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Since the invention of the laser, a rapid 
and continuous advance has been 
taking place in the generation of short 
light pulses running closely parallel to 
the development of new laser sources 
and the introduction of innovative con
cepts and techniques. The first signifi
cant step came in 1966 with the genera
tion of pulses shorter than 10 ps (10-11 s) 
followed in 1968 by both a decrease in 
pulse width (a few picoseconds) and a 
wide extension of the wavelength range. 
In 1972, the width was reduced to 1.5 ps 
and then in 1981 to less than 100 fs 
(10-13 s). Since then, pulses as short as 8 
fs have been produced.

With the availability of shorter light 
pulses and new measuring techniques, 
most of which rely on non-linear optical 
interactions, a large variety of physical 
phenomena can now be investigated, 
and new research areas have been 
opened up. The study of previously 
unresolved, fast processes in physics,

chemistry and biology has led to the 
discovery of interesting phenomena, 
which shed new light on the dynamic 
properties of matter.

Femtosecond Pulse Generation
Generating ultrashort light pulses re

quires a laser to operate in a particular 
regime, called mode-locking which may 
be illustrated either in the frequency or 
the time domain. Depending on the par
ticular case, one description is much 
more intuitive than the other and we 
have chosen to present the simpler ap
proach.

A typical laser consists of an optical 
resonator, made up of either plane or 
curved mirrors, enclosing the laser gain 
medium. The electromagnetic field in
side can be described in terms of cavity 
modes, characterized by particular field 
distributions and regularly spaced reso
nance frequencies. Oscillation of the 
modes is sustained within the laser cavi

ty when the gain exceeds the tota 
losses. Consequently the number o1 
modes depends upon the spectral width 
of the gain medium. In general, there is 
no well-defined phase and amplitude 
relationship between different modes 
and only when they are forced to main
tain one will the laser output vary in a 
well-defined and predictable manner 
Such laser operation is called mode 
locking. It produces a train of short light 
pulses whose duration is inversely pro 
portional to the total oscillating band 
width. The time between two succes 
sive pulses is equal to the round-trip time 
of the resonator.

Locking of the modes may be achie 
ved through active or passive modula
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Fig. 1 —  Schematic of pulse-shortening mechanism in passively mode-locked dye lasers. 
The dashed pulse is a replica of the pulse entering the saturable absorber. The pulse shorten
ing per round trip is given by δτ = τ -  τ'.
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tion of cavity losses and/or gain. In ac
tive mode-locking the modulation is in
troduced by an external energy source, 
whereas in passive mode-locking the 
system provides its own modulation. 
Mode-locking has been applied to solid- 
state lasers, gas lasers, dye lasers, 
semiconductor lasers and colour centre 
lasers. However, only laser media with 
broad energy levels, such as dye mole
cules, semiconductors and colour cen
tres, offer the possibility of obtaining 
ultrashort pulses and since the shortest 
pulses have to date been generated only 
in CW dye lasers using passive mode
locking, we confine ourselves to illustra
ting in detail this particular technique.

Passive mode-locking involves the use 
of an intra-cavity saturable absorber, a 
material whose transmission increases 
with the energy absorbed. The dyna
mics of pulse shortening can be easily 
explained by time domain analysis, as 
shown in Fig. 1. For the sake of simplici
ty, we assume a pulse already built up in
side the laser cavity. As the pulse enters 
the absorber, its leading edge is strongly 
absorbed, while the peak and the trailing 
edge pass almost unchanged, owing to 
absorption saturation. When the pulse 
passes through the gain medium, the 
gain saturates, and the gain experienced 
by the trailing edge is reduced. Losses 
reduce the overall pulse energy to its 
former value. In short, pulse reshaping 
consists in cutting the tails and enhan
cing the peak amplitude. Within certain 
limits a constant energy pulse can 
be progressively shortened with each 
round trip. A pulse-shortening velocity 
per round trip can be defined 1) as: S = 
δτ/τ, where δτ is the pulse-shortening 
per pass and τ is the pulse duration.

