
Abstract. A review of the state of the art of ultrashort-pulse
lasers is presented. Physical mechanisms of the formation of
ultrashort pulses, methods for measuring their duration, and
systems for their generation and ampliécation are considered.
Some applications of femtosecond lasers in physics and che-
mistry, as well as in technology and medicine are discussed.
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1. Introduction

One of the most important problems of laser physics and
quantum electronics is generation of extremely short laser
pulses. The solution of this problem opens up the ways for
building ultrahigh-power lasers. Such lasers allow one to
achieve the energy concentration as high as that produced
in the nuclear explosion. Another circumstance that stimu-
lates the development of ultrashort-pulse lasers is the neces-
sity of measuring extremely short time intervals in studies of
various fast processes. The problem of time measuring itself
includes the exact measurement of the current time, which
is performed using the frequency standards, and the measu-
rement of extremely short time intervals. Remarkably, the
development of femtosecond lasers resulted in the out-
standing achievements both in the éeld of measurements
of extremely short time intervals and in the éeld of creation
of laser frequency standards.

Since the advent of the érst laser in 1960, a great pro-
gress has been achieved in the shortening of the laser pulse
duration and increasing its power. Note that an increase in
the laser pulse power is achieved in a great degree due to
pulse shortening. The érst laser of T Maiman generated an
emission burst of duration of about 1 ms with the energy
less than 1 J, this burst representing a random set of pulses
of duration of about 1 ms. The peak power of this laser was
� 1 kW.

Modern lasers are capable of emitting pulses of duration
of about 5 fs, i.e., less than two periods of a light wave,
which is close to the fundamental limit. Even comparatively
modest laser radiation energy being concentrated in an
ultrashort pulse will give high power, and upon a laser beam
focusing, an enormous intensity. For example, the laser
system built at Lawrence Livermore National Laboratory
(USA) generates 440-fs pulses with the energy of 660 J,
which provide the peak power exceeding 1 PW and the
radiation intensity in the focused beam of 1021 W cmÿ2. To
have an idea of this magnitude, note that in this case the
light pressure amounts to 300 Gbar, which is comparable
with pressure inside the Sun!

The laser radiation power was mainly increased by
shortening the pulse duration. Comparison of modern
femtosecond lasers with the laser of Maiman shows that
the increase in power achieves 12 orders of magnitude. To
estimate the increase in the radiation energy, we can use the
parameters of the National Ignition Facility being con-
structed in the USA for laser fusion studies. 192 beams of
this huge facility the size of a football éeld will produce
energy of 2 MJ in a nanosecond pulse. Thus, the increase in
the energy will be no more than 6 orders of magnitude.

No less spectacular is the progress achieved in the
eféciency and compactness of ultrashort-pulse lasers. Mod-
ern laser systems with the output power of tens terawatts
can be installed on a tabletop. The development of injection
semiconductor pump lasers, elements of ébre optics, and
efécient SHG converters resulted in the building of extre-
mely compact laser systems. Thus, IMRA (USA) reported
the development of an extremely compact laser emitting
180-fs pulses with average power of 10 mW and a pulse
repetition rate of 50 MHz, which éts on a palm!

A variety of applications of ultrashort-pulse lasers in
fundamental science, technology, and medicine are based on
the unique properties of their radiation. Extremely short

laser pulses allow the study of ultrafast relaxation processes
in microcosm, for which femtosecond is a natural time
scale. Not without reason, the advent of femtosecond lasers
is compared to the invention of a microscope. The
enormous intensities in focused laser beams and the
corresponding ultrahigh strengths of electric and magnetic
éelds allow one to study the interaction of light with matter
in regimes that have been inaccessible so far for experi-
menters.

These lasers have been used to demonstrate the possi-
bility of initiating nuclear reactions, to study some effects in
quantum electrodynamics observed in the interaction of
ultrashort laser pulses with ultrarelativistic electron beams,
and to investigate a relativistic plasma. Methods have been
developed for generating high-peak brightness X-ray and g-
ray radiation beams upon the interaction of ultrashort laser
pulses with electron beams. The high-intensity pulses of
duration less than 20 fs allow the generation of higher
harmonic pulses of duration less than 100 as (an attosecond
is 10ÿ18 s) in the region up to soft X-rays.

Finally, the unique properties of the time coherence and
the emission spectrum of femtosecond cw lasers have led to
the revolutionary breakthrough in the éeld of precision
frequency measurements in the optical range. In particular,
the value of the éne-structure constant has been reéned and
the frequency of the 1Sÿ 2S transition in the hydrogen
atom has been measured with an accuracy of 1:8� 10ÿ14.
This opened up the possibility for creation of a more
accurate optical clock.

In chemistry and photobiology, femtosecond lasers can
be used to monitor ultrafast chemical reactions. Upon
excitation of molecules by femtosecond pulses at various
wavelengths with a variable delay between the pulses, pho-
tochemical reactions can be induced in certain channels, in
which these reactions are unlikely to occur upon excitation
by usual light sources. A new scientiéc éeld, femtochemic-
try, has appeared, and A Zevail has been awarded with the
Noble Prize for his achievements in this éeld.

Considerable advances have been also achieved in tech-
nological applications of ultrashort-pulse lasers. Attempts to
shorten the laser pulse duration naturally correspond to the
tendency of modern electronics to miniaturisation and
improving the fast response of electronic devices. Along
with testing fast-response semiconductor circuits, femto-
second pulses can be used in future technologies, in
particular, they can énd applications in terabit ébre-optic
communication.

The extremely high concentration of energy in focused
beams from femtosecond lasers opens up a new way in the
precision micromachining of materials and makes it possible
to perform sophisticated operations in ophthalmology and
neurosurgery.

The generation of ultrashort pulses has been considered
in several monographs [1 ë 4]. However, the progress in this
éeld is so fast that many important results were not reêected
in these works. In this review, the basic principles of
generation of ultrashort pulses are reported and the most
important results obtained in this éeld are described.
Because of a limited size of the review, semiconductor
and parametric ultrashort-pulse lasers are not considered
here and applications of femtosecond lasers are illustrated
only by the most spectacular modern results.
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2. Historical overview

Since the discovery of the method for Q-switching of a laser
cavity, which resulted in the increase in the peak output
power by several orders of magnitude (giant pulse), another
quite efécient method for the generation of ultrashort laser
pulses ë mode locking ë was discovered almost at once.
Unlike Q-switching, this method allows one to generate
pulses that are much shorter than the round-trip time in the
laser cavity. The method is based on the generation of
many longitudinal modes with deénite phase relations. The
interference between generated modes produces beatings,
and the time dependence of the radiation intensity repre-
sents a periodic train of pulses whose duration is inversely
proportional to the width of the spectrum covering these
modes and period is equal to the round-trip time in the
cavity.

Such a generation regime can be obtained by introducing
a light modulator into a laser cavity. The modulation
frequency should be equal or multiple to the intermode
frequency interval. Modulation at the intermode frequency
results in the parametric enhancement of the adjacent modes
with required phases, whose modulation enhances, in turn,
the next adjacent modes, etc. This method of generation of
ultrashort pulses was called active mode locking.

It was found soon that a periodic train of very short
pulses can appear in the absence of a light modulator when
a cell with a saturable dye intended for Q-switching was
placed in a cavity of a ruby [6] or Nd : glass laser [7]. Be-
cause no modulation was required, this method was called
passive mode locking. In this case, a giant pulse of a Q-
switched laser represented an envelope of a train of very
short pulses. The period of pulses in the train coincided with
the round-trip time in the cavity, and it was obvious that the
pulses appeared due to mode locking.

Measurements of the duration of these pulses with the
help of fast-response photodetectors and oscilloscopes
showed that it was shorter than the time resolution (about
1 ns) of the equipment used. For this reason, the methods
for indirect measurements of the ultrashort-pulse duration
were proposed and implemented, which were based on the
detection of the autocorrelation intensity function using
nonlinear optics phenomena such as SHG and two-photon
êuorescence [8 ë 10]. These methods showed that the dura-
tion of ultrashort pulses was several tens of picoseconds,
which, in conjunction with Q-switching, gave an enormous
peak power for the then existing lasers. A laser with an
intracavity saturable absorber, Q-switching, and passive
mode locking has become the érst-generation ultrashort-
pulse laser. Because of their simple design, these lasers have
found very wide applications in science and technology,
especially in nonlinear optics.

A similarity between the trains of ultrashort pulses in
actively and passively mode-locked lasers suggested natu-
rally that the formation of ultrashort pulses could be
explained by the same mechanism [11]. It was assumed
that beatings of two-three modes at the generation onset
resulted in the formation of a pulse of duration of the order
of the round-trip time in the cavity (axial period). This
pulse, propagating through a saturable absorber, produces
the amplitude self-modulation at the intermode frequency,
i.e., it acts as an externally controlled modulator.

However, detailed studies of passively mode-locked la-
sers have demonstrated their substantial differences. The

duration of ultrashort laser pulses was directly measured at
P N Lebedev Physics Institute (Russia) with the help of an
ultrafast image-converter streak camera with the time
resolution of about several picoseconds [12]. The use of
this technique showed [13 ë 15] that the duration of indi-
vidual ultrashort pulses could be about 10 ps, however, a
rather complicated temporal structure of radiation was
often observed, which could be varied during the train. It
was found that groups of ultrashort pulses appeared during
the generation, whose number, spacing, and the relative
intensity could be varied within a broad range. This was
obviously inconsistent with the mechanism of ultrashort-
pulse generation in actively mode-locked lasers.

A considerable step in the establishment of the mecha-
nism of ultrashort-pulse generation in passively mode-
locked lasers has been made based on comprehensive studies
of the propagation of short powerful laser pulses in ampli-
fying and resonantly absorbing saturable media [16]. It was
shown that, under certain conditions, not only the pulse
shortening could occur but its temporal proéle could also
change, the most intense êuctuation peaks being predom-
inantly ampliéed [17].

Direct streak-camera measurements showed that a two-
component system consisting of an amplifying medium and
a fast-response saturable absorber could strongly discrimi-
nate êuctuation pulses over their intensity [18]. Because a
passively mode-locked laser represents a combination of an
amplifying medium and a saturable absorber placed into the
cavity, it was assumed that similar processes could be in-
volved in the ultrashort-pulse generation.

In Ref. [19], a theoretical model of ultrashort-pulse
formation in passively mode locked lasers was developed,
which was based on the nonlinear mechanism of selection of
the most intense êuctuation spikes in the temporal proéle of
the multimode radiation (the so-called êuctuation model).
This model explained the experimental facts observed,
namely, the necessity of removing from the cavity all the
elements capable of selecting longitudinal modes and also
the necessity of using a saturable absorber with a short
(compared to the ultrashort pulse duration) relaxation time
of the bleached state [20]. The studies aimed to the creation
of saturable absorbers became an important aspect of the
further development of lasers of this type.

