy was performed in our group
for pump pulse wavelengths from 194 nm to 207 nm (Farmanara et al 1999e). The observed
peculiar change of the predissociation lifetime τPD is seen in figure 40. It can clearly be
attributed to a geometry change from a nearly symmetric top to a quasi-linear molecule
at higher excitation energies with a barrier, known from spectroscopic measurements to be
located at about 49650 cm−1, i.e. 3400 cm−1 above the zero point level of the 1B2(

1�+
u ) state.

Spectroscopic studies of CS2 further explore the predissociation process (e.g. Xu et al (2004))
while ultrafast dynamics has recently been investigated even for higher Rydberg states by
Liu et al (2004), using 2+1 REMPI.

Finally, we briefly mention Ag2O2 clusters as a 4-atomic system which has very recently
been studied with the NeNePo technique by Socaciu-Siebert et al (2005). Photo-detachment
from the Ag2O−

2 complex results in the desorption of O2. The experimental data show
the influence of the desorbing oxygen ligand on the nuclear dynamics of the silver dimer
inducing a red shift in the vibrational frequency and an intensity enhancement of the oscillatory
signal.

4.3. Small organic molecules

In studies of photo-induced processes with small organic molecules, traditionally the
halogenated alkanes have received great attention. This is also reflected in fast and ultrafast
dynamics where derivatives of methane (e.g. CH3I, CH2I2, CF2I2) as well as of ethylene
have been investigated. For the methane derivatives the dissociation dynamics after vibronic
excitation is of particular interest. For CH3I one observes ultrafast direct dissociation by
excitation of the electronic Ã state (see, e.g. Samartzis et al (1999), and references given
there) whereas the lifetimes of the pre-dissociating vibronic levels of the B̃ (6s[2] Rydberg)
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state of CH3I and CD3I were found to be on the ps time scale (Baronavski and Owrutsky
1998). Photoinduced molecular detachment dynamics on the femtosecond time scale was
studied for CH2I2 (as well as CH2Br2 and CH2Cl2) by detecting the products through
fluorescence (Marvet et al 1998, Zhang et al 1998) and for CF2I2 by detecting fragment ions
(Radloff et al 1998) as well as photoelectrons (Farmanara et al 2000). In both cases, I-atoms
as well as molecular I2 dissociation products have been detected. Among the alternative
mechanisms discussed for the formation of I2 molecules for both cases the experimental
observations were clearly in favour of a concerted process rather than a formation in two
successive steps. Pastirk et al (1998) succeeded even in exploiting this reaction in CH2I2

to demonstrate quantum control. They obtained an order of magnitude enhancement in the
concerted elimination pathway leading to the I2 product by simply chirping the excitation
pulse. Various other mixed halogenated alkanes have been investigated with femtosecond
time resolution and the fluorescence technique (Marvet et al 2000) while femtosecond velocity
map imaging was employed to study the photodynamics of CF3I (Roeterdink and Janssen 2001,
2002b) and CF2I2 (Roeterdink and Janssen 2002a). Very recently, theoretical efforts have been
devoted to CH3F (Mahapatra et al 2004).

A small organic molecule of particular interest is ethylene, C2H4. Several theoretical
groups have studied the processes induced by optical excitation of the electronic Ã (the so-
called V) state (see, e.g. Mebel et al (1996)). Calculations by BenNun and Martinez (1998)
reveal that internal conversion proceeds from the V state to the ground state through two
conical intersections via a Zwitterionic state. They stress the role of C = C torsion and
pyramidalization whereas in the work of Ohmine (1985) hydrogen migration plays a key role.
The lifetimes estimated by the theoretical groups (see, also Seidner and Domcke (1994)) are
on the order of 50 fs. It should be noted, however, that the calculated time scales cannot
be compared directly with the experimentally observed transients because the latter will be
determined by the residence time of the excited wave packet within the Franck–Condon region.
As a first experimental result we obtained a value of (30±15) fs (Farmanara et al 1998), which
was later confirmed by Mestdagh et al (2000) with (20 ± 10) fs and by own time-dependent
photoelectron measurements (Stert et al 2004). A corresponding experiment with C2H3Cl
(as well as with vinyl chloride C2H2Cl) has revealed that the fast internal conversion from
the initially excited (ππ∗) state leads to population of the (S1) state which rapidly dissociates
to C2H3+Cl within about 40 fs (Farmanara et al 1998). Similar ultrafast dynamics for other
ethylene derivatives have been reported by Farmanara et al (1999c).

We finally mention acetone as a molecule which from the present perspective may
neither be called small nor large. It is, however, a very interesting system with several
disscociation/reaction channels and has attracted quite a few workers who studied the dynamics
after S1 and S2 excitation, often using a multiphoton REMPI process. Without going into
details we mention the early work of Kim et al (1995), extended studies from the Castleman
group (Buzza et al 1996a, 1996b, Zhong et al 1999), the work of Owrutsky and Baronavski
(1999), from the Zewail group (Diau et al 2001, Diau and Zewail 2003), and our own studies
with single photon VUV excitation at 155 nm (Farmanara et al 2000) and a most recent,
detailed elucidation of the different reaction channels after excitation at 195 nm (Chen et al
2005a, Chen and Cheng 2005).

4.4. Large molecules

In recent years many groups have applied femtosecond laser pulses to study ultrafast processes
in isolated, large molecules. We have again selected some representative examples which
demonstrate the potential and problems that one encounters with larger molecules and their
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high density of states. Further examples from the large class of biologically relevant systems
will follow in section 4.9.

Clearly, the larger the size of the systems studied, the more restricted is the availability
of rigorous, ab initio based theoretical data and one will have to rely more and more
on semi-quantitative models for the interpretation of experimental results. For aromatic
molecules such as benzene and pyrazine we have briefly reviewed in section 3.3.2 available
theoretical studies which help to elucidate the internal conversion dynamics observed in time-
resolved experiments. The theoretical support is particularly good for the pyrazine which
served as an early model case for theoretical studies of the dynamics at conical intersections
(Manthe and Köppel 1990) as well as for high quality ab initio potential energy surfaces
(see, e.g. Seel and Domcke (1991), Stock and Domcke (1993)). Recently Hahn and Stock
(2001) reported explicit simulations for femtosecond time-resolved photoelectron spectra. The
calculations concentrated on the non-adiabatic coupling between the two lowest electronically
excited states S1(nπ∗) and S2(ππ∗) as well as between the two lowest ionic states I0(n

−1)

and I1(π
−1). In femtosecond time-resolved photo-ion and photo-electron spectroscopy

experiments Stert et al (2000) found a very short lifetime of about 20 fs for the S2 state of
pyrazine whereas the subsequently populated S1 state decays three orders of magnitude slower,
with a lifetime of �22 ps. Significant changes of the electron spectra on the fs time scale
directly demonstrate the variation of the electron configuration during the internal conversion.
The qualitative agreement of the theoretical photoelectron spectra (Hahn and Stock 2001) with
these experimental results is convincing.

In the group of Suzuki (Wang et al 1999) the lifetime of 23 ± 2 ps for the S1 state of
pyrazine has been confirmed. Theoretical investigations on photoelectron imaging for benzene
and pyrazine (Suzuki et al 2002, 2003) paved the way to their most recent, novel time-resolved
photoelectron imaging experiments (TR-PEI) (see section 2.3.6) which provide a new quality
of information. They studied the dynamics of the S1 and T1 states in pyrazine by (1 + 2′)
REMPI (Tsubouchi et al 2004) and analysed the S1 − T1 intersystem crossing (ICS). The
normal H4 pyrazine was also compared with deuterated D4 pyrazine (Suzuki et al 2004)
which revealed characteristic differences due to Franck–Condon factors. Some of the latter
results are reproduced in figure 41 illustrating the decay of the singlet and the rise of the triplet
states due to ICS.

Internal conversion dynamics in benzene derivatives has been investigated in several
groups. The dynamics in phenol, for example, was studied by photoelectron spectroscopy
for the S2 state (Schick et al 1999) as well as for an interesting series of Rydberg states
(Schick and Weber 2001a ,2001b). From a theoretical point of view, phenol has become
a benchmark system for modelling the 1ππ∗ → 1πσ ∗ and H-transfer dynamics (see,
e.g. Lan et al (2005)) which is very important in the photochemistry of biomolecules
(see section 4.9). A systematic study of substituent effects on the electronic relaxation
dynamics of monosubstituted benzene has been carried out in the group of Stolow (Lee et al
2002). They compared time-dependent photoelectron spectra of typical substituents, e.g.
styrene, benzaldehyde, acetophenone, indene and phenylacetylene with those of benzene
(Radloff et al 1997). In each case the second 1ππ∗ state was excited with 70 fs laser
pulses and the relaxation rates of the initially excited state and the lower lying first 1ππ∗

state were determined. For all molecules very fast decay times (<100 fs) of the second
1ππ∗ state were observed and explained by relaxation to the first 1ππ∗ state via a conical
intersection near the planar minimum. The relaxation times of this lower 1ππ∗ state, however,
vary strongly between a few 100 fs up to some 100 ps as a function of the structure and
the binding type of the substituent. Comparison of these distinct time constants for the
different substituents allowed Lee et al (2002) to develop some basic rules for the correlation



Ultrafast molecules and clusters 1963

N

N

Figure 41. Femtosecond photoelectron imaging (PEI) on pyrazine. Left: a series of time-resolved
photoelectron images (with inverse Abel transform) of pyrazine-D4 observed with a pump laser
wavelength of 322 nm at the 00

0 band of the S1 − S0 transition and a probe wavelength of 393 nm.
Right: temporal profiles of the energy selected photoelectron intensities of pyrazine-D4 and -H4
as observed by a (1 + 2′) REMPI process. Adapted from Suzuki et al (2004).

between molecular configuration and relaxation dynamics—within a special class of chemical
components.

A number of groups have studied internal conversion in other isolated complex molecules
by femtosecond time-resolved photoelectron spectroscopy. First experiments were reported
by Hayden and Chandler (1995a, 1995b), and by Cyr and Hayden (1996) who investigated the
internal conversion between the S2 state to the dark S1 state in 1,3,5-hexatriene. Blanchet et al
(1999) studied a slightly longer linear conjugated carbon chain, all-trans 2,4,6,8-decatetraene.
They were able to follow the internal conversion from the initially excited S2 to the lower S1

state very clearly: as indicated in the schematic 42(a) and documented by the measured
photoelectron distributions in figure 42(b) two energetically well separated peaks in the
photoelectron energy distributions, appearing one after the other in time, witness the internal
conversion. Due to electronic symmetry correlations the S2 state is ionized to the electronic
ground state of the ion (D0) while the ionization of the S1 state leads to the electronically
excited D1 state of the ion. Hence, the electron spectra (E1) arising from the S2 state are
clearly separated from the electron spectra E2 obtained by probing the S1 state populated
by IC. The time constant for the S2 to S1 internal conversion was found to be 386 ± 65 fs
(Blanchet et al 1999).

A quite different class of molecules are the cyclic compounds (e.g. cyclohexene,
cyclohexadiene, norbornene) which have been studied in different groups, e.g. by Zewail
(Horn et al 1996, Fuss et al 2001b), Soep (Mestdagh et al 2000), or Fuss et al (2001).
Photoinduced processes such as cis-trans isomerization, pericyclic reactions and carbene
formation can proceed in the excited state as well as on the hot ground state. Molecules
in the gas phase were excited, e.g. at 200 nm to a 1ππ∗ state, and probed by non-resonant
multiphoton ionization with mass-selective detection of the ion yields (see, e.g. Fuss et al
(2001b)). Several time constants of successive processes on the fs time scale were analysed.
Typically, the first ultrafast steps reflect the dwell time within the Franck–Condon window, a
travelling time on the excited state surface and a transfer to a lower excited electronic (e.g. a
zwitterion-) state followed by internal conversion to the ground electronic state. The carbene
products are formed from the intermediate state and are stabilized in the electronic ground state.
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Figure 42. Photoelectron spectra of all-trans 2,4,6,8 decatetraene excited at 287 nm to its S2
electronic state. (a) Excitation and detection schematics. (b) Time-dependent spectra characterized
by the rapidly decaying contribution E1 and the correspondingly growing part E2 reflecting the
internal conversion from the S2 to the S1 state. Adapted from Blanchet et al (1999).