The mechanism described above 
would generate progressively shorter 
pulses were it not for mechanisms 
responsible for broadening. These are 
mainly represented by two linear effects 
2): the filtering action of bandwidth- 
limiting elements (such as gain band- 
with, mirrors, tuning elements) and 
group-velocity dispersion (such as ma
terial dispersion and reflection at dielec
tric mirrors). Finally, a complicated non
linear phenomenon called self-phase 
modulation, may also affect the pulse 
and may even be exploited for pulse 
shortening. The filtering action narrows 
the pulse bandwidth and therefore in
creases the pulse width, as the two are 
inversely proportional while group-velo
city dispersion does not affect the spec
tral bandwidth, but modifies the relative 
phases of the harmonic waves forming 
the pulses. This process broadens the 
pulse envelope and generates a carrier

Fig. 2 — Steady-state pulse 
duration of a mode-locked laser 
cavity as a function of the band
width. The dashed curve repre
sents the dispersionless case 
and the solid curves show the in
crease in pulse duration for dif
ferent values of the dispersion 
parameter (expressed in units of 
fs/cm-1).

frequency sweep. The effects of filtering 
and dispersion can be simply combined 
into a pulse-broadening velocity which 
at minimum pulse duration balances the 
pulse-shortening velocity. Assuming for 
S a typical value of 1%, Fig. 2 shows 
pulse duration as a function of laser 
bandwidth for different amounts of dis
persion introduced by reflection upon 
the dielectric mirrors of the cavity 3,4). It 
is apparent that the effect of dispersion 
is to limit the minimum pulse duration 
attainable, irrespective of the laser band
width.

Progress in generating ultrashort pul
ses came through
(i) an increase in pulse-shortening velo
city;
(ii) expansion of filter bandwidth;
(iii) compensation for dispersion; and
(iv) taking advantage of the self-phase 
modulation effect in the cavity media.

High pulse-shortening velocity was 
achieved by the introduction of the CPM 
ring-dye laser 5) wherein two counter- 
propagating pulses collide in the satu
rable absorber (Fig. 3), which thus beco
mes more effective in pulse shortening. 
Expansion of the spectral bandwidth 
can be simply achieved by eliminating all 
bandwidth-limiting elements inside the

cavity, leaving the mirrors as the ulti
mate limiters. This implies that, at pre
sent, ultrashort light pulses are virtually 
untunable. Dispersion caused by reflec
tion from dielectric mirrors, as well as 
material dispersion (dye solvent, quartz, 
etc.) can be offset by using pairs of 
prisms inside the cavity, which intro
duce dispersion of the opposite sign.

In both the saturable absorber and the 
gain medium, the high intensity of the 
light pulse may change the material 
refractive index, which, in turn, modifies 
the phase of the optical carrier, giving 
rise to a frequency sweep (self-phase 
modulation, SPM). Since SPM is a non
linear phenomenon, new frequencies 
are added to the pulse spectrum. Com
bination of SPM and dispersion can be 
exploited to broaden the pulse band
width and thus compress pulse dura
tion. Pulses as short as 27 fs (100 MHz 
repetition rate at 620 nm wavelength) 
have been generated in a CPM laser with 
two pairs of prisms inside the cavity that 
exactly compensate for SPM and disper
sion 6).

Although the high repetition rate 
makes it possible to perform a variety of 
experiments, the investigation of non
linear optical effects often requires high

Fig. 3 — Schematic of a CPM ring dye laser.
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peak power. Multi-stage dye amplifiers 
have been built to raise the pulse peak 
power from about one kilowatt (as ob
tained with CPM femtosecond lasers) to 
the gigawatt level. The design of these 
systems must be quite accurate, in order 
to avoid or compensate for any pulse
broadening effects. By focussing ampli
fied femtosecond pulses into non-linear 
optical materials, it is possible to gene
rate, mainly by SPM, white-light conti
nuum pulses with a wavelength content 
ranging from the near ultraviolet to the 
near infrared 7). This large spectral broa
dening makes for more effective pulse 
compression outside the laser cavity 
where the shortest light pulses so far ob
tained, 8 fs (only four optical cycles!) 
have been generated 8).