The emergence of ultrashort pulses from êuctuation
spikes was directly proved with the help of a streak camera
[21]. Moreover, it was established that a passively mode-
locked laser has two lasing thresholds. At the érst threshold,
free-running multimode lasing appeared and then, after a
certain excess over the ampliécation, a train of ultrashort
pulses was observed. An important role of the gain
saturation and the ratio of the cross sections for the laser
transition in the active medium and for absorption of the
saturable absorber was also established. It was shown that
this ratio could be controlled by placing a telescope inside
the cavity between the active medium and a saturable
absorber [22].

Detailed studies of ultrashort pulses at the initial part of
the train and at the maximum of the envelope showed that
ultrashort pulses change their shape during the development
of the giant pulse [23, 24]. At the initial part of the train, a
smooth bell-shaped pulse is observed, which acquires a com-
plicated shape in the region of the envelope maximum: it
represents an irregular sequence of components of durations
shorter than the pulse duration at the initial part of the
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train. Such a behaviour was explained by the effects of self-
focusing and self-phase modulation [25].

The duration of ultrashort pulses generated by passively
mode-locked solid-state lasers proved to be substantially
greater than the limit determined by the gain bandwidth of
the active medium. It was found that this was explained by a
énite relaxation time of the bleached state of an absorber
and by its substantial saturation at the énal stage of the
pulse evolution, resulting in a virtually complete ceasing of
nonlinear shortening of the ultrashort-pulse duration.

The second generation of ultrashort-pulse lasers has ap-
peared due to the discovery of organic dye lasers. A special
feature of organic dyes is a very large gain bandwidth, which
provides the tunability of the dye laser ë the ability to
smoothly vary the output wavelength over a broad spectral
range. This feature made dye lasers an attractive object for
studying generation of ultrashort pulses. Passive mode
locking was obtained in a êashlamp-pumped rhodamine
6G dye laser with the DODCI dye used as a saturable ab-
sorber [26]. Then, the continuous operation of the dye laser
was demonstrated which was pumped by light from an
argon laser focused into the free jet of the êowing dye
solution [27]. To compensate the astigmatism produced by
the jet directed at the Brewster angle, the laser cavity had a
special design.

An outstanding event in the development of ultrashort-
pulse lasers was the achievement of passive mode locking in
this cw dye laser with the help of a saturable absorber ë the
DODCI dye jet ë placed into the cavity [28]. As a result, a
continuous train of ultrashort pulses of duration of about
1 ps was generated. The pulse duration was later shortened
to 0.5 ps [29].

Because the same components (rhodamine 6G and
DODCI) were used in pulsed and cw lasers, it was assumed
that the mechanism of the ultrashort-pulse formation should
be also the same in these lasers. However, detailed studies of
the pulsed laser with the help of a streak camera showed
[30, 31] that the mechanism of the ultrashort-pulse for-
mation in the dye laser is substantially different from that in
the êashlamp-pumped solid-state laser. Thus, it was estab-
lished that the discrimination of the êuctuation structure to
a single ultrashort pulse on an axial period was com-pleted
already within 20 ë 30 round-trip transits in the cavity after
the generation onset. This provided the quasi-continuous
operation of the dye laser pumped by a êashlamp with the
pulse duration of several microseconds.

The relaxation time of the bleached state of the DODCI
dye was measured to be 225 ps, which is several hundred
times longer than the ultrashort-pulse duration [32]. This
apparent paradox, which could not be explained by the
model of passively mode-locked solid-state lasers, was ex-
plained by the effect of a combined action of the amplié-
cation and absorption upon saturation [33]. The fact is that,
unlike solid-state lasers, the cross section for the laser
transitions in dyes is very large, being only several times
lower than the absorption cross section. For this reason, Q-
switching is absent, and the active medium and the absorber
are saturated almost in the same degree. The leading edge of
the pulse sharpens due to the absorber saturation, while its
trailing edge sharpens because of saturation of the active
medium.

A passively mode-locked cw dye laser became the main
object of studies aimed at the shortening of ultrashort
pulses. It is with the help of this laser that the breakthrough

to the femtosecond region has been achieved. By using a
ring laser, the optimal passive mode locking was provided in
the so-called CPM laser (colliding-pulse mode-locked laser)
[34]. As a result, the pulse duration did not exceed 100 fs. In
the case of such short pulses, the group velocity dispersion
(GVD) in the medium, through which the pulse propagates,
becomes important. The pulse stretches and acquires the
frequency modulation (chirp). By compensating this chirp in
the CPM laser, the pulse was shortened to 53 fs [35].

The most important result achieved in the ultrashort-
pulse generation was the invention of devices for changing
GVD in a controllable way, which also allowed variation of
the chirp in a broad range. These devices, which became the
important component of laser systems for generation and
ampliécation of femtosecond pulses, use either diffraction
gratings [36] or prisms [37].

By using a prism compensator of GVD in the CPM
laser, laser pulses of duration 27 fs were generated [38] due
to optimal matching of the effects of self-phase modulation
(SPM), GVD, and the saturation degree of dyes of the active
medium and absorber. The stable operation of the laser was
favoured by the appearance of a soliton-like propagation of
ultrashort pulses in the cavity due to the combined action of
SPM and GVD.

The ultrashort-pulse dye lasers reliably generate con-
tinuous trains of ultrashort pulses of duration of several tens
of femtoseconds. Two lines of the development of ultra-
short-pulse lasers have emerged. The érst one is based on
the use of êashlamp-pumped solid-state lasers, which
generate high-power picosecond pulses. The second one
employs comparatively low-power cw dye lasers, which
generate, however, femtosecond pulses. The further progress
of femtosecond lasers was related to the development of cw
lasers systems pumped by lasers.

A signiécant stage in the development of solid-state
ultrashort-pulse lasers was the fabrication of new solid laser
media for generation ultrashort pulses. The so-called vibro-
nic crystals have appeared, which exhibit broad absorption
and gain bandwidths, such as Ti3� : Al2O3 (sapphire) [39],
Cr3� : LiCaAlF6 (LiCAF) [40], Cr3� : LiSrAlF6 (LiSAF)
[40], Cr3� : LiSrGaF6 (LiSGaF) [41], Cr4� : Mg2SiO4 (for-
sterite) [42], and Cr4� : YAG (black garnet) [43]. These
crystals generated cw femtosecond pulses upon pumping by
focused radiation from Ar and Kr lasers, Nd : YAG laser
and its second harmonic, and single-mode semiconductor
injection lasers (laser diodes). The use of vibronic crystal
instead of dye solution jets has made femtosecond lasers by
compact and reliable devices.

As was already mentioned, Q-switching in passively
mode-locked pulsed solid-state lasers prevents the efécient
pulse shortening because of the fast saturation of the absor-
ber. To eliminate this drawback, schemes of the active [44]
and passive [45] control of the feedback were invented.
These schemes restricted the enhancement of the giant pulse
and stretched the envelope of ultrashort pulses. However,
even in the case of the feedback control, it was impossible to
obtain femtosecond pulses because resonance saturable
absorbers had picosecond relaxation times of the bleached
state, which restricted the pulse duration. This stimulated
the attempts to replace such an absorber by the device based
on nonresonance optical nonlinearity [46].

The breakthrough in this éeld was achieved owing to a
new laser design, where the main cavity was coupled with
the additional cavity, where a medium with nonresonance
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nonlinear susceptibility was placed. Single-mode ébres
proved to be especially convenient for this purpose. The
érst implementation of this concept became a soliton laser
[47], in which the nonlinear feedback from the optical ébre
loop was coupled to the main cavity containing a synchro-
nously pumped halide crystal with colour centres. In the
absence of the additional feedback, pulses of duration of
about 8 ps were generated. In the case of the optimal align-
ment of the additional cavity, the generated pulses were
shorter than 200 fs. The formation of optical solitons in the
ébre loop was substantial for the pulse shortening. Because
this is only possible in the case of negative dispersion of the
group velocity in the ébre, which is observed at l5 1.3 mm,
a KCl crystal with colour centres was used as an active
medium operating at a wavelength of � 1:5 mm.

Then, it was proposed to use an additional cavity, with-
out formation of solitons in it [48]. The passive mode
locking was obtained by coherently adding a pulse with
a shifted nonlinear, intensity-dependent phase, which was
coming from an additional cavity, to the radiation in the
main cavity. Such a method of passive mode locking was
called additive pulse mode locking (APM) [49] or interfer-
ence mode locking [50]. Its drawback is the necessity of
aligning the length of the additional cavity with an inter-
ferometric accuracy. However, this drawback can be
eliminated in cw lasers. The theory of the APM method
is discussed in detail in Ref. [51].

Simultaneously with the development of the APM me-
thod, resonance saturable absorbers were improved. Using
semiconductor layered structures (quantum wells), saturable
absorbers were created, whose operating wavelength could
be varied by choosing the proper materials and layer thick-
ness. These devices were called semiconductor saturable
absorber mirrors (SESAM) [52]. Unlike dyes, they have two
relaxation times of the bleached state: a comparatively long
relaxation time (tens of picoseconds), to which a lower satu-
ration intensity corresponds, and a short relaxation time
(tens of femtoseconds), to which a higher saturation inten-
sity corresponds. This circumstance facilitates the initial
discrimination of êuctuation peaks accompanied by the
efécient shortening of a separated single ultrashort pulse.

A new method of passive mode locking was discovered
in experiments with a Ti : sapphire laser [53]. It was found
that self-focusing in a laser rod in conjunction with an
aperture acted like a saturable absorber. Because the effect
of self-focusing in a solid is based on the Kerr nonlinearity
of the refractive index, it does not require resonance
absorption and is virtually inertialless. This method was
called Kerr-lens mode locking (KLM). Passively Kerr-lens
mode-locked vibronic crystal lasers have become the third
generation of ultrashort-pulse lasers. Their improvement
resulted in the generation of ultrashort pulses of duration
5.4 fs (less than two periods of the light wave) [54].