The retro-Diels–Alder reaction known to take place in the ground state probably occurs on a
long-time scale >500 ps (Fuss et al 2001b). Similarly, in s-trans butadiene the wave packet
moves from the initially excited 1Bu via the dark 2Ag state through a conical intersection to the
ground 1Ag state. Here single-bond isomerization proceeds within 270 fs at the given excess
energy of 6.2 eV (Fuss et al 2001a).

The dynamics of typical physical and chemical elementary processes have first been
demonstrated for large molecules in the group of Zewail, e.g. for IVR processes in
anthracene (Felker and Zewail 1984), discussed in section 3.3.1 and isomerization in stilbene
(Sension et al 1993) (cf section 3.5.1). Recently they studied reactions of 10 aliphatic amines
(substituted ammonia) excited directly near the ionization continuum using femtosecond-
resolved mass spectrometry, and theoretical calculations of the potential energy surfaces, using
density functional theory (Solling et al 2003).

Controlling chemical reactions, e.g. by lasers, has long been a dream and very much
at the heart of femtochemistry. A number of small systems but also large molecules were
subject to optimal control strategies. In a pioneering first successful experiment the group
of Gerber (Assion et al 1998a) used phase-shaped femtosecond laser pulses to optimize the
branching ratios in the photo-dissociation channels of Fe(CO)5 and CpFe(CO)2Cl, with Cp
being cyclopentadienyl. The parent molecule was excited by 80 fs laser pulses at 800 nm.
Ionization as well as the fragmentation was achieved by the same pulses. The yield of the
product ions is measured and their relative peak heights in the mass spectra is recorded. The
measured yield ratio for two selected products was used as critical feedback parameter for
optimizing the formation of one product with respect to the other. The laser pulse shape was
varied by a computer controlled pulse shaper through an evolutionary algorithm. For Fe(CO)5

after about 30 generations of the algorithm the ratio of [Fe(CO)+
5]/[Fe+] was either maximized

or minimized. The minimum fragmentation was achieved for long laser pulses, whereas
alternatively maximum fragmentation was observed with short pulses of equal energy. This
somewhat trivial result is contrasted by the much more complex outcome of the corresponding
experiment for CpFe(CO)2Cl. Here the optimization of different fragments has led to complex
pulse shapes which cannot easily be interpreted—and may remain an unsolved puzzle also
in the future. Nevertheless, ambitious theoretical efforts aim at understanding and predicting
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Figure 43. Optimal control experiment and theory. (a) Evolution of the parent ion as a function of
generations. (b) Intensity (——) and phase (- - - -) profiles of the optimal pulse that maximizes the
CpMn(CO)+

3 ion yield. (c) Experimental (· · · · · ·) and theoretical (——) femtosecond pump–probe
transient spectra for the parent CpMn(CO)+

3 and (d) the fragment ion CpMn(CO)+
2 . Adapted from

Daniel et al (2003).

the outcome of various optimization strategies—which in principle imply solving a rather
complicated Schrödinger equation with judiciously chosen ‘on the fly’ methods. We will not
dwell here on this complex and challenging field. We simply report one very recent example
of a combined theoretical (Manz group) and experimental (Wöste group) effort in optimal
control for a non-trivial organic reaction: Daniel et al (2003) deciphered, for the first time,
the mechanisms of optimal laser fields for achieving control of selective molecular quantum
dynamics of a photo-reactive molecule. Selective ionization of the organo-metallic compound
cymanthrene CpMn(CO)3 was chosen, competing against the photodissociation of ligands
(see, also Full et al (2005)). As illustrated in figure 43, in this study the experimentally
determined optimum pulse shapes for specific fragmentation channels could be confirmed by
corresponding theoretical ab initio quantum calculations.

4.5. Van der Waals clusters

A typical example of a van der Waals cluster is the benzene dimer whose ultrafast dynamics
has already been discussed in section 3.3.2. The toluene dimer has also been analysed by
time-dependent photoion and photoelectron studies (Farmanara et al 2001a) in an analogous
manner.

(CH3I)n complexes have been studied by different groups (see, e.g. Zhong et al (1996),
Steadman et al (1990), Poth et al (1998)). For these clusters, the excitation to the electronic
Ã state (near 270 nm) leads to an ultrafast bond breakage of CH3I to CH3+I within about
100 fs. Subsequently, intracluster radical reactions were observed on the ps time scale. For
larger clusters, caging and recombination processes of the initially formed fragments in the
clusters have been detected on the long-time scale.

An interesting result has been obtained in the group of Jouvet who studied the well-
known reaction of excited NaI molecules (see section 4.1) for solvated NaI, i.e. in clusters
of the polar molecules H2O, NH3 and CH3CN (Gregoire et al 1999, 2000). The pump laser
induced ultrafast bond breaking within the cluster depends on cluster structure and solvent,
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while NaI appears to be embedded within ammonia clusters of any size it sticks to the surface
of (H2O)n for the larger clusters (n > 4). In one further step Gregoire et al (2002) studied
an interesting intracluster collision process in NaI(CH3CN)1,2. Ultrafast dissociation of NaI
within the cluster by the fs pump pulse induced a collision between the Na atom and the CH3CN
molecules. The collision complex can be stabilized by ionizing it at the ‘right time’, hence
forming stable Na+(CH3CN) cations.

One problem which is common to all studies of neutral molecular clusters formed with
a broad mass distribution (large average number n) is to assign the observed phenomena
unambiguously to one specific cluster mass. In particular, the fragmentation of larger cluster
ions into smaller mass channels can cause serious interpretation problems. This problem is
avoided in studies of charged clusters since the selection of a single cluster size can simply be
realized before the interaction with the laser pulses as described in section 2.3.4. This method
has been employed successfully over the years in femtosecond time-resolved photoelectron
spectroscopy of molecular cluster anions, in particular, in the groups of Lineberger and of
Neumark who pioneered this field.

One very productive line of this research is on caging dynamics, of, for
example, I−2 molecules in clusters of Ar, CO2 or OCS (Papanikolas et al 1991,1993,
Vorsa et al 1996,1997, Nadal et al 1996, Sanov et al 1998,1999a,1999b, Nandi et al 1998,
Sanov and Lineberger 2002,2004,Sanford et al 2004,2005). The molecules are dissociated
and tend to separate from each other but the cluster environment acts like a cage and in the
products are formed in a very complex dynamics on the picosecond time scale. Two types of
photo-fragments are formed: I−2 based photo-fragment ions, in which the photo-dissociated
I−2 chromophore has recombined and vibrationally relaxed and I− based photo-fragment ions,
in which an iodine atom has escaped the cluster ion. The caging effect is directly reflected
in the absorption recovery which monitors the recombination of the parent clusters. This is
documented in figure 44 for I−2 (CO2)n clusters (Vorsa et al 1997). As clearly seen, caging
already occurs for cluster sizes n � 6. The recovery time τ strongly decreases with the
cluster size, from 24 ps for n = 6 to 1.3 ps for n = 16, whereas for I−2 Ar20 it is �130 ps.
Substantial theoretical efforts have led to a basic understanding of the processes involved
(Parson and Faeder 1997, Delaney et al 1999, Parson et al 2000). For I2 imbedded in Argon
clusters a simplified schematic is depicted in the right panel of figure 44. To obtain some
agreement with the experimental data one also has to include excited I−–I ∗ states. Although
great progress has been made, a full quantitative agreement between experiment and theory
for this complex solvation process has not yet been reached.

Greenblatt et al (1997a) (see, also Neumark (2001)) employed femtosecond time-
resolved photoelectron spectroscopy for I−2 Ar6 and I−2 Ar20 to glean interesting additional
insights into the dynamics of the caging process, specifically on the electronic energy relaxation
resulting from the caging of I−2 . It was found that the dissociation of I−2 (Ar)n clusters is
complete by approximately 200 fs but also that attractive interactions between the departing
anion fragment and the solvent atoms persisted for 1200 fs. At later times for larger clusters
(n � 12) the caging-induced recombination of I−2 accompanied by vibrational relaxation and
solvent evaporation was observed. Furthermore, to probe the solvation effect on the I−2 ground
state potential the vibrational frequencies of I−2 in size selected I−2 (Ar)n and I−2 (CO2)n clusters
have been determined (Zanni et al 1998). A femtosecond pump pulse at 780 nm excites the Ã′

electronic state but creates also a coherent superposition of vibrational states on the electronic
ground state via a second-order Raman process.

Using IBr− instead of I−2 brings some interesting asymmetry into the caging process as
very recent studies of IBr−(CO2)n document (Sanford et al 2005). After excitation to the
electronic Ã′ state the dissociation of IBr− solvated by CO2 molecules can lead to the following
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Figure 44. Left: I−2 (CO2)n (n = 6, 9, 13 and 16) absorption recovery data obtained with 790 nm
pump and probe pulses with parallel polarization. Also shown are exponential fits of the form
1−exp(−�t/τ). The time constants are noted in the figure. Adapted from Vorsa et al (1997,figure
7). Right: model for the caging process; here for I−2 Arn according to Parson and Faeder (1997). An
ultrashort laser pulse photodissociates an I−2 anion (purple) embedded in an argon cluster (yellow).
The strong attraction between the ion and the polarizable solvent can make the dissociated atoms
recombine into either the ground electronic state (black path) or a metastable excited state (red
path). Subsequent vibrational relaxation is accompanied by evaporation of the solvent.

product channels with different energetics:

IBr−(CO2)n → I−(CO2)n−k + kCO2 + Br (4.1a)

→ IBr−(CO2)n−l + lCO2 (4.1b)

→ Br−(CO2)n−m + mCO2 + I. (4.1c)

Whereas channel (4.1a) describes the direct dissociation in the Ã′ state followed by evaporation
of some CO2 molecules channels (4.1b) and (4.1c) represent processes mediated by the solvent:
cage recombination and energy relaxation in the electronic ground state (4.1b) and charge
transfer from the initially formed I− ion to the neutral Br atom (4.1c). Figure 45 shows that the
yield of the different ionic reaction products depends dramatically on the number of solvated
CO2 molecules. Charge transfer may obviously occur already for a single solvent molecule.
The IBr−recombination starts for two CO2 molecules and reaches the maximum value of 100%
for eight CO2 molecules.

Related work on electron solvation dynamics in photo-excited clusters of the type I−(S)n
(S: Xe, H2O, NH3, CH3OH) has also been studied by photoelectron spectroscopy (Lehr et al
1999). For the polar solvent molecules H2O, NH3 and CH3OH a shift of the electron kinetic
energies was observed after several 100 fs which is explained as being due to the rearrangement
of the solvent molecules around the excess electron. In I−(Xe)n clusters this effect does not
occur. The field remains very active. Very recently these studies have focused on charge
transfer to solvent dynamics, applying photoelectron imaging spectroscopy to I−(H2O)n=3−20

(Kammrath et al 2005). The photoelectron spectra show a pronounced temporal dependence
revealing for clusters with n � 5 multiple time scales of the dynamics after electronic
excitation. An increase in the vertical detachment energy by several hundred meV on a
time scale of ∼1 ps is attributed to the stabilization of the excess electron, primarily through
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Figure 45. Photofragmentation products of IBr−(CO2)n cluster ions upon excitation to the A’ 2�

state with 790 nm photons and a kinetic energy release of 0.3 eV. Reproduced from Sanford et al
(2005).

rearrangement of the solvent molecules. Ab initio molecular dynamics (AIMD) simulations
of excited states of Cl−(H2O)3 and I−(H2O)3 clusters document the advanced state of the
corresponding theory (Kolaski et al 2005).

4.6. Ammonia clusters

The ultrafast dynamics of the ammonia molecule NH3 as well as its deuterated version ND3

have already been mentioned briefly in section 2.4. Photo-excited with 204 nm to the first
excited (Ã) state they dissociate within 40 fs and 180 fs, respectively. This lifetime depends
on the excited vibrational level. A systematic study based on line widths has been reported by
Ziegler (1985).