Measurement Techniques
Conventional light detector and elec

tronics have a time resolution that is 
limited to a few picoseconds. For mea
suring femtosecond pulses, or for study
ing the dynamics of their interactions 
with matter, the only techniques avai
lable rely on non-linear optical interac
tions 9). Autocorrelation measurements 
by second harmonic generation are so 
far the commonest means of evaluating 
duration. The light pulse is split and one 
pulse is used to "sample" the other with 
a variable delay. This is achieved by 
crossing the two pulses in a non-linear 
crystal, which generates a second har
monic signal proportional to the product 
of the two pulse intensities. The delay 
between the two pulses is varied by 
changing the optical path of one. By 
measuring the second harmonic inten
sity as a function of the delay, the auto
correlation function of the pulse tempo
ral profile is obtained, and this enables 
pulse duration to be determined. Such 
measurements require an extremely ac
curate variable delay (path length varia
tions of the order of 0.1 µm) and the use 
of non-dispersive optics, with for exam
ple metal instead of dielectric mirrors.

The same experimental scheme is 
also used for studying ultrashort proces
ses, the non-linear crystal being repla
ced by the sample under study. One of 
the two pulses, called the pump pulse, is 
used to excite the sample, the second, 
called the probe, is detected by a slow- 
response detector. The recovery of the 
sample transmission is thus monitored 
as a function of the delay from the pump. 
The pump-probe method has been refi
ned and extended, and remains the most 
versatile and most widely used tech
nique for high temporal resolution mea
surements. An extension of the tech
nique is three-pulse scattering in which

transient absorption or a phase-grating 
is established by interference of two 
time-coincident pulses crossed inside 
the sample. A third pulse with a variable 
time delay scatters off the grating, and 
the scattered energy, measured as a 
function of delay, provides information 
on the grating dynamics, and hence on 
the processes occurring inside the ma
terial.

Applications
Femtosecond laser pulses are finding 

wide areas of application in physics, 
chemistry, and biology. Three properties 
make them especially useful: short 
duration, large bandwidth, and short 
spatial length. High temporal resolution 
is particularly important for measuring 
relaxation processes in molecules, as 
well as transport and relaxation pheno
mena in solid-state materials. The large 
bandwidth of femtosecond pulses and 
the white light continuum may also give 
birth to a new spectroscopy. The short 
spatial length may lead to high-resolu- 
tion optical ranging as a non-destructive 
technique for diagnostic analysis of 
solid-state and biological materials.

The range of femtosecond laser appli
cations is too wide to attempt a compre
hensive review. We therefore limit our
selves to a few specific examples, which 
indicate how the field is spreading into 
many different research areas.

Non-radiative relaxation processes 
are extremely fast in organic molecules 
and in biological material. Pump-probe 
techniques have been applied to show 
their sub-picosecond nature in a number 
of different samples. The ultrafast orien
tational momentum and energy relaxa
tion of highly-excited electrons in the 
conduction band of semiconductors has 
also been studied 10). Experiments per
formed in GaAs and AIGaAs reveal that 
photo-excited electrons decay in less 
than 100 fs, owing to electron-electron 
and optical phonon scattering. A know
ledge of these processes is of primary 
importance in understanding the dyna
mics of short-pulse formation in semi
conductor lasers, and the time response 
of optical non-linearities in semiconduc
tors.

A new technique has been applied to 
filming the progress of an ultrafast melt 
and material ejection from a semicon-
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Fig. 4 — Interaction scheme for optical pho
non "impulsive" excitation and detection.

ductor surface, 11). Using amplified fem
tosecond pulses, a pump beam was 
focussed onto a silicon surface and a 
white light continuum pulse used to pro
be the area excited by the pump beam. A 
magnified image of the excited region 
was obtained at a given pump-probe 
delay by collecting the specularly re
flected continuum light. The series of 
images obtained provide a detailed pic
ture of the physics of a highly excited 
semiconductor surface as a function of 
time.