Unlike lasers with saturable absorbers, in ultrashort-
pulse lasers based on nonresonance nonlinearity, the self-
start regime of mode locking can be absent, i.e., the initial
discrimination of êuctuation peaks can be suppressed by the
regenerative narrowing of the spectrum and (or) selection of
the longitudinal modes. In this case, mode locking should be
initiated by special means. For this purpose, one can use a
saturable absorber with a low saturation level (for example,
SESAM) [52], a piezoelectric drive of one of the mirrors
with the feedback electronics, an amplitude modulator, as
well as a mechanical push (snap on the cavity mirror or fast

movement of one of the prisms of the GVD compensator) or
synchronous pumping. Some of these devices are used for
mode locking, in particular, a mode locker or an amplitude
modulator controlled by an external oscillator. The question
arises of whether it is pertinent in this case to speak about
passive mode locking? According to the commonly accepted
terminology, passive mode locking repre-sents the regime
that is supported because of intracavity nonlinearities. The
difference between active mode locking and passive mode
locking with the additional start-up is that in the latter case
the additional device can be in principle switched off after
the development of the stationary regime, whereas in the
former case the generation of ultrashort pulses ceases upon
switching off the modulator.

Despite the excellent parameters of Kerr-lens femto-
second lasers, their considerable disadvantage is the high
requirements imposed upon the pump laser. The pump laser
should provide quite high and stable output power. Other-
wise, the generation of a continuous train of femtosecond
pulses will be interrupted even when a self-start device is
used, which often increases the lasing threshold. These
requirements increase the cost of femtosecond lasers, which
is, as a rule, determined by the cost of pump lasers.

Studies of ébre-optic systems and diode-pumped solid-
state lasers play a very important role in the solution of the
problem of pumping. Because optical ébres can be doped
with rare-earth ions, it is possible in principle to build a ult-
rashort-pulse ébre laser. Such lasers based on ébres doped
with ions of Nd, Yb, and Er were demonstrated in
Refs [55,56]. Studies of ultrashort-pulse ébre lasers resulted
in the building of a simple and compact passive mode lock-
ing modulator based on the use of the nonlinear refractive
index in conjunction with the cross modulation in media
with weak birefringence [57]. Unlike a Kerr lens, the ampli-
tude modulation required for passive mode locking was
obtained in this case by adding a polariser rather than an
aperture.

Diode-pumped femtosecond ébre lasers have become
ultrashort-pulse lasers of the fourth generation [58, 59]. They
are very compact, and the cost of pump lasers for them is an
order of magnitude lower than that for Kerr-lens lasers.

The energy of a single femtosecond pulse does not
usually exceed several nanojoules. Of course, it can be
increased by transmitting the pulse through an active
medium with the required gain bandwidth. To obtain a
large ampliécation, the active medium should by suféciently
long. This is usually achieved with the help of a multipass
scheme. To obtain a proper ampliécation, a much greater
population inversion and, hence, the higher pump energy is
required than for lasing. To achieve the required population
inversion in the active medium of the ampliéer, the pump
pulse duration should be close to the relaxation time of the
laser transition, which exceeds the period of ultrashort pul-
ses in a train in the case of solid-state and excimer lasers. In
addition, there exists a problem of heat removal. For this
reason, individual ultrashort pulses being ampliéed are se-
parated from the train using an electrooptical gate so that
their repetition rate will be substantially lower.

The speciéc feature of the ampliécation of ultrashort
pulses is that due to their extremely small duration, even
comparatively low pulse energies (substantially lower than
the saturation energy) cause nonlinear effects, which restrict
the gain. The main of these effects is self-focusing.
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To overcome this restriction, a new method for ampli-
fying ultrashort pulses has been proposed, the so-called
chirped pulse ampliécation (CPA) [60]. This method is an
optical analogue of the method that is widely used in the
radar technique. In this method, not the ultrashort pulse is
ampliéed but the pulse that has the spectrum of the same
width but stretched in time, its carrier frequency being
varied linearly in time (chirped pulse). Since the power of
this pulse is lower by a factor determined by the degree of its
stretching, the role of restricting effects decreases accord-
ingly and the pulse can be ampliéed up to large energies (up
to the saturation energy). This is important for the efécient
extraction of the energy stored in the active medium of the
ampliéer. After ampliécation, the pulse is transmitted
through the delay line, in which the same time dependence
of the carrier frequency is present, but with the opposite
sign. As a result, the chirp is compensated and the pulse is
shortened to its initial duration.

The CPA method provided peak pulse intensities of the
order of terawatt in tabletop lasers in usual laboratories and
even allowed the generation of petawatt ultrashort pulses
[61, 62].

The CPA method was also successfully used for the
further shortening of ultrashort pulses, for example, in the
CPM dye laser [63]. The ampliéed 50-fs, 620-nm pulses were
transmitted through a single-mode optical ébre of length
several millimetres. In the ébre, a chirped pulse was formed
owing the combined effect of SPM and GVD. The spectrum
broadened, by covering almost the entire visible region.
Then, this radiation was transmitted through a controller of
GVD (including the third order), which consisted of prisms
and diffraction gratings. Due to the chirp compensation, the
pulse was shortened to 6 fs.

This result, which was obtained in 1987, was a record for
a long time. A new modiécation of this method was demon-
strated almost after ten years [64]. The ampliéed 140-fs, 660-
mJ pulse from a Ti:sapphire laser was transmitted through a
capillary with an inner diameter 140 mm and length 70 cm
élled with inert gas (Ar or Kr) at a pressure of 4 atm, in
which chirped pulses with the broadened spectrum were
formed. After compression in a compensator consisting of a
pair of prisms, a 10-fs pulse with the 240 mJ energy was
produced. The improved setup with the use of chirp mirrors
generated 4.5-fs pulses with the 15 mJ energy [65].

3. Principle of mode locking

According to the Fourier transform, a pulse of duration t
has the spectral width Dv no less than tÿ1. Therefore, the
necessary condition for the ultrashort-pulse generation is
the use of an active medium with a suféciently broad gain
bandwidth. Because of a broad width of the lasing spec-
trum, the multimode lasing regime is naturally required.
Two extreme cases of multimode lasing are possible. In the
érst case, the phases of electromagnetic waves of all modes
are not coupled with each other, i.e., the phase differences
of the adjacent modes are randomly distributed. In the
second case, all the phases are coupled with each other in a
certain way, i.e., the phase differences of the adjacent
modes are the same, in other words, the modes are locked.

In the érst case, the interference between modes results
in the intensity variation in time in the form of a random
series of êuctuation peaks in the time interval T, which is
equal to the round-trip transit time for light in the laser

cavity: T � 2L=c, where L is the optical path between the
cavity mirrors and c is the speed of light (Fig. 1a). Upon
successive transits between the cavity mirrors, this series of
êuctuation pulses, which had characteristics of the thermal
noise, is repeated with the period T, being ampliéed after
each transit through the active medium.

The average duration tf of an individual êuctuation peak
is related to the width Dv of the emission spectrum of the
laser by the approximate expression tf � 1=Dv. The width of
the spectrum is determined by the number N of axial modes,
which are spaced by the frequency interval dv � 1=T, i.e.,
Dv � Ndv. This shows the principal possibility of the ultra-
short-pulse generation. The multimode generation with a
broad spectrum already contains ultrashort pulses. How-
ever, because of the random phase distribution, these pulses
are randomly distributed over the entire period T and their
intensity is low.

A completely different picture is observed in the second
case, when the phase differences of adjacent modes have
certain values. In this case, due to the interference, the emis-
sion energy of all modes is concentrated in a single pulse on
the period T (Fig. 1b). The pulse duration t is determined by
the entire width of the spectrum and its intensity increases
approximately by a factor of N compared to the érst case.
The operation of the ultrashort-pulse laser consists in
essence in the providing of the regime at which many axial
modes are generated, which are locked with each other in a
certain way.

a

Intensity (rel. units)

0

1

2

3

4

5
T

b

Intensity (rel. units)

0

100

200

300

T

Time

Figure 1. Time dependences of multimode radiation for random dis-
tributed modes (a) and for synchronised modes (b).
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Generally speaking, one can imagine several scenarios of
achieving such generation (Fig. 2). For example, as shown
in Fig 2a, érst the generation occurs at one mode. Then, the
generation starts at two adjacent modes with the required
phase difference and new modes appear in the vicinity of
these two modes, which again have the required phase dif-
ference, this process proceeding until the élling of the entire
gain band of the active medium. As a result, many modes
with required phases are generated, which form a single
ultrashort pulse on the axial period.

According to another scenario (Fig. 2b), the generation
starts simultaneously at all modes with arbitrary phases. In
this case, as was mentioned, the radiation has a êuctuation
nature. Then, the phase of each mode changes so that the
phase difference of adjacent modes acquires the required
value. A gradual variation of the phases is accompanied by
an increase in the intensity of one of the êuctuation peaks
and by a simultaneous decrease in the intensity of the rest of
the peaks. In other words, the time proéle of the radiation
intensity circulating in the cavity changes. Fluctuation spikes
of the radiation intensity become more and more rare, the
intensity of one of them increasing much faster than that of
the others, which begin then to reduce. Finally, an ideal pic-
ture of the generation of a single ultrashort pulse on the
period T appears.

It should be emphasised that in both these scenarios,
despite entirely different mechanism of mode locking, the
énal picture is the same ë a single ultrashort pulse on the
axial period. Therefore, the mechanism of mode locking
cannot be determined from the énal result. Historically, an
actively mode-locked laser, in which ultrashort pulses are

formed according to the érst scenario, has been built at érst
[5]. Then, a passively mode-locked laser has appeared [6, 7].
The attempt has been made to explain the principle of its
operation by the same mechanism of ultrashort pulse
formation by considering the possibility of modulation of
radiation in the cavity at the intermode frequency [11].
However, further studied showed that the operation of this
laser is governed by the entirely different mechanism, which
corresponds to the second scenario. One should bear this in
mind, because there are encountered in the literature on
ultrashort pulses incorrect explanations of the operation of
passively mode-locked lasers based on the model corre-
sponding to the érst scenario.

3.1 Passive mode locking

To perform passive mode locking, it is important that the
generation would start simultaneously at many modes with
the êuctuation distribution of the radiation intensity in time
that is characteristic for multimode radiation. In practice,
this means that a passively mode-locked ultrashort-pulse
laser has two thresholds. First, the generation of broadband
multimode radiation appears and then, upon a further
increase in the pump power, the generation of ultrashort
pulses develops.

The time proéle of the multimode laser radiation changes
during its propagation through an active medium. The
intensity of weak êuctuation pulses is reduced by a non-
linear absorber stronger than more intense pulses. Due to a
combined action of the active (amplifying) medium and the
nonlinear absorber, the êuctuation pulses experience a
strong discrimination in their intensity. Finally, only a
single ultrashort pulse remains in the cavity. It shape will
change due to dispersion and nonlinear effects upon the
interaction of laser radiation with a matter inside the cavity.
Thus, one can conventionally distinguish two stages of the
process: the formation of a single pulse from êuctuation
pulses due to their nonlinear discrimination and énal pulse
shaping with the minimum duration.