Clusters of ammonia molecules, (NH3)n, are prototype systems which have been studied
for many years with photoionization mass, laser and microwave spectroscopy, long before
the advent of ultrafast science. Consequently, (NH3)n were among the first clusters for
which femtosecond pump–probe experiments were reported, pioneered by the Castleman
group (Wei et al 1992, 1993). They excited the clusters at wavelengths of 208–214 nm to
different vibronic levels of the selectronic Ã state and identified two contributions to ion
signals observed (Zhong et al 1996): the absorption–ionization–dissociation (AID) and the
absorption–dissociation–ionization (ADI) channel; the former describes dissociation in the
ionic, the latter in the neutral excited state as introduced in section 2.3.3. In our group we
have investigated these dynamics in detail in an extended series of femtosecond time-resolved
studies (Freudenberg et al 1996) with different wavelength combinations, deuterated clusters
and different cluster size distributions (Freudenberg et al 1997a, 1997b), also applying the
femtosecond time-resolved photoelectron-photoion coincidence spectra (FEICO) as described
in section 2.3.5 (Stert et al 1997, Farmanara et al 1999a). Before going into details of the
results we briefly collect some basic facts about ammonia clusters.

Ammonia clusters are hydrogen bonded but their structure is somewhat peculiar and the
H-bonds are weaker than a typical H-bond (e.g. for the dimer De = 0.140 ± 0.03 according to
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Stalring et al (2002) as compared with the water dimer with ca 0.23 eV). A large number of
studies, both experimental and theoretical, have been devoted to the dimer (see in particular
the decisive studies of 1994b, 1994, 1994a). There is now general agreement that the dimer is
a fluxional molecular complex (see, e.g. Boese et al (2003) and further references therein): its
‘global minimum of eclipsed Cs symmetry is characterized by a significantly bent hydrogen
bond which deviates from linearity by as much as 20◦. In addition, the so-called cyclic C2h

structure, resulting from further bending which leads to two equivalent hydrogen bonding
contacts, is extremely close in energy’ (see, also Bende et al (2004)). It is interesting
to note that early molecular dynamics calculations (simulated annealing) arrived at rather
similar geometries although a slightly different potential was used (Greer et al 1991). First
calculations of the structure of larger neutral clusters up to n = 7 (Greer et al 1989) established
the H-bonding character of these complexes too. The results were essentially confirmed
recently by an advanced model which was applied to (NH3)n with n � 18 (Beu and Buck
2001a, 2001b). The average binding energy per ammonia is found to be about 0.25 eV, growing
from small to large clusters. Confidence in these calculations arises from good agreement
with the seminal experimental work of Buck and Huisken (2000) subjecting size selected
neutral clusters to IR absorption spectroscopy. Vertical ionization potentials for (NH3)+

n

and appearance potentials for detecting NH+
4(NH3)n−1 have been determined by electron

(Stephan et al 1982) and photon impact (Kamke et al 1988) and ionic binding energies
are well established by benchmark thermodynamical studies (Keesee and Castleman 1986).
Characteristic of the cationic complexes is the massive dominance of protonated NH+

4(NH3)n−2

clusters in the mass spectra over the corresponding unprotonated species (NH3)+
n, the former

being the most stable structures with binding energies per ammonia molecule in the eV range,
decreasing rapidly for larger clusters. First theoretical models for femtosecond dynamics in
ionic (NH3)+

n clusters have been reported by Greer et al (1991) but more rigorous structural
calculations of the ionic or even excited stated neutral clusters have only recently become
available (BenAmor et al 1996, Park and Iwata 1997, Park 2000, Kulkarni and Pathak 2001,
Pickard et al 2005).

To illustrate the energetics, structure and potentials of the clusters—by way of a charac-
teristic example—we show in figure 46 two cuts through the potential surfaces of the ammonia
dimer (NH3)2 in its X̃ ground, Ã first excited and ionic states, based on our own ab initio
calculations (Greer et al 1991, Farmanara et al 1999a, 2002b) and in agreement with other
available theory (Park and Iwata 1997, Park 2000). Obviously the ionic potentials and ge-
ometries differ strongly from the neutral ground state while the excited state correlated with
the Ã state of the ammonia is similar to the ion. Two local minima can be discerned in
the ion: the protonated monomer in dimer (PMD) which may be written as NH+

4–NH2 and
the adiabatic monomer in dimer (AMD) NH+

3–NH3. In the latter configuration, the planar
minimum geometry of NH+

3 is assumed for one of the ammonia constituents while the other
ammonia molecule is kept in its neutral ground state geometry. One key message to be taken
from these diagrams is that in a two-photon ionization process (without time delay between
the photons) as well as in electron impact or single photon ionization with one VUV photon
it is very improbable to directly ionize the ionic minimum configuration (PMD). Rather,
the Franck–Condon region strongly favours ionization into the AMD region, partially with
significant excess energy deposited into the vibrational motion of the NH+

3–NH3 complex.
This in turn will eventually lead to fragmentation into NH2 and the most stable cationic
product NH+

4.
In contrast, if the probe photon is delayed by some ps, the excited Ã state of the dimer will

have had sufficient time to relax and also neutral excited state fragmentation (ADI-process)
from larger clusters (if any) will already have taken place. Then the final ionization step can
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Figure 46. The schematic of the potential energies (upper panels) and geometry (lower panels) for
ground, excited and ionic states of the ammonia dimer (NH3)2. Shown are two cuts through the
potential energy surface along the rH–N and rN–N coordinate, respectively. Two types of geometries
are explored in the ion: the energetically lowest ionic configuration is the protonated monomer in
dimer (PMD) while in a fast ionization process the adiabatic monomer in dimer (AMD) is reached.
The excited state has a similar geometry, with the hydrogen transfer state NH4–NH2 corresponding
to the PMD. Also indicated is the pump (hνpu) probe (hνpu) scheme. As indicated in the upper
left panel, a delay of 1 ps will enhance the probability to ionize in the PMD state. Adapted from
Farmanara et al (2002a).

(at least partially) occur into the PMD state as indicated in figure 46 (upper left panel) by the
two probe photon arrows marked with �t = 1–4 ps.

These different reaction pathways and in particular the hydrogen transfer scheme are
nicely borne out in the FEICO spectra (Farmanara et al 1999a). We show the results for the
dimer in figure 47. The Ã state was excited by a pump photon of 200 nm (6.2 eV) and ionized
at a probe wavelength of 267 nm (4.65 eV). Then, in a vertical transition a maximum electron
kinetic energy of E

(max)

el = 1.31 eV and 1.66 eV is expected for NH+
4 + NH2 and (NH3)

+
2

formation, respectively (while for the minimum PMD configuration NH+
4–NH2 the excess

energy is 2.33 eV). These limits, marked in figure 47, are almost reached at short delay times
between pump and probe pulse and the electron energy distribution is seen to be broad for both
species. This reflects significant vibrational excitation of NH+

4 and the ammonia cation NH+
3 in

the dimer AMD state, respectively. NH+
4 is formed by fragmentation of the ion, probably at a

much later time (AID process). Interestingly, the distributions narrow down significantly with
delay time, particularly so for (NH3)+

2 but to some extent also for the protonated species. This
is interpreted as a transition to the H-transfer state, i.e. the H-atom moves from one ammonia
molecule NH∗

3 in the excited Ã state to the other ammonia molecule, forming the NH4–NH2

complex, possibly accompanied by some IVR processes. In this excited state the geometry is
similar to the ionic state, thus, the Franck–Condon window is smaller and hence the electron
energy distribution is narrower.

Again, the formation of NH+
4 may occur due to fragmentation of the thus generated

(NH3)+
2 cation, but fragmentation from the neutral excited state into NH2 and NH4 prior to

ionization cannot be completely ruled out. One clearly sees that the (NH3)+
2 photoelectron
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Figure 47. FEICO, the femtosecond time-resolved photoelectron spectra for the ammonia dimer
(NH3)+

2 and its fragment NH+
4 . Data are from Farmanara et al (1999a) and Farmanara (2001).

The dot–dashed line indicates the maximum electron kinetic energy E
(max)
el expected for vertical

transitions.

spectrum becomes much narrower than the one for NH+
4 as the delay time increases. This

may, at least partially, be attributed to the fact that the low electron energy components
correspond to high internal energy of the cation and lead predominantly to fragmentation of
the dimer ion. However, we also note that for any trajectory on the excited state surface
which leads into the centre of the H-transfer geometry (with its strong similarity to the
ionic PMD structure) ionization will have a strong propensity for �v = 0. In this case,
we read from figure 46 and equation (2.12) that the electron energy would be given by
Eel = hνpr − (EPMD − EH−transfer) = 0.77 eV. This corresponds more or less exactly to
the photoelectron energy for (NH3)+

2 observed at long delay times (cf figure 47) and just
signifies that ionization indeed occurs from the H-transfer state. A detailed quantitative
analysis (Farmanara et al 1999a, Farmanara 2001) shows that several components participate:
in addition to the simple H-transfer on the (NH3)∗2 Ã surface a similar reaction occurs after
fragmentation in the excited trimer (NH3)

∗
3→ (NH3)

∗
2+NH3. In this case the evaporation leads

already to internal cooling and thus stabilization of the H-transfer state so that the final ionic
product is also stable. In the (NH3)

+
2 signal (figure 47 left) this process is indeed seen to ‘grow

in’ after a minimum at around 1000 fs at the longest delay times observed with their most
narrow photoelectron energy distribution. It should be noted that the results discussed above
were obtained for a very narrow cluster size distribution, with a mass spectrum essentially
containing only NH+

3, NH+
4, NH+

4NH3 and (NH3)+
2—in that order of importance.

Turning now to the larger clusters we first note that broader cluster size distributions are
more congested by ionic fragmentation, possibly through several steps. As already discussed
by Purnell et al (1993) the mass spectra are dominated by the protonated ions (NH3)n−2NH+

4,
mainly due to the dissociation of the parent cluster ions (NH3)+

n by the loss of the NH2 group
(AID process). Only a small contribution is formed by an H-transfer in the excited neutral
state followed by ionization (ADI process). To minimize the fragmentation we have used a
probe pulse of only 3.1 eV (400 nm) to ionize the system after exciting the Ã-state with a pump
pulse of 6.2 eV (200 nm) (Freudenberg et al 1997b). The cluster beam mass distribution was
maximized for NH+

4(NH3)4. In figure 48 the time-dependent ion signals of (NH3)n, n = 3–5,
are compared for the protonated (left) and the unprotonated species (right). The relative ion



1972 I V Hertel and W Radloff

    

hνpu

H - transfer
configuration

A-state~

NH2+NH3NH4+e

and  (NH3)3+e

and (NH3)2+NH3+e

+

+

+

hνpr

NH3NH4+e+

τ3
τ2

1: (NH3)3

(NH3)2+e+

4: NH2+

NH3NH4

2:  (NH3)3*

3: NH3NH2NH4

5: NH3 +

NH2NH4

(NH3)2+NH2 +H

loss channel

hνpr

τ2= 200 fs

τ2= 225 fsτ2= 225 fs

τ2= 250 fs

for all:   τ
L
= 160 fs
τ

3
= 2 ps

τ
2
= 200 fs

NH3NH4
+

(NH3)2NH4
+

(NH3)4NH4
+

(NH3)3
+

(NH3)4
+

(NH3)5
+

delay time ∆t  [ps] delay time ∆t  [ps]

τ2= 250 fs

-2     0      2       4      6      8-2     0      2       4      6      8

0.1

0.0

0.10

0.05

0.00

0.02

0.00

1

0

0.6

0.3

0.0

0.10

0.05

0.00

Figure 48. The ammonia cluster ion yield as a function of the delay time �t between pump (6.2 eV)
and probe (3.1 eV) pulses. The left is for (NH3)n−2NH+

4 and the right for (NH3)+
n , n = 3 − 5.