The coherence of femtosecond pul
ses makes it possible to investigate tran
sient coherent phenomena, and to sepa
rate dephasing from energy relaxation 
12). The method relies on a modified 
version of the three-pulse scattering 
technique, based on an optically-indu
ced grating, formed by the interference 
of two pulses in the sample. When the 
two pulses are separated temporally, a 
grating can still be formed, provided that 
the sample's memory (i.e. the dephasing 
time) of the arrival of the first pulse is 
sufficiently long. By measuring the gra
ting amplitude as a function of the delay 
of the two pulses, one can measure the 
dephasing time. This is accomplished by 
using a third pulse as a delayed probe. 
The technique has been applied to the 
dephasing of dye molecules in a polymer 
host at low temperature.

The study of optical phonon interac
tions in crystals is of considerable impor
tance because of the central role they 
play in redistributing lattice energy. Ex
citation and detection of low-frequency 
coherent optic phonons in solids can be 
achieved in a very original and elegant 
fashion by means of femtosecond op
tical pulses 13). Two pulses (see Fig. 4), 
with the same frequency and wave- 
vectors k1, and k2 are crossed in a sam
ple to excite coherent optic phonons 
with the difference wave-vectors ±(k,- 
k2). The counter-propagating phonons 
form a vibrational standing wave whose 
frequency is determined by the phonon 
frequency. Successful use of this tech
nique requires the pulse duration to be

shorter than the time of a single vibra
tional period so that the vibrational 
mode is driven "impulsively". With 
pulses of less than 100 fs, optic phonons 
of wave number up to 200 cm-1 can be 
investigated. The standing wave charac
ter of the material excitation permits 
measurement of the phonon frequency 
and damping through direct observation 
using a variably delayed probe pulse 
which coherently scatters off the 
grating. Fig. 5 shows the decay curves 
of such optical phonons in a molecular 
crystal at low temperature as a function 
of the probe delay. The simultaneous ex
citation of two optic phonons accounts 
for the beating observed in the decay. 
This is the first observation of optic 
phonon oscillations directly in the time 
domain.

For a pulse lasting 100 fs, the spatial 
length of the photon packet is about 30 
pm and this can be used effectively for 
gated picture ranging 14). The basic 
scheme consists of sending a probe 
pulse toward the target of interest and 
recording the back-scattered pulses by 
means of non-linear mixing with a refe
rence pulse. The experimental set-up is 
similar to that used for second harmonic 
autocorrelation measurements. The de
sired echo pulses can be resolved by 
judicious gating with the reference 
pulse. The spatial resolution in only 
limited by the pulse duration. Femtose
cond optical ranging has been demons
trated in biological systems by investiga
ting the cornea of rabbits eyes in vivo 
and the structure of human skin.

Femtosecond pulses have also been 
used to sample electrical signals genera
ted by high-speed, solid-state electronic 
devices 15). The sampling technique is 
based on the electro-optic effect, i.e. the 
ability of some crystals to change their 
birefringence, and hence the polariza
tion of the transmitted light, as the ap
plied electric field is varied. Schemati
cally the electro-optic sampling system 
is formed by placing a crystal between 
two crossed polarizers. The transmis
sion changes of a variably-delayed op
tical pulse train, brought about by field- 
induced birefringence, provide a "gated" 
measurement of the electric signal ap
plied. Electro-optic sampling with less 
than 100 fs pulses has been employed to 
measure electrical transients with 300 
fs temporal resolution.
Conclusions

Rapid progress is being made in the 
field of femtosecond pulse generation. 
The fundamental physical limit for mini
mum pulse duration in the visible spec
tral range is fast approaching, and

pulses of the order of the period of an op
tical cycle are not far off. At the same 
time, research on conventional and new 
laser sources is becoming very promi
sing for generating femtosecond optical 
pulses over a wider spectral range. The 
application of ultrashort light-pulses in 
an increasing variety of research areas is 
making it possible to develop new expe
rimental tools and concepts that will cer
tainly contribute to further advances in 
science and technology.
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Fig. 5 — Scattered energy from optic pho
nons as a function of probe delay in a-pery- 
lene crystal at low temperature. The beating 
is due to excitation of 80 and 104 cm-1 optic 
phonons.
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