The mechanism of ultrashort-pulse formation in a
passively mode-locked laser is very sensitive with respect
to the initial conditions of the laser operation. In principle,
the generation can develop according to another scenario,
when the spectrum will exhibit the regenerative narrowing,
resulting in the broadening of êuctuation pulses until their
complete smoothing. This is favoured by the conditions
when one or several modes are predominantly ampliéed
(have lower losses) compared to the rest modes. This leads
to the well-known requirement of the careful removal from
the cavity of any elements capable of discriminating
longitudinal modes.

For this purpose, the faces of optical elements are
aligned at Brewster's angle and mirror coating are deposited
on wedge-like substrates. In principle, several spikes (with
equal initial amplitudes) can be selected due to discrim-
ination instead of one spike. In this case, several ultrashort
pulses are generated on the axial period. An experimenter
should provide the required regime by properly controlling
the initial condition of the generation and by choosing the
optimal laser design.

Note that, as a rule, there exists a rather narrow interval
of the pump power in which the stable generation of single
ultrashort pulses with the shortest duration is observed on
the axial period. An increase in the pump power with the
aim of increasing the peak power of ultrashort pulses often
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results in the appearance of additional pulses on the axial
period and in the increase in their duration.

3.2 Saturable absorbers for passive mode locking

The main element of a passively mode-locked laser is a
saturable absorber, which reduces losses with increasing
intensity of radiation propagating through it. The saturable
absorber performs a rather fast self-amplitude modula-
tion of losses in the cavity, whose degree depends on the
radiation intensity propagating through the absorber. As a
result, a `window' of the positive gain appears on the time
dependence of the total gain (the gain in the active medium
minus losses in the cavity), which coincides with the intense
pulse. The width of this window depends not only on the
duration of the pulse formed but also on the relaxation
times of the gain of the active medium and of the bleached
state of the absorber. It is important to note that the role of
the saturable absorber is twofold.

In the initial stage of generation, many windows are
formed with the transmissions that depend on the intensity
of êuctuation pulses. As a result, they are discriminated over
the amplitude. The regenerative narrowing of the spectrum
of multimode generation and, correspondingly, the smooth-
ing of êuctuation peaks compete with this process. Once a
single pulse has remained on the axial period, its shape
changes upon successive passages through the window of
the saturable absorber, i.e., weak peaks are suppressed in the
initial stage, while the leading and trailing edges of the pulse
are cut-off in the énal stage. When the pulse becomes
suféciently short (less than picosecond), the GVD of the
substance in the cavity and the self-action effects ë self-
focusing and self-phase modulation ë become important.

Processes of discrimination of êuctuation pulses and
énal pulse shaping require, generally speaking, different
characteristics of the saturable absorber. This is explained
by the fact that the pulse intensities are substantially diffe-
rent in the initial and énal stages of the ultrashort-pulse
generation. It may happen that the saturable absorber will
be capable of shortening a rather intense pulse but will be
incapable of competing with the narrowing of the spectrum
and of shaping single pulses on a period. This means that,
since the laser with such an absorber cannot self-start,
special means are required for increasing the degree of scat-
ter over the êuctuation-peak intensities and, thereby, facili-
tating the formation of ultrashort pulses due to the intensity
discrimination.

There exist various methods for the discriminating of
êuctuation spikes. These are the methods that use a rapidly
saturable absorber (dye or semiconductor) or a slowly satu-
rable absorber (a combination of a slowly relaxing dye with
the dynamic saturation of the active medium), the APM
method, the Kerr-lens method, and the method of nonlinear
optical rotation.

The three last methods are based on the nonresonance
interaction of laser radiation with the matter, which leads to
the dependence of the refractive index on the radiation
intensity. There is no resonance absorption in these meth-
ods, which requires the consumption of the radiation ener-
gy. The transmission changes because of variation either in
the wave phase and conditions of the interference (addi-
tional mode locking) or in the direction of beams (Kerr lens)
or in the polarisation (nonlinear optical rotation). The
refractive index of solids depends on the radiation intensity
as n � n0 � n2I. This phenomenon is known as the optical

Kerr effect. The Kerr effect causes self-focusing and self-
phase modulation, which play an extremely important role
in femtosecond lasers. Because the refractive index changes
due to the induced deformation of the electron cloud of an
atom and this process occurs virtually instantly (for 10ÿ15 s),
these effects allow one to create an inertialless saturable
absorber.

4. Active media and pump sources

Active media for generation of femtosecond pulses should
meet the necessary requirement of having the gain band-
width that is sufécient for producing pulses of a short
duration. The second necessary condition is the high pump
rate, which requires the high pump intensity. Such pumping
can be achieved by focusing radiation from a cw laser into a
suféciently small spot. To do this, the pump laser should
generate a single transverse mode at the wavelength lying
within the absorption band of the active medium.

Femtosecond pulses have been érst generated in organic
dye solutions pumped by an argon laser. In these experi-
ments, one of the dyes was used as an active medium and the
other one as a saturable absorber.

At present, such solids as vibronic crystals and glasses
doped with rare-earth ions are widely used as active media.
An example of the vibronic crystal is sapphire doped with
trivalent titanium ions (Ti3�:Al2O3). The absorption band
of this crystal is suféciently broad and lies in the blue-green
region, in which the emission wavelengths of an argon laser
and of the second harmonic of a neodymium laser fall. The
êuorescence spectra of some vibronic crystals doped with
transition metal ions are shown in Fig. 3. The basic para-
meters of solids used in femtosecond lasers are presented in
Table 1, where the parameters of the rhodamine 6G dye are
also given for comparison.

Note that glasses doped with rare-earth ions are widely
used in femtosecond lasers. Elements made of glass can have
virtually any size, and, which is especially important, single-
mode glass ébres can be used for the building of compact
femtosecond systems. The glass doped with Yb ions appears
especially promising in this respect. The absorption and
êuorescence spectra of this glass are shown in Fig. 4. One
can see that these spectra are strongly overlapped. This
means that the lasing and pump wavelengths are close to
each other and, hence, this glass has the high quantum
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eféciency. Usually, pumping is performed by laser diodes at
980 nm and lasing is observed at l ' 1070 nm, which yields
the 92% quantum eféciency and, correspondingly, a com-
paratively low heating. The high saturation energy (about
40 J cmÿ2) makes this material very attractive for high-
power ampliéers of femtosecond pulses.

The use of semiconductor lasers, which possess the high
eféciency, is of speciéc interest for the development of com-
pact laser systems. These lasers can be directly used for
pumping femtosecond lasers, if they provide the required cw
power in the TEM01 mode. Laser diodes can be also used for
efécient pumping solid-state cw lasers, whose single-mode
radiation is used, in turn, to pump the femtosecond laser.

An example of such an approach is the use of diode
arrays with intracavity SHG for pumping a Nd : YVO4

laser. As a nonlinear element, the LBO or KTP crystals are
commonly employed. In the development of femtosecond
lasers, a special attention is paid to the generation of stable
output power at the second-harmonic frequency because the

noise of the pump source transfers to the train of ultrashort
pulses. At present, laser systems emitting 5 W of cw power
in the green region are manufactured by Spectra-Physics
and Coherent.

The second example, which illustrates the use of the
diode array emitting multimode radiation, is the pumping of
a single-mode ébre laser (Fig. 5). A core of the ébre forms a
single-mode waveguide doped with rare-earth ions (Nd,
Yb). Its diameter is commonly of about 8 mm. The inner
cladding made of silica with a somewhat lower refractive
index has a diameter of 200 ë 300 mm. (Multimode radiation

Table 1. Spectroscopic and laser parameters of active media.

Medium
Pump
band

�
nm

Gain line
centre

�
nm

Gain line-
width

�
THz

Cross section
of the active
transition

�
10ÿ20 cm2

Lifetime
�
ms Pump source

Pump
wavelength

�
nm

Rhodamine 6G 480 ë 550 600 35 2� 104 5�10ÿ3
Ar laser 514

Second harmonic

of a Nd : laser
530

Ti : sapphire 450 ë 600 780 200 35 3.5

Ar laser 514

Second harmonic

of a Nd : laser
530

Cr:LiSAF 600 ë 700 846 120 4.8 67
Kr laser 647

GaInP diode 670

Cr:LiSGaAF 600 ë 700 835 120 3.3 88
Kr laser 647

GaInP-ÆËÑÆ 670

Cr : forsterite 850 ë 1150 1240 50 11 15
Nd : laser 1064

Nd, Yb ébre laser 1060 ë 1080

Nd : glass
(phosphate) *800 1055 8 4.2 350 AlGaAs diode 808

Yb : glass *980 1040 50 *1 1000 ë 2000 InGaAs diode 980
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of the diode array can be focused into a spot of this size).
The ébre laser is pumped through this cladding. An external
protective cladding made of a polymer material with a still
lower refractive index provides the propagation of the multi-
mode pump radiation through the ébre. The pump radiation
repeatedly intersects the ébre core and is absorbed there by
rare-earth ions. To enhance the eféciency of this process, the
cross section of the inner cladding is made square or rectan-
gular. Thus, the active ébre represents a peculiar converter
of the multimode pump radiation to the single-mode radi-
ation of the ébre laser. The output power above 3 W has
been obtained in ébres doped with Nd [66] and Yb [67] ions
with the eféciency of 50 and 63%, respectively. The maxi-
mum output power of such systems at present amounts to
35 W. By using the pumped core, femtosecond ébre lasers
can be also created [58, 59].

An important problem in the development of femto-
second lasers is the heat removal from an active element
because these lasers operate in the cw regime. For this
reason, it is preferable to use materials with the high heat
conduction. A Ti:sapphire crystal, whose heat conduction
is comparable with that of metals, is the best one in this
respect. In ébre lasers, heat is released from a core to a fused
silica cladding. Because the laser ébre is long, the heat êow
in ébre lasers is lower than in lasers with usual rod active
elements, while the volume of the external cladding is much
greater than that of the core. For this reason, no special
cooling is required for ébre lasers. In the ampliéers based on
glass active elements, the repetition rate of ultrashort pulses
should be usually lowered.

Femtosecond lasers operate in the visible and near-IR
ranges, their gain bandwidths being so broad that they
provide not only femtosecond pulses but also continious
tuning of the emission wavelength in a rather broad spectral
range. Because of the high peak power of femtosecond
pulses, they can be eféciently converted to harmonics at the
wavelengths falling within the gain bands of excimer lasers
(308 nm for XeCL and 248 nm for KrF). Active media of
excimer laser ampliéers have suféciently broad bands, and
the ampliéer units can have a rather large size. This opens
up the possibility for building high-power femtosecond
lasers operating in the UV range [68 ë 71].