The solid lines are Bloch/rate equation fits with τL = 160 fs, τ3 = 2 ps and τ2 as displayed. On
the right the kinetic model used for fitting the data is illustrated for the example of (NH3)3 and its
excited and ionic products. Adapted from Freudenberg et al (1997b).

signals document the dominance of the protonated cluster ions. The solid lines in figure 48
are fit curves using the Bloch and rate equation model introduced in section 2.4.1. The model
underlying this fit is illustrated on the right in figure 48, indicating the different fragmentation
channels in the excited and ionic states. Shown here is the energetics for (NH3)3 and all its
products. The fast initial process reflects the decay of the initially excited state with the time
constant τ2 (of a few hundred fs). This is followed by a slower process with τ3 � 2 ps in all the
cases shown here. A careful analysis of the time-dependent ion signals and the time-resolved
photoelectron spectra has led to the conclusion that the first time constant τ2 characterizes the
transition from the vertically excited Ã state to the H-transfer configuration of the excited state.
The latter decays in turn with a time constant of �τ3.

Different formation conditions, larger clusters and the intensity dependence (with
higher intensity enhancing the AID process) were studied by Castleman and collaborators
(Buzza et al 1995, Snyder et al 1996). They also investigated the C̃ state by two-photon
excitation with 312 nm (Snyder and Castleman 1997). One quite remarkable general outcome
was that beyond n > 10 little size dependence of the measured lifetimes was observed,
i.e. the solvation shell has no influence on the H-transfer dynamics. We also studied the B̃

state (Freudenberg et al 1997c) as well as the C̃ state (Ritze et al 1998) using single photon
excitation at ∼ 155 nm with emphasis on small cluster sizes. The observed lifetimes are
significantly longer than in the case of Ã state excitation and have a massive isotope effect.

The relative importance of the NH2–NH+
4 signal at long delay times (characterized by

narrow electron energy distribution) stimulated the idea to reduce the excess vibrational
energy in the excited H-transfer state as well as in the ionic PMD state—and thus cluster
fragmentation—by inducing a suitable transition in the excited state through a control pulse
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from a third femtosecond laser source. With the help of ab initio calculations we have identified
an electronically excited H-transfer state at about 1.4 eV above the optically populated
H-transfer state. Thus, by absorption of an additional control photon of only 1 eV (at 1200 nm)
at a delay time of 1 ps after the pump pulse (at 200 nm) it was possible to reduce the internal
vibrational energy of the cluster by about 0.4 eV and thus to stabilize the excited ammonia
cluster in the H-transfer configuration (Farmanara et al 2001b, 2002a,b). Consequently, the
fragmentation was strongly reduced, up to a factor of 4 for the ammonia dimer. This series of
studies demonstrated for the first time a successful pump-control-probe mechanism applied to
manipulate atomic hydrogen transfer in molecular clusters.

For completeness we also mention time-resolved studies of Rydberg states in ammonia
clusters by Yin et al (2002).

4.7. Water- and other hydrogen-bonded-clusters

After (NH3)n clusters as one prominent case of a hydrogen-bonded system, we now turn to
(H2O)n and its ions. With the universal importance of water in nature, its unique and complex
properties and the particular structure of liquid water in mind, for which water clusters of
different size and structure are considered as building blocks, one may consider water clusters
quite generally as the most important clusters. Consequently, a lot of work on the structural,
energetic and kinetic properties of small (H2O)n clusters is available. We do not attempt
to give any systematic overview here but just mention as examples for the degree of detailed
knowledge obtainable about the vibrational spectroscopy of size selected clusters (n = 2–5) by
Huisken et al (1996) and the work reviewed by Keutsch et al (2003) which reviews the state of
the art for the water trimer. To illustrate the theoretical efforts we refer to just one recent paper
from a series by Barnett and Landman (1997), and references therein. And for understanding
the photo induced dynamics we mention a recent study by Sobolewski and Domcke (2002)
with very interesting and somewhat controversial models for the water dimer and hydronium
water clusters (see, also Sobolewski and Domcke (2005)). Excitation of the first excited singlet
(Ã) state of water clusters was found to lead to a barrier-less H-transfer reaction and to the
formation of H3O radicals. The H3O radicals are solvated in the water clusters forming a
charge-separated complex consisting of a hydronium cation and a localized electron cloud.
The lowest electronic states of the biradical H3O(H2O)3OH are found to be slightly lower
in energy than the vertically excited states of the covalent and zwitterionic water pentamer
clusters (H2O)5 and therefore are photochemically accessible from the latter.

In contrast, as already mentioned in section 4.1 where we reported about first time-resolved
experimental studies on the H2O molecule, water as an isolated species is anything but trivial to
study with ultrafast spectroscopy. This holds a fortiori for neutral water clusters and to date no
experimental femtosecond studies on their dynamics have been reported: infrared excitation
which can so efficiently be probed in the liquid phase (see, e.g. Mohammed et al (2005)) is
very difficult to monitor in the gas phase due to the low excitation probability with fs pulses; on
the other hand, electronic excitation requires femtosecond pulses in the VUV spectral range,
which are not yet available with sufficient intensity, stability and short pulse duration—the
clusters having even higher excitation energies than the isolated H2O molecule (Harvey et al
1998). Clearly, the photo-induced ultrafast dynamics of neutral water clusters remains one
of the great challenges for future experimental work, requiring an intense, reliable source of
femtosecond pulses in the VUV spectral range.

The situation is much more comfortable for anions of the water clusters where significant
progress has been made in recent years, both in terms of spectroscopy and ultrafast dynamics.
(H2O)−n clusters can be prepared mass selected and are ideal candidates for photoelectron
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Figure 49. Dynamics of the hydrated electron in water cluster anions. (a) Schematic of the
excitation indicating the energies of the pump (dashed arrow) and probe laser (full line arrow), of
the detached electron (down arrows). VDE indicates the vertical electron detachment energy, ABE
the adiabatic binding energy of the electron in the cluster anion. Two of the possible pump–probe
processes (A and D) observed are indicated. (b) Corresponding transient electron signals as a
function of the pump–probe delay time, derived by integrating the photoelectron images over the
respective energy window. The signals shown here are for (D2O)−25 excited at 1250 nm, probed
at 400 nm. (c) Summary of excited state cluster anion lifetimes for the different isotopomers and
water isotopes as a function of inverse cluster size. (a) and (c) Adapted from Bragg et al (2005);
(b) from Bragg et al (2004).

spectroscopy as described in section 2.3.4. Much of the motivation to study these systems
derives from the hydrated electron (e−

aq) which has captured the attention of physical scientists
for more than half a century (Häsing 1940, Hart and Boag 1962, Schindewolf 1968) and
served as a fertile ground for many experimental and theoretical investigations on ultrafast
processes in polar solvents, such as water or ammonia. Nevertheless, a number of essential
questions remain open on the formation and relaxation dynamics of the solvated electron
after photoexcitation (for references see, e.g. Bragg et al (2005)). Here, water cluster anions
provide an alternative road for gleaning essential insight into the physical processes of electron
hydration, excitation and relaxation by probing in detail the size-dependent photo-physical
properties of these clusters.

Recently, such studies on the ultrafast electron dynamics in water clusters anions have been
reported by Paik et al (2004) and by the Neumark group (Bragg et al 2004, Verlet et al 2005,
Bragg et al 2005) using femtosecond time-resolved photoelectron imaging (see section 2.3.6).
They studied size-selected (H2O)−n and (D2O)−n with n = 13–100. The excess electron
was excited from its e−

c (s) ground state to the e−
c (p) excited state by 100 fs pump pulses of

wavelengths tuned to match the photo-absorption of the clusters optimally. The time-delayed
probe pulse at 400 nm detaches the electron whose energy distribution was determined by a
large area imaging detector. The relevant processes and signals can be visualized as indicated
in figure 49(a): the pump photon (dashed arrow) induces the p ← s transition, the probe
photon detaches the electron; both the depletion of the s−ground state (process A) as well as
the population of the excited p−state (process D) can be monitored by the detached electron, its
kinetic energy being determined by the laser wavelengths and the vertical detachment energy
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VDE of the anion. Figure 49(b) shows the corresponding two energy-integrated electron
signals A and D for (D2O)−25 (pumped with 1250 nm, probed with 400 nm) as a function of the
pump–probe delay time �t . The signals document an ultrafast relaxation of the excited e−

c (p)

system (D) and a population recovery of the e−
c (s) ground state (A) with a time constant of

(400 ± 50) fs. The scheme 49(a) is an oversimplification in several respects: (i) additional
processes such as photo-detachment by two pump photons are not shown and (ii) the anion
clusters come in at least two varieties, one with the electron bound in the interior of the cluster
and one where the electron sits on the surface. This complicates the interpretation of the
data. By a detailed variation of pump and probe laser wavelengths, cluster size, deuteration
and cluster formation conditions Bragg et al (2005) were able to interpret the experimental
observations in terms of physical models. Figure 49(c) summarizes the results, giving the
measured relaxation times as a function of inverse cluster size 1/n. While the surface type
clusters (full symbols) show no clear trend, the lifetimes of the interior species (open symbols)
are seen to depend linearly on inverse cluster size (τ ∝ 1/n) and extrapolate nicely to the bulk
values (n = ∞) of ∼50 fs for liquid H2O and 70 fs for liquid D2O. This and the significant
isotope effect with τ(D2O)/τ(H2O) � 2 has led us to attribute the excited state decay of the
interior type clusters to internal conversion from the e−

c (p) into the e−
c (s) state. However, the

linear dependence τ ∝ 1/n is seen only for large clusters while there is a trend to a slower rise
with 1/n for smaller interior type clusters (13 � n � 25) as indicated by the dashed line. This
has been explained as a change of the decay mechanisms through a combination of excited-
state auto-detachment and internal conversion. In addition, electron angular distributions gave
additional insight into the processes.

The smooth behaviour for cluster sizes for n > 25 excludes structural changes in this
size region, i.e. the clusters are characterized by the interior electron and the extrapolation to
n → ∞ allows us to draw conclusions for the mechanisms in the liquid as well: the electron
dynamics observed in larger clusters is seen as representative for a non-adiabatic relaxation
mechanism of the hydrated electron in an aqueous solution. Thus, important conclusions for
processes in condensed phase chemistry and molecular biology including the hydrated electron
can be drawn from cluster studies as just discussed.

Several other hydrogen bonded cluster systems, both homogeneous and heterogeneous,
have been investigated with ultrafast laser spectroscopy. We just mention here a few. Clusters
of pure acetone have been studied by Buzza et al (1996a) and Buzza et al (1996b), mixed
cluster of acetone and water, for example, by Hurley et al (2003).

We have already referred in section 3.5.3 to complexes of acidic chromophores and alkaline
(basic) clusters studied in the groups of Syage (Syage 1995) and Jouvet (David et al 2002,
Pino et al 1999), who investigated the dynamics of 1-naphthol(NH3)n and phenol(NH3)n
clusters. One may view these examples already as precursors of the broader field of biologically
relevant molecules in that, for example, electronic excitation of phenol(NH3)n clusters leads
via the 1ππ∗ state to the dark 1πσ ∗ state which is characterized by a concerted electron and
proton transfer along the bond between the OH group of phenol and an NH3 molecule of the
surrounding cluster. This crucial role of the 1πσ ∗ state proposed on the basis of extensive,
ab inito based model calculation by Sobolewski and Domcke (2001) has also been found as
a very typical pattern in the photo-induced dynamics of many biomolecules with amino- or
azine-groups. We will discuss these concepts in further detail in section 4.9.

4.8. Solvated metal atoms

The hydrated electron is in many respects very similar to solvated alkali metal atoms. Indeed,
to generate electrons solvated in liquid ammonia one dissolves alkali atoms in ammonia and
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obtains a deep blue liquid: the solvated electron absorbs strongly the red spectral range (Häsing
1940). Alkali atoms (M = Li, Na, K, Cs) solvated in ammonia or water are characterized
by charge separation of their valence electron—the two centre model appears to be most
applicable. And clusters M(H2O)n or M(NH3)n with only a few polar solvent molecules
already show this trend to delocalize the valence electron over a broad range of space
(Barnett and Landman 1993). Long before the studies on the ultrafast dynamics of these
systems as isolated species were considered to be a realistic challenge, we determined the
ionization potentials (IP) of Na(NH3)n and Na(H2O)n clusters (Schulz et al 1986, Hertel et al
1991) and pointed out that they can be compared directly with the corresponding vertical
detachment energies (VDE) by IP − V DE = 5.9n−1/3 (with n1/3 ∝ rc, rc being an effective
cluster radius). This just corresponds to the additional energy required to move the electron
from the surfaces of a positively charged sphere of radius rc to infinity. Otherwise the energy
needed to detach an electron from the cluster is more or less identical for M(H2O)n and (H2O)−n
(and similarly so for NH3 as solvent). Thus it is very interesting to compare also the dynamical
behaviour of solvated alkali atoms and solvated electrons (cluster anions).

We focus here on Na(NH3)n clusters (the dynamics of Na(H2O)n has not yet been
published). Geometric structures and the energies for the ground and several excited electronic
states were calculated for n = 1, 2 on a multi-configuration self-consistent field (MCSFC) basis
(Greer et al 1994). As in all these complexes the structure is dominated by the interaction
of the alkali cation with the ammonia (or water) dipole moment, leading to a symmetric
H3N–Na–NH3 structure of the dimer with an N–Na–N binding angle of 103◦ in the ground
state. Optical excitation spectra of Na–NH3 (Nitsch et al 1994) and larger clusters up to
n = 20 (Brockhaus et al 1999) have been measured as well for the Na(H2O)n system
(Bobbert and Schulz 2001). Similar spectroscopic studies were also performed for Li–H2O
and Li–D2O complexes (Takasu et al 2001).

First experimental pump–probe studies for n = 1 and 2 showed a strong dependence
of the excited state lifetime on n as well as the observation of Na+ rising with the decay
of the Na(NH3)+

2 signal—implying an interesting double bond breaking mechanism whose
nature is not yet fully understood (Schulz et al 1995). A massive isotope effect of the
excited state lifetime was reported increasing from 20 ps for Na∗(NH3)2 to about 1500 ps for
Na∗(ND3)2 (Schulz et al 1996a, 1996b). In a combined experimental and theoretical effort a
significant wavelength dependence of the Na∗(NH3) excitation was detected and analysed as
being due to resonance with the first excited state of the system (de Vivie-Riedle et al 1997).
A comprehensive study of the lifetime of the first excited state Na∗(NH3)n with n � 15 (the first
solvation shell) was recently published by Schulz et al (2004) which is summarized in figure 50
(see, also Scholz (1998)). Several different wavelengths have been used for the pump pulse so
that the excitation for each cluster size was near its maximum as derived from spectroscopic
information (Brockhaus et al 1999). The probe pulse was kept just sufficiently energetic to
ionize the excited state so that the ambiguities with different processes for detecting water
cluster anions discussed in the previous section (see figure 49(a)) are not encountered here and
ionic fragmentation can be neglected. Excited state lifetimes of Na(NH3)n are derived from
transient ion signals, some examples of which are shown in figure 50(a). A semi-logarithmic
(!) plot of these lifetimes as a function of cluster size n is shown in figure 50(b). Note
the dramatic change of the lifetime with cluster size over four orders of magnitude (or even
five if one includes the fluorescence lifetime of the isolated Na(3p) state) with only a slight
dependence on the excitation wavelength.

In spite of an intensive ab initio search (for n = 1 and 2) no crossings, avoided crossings or
conical intersections were found to explain these processes by standard non-adiabatic coupling
mechanisms. We thus interpret the finite lifetime in terms of internal conversion (IC) from the
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Figure 50. Lifetime of the first excited state in Na(NH3)n clusters. Left: typical transient ion signals
in pump–probe experiments. The numbers given are decay times τIC obtained from a Bloch fit (see
section 2.4.1) to the experimental data. Right: summary of measured decay times τIC as a function
of cluster size for different pump (λpu) and probe (λpr) wavelengths. The pump wavelengths were
chosen to be essentially in resonance with the first excited states. Probe wavelengths were kept just
high enough to ionize from the first excited state so that little excess energy is deposited into the
ion. The dashed line represents a simple model calculation for internal conversion, estimating the
density of states from the number of degrees of freedom—only counting the intracluster motion.
Data are from Schulz et al (2004).

Na∗(NH3)n excited state (correlated to the atomic Na(3p) state) to the ground state (correlated to
Na(3s))—in close analogy to what has been discussed for the water anion clusters in section 4.7.
A very crude modelling of the observed tendency is obtained from the Bixon–Jortner equation
(3.5). Without knowing the coupling constant in detail we estimate the trend by just computing
the density of states of the ammonia solvation shell in its ground state at an excitation energy
given by the pump pulse. The very reasonable agreement displayed in the right part of figure
50 is obtained if we include only the intramolecular modes of the n NH3 molecules and ignore
the intermolecular modes among the ammonia molecules and between ammonia and sodium
ion, probably because they are too much off-resonance to play any role in the IC process. The
slight maximum of τIC seen for n = 4 (closed first solvation shell) is probably just an artefact of
the vibrational level spacing at that particular photon energy. We also mention that a significant
isotope effect has been observed (not shown here) for the larger clusters with a tendency towards
a ratio τIC(ND3)/τIC(NH3) � 3 which is in agreement with the energy gap law equation (3.6).
We also note that the lifetimes for the larger clusters when plotted as a function of 1/n scale
linearly as in the water-anion case discussed above. This is particularly true for Na∗(H2O)n
and Na∗(D2O)n and the lifetimes for these hydrated Na∗ atoms also extrapolate nicely to the
values for the hydrated electrons in the liquid phase (Schulz and Hertel 2006). Overall, the
excited state lifetimes for the large clusters have a trend to be significantly shorter than those
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for the water anion. On the other hand, all clusters including the smaller ones are stable and for
n < 4 the excited state lifetime rises by several orders of magnitude also for water as a solvent
of the alkali atom. In summary, spectroscopy and ultrafast dynamics essentially corroborate
the findings for water anion clusters and extrapolate well towards the bulk limit.

We finally mention briefly ultrafast dynamical studies for a few other solvated metal-
atom clusters. In our laboratory Ag(NH3)n has been studied leading to an essentially similar
behaviour as observed for Na(NH3)n except that the larger solvated silver clusters have a
significantly longer lifetime than solvated sodium atoms (Stert et al 2001b). Also, interesting
isomer effects with much longer lifetimes were seen depending on expansion conditions—
somewhat resembling isomer III in the water anion case.

As another interesting system Lineberger and collaborators studied the metal solvent
complex Cu(H2O)n with n = 1 (Sanford et al 2004, Muntean et al 2004, Taylor et al 2004)
as well as for n = 2 (Taylor et al 2005, Rathbone et al 2005) in an NeNePo type approach
(see section 4.1). The dynamics of the Cu(H2O)n clusters was initiated in the neutral ground
state by photoelectron detachment from the corresponding anion and was detected by time-
resolved resonant multiphoton ionization. Rising Cu+ and decaying Cu(H2O)+ signals are
monitored as a function of delay time between pump and probe pulse. The processes observed
are relatively slow (several ps) and the analysis is complex since a number of potential energy
surfaces are involved.

4.9. Molecules and clusters of biological relevance

Over the past years ultrafast dynamics of biologically relevant molecules has become subject
to intensive studies—mostly in the liquid phase—and the ultrafast dynamics of nucleic
acids has recently been reviewed by CrespO–Hernandez et al (2004). Gas phase studies
of biomolecules as pioneered by Rizzo et al (1986) are also an active and productive field of
research, predominantly with emphasis on understanding primary and secondary structure by
means of sophisticated optical and infrared laser spectroscopy Gerhards et al (2002), Nir et al
(2002, 2000), Plützer et al (2003), Dian et al (2004) and references therein. For some
representative, very recent work we refer the reader to Seefeld et al (2005), Abo–Riziq et al
(2005), Kabelac et al (2005), and Clarkson et al (2005). One can certainly predict that this
field will expand, in particular in view of powerful new methods to bring even very big
molecules into the gas phase—such as electrospray ionization which we have described in
section 2.1.6.

Generally speaking, the understanding of photo-induced processes in aromatic molecules
and clusters as discussed in sections 3.5.3 and 4.7 paves the way towards the photochemistry
of biologically relevant systems. In particular, bio-chromophores solvated in clusters of polar
molecules such as H2O or NH3 allow us to mimic fundamental processes which may also be
relevant in much larger biological systems. All four constituents of DNA, the nucleic bases
adenine, thymine, cytosine and guanine have now been studied as isolated monomers and
dimers. Spectroscopic experiments carried out with ns laser pulses in molecular beams give
some first information about the lifetimes of electronically excited states. At low vibrational
excess energies sharp lines can be detected which allow one to analyse the different structures
of the molecules (see, e.g. for adenine Kim et al (2000), Nir et al (2002)). Broader bands at
higher excitation energies reflect short-living states, which will have to be elucidated in more
detail by time-resolved measurements.

With these perspectives in mind a number of biologically interesting, isolated systems
have been approached with the methods of ultrafast spectroscopy during the past years, among
them amino acids and their chromophores as well as nucleic bases. Although only a few
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groups have been active at these interesting and important systems, already now an impressive
body of work is available. Thus spectroscopy, structure, dynamics and function of isolated
biomolecules would warrant a special review in its own right, from both the theoretical and
the experimental point of view. Here, we can only give a brief introduction into this new
field, hoping that it may stimulate further interest. We focus on three typical molecules
which play an important role in biological photophysics: pyrrole, the chromophore of proline
(as well as of the heme molecule), indole, the chromophore of tryptophane, and adenine, also
a chromophore and one of the 4 bases of DNA.

One key issue of the photophysics of biological systems is to understand their obvious
stability against photochemical destruction after irradiation with UV light. Most aromatic
chromophores are excited by UV photons above 4.5 eV to a 1ππ∗ electronic state which
is coupled to neighbouring electronic states and may in principle be a starting point for
many reactions which could damage the living tissue. Obviously, the excited state energy
is quenched by some very efficient mechanisms which bring the molecules back into the
ground state and dissipate the photon energy into simple thermal motion of the bath. One
possible mechanism for this energy quenching first advocated by Sobolewski and Domcke
(1999) is the coupling of the initially excited 1ππ∗ state to a dark 1πσ ∗ state through a conical
intersection. The relevant processes have been theoretically exemplified for many systems
such as pyrrole, indole, adenine and their solvates (Perun et al 2005a, Vallet et al 2005,
Domcke and Sobolewski 2003, Sobolewski et al 2002, Sobolewski and Domcke 2001). We
have discussed the role of the 1πσ ∗-state already briefly in the context of proton (hydrogen)
transfer in phenol-ammonia (see end of section 3.5.3 and figure 36). The situation is illustrated
in figure 51 by the corresponding cuts through the potential surfaces of indole and pyrrole
along the relevant N–H azine bond. The 1πσ ∗ state is repulsive with respect to the reaction
coordinate of the azine (NH) group and crosses with the S0 state surface—a second conical
intersection—at which the system may return into the ground state.

However, the repulsive nature of the 1πσ ∗ state may also lead to abstraction of the hydrogen
atom—from the point of view of photostability of course an unwanted reaction. Such processes
have indeed been observed. In ns time-resolved experiments on pyrrole (Wei et al 2003, 2004)
and adenine (Hünig et al 2004, Zierhut et al 2004, 2005) the dissociation of the molecules
on the repulsive 1πσ ∗ potential surface has been confirmed by spectroscopic detection of free
H atoms.