5. Methods for measuring ultrashort pulses

To obtain the complete characteristic of the ultrashort
pulse, one should measure not only its spectrum and energy
but also its temporal proéle. The érst two procedures pre-
sent no signiécant problems because the spectrum is rather
broad. However, the measurement of the temporal proéle
of the ultrashort pulse is a complicated problem due to its
extremely short duration.

Conventional time-resolved measurements with the help
of photoelectronic devices such as photoelements, photo-
diodes, and photomultipliers in conjunction with the fastest
oscilloscopes provide the time resolution that is several or-
ders of magnitude less than the duration of ultrashort pulses
generated by modern lasers. Even the best streak cameras
prove to be obsolete for measurements of time intervals that
are shorter than 100 fs. In this connection, the duration of
femtosecond pulses is measured exclusively by optical
methods that are based on correlation procedures. These
methods permit one to measure not only the ultrashort pulse
duration but also the time dependences of the amplitude and

phase of the light wave with the subfemtosecond resolution.

5.1 Intensity autocorrelator

Information on the temporal parameters of ultrashort pul-
ses can be obtained by measuring the autocorrelation inten-
sity function. The autocorrelation function is usually
measured with the help of the Michelson interferometer,
which can provide the time delay t between two interfering
light beams. By varying the time delay, one can detect the
dependence of the visibility (the ratio of the difference of
the maximum and minimum of interference bands to their
sum) on t, i.e., to obtain the autocorrelation function of the
light-wave éeld (the érst-order autocorrelation function).
This is a conventional application of the Michelson inter-
ferometer as a spectrometer.

To measure the autocorrelation intensity function (the
second-order autocorrelation function), the output radiation
of the interferometer is directed to an intensity-nonlinear
element. For this purpose, a nonlinear crystal is commonly
used, which converts the incident radiation to the second
harmonic. By detecting the dependence of the second har-
monic radiation on t, one obtains the autocorrelation inten-
sity function

G �2��t� �
� n
�I�t� � I�t� t��2

o2

dt, (5.1)

where I(t) is the intensity of radiation incident on the crys-
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Figure 6. Principal schematic of the intensity autocorrelator (a) and the
shape of autocorrelation function (b): ( 1 ) beamsplitter; ( 2 ) immobile
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tal. The integration corresponds to the averaging and accu-
mulation of the detected signal.

Two schemes of the correlator are possible. The érst
scheme (Fig. 6a) uses the noncollinear (vector) synchronism,
when the output beams are focused on a thin nonlinear
crystal so that the angle between them would correspond to
the vector synchronism condition. In this case, SHG occurs
along the bisectrix of this angle. The necessary condition for
SHG is the temporal overlap of the interfering pulses. In this
case, the autocorrelation function has the bell-like shape
with the zero background.

In the second scheme, both output beams are mutually
overlapped and the collinear synchronism takes place in the
nonlinear crystal. In this case, the autocorrelation function
has a background and represents the interference peaks with
a bell-shaped envelope (Fig. 6b). For the transform-limited
pulses, the ratio of the maximum interference peak intensity
to that of the background (contrast) is 8:1. The contrast
value allows one to judge the presence of transform-limited
pulses, while the interference pattern itself can be used for
calibrating the autocorrelator. If a semiconductor diode is
employed as a detector, a nonlinear crystal is not required
[72]. The photodiode material should have the energy gap
that exceeds the photon energy. In this case, both the
nonlinear process and its detection take place.

Table 2 presents the relations between the pulse duration
and the width of the autocorrelation function for pulses of
different shapes.

The theory of ultrashort-pulse generation predicts that
the pulse shape is described by the function sech2. In this
case, upon complete mode locking, the ratio of the pulse
duration Dt to the width of the autocorrelation function Dt
is Dt=Dt � 1:54, and the product of the pulse duration by
the width of the spectrum is DtDv � 0:315. The obtaining of
this value for ultrashort pulses is usually treated as the
achievement of complete mode locking.

5.2 Methods of frequency-resolved optical gating

Measurements of the autocorrelation intensity function do
not give complete information on the ultrashort pulse. In
particular, if the pulse contains the chirp (sweep of the
carrier frequency), it can be detected with the help of the
above-described methods, but its sign cannot be deter-
mined.

To determine the pulse shape completely, one should
know its amplitude A(t) and phase j(t). These quantities are
determined, generally speaking, by using two different
methods ë the temporal and frequency ones. In the case
of the temporal method, the measurements are performed
that allow one to determine the moment of appearance of
the given frequency in the speciéed time interval (gate). For
this purpose, the method of frequency-resolved optical

gating (FROG) is used. In the case of the frequency method,
the moment of appearance of the given frequency compo-
nent is measured.

In both these methods, spectral measurements are based
on the cross-correlation. The cross-correlation can be
obtained by using either the third-order susceptibility w �3�

(the optical Kerr effect) or, more often, SHG [73, 74]. In the
latter case, the pulse being measured is split into two beams,
one of them being delayed with the time delay tr. Having
crossed in the nonlinear medium, the beams give the same
signal as in the autocorrelator, which then decomposed into
a spectrum.

The results of the measurements can be represented as a
three-dimensional plot of the function

IFROG�o; tr� �
���� � E�t; tr� exp�iot�dt����2. (5.2)

An example of the study of the ultrashort pulse of duration
4.5 fs is shown in Fig. 7 [75].

The frequency method has been implemented by using
different procedures of the reconstruction of the pulse shape
with the help of interferometry of frequency-shifted pulses
[76, 77]. One of them is the spectral phase interferometry for
direct electric-éeld reconstruction (SPIDER) [78]. In this
method, one of the parts of the split pulse is transmitted
through a delay line with the group velocity dispersion,
which produces the pulse with the speciéed chirp involved in
the nonlinear process. This method gives complete informa-
tion for one pulse [79].

Table 2. Relations between the pulse duration Dt, the width Dt of the
autocorrelation function, and the width Dv of the spectrum for pulses
of the different shape.

Pulse shape I�t� Dt=Dt DtDv

Gaussian exp
h
ÿ 2:77�t=Dt�2

i
1.414 0.44

Sech2 sech2�1:76t=Dt� 1.543 0.315
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6. Time coherence of radiation of femtosecond
lasers

Continuously operated femtosecond lasers exhibit quite
unusual properties of the time coherence of radiation. As is
known, the coherence is the concordance between oscil-
lations in the electromagnetic wave of a light beam.
Usually, the coherence is manifested as an ability of the
light beams to produce interference, so that interferometers
are classical devices for measuring the degree of coherence.
The Young interferometer is used for measuring the spatial
coherence, while the Michelson interferometer is employed
for measuring the time coherence. It is accepted that the
time cohe-rence is equivalent to the monochromaticity of
light. Because the emission spectrum of ultrashort pulses is
broad, it seems at érst glance that the time coherence of this
emission is low.

However, in the case of a periodic train of pulses, the
situation can be different. If the pulses are identical and
their repetition rate is strictly constant, the concordance
between oscillations in the electromagnetic wave in pulses
will persist as long as is wished. When such radiation is
studied with the Michelson interferometer, the interference
pattern will be periodically repeated due to the interference
of the preceding pulse with each of the subsequent pulses.
Mathematically, this is quite obvious: a periodic train of
pulses is described by a Fourier series with equidistantly
spaced sinusoids (frequencies), in contrast to a single pulse,
which is described by a Fourier integral with the continuous
spectrum.

The cw femtosecond laser emits a periodic train of
pulses, whose frequency is sustained with a high-Q cavity.
Therefore, the emission spectrum of the laser represents an
equidistant sequence of narrow lines élling the width of the
spectrum.

Consider a typical experimental situation when a single
pulse is separated from a continuous train, for example, for
the further ampliécation. This can be accomplished using a
fast electrooptical gate. After the gate, the pulse shape does
not virtually change, whereas its spectrum changes dramat-
ically. Before the gate, the spectrum of the pulse consists of
the equidistant narrow lines whose envelope has the width
determined by the pulse duration. After the gate, the spec-
trum becomes continuous and coincides with this envelope.
The emission at a single mode can be separated from the
emission of the cw femtosecond laser with the help of a
monochromator. In this case, the time dependence of the
emission intensity changes dramatically. Before the mono-
chromator, this dependence represented a periodic train of
ultrashort pulses, whereas, after the monochromator, emis-
sion with the constant intensity is observed. Therefore, the
time coherence of a cw ultrashort-pulse laser should be cha-
racterised by the two times. The minimum time is deter-
mined by the ultrashort pulse duration, while the maximum
time is determined by the train stability. Note that the latter
time can greatly exceed the train period. Of course, one can
separate a group of pulses using the gate, i.e., to interrupt
the train and to obtain the intermediate value of the time
coherence.

Indeed, the same Ti:sapphire femtosecond laser has been
used both in the optical coherent tomography [80] (as a light
source with an extremely low time coherence) and for
precision measurements of optical frequencies [81], which
require a very high time coherence.

6.1 Femtosecond laser as a comb-oscillator

Radiation of a mode-locked cw laser exhibits a comb of
equidistant frequencies of the constant intensity. An oscil-
lator emitting such a comb of frequencies is called a comb-
oscillator. A cw femtosecond laser that can be used as a
comb-oscillator operating in the visible range allows one to
solve eféciently the problem of the absolute measurements
of the optical frequency [81].

Note another application of the ultrashort-pulse laser as
a comb-oscillator. In contemporary systems of ébre optic
communication, the technique of combining and separation
of optical signals over the wavelengths of carrier frequencies
is used. This strongly increases the bit rate of a commu-
nication channel. The cw ultrashort-pulse laser provides
a sufécient number of channels separated over the wave-
lengths. Using a dispersion system (prisms, diffraction gra-
tings, élters), the output radiation can be spatially separated
into several beams, which corresponds to different fre-
quency components. The beam intensity (which is con-
stant for each of the beams) can be modulated with the
broadening of the spectrum within the frequency interval
between the modes. Then, the beams should be again
combined to form a single beam with the help of a similar
dispersion system. The frequency interval between channels
is controlled by the cavity length, and the total width of the
channel band is determined by the pulse duration. Of
course, compact and highly efécient ébre or semiconductor
ultrashort-pulse lasers are appropriate for use for this
purpose. The bit rate of the order of 1 Tbit sÿ1 achieved
by this method has already been demonstrated [82, 83].

Note that, if the pulse duration proves to be greater than
that requires for the total bandwidth, the comb of equi-
distant frequencies can be extended by using the generation
of continuum in a ébre with a photonic-crystal micro-
structure, as in the application of femtosecond lasers in
precision frequency metrology [84].