Recently, in our group we have been able to follow the dynamics of this abstraction
process in real time (Lippert et al 2004c). The experimental results are shown in figure 52.
The pyrrole molecule was excited with a 180 fs pulse at 250 nm (4.96 eV see figure 51) to the
1πσ ∗ state (through a Herzberg–Teller coupling), and detection of the free hydrogen atoms
after dissociation was achieved by resonant 2+1 photon ionization (REMPI) through the 22S1/2

state at 243 nm. The mass spectra taken for wavelengths off and on resonance for this transition
are reproduced in figure 52(a). They document a clear, albeit very small H+-signal only when
the laser is tuned to the two-photon resonance of the 22S1/2 state proving the dissociation of
neutral H-atoms as predicted. The dynamics of this ultrafast dissociation process shows two
components as illustrated in figure 52(b): (1) a direct process within (110 ± 80) fs followed
by (2) a slower fragmentation within (1 ± 0.5) ps of those parent molecules which have been
transferred to the electronic ground state by internal conversion but have still sufficiently
high internal energy in the reaction coordinate. The branching ratio between fast and slow
processes is in fair agreement with that observed in the ns experiments (Wei et al 2003).
The interpretation of these processes is based on potential energy surfaces from Domcke
et al (Vallet et al 2004, Sobolewski and Domcke 2000a). In their most recent work they have
modelled this photo-induced hydrogen-elimination reaction by conical intersections of—in this
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Figure 51. The potential energy (PE) profiles for indole (left) and pyrrole (right) of the lowest
1ππ∗ states (squares and diamonds), the lowest 1πσ ∗ state (triangles) and the electronic ground
state (circles) as a function of the NH stretch reaction coordinate. Geometries have been optimized
in the excited electronic states at the CASSCF level; the PE profiles have been obtained with the
CASPT2 method. The delocalized nature of the 1πσ ∗ orbital at the N–H azine bond is graphically
indicated. Adapted from Sobolewski et al (2002).

case—two 1πσ ∗ excited states with the electronic ground states, 1B1(πσ ∗)-S0 and 1A2(πσ ∗)-
S0, by time-dependent quantum wave-packet calculations (Vallet et al 2005). Their results
are in full agreement with the time scales and branching ratios derived from our experiment
and with the kinetic energy distribution of H-atom fragments measured by Wei et al (2004).

As discussed above the excited 1πσ ∗ state is characterized by the diffuse character of
the electron and consequently by a high polarity. It thus should be particularly susceptible to
solvation. If the bio-chromophore is attached to alkaline molecules (or corresponding clusters)
with high proton affinity such as H2O or NH3, one thus expects significant stabilization of
this state, and a concerted electron–proton transfer in the 1πσ ∗ state, can lead to hydrogen
transfer along the hydrogen bond between the chromophore and the water (or ammonia)
molecule. In analogy to the phenol(NH3)n system (see section 4.7) this H-transfer reaction has
been predicted by theory for indole(H2O)n (Sobolewski and Domcke 2000c), pyrrole(H2O)n
(Sobolewski and Domcke 2000b) and pyrrole-(NH3)n clusters (David et al 2004). Indeed,
in a pump–probe experiment with ns laser pulses at long delay times (800 ns), stable neutral
products (NH3)n−1NH4 are detected which are formed by H-transfer in the electronically
excited indole(NH3)n complexes (Dedonder–Lardeux et al 2001).

We have studied the H-transfer reaction in indole(NH3)n by pump–probe experiments
with fs laser pulses described in a series of papers. Ion transients (Stert et al 2002,
Lippert et al 2003b) as well as FEICO photoelectron spectra were measured (Lippert et al
2003a) and the interpretation of the data was supported by ab initio calculations of the potentials
(Ritze et al 2004). In most cases we used pump photons of 4.71 eV to excite the S1 (1ππ∗)
state followed by ionization with probe photons of 3.14 eV, but different pump energies were
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Figure 52. Pyrrole dissociation studied in a time-resolved pump–probe experiment with 2+1
REMPI detection of H emission according to Lippert et al (2004c). (a) Mass spectra on the 2+1
REMPI resonance (back) and off resonance (front); (b) transient H-ion and (c) parent ion signal
as a function of pump–probe delay time. Since only a small fraction of the pyrrole dissociates, the
non-resonantly excited parent ion signal is just providing the zero time delay. Figures are adapted
from Lippert (2005).

also applied to study the influence of excess energy in the excited state (Lippert et al 2004).
Figure 53 gives some examples of typical ion transients on the picosecond time scale. Signals
are shown for the parent clusters indole(NH3)n, n = 0–4, and for the products (NH3)n−1NH4,
n = 3–5. Whereas for the bare indole molecule at this excitation energy no dynamics is
observed in contrast to theoretical expectations (see, Lippert et al (2004b)), we found for
the small clusters (n = 1–3) an exponential decay with time constants τ4 in the ps region
which is preceded by a very fast peak near τ = 0. This feature, observed in the ion signal
as well as in the FEICO electron yield, has been analysed in greater detail with high time
resolution (not shown here): an ultrafast component of 30–100 fs is identified as being due to
internal conversion from the initially excited 1ππ∗ state to the 1πσ ∗ state. This is followed
by a somewhat slower process (0.6–1.0 ps) which is related to the H-transfer on the 1πσ ∗

potential surface (Lippert et al 2003a). The slow process indicated by (4) and (5) in the fit
curves of figure 53 reflect a rearrangement of the cluster geometry after the H-transfer. This
understanding has been derived from the FEICO electron spectra of indole(NH3)+

n for n = 4, 5,
which show the rearrangement directly on the ps time scale (not reproduced here).

The fragmentation products (NH3)n−1NH+
4 (seen as ions but clearly arising from a

neutral dissociation in the excited state through an ADI process) are one outcome of the H-
transfer reaction. While no (NH3)2NH+

4 cations are detected here (figure 53(f )) the products
(NH3)3NH+

4 and (NH3)4NH+
4 are well documented in figures 53(g) and (h). Thus, the formation

of neutral fragments has been demonstrated unambiguously. The (NH3)2NH+
4 fragment is

missing due to an ionization potential for (NH3)2NH4 which is higher than the probe photon
energy, while for the (NH3)3NH4 and (NH3)4NH4 radicals the IP values are sufficiently
low (Stert et al 2002). Even the missing small neutral products may be observed by using
higher intensity probe pulses (e.g. at 790 nm) and thus allowing for multiphoton ionization
(Lippert et al 2002). We also want to point out that only a fraction of the excited indole(NH3)n
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Figure 53. Ion signals of the indole(NH3)n clusters and their fragments (NH3)n−1NH4 as a function
of the delay time �t between the pump (263 nm) and the probe (395 nm) pulses according to
Stert et al (2002). The solid lines are single-exponential fits with the Bloch model using the time
constants τ4 and τf .

leads to formation of the hyper-valent (NH3)n−3NH4 fragments and—as seen in figures 53(g)
and (h)—the reaction time is significantly longer than that observed for internal rearrangement
of the un-fragmented cluster ions, i.e. both components undergo a different dynamics in the
excited state.

In a similar experiment the H-transfer reaction has been analysed also for the
pyrrole(NH3)n cluster system (David et al 2004).

However, analogous pump–probe experiments with indole(H2O)n clusters have revealed
that in this case no H-transfer reaction and product formation occurs (Lippert et al 2003c),
probably due to the endoenergetic character of the process in comparison to the exothermic
H-transfer reaction in indole(NH3)n.

Hydrogen transfer is expected to play a crucial role for the photochemistry in hydrogen-
bonded biologically relevant systems. Indeed, in agreement with theoretical studies
(Sobolewski and Domcke 2003), we have detected a hydrogen transfer with a characteristic
time constant of 65 ps in the aminopyridine dimer—a near-planar H-bonded model system for
a Watson–Crick nucleic base pair (Schultz et al 2004). All other cluster sizes with different,
not Watson–Crick-like, structures relax on a much longer time scale. Very recent studies of
adenine (A) and thymine (T) dimers in a molecular beam, however, have shown no hint of
an H-transfer reaction in the systems A2, T2 and A–T (Samoylova et al 2005). Possibly, the
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Figure 54. The ion signals of the adenine monomer (a), adenine dimer (b), and adenine-H2O (c)
as a function of delay time �t between the pump (250 nm) and the probe (400 nm) pulses. The
theoretical fit curve (heavy line) is the sum of four contributions (thin lines), two of which are
characterized by time constants τ1 and τ2 (see text for details). The scales of the ordinates reflect
the true size relations of the signals. Reproduced from Ritze et al (2005).

most stable conformers—as formed in the molecular beam—enable no H-transfer, in contrast
to the less stable Watson–Crick conformers for which this reaction is expected Perun et al
2005a, 2005b.

The dynamics measured for A2, T2 and A–T is very similar to the processes observed for
the monomers A and T (Kang et al 2003, Samoylova et al 2005).

Figure 54 from our very recent work (Ritze et al 2005) shows that the dynamics of the
adenine monomer (a) is characterized by two time constants: τ1 = 110 fs reflects the decay
of the primarily excited 1ππ∗ state by non-adiabatic coupling to the 1nπ∗ (and 1πσ ∗) state(s),
while τ2 = 0.9 ps describes the decay of the subsequently populated 1nπ∗ state (rather than the
1πσ ∗ state). This assignment has been confirmed by the analysis of the photoelectron spectra
obtained in similar experiments (Ullrich et al 2004a, 2004b). Nearly identical time constants
have been observed very recently for adenine excited at 267nm (Canuel et al 2005). The time
dependence of the adenine dimer signal in figure 54(b) shows nearly equal time constants as
the monomer, however, the contribution with τ2 is strongly reduced. This fact can be explained
by stabilization of the highly polar 1πσ ∗ states in the dimer compared with the monomer. In
this way the distance between the 1ππ∗ and 1πσ ∗ states is strongly reduced, leading now to a
preferred relaxation of the 1ππ∗ state via the 1πσ ∗ state (the latter not being observable) at the
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expense of the nπ∗ relaxation channel. This effect is more pronounced yet for the polar water
molecules and, hence, no nπ∗ contribution (with τ2) is observable for A(H2O)1 and larger clus-
ters A(H2O)n as documented in figure 54(c) (Ritze et al 2005, Samoylova et al 2005). Similar
experimental results on the dynamics of A(H2O)n clusters have been obtained in the group of
SK Kim (Kang et al 2002) who, however, interpreted their observations in a different way.

As main result we found neither in A2 nor in A(H2O)n any contribution of an H-transfer
reaction. The strong similarity between the time-dependent monomer and dimer signals (also
in A–T) leads to the conclusion that the dynamics of the dimer (formed in a molecular beam
experiment) is mainly determined by intramolecular processes and not by intermolecular
reactions (Samoylova et al 2005). The missing long-lived states and products demonstrate the
ultrafast relaxation of the energy deposited, causing the stability of the biologically relevant
systems against destruction by UV irradiation.

Due to their biological relevance a wealth of future time-resolved studies can be expected
for clusters of this type, e.g. for amino acids, nucleic bases and derivatives complexed in
clusters of water or other polar molecules.

We do not want to end this excursion into biologically relevant molecules without
mentioning that very promising first femtosecond time-resolved studies have now been
performed using an electrospray source (see section 2.1.6) in a joint effort of several French
groups who studied the ultrafast dynamics of protonated aromatic amino acids (Kang et al
2005c), protonated tryptophane (Kang et al 2005a) and protonated tryptamine (Kang et al
2005b). We believe that this marks the beginning of a new era of research on the photo-
induced dynamics of large biologically relevant systems which have now become accessible
to ultrafast spectroscopy as isolated species.

5. Recent developments and future perspectives

In this final section we briefly discuss current developments—illustrated by some very recent
papers—which we believe indicate important future directions of the field and present some
conclusions.