6.2 Signiécance of the carrier-frequency phase of
femtosecond pulses

Radiation of a cw ultrashort-pulse laser is characterised by
the carrier frequency o0 at the centre of the gain band of
the active medium, which is modulated by pulses with the
repetition rate fr whose shape is described by the amplitude
envelope a(t). The pulse repetition rate is determined by the
round-trip transit time for light in the cavity. It can be

Electric éeld
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Figure 8. Time dependences of the electric éeld of the light wave for a
5-fs pulse at 750 nm with different phase shifts between the carrier
frequency and the envelope maximum.
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easily measured and controlled by moving one of the
mirrors. In the general case, the carrier frequency can be
shifted by j with respect to the maximum of the envelope.
Then, the electric éeld of the light wave can be represented
in the form

E�t� � a�t� cos�o0t� j�. (6.1)

When the pulse duration approaches the carrier period, the
time dependence of the electric éeld is substantially deter-
mined by the phase value. Fig. 8 shows two such depen-
dences for pulses of the same shape and duration (5 fs) but
with the different phase shifts between the maximum of the
envelope and the carrier frequency (l � 750 nm) [85]. One
can see that these dependences are different. This circum-
stance was revealed when the pulse duration was close to
10 fs because this dependence substantially affects non-
linear effects, in particular, the generation of high har-
monics [86]. This situation is discussed in more detail in
Section 11 devoted to applications of ultrashort-pulse la-
sers.

The methods for measuring the phase shift between the
envelope and carrier frequency based on the use of nonli-
near effects, such as SHG and the generation of the diffe-
rence and sum frequencies, have been proposed and studied
in Refs [87, 88]. The phase shift between the carrier freq-
uency and the envelope is manifested in the frequency do-
main as the frequency shift of the frequency comb of the
comb-oscillator, so that it was measured by the methods of
precision metrology of optical frequencies.

7. Theoretical study of ultrashort-pulse
generation

The basic problem of the theory of femtosecond pulses is
the elucidation of the question about the shortest pulse
duration that can be obtained under controllable exper-
imental conditions. Another no less important problem is
how to provide the conditions under which the nonlinear
effects (for example, related to the Kerr lens) would cause
stable passive mode locking, resulting in the generation of
pulses of the shortest duration. It is very important to énd
out whether the self-starting regime is possible and at what
expense, i.e., whether it would not result in the substantial
deterioration of the output parameters.

7.1 Ultrashort-pulse formation in femtosecond lasers

As already mentioned, the ultrashort-pulse generation in
passively mode-locked lasers can be conventionally divided
into two stages. At the érst stage, the gain window pro-
duced by a nonlinear element performs the discrimination
selection of an intense peak from the êuctuation structure
of the multimode radiation of the free-running laser. Then,
the separated single pulse acquires the énal stationary shape
after repeated transits through the intracavity elements. The
ultrashort-pulse formation due to the Kerr-lens self-
amplitude modulation (SAM) has been theoretically studied
in a number of papers [51, 89, 90].

Analytic studies have been based on the assumption that
the pulse suffers a small fractional change in phase and
amplitude when passing through the cavity elements during
its circulation in the cavity. This assumption is valid for the
cw operation. It is also assumed that the gain relaxation

time is much greater than the round-trip transit time in the
cavity, while the pump level is kept constant.

The electric éeld of the light wave of a single pulse
formed at the end of the érst stage of the transient process
can be written in the form

E�t� � a�t� exp�iot�. (7.1)

Pulse shaping upon passage through any one of the cavity
elements is described by

qa
qz
� P̂a, (7.2)

where z is the space coordinate along the propagation
direction and P̂ is the propagation operator. The complex
envelope of the output pulse is related to that of the input
pulse by

aout � exp�P̂�ain. (7.3)

The operator T̂ describing a full round-trip in the cavity is
obtained by multiplying the operators of each element in
the order of their action in the cavity. Note that, generally
speaking, the action of the operators on the pulse depends
on the element position in the cavity and on the direction of
pulse propagation. Taking this into account, the pulse
evolution at the point z after the nth round-trip transit is
described by the equation

an�1�t; z� � T̂�z�an�t; z�. (7.4)

The steady state is reached when

an�1�t; z� � exp�ic�an�t; z�, (7.5)

where c � c(T ) is a slowly varying phase shift.
This formalism has been applied for the description of

solid-state femtosecond lasers [89, 90]. Fig. 9 shows sche-
matically the arrangement of the elements in the cavity and
the action of operators

Self-amplitude
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Â

Self-phase
modulation

N̂

Group-delay
dispersion

D̂

D̂h

High-order
dispersion

P̂�z�

Periodic
perturbation
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InstabilityStability

Figure 9. Schematic of the arrangement of elements in the cavity and
functions of the corresponding operators.
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P̂1 � D̂ � i
D

2

q 2

qt 2
, P̂2 � Â � 1

2
gÿ lÿ kjaj2
� �

,

P̂3 � N̂ � ÿifjaj2, (7.6)

where D is the GVD; g and l are the gain and loss; k is the
coefécient of nonlinear amplitude modulation; f is the
coefécient of SPM. A speciéc feature of a Kerr-lens femto-
second laser is that SPM (f � 10ÿ6 Wÿ1) exceeds the Kerr-
lens amplitude modulation (k � 10ÿ7 Wÿ1). As a result, the
pulse shortening is predominantly caused by the combined
action of the negative GVD and positive SPM, while the
passive modulation facilitates the formation of a single
ultrashort pulse and provides the stable operation of the
laser. In the limit k=f! 0, a nonlinear Schr�odinger
equation is obtained whose solutions have the form

an�t� � W=2ts� �1=2sech�t=ts� exp�ifn�, (7.7)

fn � f0 � nD=t 2s , (7.8)

ts � 2D=fW, (7.9)

where W is the pulse energy and ts is its full width at half
maximum. Equations (7.7) ë (7.9) describe the pulse that is
identical to a fundamental soliton propagating in a non-
linear optical ébre with negative GVD [57].

In practice, the only parameter of the smooth variation
of the ultrashort-pulse duration is GVD. If D > 0, the
combined action of SPM and GVD results in the pulse
broadening. Conversely, the combination of negative GVD
with SPM results in the efécient shortening of the pulse and
a soliton-like regime emerges. It follows from Eqn. (7.9)
that, if D! 0, the ultrashort pulse will have zero duration,
which, of course, has no physical meaning. This is explained
by the fact that Eqn. (7.9) was obtained assuming that the
gain bandwidth is inénite. To take the gain bandwidth into
account, the operators are introduced that describe the high-
order dispersion, the perturbation along the pulse prop-
agation coordinate, and other processes [89]. In this case,
only numerical solutions can be obtained, which predict

ts � 3:53jDj=cW� acW, (7.10)

where a proportionality factor is a � 0:1 from the side of
the mirror with the GVD compensator and � 0:25 at the
opposite end.

The third-order dispersion (TOD) D3 begins to play a
noticeable role when a change in the second-order dis-
persion over the entire spectrum of the pulse becomes
comparable with the dispersion itself. The numerical sol-
utions [90] give the criterion of the stable generation of
transform-limited pulses:

jD3j < 0:2jDjt. (7.11)

The control of the TOD becomes necessary for the gene-
ration of pulses shorter than 10 fs.

7.2 Conéguration of a Kerr-lens cavity
The action of an artiécial nonlinear absorber consisting of
a Kerr lens in conjunction with an aperture is rather weak.
For this reason, to obtain the maximum SAM and to
produce stable mode locking, a cavity of a special design is
required. The parameters of such a cavity were calculated in
Refs [91 ë 93], where Gaussian beams were analysed using
the ABCD matrix formalism. The aim of the analysis was
to énd the exact positions of mirrors and the active element.
A special feature of the schemes under study is that to pro-
duce the required intensity level, the pump beam is focused
by a short-focus lens and the active medium is placed bet-
ween two confocal adjacent concave mirrors. To reduce
losses, the ends of the active element are cut at Brewster's
angle, resulting in a signiécant astigmatism, which is com-
pensated by the beam tilt [27].

The equivalent schematic of the cavity is shown in
Fig. 10. Focusing mirrors (represented by lenses with focal
distances f1 and f2) forms a mode on the cavity with a small
cross section of the caustic of the active medium (d1=f1 and
d2=f2 4 1). A small diameter of the beam in the active
medium is required for producing the high intensity needed
for the operation of the Kerr-lens mechanism. To maintain
a stable Gaussian TEM00 mode in the four-cavity mirror
with f1 � f2 � f, the optical distance d between the focusing
mirrors should somewhat exceed 2f, i.e., it should be 2f� D.
The regions of the values of D at which the cavity is stable
are determined by the relations

0 < D < D1, D2 < D < Dmax, (7.12)

where

D1 � f 2=�d1 ÿ f�; D2 � f 2=�d2 ÿ f�; Dmax � D1 � D2. (7.13)

The values of D at which the cavity is stable are located in
two regions separated by the region of `forbidden' values of
D. The width of the latter increases with increasing the
asymmetry parameter of the cavity g � (d2 ÿ f )=(d1 ÿ f ).

Self-focusing, which appears with increasing pulse inten-
sity in the medium, reduces the confocal parameter of the
mode. This either improves the concentration of the lasing
mode in the pumped region (soft aperture) or enhances the
effective transmission through the aperture that is placed in
a proper position in the cavity (hard aperture). This effective
transmission, which is determined by the power P, can be
found from the expression

d1 f1 � f2 � D d2

Active
mediumf1 f2

Aperture

2w1 2w2

Intense pulse

Weak pulse
Mirror Mirror

Figure 10. Equivalent schematic of the Kerr-lens laser cavity.
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which gives the relation between the effective gain and
power:

g � kP�t�. (7.15)

The dependence of k on D for different values of g can be
calculated. The almost symmetric conéguration makes it
possible to obtain the value of k that can be sufécient for
the self-starting [92], but reduces the region of the stable
operation. In practice, a compromise between the eféciency
of self-amplitude modulation and the ability to withstand
the external perturbations of the cavity is usually achieved
at 1:5 < g < 2 by using a hard aperture placed near one of
the end mirrors. The consideration of astigmatism shows
that a slit should be used as an aperture. It was found that
in the case of a soft aperture, the asymmetric conéguration
is preferable, and the better operation was achieved when in
the second stability region, i.e., at the large distance
between focusing mirrors [94].