5.1. Electron diffraction

Throughout this review we have described methods and results from experiments with laser
pump and laser probe to study the dynamics of molecules and clusters in the gas phase. In
these experiments one follows the ultrafast dynamics of molecular energy states excited by
the pump photon—either by detecting the ion signal generated by the probe-photon or the
emitted electron and in some cases by the probe photon induced fluorescence. The essential
information is on the change of the energetics of the excited state system—or more precisely—
on the change of the Franck–Condon window for ionization (or further excitation) with time.
Analysis of photoelectron spectra leads to additional information on the changes of the internal
energy distribution and the flow of energy in the excited state system, and even the correlation
among the various fragmentation and ionization products may now be obtained routinely in
state-of-the-art experiments. As we have seen, such detailed information allows one in turn to
glean very detailed insights into structural changes—usually by interpreting the experimental
observations in combination with theoretical models. A more immediate approach to studying
structural changes of molecular systems provides the application of ultrashort electron pulses
as a probe. Their diffraction pattern allows, at least in principle, to determine directly the
transient nuclear structures of the molecules after excitation by a femtosecond laser pump-
pulse. This method of ultrafast electron diffraction (UED) has been pioneered by Zewail
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Figure 55. Time-resolved electron diffraction. Left: ‘third generation’ ultrafast electron diffraction
(UED-3) apparatus with time of flight mass spectrometer from Srinivasan et al (2003). Right:
experimentally determined one-dimensional (radial distribution) diffraction-difference curves as a
function of time for pyridine. The negative (blue) regions reflect loss of old bonds; the positive
(red) regions correspond to gain of new interatomic distances; From Srinivasan et al (2005).

and his collaborators over the past decade and appears now to come to its fruition as, for
example, discussed in two recent overviews (Srinivasan et al 2005, Shorokhov et al 2005)
which demonstrate its potentials for the structural analysis of several aromatic molecules
with high spatial (0.01 Å) and promising time (1 ps) resolution. We do not want to go into
details of the experimental technique, its main feature being the electron pulse generation by a
femtosecond laser pulse on a photocathode. We simply illustrate the complexity of the setup
by reproducing in figure 55 (left) a self explaining scheme of a ‘third generation’ UED setup
from Srinivasan et al (2003). As a characteristic example figure 55 (right) also shows the one-
dimensional (radial distribution) diffraction-difference pattern for pyridine which is given for
a series of delay times between the pump pulse at 266 nm and the electron probe pulse. On the
base line the internuclear distances of the different bonds are marked: at small distances near
1.3 Å the covalent C–C and C–N bonds are located, while the second-nearest-neighbour C–N
and the third-nearest-neighbour C–C, C–N distances occur near 2.3 and 2.8 Å. The negative
peaks (blue in figure 55) correspond to a loss of internuclear separations in the parent molecule,
the positive contributions (in red) reflect a gain of new interatomic distances for the transient
intermediate. For pyridine one can clearly recognize the change—preferably the loss—of the
covalent bonds of the parent molecule for growing times. At larger distances above 3 Å a gain
is observed corresponding to the formation of new bonds on the ps time scale. The detailed
analysis of the time-resolved diffraction patterns revealed novel information about the non-
radiative channel-three behaviour in pyridine which is due to direct ring opening at 266 nm
optical excitation.

Generally speaking, the analysis of the diffraction patterns requires a rather elaborate
comparison with theoretical structural models which is a complex task if various reaction
channels are possible. Time resolution is another issue which is as yet not fully satisfactory,
considering that many structural changes of interest occur on a time scale of some ten or
hundred femtoseconds. The biggest problem to overcome here is space charge which leads
to a temporal broadening of the electron pulse before it is accelerated to some 10 or 100 keV
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energy. Several groups are presently working on ultrafast electron diffraction with different
focus and alternative concepts to overcome the various problems inherent in the electron
diffraction method (see, e.g. Cardoza et al (2004) Siwick et al (2004, 2005) and further
references given there), the present limit of time resolution being about 600 fs. Thus, significant
further improvements are expected, for example, by using higher repetition rate lasers which
would allow for a smaller charge per electron-pulse and hence lead to a reduction of the
space charge problem. Also, suitable theoretical models for the analysis of the data are being
improved. In summary, broad applications and a bright future are foreseen for this unique
method to directly monitor molecular structural changes in real time.

While UED is probably the only way to study such structural dynamics in the gas phase—
short pulse x-ray diffraction (XRD) being no option due to generally very low absorption
cross sections—in condensed matter physics ultra fast XRD based on laser induced plasma
sources is a genuine alternative (see, e.g. Bargheer et al (2004)) to UED. In addition, one
also has to consider dynamic transmission electron microscopy (DTEM) as an attractive tool
for time and space resolved investigations as recently discussed, for example, by King et al
(2005). A good summary of this discussion on ultrafast electron diffraction has been given
in this latter reference: ‘UEM has the potential to make a significant impact in future science
and technology. Understanding of reaction pathways of complex transient phenomena in
materials science, biology, and chemistry will provide fundamental knowledge for discovery-
class science’. We shall see how far isolated molecules and clusters may provide milestones
along this way.

We can, however, not end this discussion without mentioning a completely different and
potentially very powerful route to probing molecular dynamics with short electron pulses which
has been proposed and explored by Corkum and co-workers (Niikura et al 2002, 2003): when
a molecule is ionized by a very strong field the outgoing electron may return under certain
conditions to its origin. Such a re-scattered electron—if created by few cycle laser pulses—
can in principle probe the molecule from which it originates with a temporal resolution of
attoseconds and spatial resolution of Å. First demonstrations for diatomic molecules such as
H2 appear promising. However, as intellectually attractive and elegant this concept may appear
to be, its applicability as a general tool also for larger molecular systems is a great challenge
and has still to be proved.

5.2. Few-cycle pulses and atto-second science and chemistry

This brings us directly to the quest for ever shorter, powerful light pulses which during the
past years has made impressive progress. Optical few-cycle pulses and atto-second soft x-ray
pulses generated by coherent superposition of their high harmonics are now a reality (see,
e.g. Christov et al (1997), Paul et al (2001), Hentschel et al (2001), Zhavoronkov and Korn
(2002), Baltuska et al (2003)). The question to raise in the context of the present review is to
what can be learned by using such short pulses for the study of ultrafast dynamics in molecules
and clusters—considering that the 7.6 fs period of an oscillation in molecular hydrogen may
be seen as the shortest relevant time scale in the dynamics of molecular nuclei. On the other
hand one may argue that few-cycle pulses define the very timescale for atomic motion, for
examples, in nature’s most simplest molecule H2 which has served as a testing ground for
any new molecular physics ever since quantum mechanics was invented. Thus, ionization
dynamics of H2 and H+

2 in strong fields has been investigated in countless studies (see, e.g. ,
the review by Posthumus (2004) and references given there). For a particularly impressive,
very recent example focusing on the ultrafast temporal aspect we refer to Ergler et al (2005)
who studied double ionization and Coulomb explosion in dissociating H+

2 by a pump–probe
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Figure 56. (a) Kinetic energy spectrum of D+ ions from D2 after dissociation with 5 fs laser
pulses at I = 1×1014 W cm−2 without phase-stabilization; (b) experimentally determined, energy
resolved up/down asymmetry map of the phase-dependent D+ ion emission; (c) electric field of the
5 fs, I = 1 ·1014 W cm−2 pulse used in the calculations, with carrier envelope phase φ = 0 (dashed
red line) and temporal evolution of the electron localization parameter (full blue line) starting from
the time of recollision (positive and negative values correspond to higher densities on the upper
and lower ion, respectively). Kling et al (2006).

experiment using strong field 25 fs pulses. Both protons were detected by state-of-the-art
coincident ion imaging in a reaction microscope.

Another very recent experiment on dissociative ionization of D2 by Kling et al (2006)
has pushed time resolution one step further, using phase stabilized pulses with durations down
to 5 fs. The product D+-ion is detected with velocity map imaging as a function of the phase of
the electric field amplitude with respect to the carrier envelope (see section 2.2.1). This allows
us to retrieve the fragment kinetic energy spectra and angular distributions and to uncover
phase-sensitive dissociation channels.

Some of the results are shown in figures 56(a)–(c). Figure 56(a) depicts the angle-
integrated D+ energy spectrum obtained with 5 fs laser pulses with a peak intensity of
I = 1 × 1014 W cm−2 and a randomly-varying carrier envelope phase. Figure 56(b) reveals
how phase locking results in a non-zero asymmetry for ions detected in one direction parallel
to the laser polarization as a function of the kinetic energy of the D+ fragments and the phase.
Regions where the asymmetry oscillates as a function of the phase represent conditions where
the direction of the D+ emission is effectively controlled by the sub-cycle evolution of the laser
field driving the photodissociation. The highest degree of asymmetry with a modulation depth
of ca 50 is observed between 3 and 8 eV. Kling et al (2006) infer the mechanism of the phase
control of the D+

2 dissociation from quantum-mechanical calculations: after initial ionization of
D2, a dissociating wave packet is created on the 2p�u state via electron recollision (1.7 fs after
ionization at the peak of the field). Population transfer driven by the light field results in the
formation of a coherent superposition of the 1sσg and 2p�u states. This coherent superposition
is accompanied by a localization of the electron density on the upper or lower nucleus along
the light polarization. Figure 56(c) shows how, after removal of the first electron and the
formation of D+

2, the localization of the second electron (full blue line) evolves with time under
the influence of the few-cycle pulse (dashed red line), in this case for a zero carrier-envelope
phase. In the beginning the electron resides in between the two nuclei. With increasing time
the electron starts to oscillate back and forth between the two ions. This oscillation weakens
the bond between the two ions and finally leads to dissociation of D+

2. Upon dissociation
the electron must decide to stay with one of the ions—in the case shown in figure 56(c) the
upper nucleus leaves preferentially as ion, the lower one preferentially as neutral—hence the
observed up–down anisotropy.
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This example shows very nicely what kind of deep insight into the details of molecular
wave packet dynamics is possible when using phase stabilized few-cycle pulses to study
molecular dynamics, and the field is open for creative phantasy in any direction. Quantum
model simulations predict, for examples, that combinations of few-cycle IR plus UV pulses
with proper phase matching will allow to break molecular symmetries and to spatially separate
competing products of photo-reactions (Elghobashi and Manz 2003, Elghobashi et al 2004).
Moreover, phase-matched IR+UV pulses allow to induce bond-specific momenta for bond-
selective photo-dissociation (Elghobashi et al 2003) or internal angular momenta for driving
uni-directional molecular rotors (Fujimura et al 2004). Quantum model simulations also
predict that few-cycle UV pulses in the time domain from few fs to sub-fs will induce selective
uni-directional periodic or electronic ring currents (Barth and Manz at press, Barth et al
submitted), for example, in ring-shaped molecules such as Mg porphyrin and can exert quantum
control of chiral molecular motors (Yamaki et al 2005).

As to the perspectives of atto-second science, it is probably too early to judge their impact
on molecular dynamics. Applications will in any case address electron rather than nuclear
dynamics. However, it is clear that the use of short soft x-ray pulses from high harmonic
generation as such (even without their coherent superposition to atto-second pulses) will open
completely new perspectives to ultrafast molecular dynamics studied at free molecules and
clusters. With the continuous improvement of average laser power and repetition rate they will
become a tool which can be applied in routine experiments. Not only will this allow to address
inner shells but also open perspectives towards a time-resolved ESCA type of spectroscopy.
Also, energies far above the ionization potential of any molecule of interest will provide a new
quality of time-resolved photoelectron spectroscopy—unhampered by the present limitations
of energy which often just suffices to ionize the systems of interest. It will then be possible
to follow the changes of the molecular electronic structure over a wide range of energies
without the restrictions imposed by changing Franck–Condon overlaps encountered at present
pump–probe spectroscopy.

5.3. Femtosecond multidimensional imaging

According to Seidemann (Suzuki et al 2003) the application of time-resolved photoelectron
imaging (TR-PEI) as a probe in time-resolved pump–probe scenarios is a young but
rapidly developing subdiscipline of femtochemistry (Zewail 1994, Polanyi and Zewail 1995,
Zhong and Zewail 1998, Suzuki and Whitaker 2001, Seideman 2002). It is now possible to
record electron distributions in coincidence with the momenta of fragment ions and a full
characterization of correlated momentum distribution of all ionization/fragmentation products
can be obtained by sophisticated, state-of-the-art experiments. In femtosecond time-resolved
experiments this was introduced by the pioneering work of Davies et al (1999). We have
described the technique in section 2.3.6 and referred to such work at several places in the
main text. Ashfold et al (2006) have very recently traced the evolution of the technique and
highlighted some important breakthroughs.