8. Kerr-lens femtosecond laser

An important component of femtosecond lasers is a device
for controlling and, if necessary, compensating GVD in the
cavity. Of course, such a device should introduce minimal
losses and should not distort the beam. In the simplest case,
it consists of two prisms [37] (Fig. 11), of which the érst one
represent a dispersion element and the second one collects
refracted beams into a parallel beam. To minimise the loss,
the faces of the prism are oriented at Brewster's angle. The
GVD can be represented, with a sufécient accuracy, in the
form

d2F
do 2

� �2p�2=o 3 Ln 00 ÿ 4ln 02
ÿ �

, (8.1)

where F is the phase; n 0 and n 00 are the érst- and second-
order dispersions of the prism material; L is the active
medium length; l is the distance between prisms. Although
optical materials have positive dispersion in the visible and
near-IR regions, GVD can continuously change (passing
through zero) upon variation of L and (or) l. In practice,
one of the prisms is moved along the bisectrix of the
deviation angle, the value of l being éxed. For the laser

operation, it is important to avoid the transverse displace-
ment of the output spectral components. This is achieved in
the Fabry ë Perot conéguration due to the reverse passage
upon reêection of the beam from the mirror, while in the
ring laser, an identical pair of prism is added. Of course, the
value of GVD doubles in this case.

It is desirable to build a laser that has the minimum pulse
duration and maximum pulse energy. These requirements
are contradictory and, therefore, a compromise should be
found. The pulse energy increases with the crystal length,
whereas to shorten the pulse, one should decrease the crystal
length in order to reduce the high-order dispersion.

The theory predicts that the minimum pulse duration
can be achieved when the prism material is chosen so that
the ratio of the third- and second-order dispersions would
be minimal. For a Ti:sapphire laser, this material is fused
silica. The pulse also shortens when the crystal length is
reduced to 2 ë 3 mm upon the appropriate increase in the Ti
concentration to obtain the required gain. In this case, the
high optical quality of the crystal should be retained. Note
that as the crystal length is decreased, a serious problem of
the heat removal appears despite the high heat conduction
of sapphire. These problems have been solved, and laser
pulses of 10 fs duration and lower have been obtained [96].

The limitations imposed by the high-order dispersion
have been overcome due to the invention of the so-called
chirped multilayer dielectric mirrors [97]. These mirrors,
made of a proper material with the appropriate layer thick-
ness, provide not only the maximum reêectivity in a broad
spectral range (up to several hundreds of nanometres) but
also a linear dependence of GVD on the wavelength over the
entire spectrum. An ultrashort pulse reêected from such a
mirror acquires the chirp of a certain magnitude and sign.
The use of such mirrors allows one to exclude a prism GVD
compensator. The schematic of a laser with such mirrors is
shown in Fig. 12 [95]. The laser cavity consists of three
chirped mirrors and an output mirror with the transmission
of about 16%. The region of maximum reêection lies
between 690 and 900 nm. The cavity arm lengths are 118
and 68 cm and the radius of curvature of focusing mirrors
R � 50 mm. The 5-W pump beam was focused by a lens
( f � 30 mm) into a crystal. A hard aperture was placed near
one of the chirped mirrors.

Under such conditions, 7.5-fs, 8-9-nJ ultrashort pulses
were generated with a repetition rate of � 80 MHz. The
peak power of these pulses exceeded 1 MW, which allowed
the efécient conversion of the output radiation to the second

l
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Blue beam

Figure 11. Prism GVD controller.
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Figure 12. Schematic of a Ti:sapphire laser [95].
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harmonic. By focusing radiation with a spherical mirror
(R � 25 mm) into an LBO crystal of thickness 300 mm, the
SHG eféciency was of about 20%.

Note that the pulse energy inside the cavity greatly
exceeds the output energy. By using the technique of fast
extraction of radiation from the cavity (cavity damping)
with the help of an acoustooptic switch, the output energy
can substantially increased, however, at the expense of a
decrease in the pulse repetition rate. In Ref. [98], 13-fs, 60 nJ
ultrashort pulses were generated with a repetition rate of
200 kHz.

9. Ampliécation of ultrashort pulses

The energy of a single femtosecond pulse does not typically
exceed 10 nJ and usually decreases with pulse shortening.
Of course, the ultrashort-pulse energy can be increased up
to several joules, however, this involves speciéc diféculties
and, érst of all, a huge gain of about 1010 ÿ 1011. It is obvi-
ous that the pulse duration will increase due to the nar-
rowing of the spectrum caused by such a gain. Another
problem is the ampliéed spontaneous emission, which
represents background light at the ampliéer output, thereby
limiting the achievable gain. In addition, a comparatively
weak ultrashort pulse acquaires so high intensity during
ampliécation that nonlinear effects appear (self-focusing,
breackdown), which prevent the further ampliécation.

9.1 Multipass scheme

For the moderate gain of about 103, it is appropriate to use
a multipass laser ampliéer. An example of such an ampliéer
is shown in Fig. 13 [99]. The number of passages is limited
by geometrical factors and the diféculties encountered upon
focusing all beams in the active medium. In most cases, the
typical number of passages is 4 ë 8. The advantage of this
scheme is the simplicity and the minimum number of
optical elements (two mirrors and an amplifying element).
Its principal drawback, except the complicated alignment, is
that the ampliéed radiation is focused in the active medium.
This results in rapid development of nonlinear restrictions.
In principle, several such schemes can be used in a cascade,
which, of course, will considerably complicate the system.
Nevertheless, such systems are capable of generating ultra-
short pulses with energy up to 50 mJ.

Excimer amplifying systems represent a special case [71 ë
76]. Ultrashort pulses generated in the visible range in these
systems are ampliéed up to the power at which the efécient
conversion to the second or third harmonic can be per-
formed without a signiécant increase in the pulse duration.
Then, the ultrashort pulse is ampliéed in wide-aperture

excimer systems. The principal feature of this approach is a
complete isolation of the ampliéer components because
preampliécation and ampliécation in excimer modules
occur at different wavelengths. This allows one to reduce
substantially the level of ampliéed spontaneous emission.
Terawatt powers were obtained for the érst time using such
excimer systems.

9.2 Chirped pulse ampliécation

To achieve the efécient gain, one should accumulate in the
ampliéed pulse as much as possible of the energy stored in
the active medium of the ampliéer. For this purpose, it is
desirable that the energy êux in the ampliéed beam would
be of the order of the saturation energy êux for the active
medium. Table 3 presents saturation energies for various
amplifying media. One can see that, depending on the satu-
ration energy, the media can be divided into two groups:
dyes and excimers (the saturation energy is � 0:001 J cmÿ2)
and solids (the saturation energy is above 1 J cmÿ2). The
saturation energies required for obtaining the efécient ener-
gy output in solids correspond to ultrahigh intensities of
femtosecond pulses, which substantially exceed the damage
threshold of any solids.

This problem was successfully solved using a special
technique of ampliécation of ultrashort pulses ë the method
of chirped pulse ampliécation [60]. The essence of the
method is that a pulse being ampliéed passes through
the delay line with large GVD, where it becomes chirped
and its duration strongly increases (up to 104 times).
Correspondingly, the peak power of the pulse decreases.
Such a chirped pulse can be eféciently ampliéed to increase
its energy thousands times. After ampliécation, the pulse
again passes through the delay line, which has the same
GVD but with the opposite sign. As a result, the chirp is
compensated to zero and the pulse acquires the initial ultra-
short duration. The key feature of this method is the use of
optical systems that provide suféciently large GVDs with
opposite signs.

9.3 Diffraction-grating chirp controllers

As was shown, the magnitude of GVD and the chirp
introduced by GVD can be controlled with a pair of prisms.
However, a prism controller has a limited application be-
cause, provided its size is reasonable, it does not allow one
to obtain CVD required for strong stretching and sub-
sequent compressing ultrashort pulses. From this point of
view, a GVD controller with a pair of reêection diffraction
gratings is more efécient (Fig. 14), which, by the way, was
proposed much earlier than the prism controller [36].

Output

Output mirror
System of confocal mirrors

Input mirror

Ampliéer crystalActive element

Input

Pump

Figure 13. Schematic of a multipass ampliéer [99].

Table 3. Saturation energies of active media used for ampliécation of
ultrashort pulses.

Amplifying
active medium

Saturation
energy

�
J cmÿ2

Spectral
region

�
nm

Dyes *0.001 Visible region

Excimers *0.001 UV region

Ti : sapphire *1 *800

Nd : glass *5 *1054

Yb : glass *40 *1000
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Diffraction gratings have a much greater angular dis-
persion than prisms, thereby providing much greater GVD
(at a reasonable grating size). Although gratings exhibit 5 ë
10% losses and have a lower radiation resistance, these
drawbacks can be eliminated in ampliéer systems. The
contemporary technology allows the gratings with linear

dimensions up to 1 m to be manufactured. Note that prism
GVD controllers are mainly used in oscillators, while
grating CVD controllers are used in ampliéers of ultrashort
pulses.

The schematic of a controller with a pair of parallel
gratings is shown in Fig. 14a. One can see that the optical
path for long wavelengths is longer than that for short
wavelengths. As a result, GVD emerges, which is deéned as

d2F
do 2

� ÿ4o 2cl=pd 2
ÿ �

cos3b, (9.1)

where l is the distance between the gratings; d is the grating
period determined by the number of lines per millimetre; b
is the dispersion angle. The GVD can be controlled by
varying the distance between the gratings. Unlike a pair of
prisms, a pair of gratings produces only negative GVD. To
obtain positive GVD, a telescopic system is placed between
the gratings (Fig. 14b) [100]. This system turns over the
image so that the path for red beams becomes shorter than
that for blue beams. Because the telescopic system should
not introduce chromatic aberrations, a mirror system with
the magniécation ÿ1 is used in practice. To simplify the
construction of this system, plane mirrors are used, as a
rule, which eliminate the displacement of the beams. A
system of gratings with a telescope is used to stretch a fem-
tosecond pulse, and a usual pair of gratings is employed for
compressing the ampliéed chirped pulse.

The features of the method of amplifying chirped pulses
in Nd : glass systems are considered in detail in review [101].
In such a system, the peak pulse power was obtained up to
30 TW [102].

9.4 The shortest high-power femtosecond pulses
The method of amplifying chirped pulses can be used not
only for ampliécation, i.e., increasing the ultrashort pulse
energy, but also for its shortening. If one does not stretch
the pulse, by transforming it to the chirped pulse with the
same spectral width, but forms the chirped pulse with a
greater spectral width, then, by compressing the pulse, one
can obtain a shorter pulse, whose duration corresponds to
its spectral width. This approach was used in the érst
papers demonstrating this method [60]. The input chirped
pulse was formed due to a combined action of SPM and
GVD upon the propagation of a suféciently intense pulse in
a single-mode ébre. As a result, the pulse acquires an
almost rectangular envelope with the duration that exceeds
the initial one, but with a linear variation of the carrier
frequency within its duration.