Here we discuss two very recent and particularly impressive examples. The ultrafast
dissociation of the NO dimer was found to be rather complex, and multidimensional imaging
was applied to this prototype system in order to fully understand the various photo-induced
processes. Tsubouchi et al (2005) used pump pulses in the range 200–235 nm and probe
pulses of 300 nm, and Gessner et al (2005) employed 209.6 nm pump and 279.5 nm for
ionization. The results which have emerged from these heroic efforts have set new standards
for the experimental art of ultrafast gas phase spectroscopy. A tremendous wealth of detailed
information is revealed. In both the experiments the dynamics is found to occur in two
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Figure 57. Left: two-dimensional plot of photoelectron signals of (NO)2 excited at 209.6 nm and
ionized at 279.5 nm. The binding energy is the total photon energy (pump plus probe) minus the
electron kinetic energy. Right: schematic potential energy diagram for (NO)2 explaining the time
evolution of the photoelectron spectra. Adapted from Gessner et al (2005).

steps: as seen in figure 57 the parent cluster signal—measured at an electron energy of
about Eel = 10 eV—appears to decay at first rapidly to an intermediate state which in
turn decays on a longer timescale (as detailed analysis shows within 140 fs and 590 fs,
respectively). Correspondingly, the NO fragment signal observed in a narrow energy band
at around Eel = 9.7 eV grows in with the latter time constant (Gessner et al 2005). Similar
but somewhat larger decay times were measured by Tsubouchi et al (2005) at the same pump
wavelength. Both groups assign the first time constant to the transition from the initially excited
valence state to an intermediate Rydberg state of (NO)2 which evolves to the free NO(X) plus
NO(A) products by dissociation after intramolecular vibrational energy redistribution (IVR).
The analysis of the photoelectron angular distributions from both experiments for different
delay times leads to distinct results concerning the Rydberg character of the intermediate dimer
state: Tsubouchi et al (2005) claim a 3s character whereas Gessner et al (2005) suggest a
3py configuration. Further studies including suitable ab initio electronic structure calculations
on the excited states of the NO dimer in the energy region of interest are necessary.

Clearly, the amount of data and detail derived from these and similar experiments is
extremely impressive. We have to note, however, that the methods as such have been available
now for about six years but the number of comprehensive dynamical studies for complex
molecular systems is still rather small. Somehow it appears that the potential of the method
and the immense volume of material when applied in its full multi-dimensionality is somewhat
prohibitive to a broad application of these powerful experimental techniques. But clearly these
methods are now in the process of being established in quite a few laboratories worldwide and
thus we certainly can expect many exciting results in the years to come.

5.4. Femtochemistry, optimal control and strong laser fields

Finally, a few words on coherent and optimal control and its combination with strong laser fields
appears in order. The concepts of optimal and coherent control were introduced by the seminal
theoretical work of Tannor and Rice (1985) and Brumer and Shapiro (1986) while the idea to
‘teach lasers to control molecules’ by closed loops between laser pulse shaper and molecular
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signal detection was introduced by Judson and Rabitz (1992). Many fascinating experimental
and theoretical results have emerged from these ideas during the past decade, offering
even a substantial potential for technical applications. Among the most recent promising
developments we mention the experimental breakthrough in the separation of enantiomers by
optimal laser pulses achieved by M Dantus and collaborators (Dantus and Dela Cruz 2005)
which was stimulated, in part, by theoretical predictions, in particular by the groups of Brumer
and Shapiro (Kral et al 2003, Gerbasi et al 2004) and Manz (Fujimura et al 2000, Hoki et al
2001, Gonzalez et al 2005). Several other experimental results have been discussed in the
context of special processes or specific molecular systems throughout this review. We have,
however, not placed a particular focus on the subject since we wanted to concentrate on the
analysis of ultrafast dynamics in isolated molecules and clusters—rather than on its control.
The latter is an important and rapidly developing field of research in its own right and has
recently been reviewed (see, e.g. , Dantus and Lozovoy (2004), Lozovoy and Dantus (2005)).

Molecules and clusters in the strong field of intense laser pulses constitute another
prospering area of current research which we have completely neglected in this review.
However, we feel that it should be addressed in this section, albeit briefly, since we consider
it to be one of the cutting edge research areas for the future and a consequent development on
the road map laid out by the research reviewed in this article. While maximum pulsed laser
intensities achieved in large facility installations are presently about 1020 W cm−2, it is today
possible, even in a standard laboratory and without major efforts, to reach up to 1015 W cm−2

using commercial fs Ti : Sapphire laser sources at 800 nm with a repetition rate of 1 kHz. Thus
electric field strengths are available which are comparable to the intramolecular electric fields
which hold the molecules together. This opens up completely new avenues of research allowing
to manipulate and control molecular dynamics in an unprecedented manner—femtochemistry
in it most genuine meaning. Three main directions of research which are presently followed
may be seen as most closely related to the subjects covered in the present review.

(a) Clusters in laser fields of relativistic fields strengths, i.e. at intensities above 1017 W cm−2,
have been explored with the idea of generating highly charged micro-plasmas containing
multiply charged atomic ions. Under such conditions ions may achieve up to MeV
kinetic energy. This line of research was pioneered experimentally by Ditmire (1998)
and collaborators (Ditmire et al 1997, Tisch et al 2003) who even demonstrated the
possibility to initiate nuclear fusion reactions with fast D+ ions in molecular clusters
(Ditmire et al 1999). The underlying physical mechanisms have been explained by several
theoretical models, e.g. by Saalmann and Rost (2003) and Santra and Greene (2003). The
most comprehensive series of theoretical studies of these fascinating phenomena was
performed by see also references given there Last and Jortner (2005). They did, for
example, predict a significant enhancement of ion kinetic energies in mixed clusters which
has been verified experimentally very recently (Hohenberger et al 2005).

(b) In a second line of strong field research Coulomb explosion of molecules and clusters is
in the focus of interest (see, e.g. , Kou et al (2000), Card et al (2002), Dermota et al
(2004)). As very recent examples for experiments exploiting coincidence momentum
imaging to illuminate fragmentation processes in intense laser fields we mention the work
in Yamanouchi’s group (Hishikawa et al 2004, Furukawa et al 2005, Hishikawa et al
2005, Ueyama et al 2005).

(c) A third aspect is the substantial modifications of molecular potential surfaces which
are induced in strong laser fields. These modifications in turn lead to field-induced
non-adiabatic transitions and in the case of multi-electron systems to non-adiabatic
multi-electron transitions (NMED), a term introduced by A Stolow and collaborators
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in their pioneering work on polyatomic molecules in strong fields (Lezius et al 2001,
2002).

We consider this latter kind of research to be most promising from a femtochemistry
or molecular science point of view. Without attempting to unravel the historic development
of this now rapidly expanding field we mention the early work of DeWitt and Levis (1998)
on the transition from a multiphoton-dominated to a field-mediated process in polyatomic
molecules. A seminal step in this development was the combination of optimal control
with strong field-induced dynamics which was first emphasized by Levis et al (2001) and
Levis and Rabitz (2002) who advocated to close ‘the loop on bond selective chemistry using
tailored strong field laser pulses’. From this a productive and systematic series of studies
on strong field induced transitions and manipulations of organic molecules emerged (e.g.
Levis et al (2001), Moore et al (2002), Markevitch et al (2003, 2004)). Similar studies were
reported by Harada et al (2001) and (2003). Yamanouchi (2002) emphasized perspectives
of different intensity regimes for chemical applications and the group showed that control of
chemical reactions was possible by simply chirping the laser pulse, documenting this for C-C
versus C–O bond cleavage in ethanol (Itakura et al 2003). Kono et al (2004) were able to
model these observations by applying their ‘field following’ time dependent adiabatic potential
approach which was previously explored for H2 (Kono et al 2003) and CO2 (Sato et al
2003). Similarly, experimental results were reported for other molecular systems such as
size selected aniline-ammonia cluster cations (Itakura et al 2004) and even for C60 (see, e.g.
Tchaplyguine et al (2000), Boyle et al (2005)).

One common result of all these studies is that intense (possibly shaped) laser pulses allow
for extensive manipulation of the mass spectra from large organic molecules which may lead to
important applications—as already pointed out by Levis and Rabitz (2002). Multidimensional
mass spectrometry is one of these applications. Very recently, the Dantus group applied
the optimal control concept to a quantitative mass spectrometric identification of isomers
(Dela Cruz et al 2005). They were able to show that the use of their binary phase shaping
approach (Comstock et al 2004) substantially simplifies and accelerates the optimization
process in a closed learning loop. This will eventually allow to develop this method into
a viable new type of highly selective and efficient mass spectrometry which even promises the
separation of mixtures of different isomers of complex molecules.

During the past years this field has also received much interest from theory and a lot of
progress has been made on the theoretical understanding and predicting of optimal, coherent
or quantum control schemes. Future developments based on the ab initio MD ‘on the fly’
in particular for excited electronic states will open new perspectives for the application of
optimal control theory in complex systems, with the aim to control their photo-induced
processes. Furthermore, new theoretical approaches are in development which will allow
to include quantum mechanical corrections both in the non-adiabatic transitions and in the
nuclear dynamics for systems with many degrees of freedom. The present state of the art
has been reviewed, e.g. by Bonacic-Koutecky and Mitric (2005). For strong field control new
approaches are on the way (Kono et al 2004, Kreibich et al 2004, Kanno et al 2005) and a
quantitative modelling will remain one of the big challenges for the years to come.

5.5. Conclusion

We hope to have shown that the analysis of photo-induced ultrafast dynamics in free molecules
and molecular clusters is a very lively and productive field of research on the frontier between
physics and chemistry. Since the groundbreaking work of Zewail, tremendous and unforeseen
experimental progress based on highly sophisticated methods and techniques has evolved
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leading to a wealth of insight and understanding into the fundamental mechanisms of primary
photophysical and photochemical processes which can be followed on a timescale from a few
femtoseconds to many picoseconds.

We hope to have illustrated by convincing examples that we are now ready to move on: on
the one hand from simple molecules and small clusters to complex systems such as biologically
relevant, large molecules. The photophysics of DNA or of peptides and maybe one day even
whole pieces of proteins appears to be one of the major challenges for the time to come. And
on the other hand, from analysis to broad implementations of optimal control strategies which
are now reasonably well developed so that genuine femtochemistry appears possible, i.e. the
wilful control of chemical reactions on generic femtosecond time scale—particularly so when
learning loops are combined with intense laser pulses allowing to generate electric fields and
to modify judiciously the whole framework of molecular potentials and binding structures.

In summary, it is now possible to observe the making and breaking of bonds as well as
the energy flow within isolated molecular systems in real time with unprecedented detail.
The understanding of such ultrafast dynamical processes in prototype molecular systems
demonstrated in this review forms the basis for future work of manipulating these processes
in a desired way and, thus, opens the field towards many exciting applications which are to be
expected in the near future.
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Kobe K, Kühling H, Rutz S, Schreiber E, Wolf J P, Wöste L, Broyer M and Dugourd P 1993 Chem. Phys. Lett. 213

554–8
Kolaski M, Lee H M, Pak C, Dupuis A and Kim K S 2005 J. Phys. Chem. A 109 9419–23
Kono H, Sato Y, Fujimura Y and Kawata I 2003 Laser Phys. 13 883–8
Kono H, Sato Y, Tanaka N, Kato T, Nakai K, Koseki S and Fujimura Y 2004 Chem. Phys. 304 203–26
Kou J, Zhakhovskii V, Sakabe S, Nishihara K, Shimizu S, Kawato S, Hashida M, Shimizu K, Bulanov S, Izawa Y,

Kato Y and Nakashima N 2000 J. Chem. Phys. 112 5012–20
Kral P, Thanopulos I, Shapiro M and Cohen D 2003 Phys. Rev. Lett. 90 033001
Kreibich T, van Leeuwen R and Gross E K U 2004 Chem. Phys. 304 183–202
Kruit P and Read F H 1983 J. Phys. E-Sci. Instrum. 16 313–24
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