In Ref. [60], a Nd:YAG laser was used, which emitted
100-ps pulses. These pulses were coupled into a ébre of
length 1.4 km, producing virtually rectangular output
chirped pulses of duration 300 ps with a spectral width
of 4 nm, which corresponds to the pulse duration equal
to � 1 ps. After ampliécation up to the energy 7 mJ in
a Nd : glass ampliéer, the pulse passed through a pair
of diffraction gratings. The loss in the compressor was
about 50%. As a result, 1.5-ps, 3 mJ pulses were genera-
ted.

The setup shown in Fig. 15 was uses for forming a
chirped pulse with a broad spectral width and its compress-
ing to a minimum duration [65]. The spectral broadening
with chirping is achieved due to SPM upon the propagation
of a high-power ultrashort pulse in a compressed inert gas
(Ar, Kr). To provide a greater length of the nonlinear
interaction and obtain the required broadening of the
spectrum, the ultrashort pulse was coupled into in a hollow
cylindrical capillary élled with inert gas at a pressure of
several atmospheres.

This hollow waveguide represented a silica capillary of
length 70 cm with an inner diameter of 140 mm. 20-fs, 40 mJ,
780-nm ultrashort pulses with a repetition rate of 1 kHz
emitted by a system consisting of an oscillator and a
Ti : sapphire ampliéer were coupled into the ébre. The
broadening of the spectrum achieved 130 THz. The pulse
was compressed with a compressor consisting of prisms and
chirped mirrors. The duration of pulses after compression
was 4.5 fs and their energy was no less than 15 mJ.
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Figure 14. Schematic of a diffraction GVD controller for the pulse
compression (a) and stretching (b): ( 1 ) diffraction gratings; ( 2 ) lenses;
( 3 ) retroreêector.

t � 20 fs
E � 40 mJ

t � 4:5 fs
E � 15 mJ

KKrryyppttoonn ((22 aattmm))

HHoollllooww ccaappiillllaarryy
wwaavveegguuiiddee

Dispersive
compressor

Chirped mirror

Chirped mirror

Nonlinear
medium

Figure 15. Schematic of the system for generation of 4.5-fs pulses [65].

Ultrashort-pulse lasers 111



10. Petawatt laser systems

The examples of a successful realisation of the principle of
ampliécation of chirped pulses are ultrahigh-power laser
systems built at the Lawrence Livermore National Labora-
tory (USA) and intended for studies in the éeld of inertial
conénement fusion. The radiation peak power in these sys/
tems achieves the petawatt level, which corresponds to the
intensity of the focused beam of the order of 1021 W cmÿ2.

10.1 Hybrid Ti : sapphire/Nd : glass laser

The setup studied in Ref. [61] used a femtosecond Ti:sap-
phire laser as a master oscillator. Because of a very broad
gain bandwidth, this laser can emit at the emission wave-
length of a Nd : glass laser (1054 nm). The laser pulse was
stretched to 3 ns and ampliéed in a multistage system con-
sisting of rods and discs pumped by êashlamps. The pulse
repetition rate in this setup did not exceed a pulse per hour.
The énal ampliécation stage consisted of three disc modu-
li of the `Nova' facility, which allow one to amplify laser
beams 31.5 cm in diameter.

The energy at the ampliéer output achieved 1120 J. The
output beam was collimated to a diameter of 56.3 cm and
was directed to a vacuum chamber containing a holographic
grating compressor of one metre in size. The energy of the
compressed pulse achieved 660 J and its duration could be
varied from 430 fs to 20 ps. Thus, the maximum peak power
exceeded 1 PW. The mirror focusing system provided the
beam intensity up to 0:7� 1021 W cmÿ2.

10.2 Ti : sapphire laser

To achieve even greater pulse intensity, in the same labora-
tory the laser system was built that used Ti:sapphire both
in an oscillator and an ampliéer [62]. This laser produced
ultrashort pulses of high quality.

In énal amplifying stages of this setup, disc Ti : sapphire
elements were used, which had an aperture of up to 10 cm
and were pumped by the second harmonic of a 150-J `Janus'
Nd : glass laser. Focusing of radiation was performed with
an off-axis paraboloid of diameter 15.24 cm and an aperture
ratio of 1 : 2. The output beam divergence was only 1.5
times larger than the diffraction-limited divergence. The 75-
fs output pulse energy achieved 15 J. Due to a high quality
of the output beam and of focusing optics, the peak beam
intensity exceeded 1021 W cmÿ2.

10.3 Generation of relativistic-intensity femtosecond pulses
with the kilohertz repetition rate

The development of laser systems producing high-power
femtosecond pulses resulted in the possibility to study a new
regime of the interaction of radiation with matter when the
nonlinear nature of the interaction is caused by the relati-
vistic motion of electrons in the light-wave éelds. Such a
regime emerges when the kinetic energy of an electron
accumulated for one period of the electromagnetic éeld is
comparable with the electron rest energy. In this case, the
radiation intensity satisées the relation

Il 2 5 1018 W cmÿ2 mm2.

Such a regime can be readily achieved in the above-
described systems. However, they represent unique facilities
and operate with a low repetition rate, which strongly pre-

vents the performance of systematic studies. In the last
years, compact (tabletop) and relatively inexpensive systems
have been built [103, 104] capable of generating ultrashort
pulses of duration 15 ë 20 fs with an energy of 0.7 ë 1 mJ, a
pulse repetition rate of 1 kHz, and the unreproducibility of
the output parameters of about 1%. The high repetition
rate, the high reproducibility and quality of the beam, close
to the diffraction limit, are achieved due to pumping by
high-power laser diodes. The high collimation of the laser
beam is provided by the use of a computer-controlled
adaptive mirror in the optical ampliécation system of
chirped pulses. The high-power laser radiation can be
focused with help of high-quality optics (an off-axis para-
boloid with the aperture ratio of 1 : 1) into a small spot of
about 1 mm, resulting in the ultrahigh intensity at the
relativistic level.

Note that these laser systems represent unique sources of
the concentrated optical radiation. Indeed, the energy 1 mJ
corresponds approximately to 1016 photons, the area of the
focal spot is � 10ÿ8 cm2, and the pulse spatial extension is
6� 10ÿ4 cm. This means that the concentration of photons
in the focal region achieves 1027 photon cmÿ3, which
exceeds by several orders of magnitude the density of atoms
in solids.

11. Applications of ultrashort-pulse lasers

The unique properties of femtosecond lasers have found
wide applications in varies éelds of science, technology, and
medicine. The eféciency of applications of ultrashort pulses
can stem from their extremely short duration and asso-
ciated low time coherence, enormous peak power and inten-
sity, large time coherence and average power of a train of
ultrashort pulses. Below, basic applications of ultrashort
pulses and their relevant key parameters are listed. Because
it is impossible even brieêy consider all possible applica-
tions of ultrashort pulses within the scope of a single
review, we mention here only the applications related to the
ultimate parameters of these pulses, which have been re-
cently implemented.

Applications in science
1. Applications based on the extremely short pulse

duration:
ë nonlinear optics;
ë ébre optics and optical solitons;
ë studies of ultrafast phenomena by the pump-probe

method and time-resolved spectroscopy;
ë two- and three-photon microscopy;
ë femtochemistry;
ë terahertz beams and coherent time Fourier spectro-

scopy.
2. Applications based on the high coherence of a

continuous train of ultrashort pulses:
ë precision spectroscopy, including multiphoton tran-

sitions;
ë absolute measurements of optical frequencies and

optical frequency standards.
3. Applications based on the high power, intensity, and

strength of the light-wave éelds:
ë laser plasma and X-ray sources;
ë relativistic regime of the interaction of radiation with

matter;
ë acceleration of electrons;
ë collimated X-ray and g-ray beams;
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ë experiments on nonlinear quantum electrodynamics;
ë initiation of photonuclear reactions and fast ignition in

inertial conénement fusion.
4. Applications related to the high power of pulses of

duration of several optical cycles;
ë generation of high harmonics up to X-rays;
ë generation of VUV and soft X-ray pulses of the atto-

second duration.
Applications in technology
1. Ultrafast optoelectronics and oscilloscopes with the

subpicosecond resolution.
2. Control of elements for microelectronics.
3. Fibre-optic communication with the bit rate of

� 1 Tbit cÿ1.
4. Precision machining.
5. Terahertz imaging systems.
6. Isotope separation.
Applications in medicine
1. Optical coherent tomography.
2. Precision surgery.
3. Fabrication of micro-stents in cardiology.
4. Two-photon photodynamic therapy.

11.1 Optical coherent tomography

This application is based on the use of radiation with
extremely low time coherence, which in inherent in ultra-
short pulses. Ultrashort-pulse optical tomography allows
imaging in strongly scattering media. Its principle is similar
to ultrasonic introscopy, which is widely used in medicine
(ultrasonic diagnostics). The spatial resolution of this me-
thod can be substantially improved due to the use of optical
radiation. Although strong scattering of light in biotissues
prevents imaging at a depth exceeding 2 ë 3 mm, neverthe-
less this technique proved to be useful for microsurgery.

The method is based on he interference between a laser
beam scattered by an object and a reference beam. By
varying the delay between these beams, one can study the
interference with a signal coming from different depths. The
delay is scanned continuously, resulting in the frequency
shift of one of the beams due to the Doppler effect. This
allows one to separate the interference signal against an
intense background caused by scattering. By scanning and
processing signals, various layers of the tissue under study
are imaged (tomography). Modern computers provide fast
signal processing and allow real-time imaging. The spatial
resolution in depth is determined by the time coherence of a
light source. The lower the coherence, the lower minimal
thickness of the image section of the object under study.

Usually, a superluminescence diode is employed as a
radiation source. The width of its spectrum (32 nm) pro-
vides the spatial resolution equal to 11 mm. The eféciency of
this method has been demonstrated in Ref. [105]. In Ref.
[80], a Ti:sapphire laser emitting pulses shorter than 5 fs has
been used as a radiation source. This improved the spatial
resolution to 1.5 mm and provided an increase in the sen-
sitivity by increasing the incident power. As a result, images
of cells of biotissues were obtained with the spatial resolu-
tion close to the diffraction limit of optical microscopy, but
from the depth of tissues strongly scattering light.

Thus, the authors of Ref. [80] have demonstrated the
imaging of cells in vivo, including their nuclei, which allows
one, for example, to perform biopsy of oncology tissues
directly during the operation. This technique can be also
used in the medical treatment of glaucoma.

11.2 Optical frequency standards
This application is related to the high time coherence of a
continuous train of femtosecond pulses. To create optical
frequency standards, the optical frequency (a few hundreds
of terahertz) should be measured relative to the Interna-
tional Second Standard, which is measured from the
hyperéne splitting of the ground level of a cesium atom
(in the region of 9.2 GHz).

In the near past this has been performed using the
consecutive frequency multiplication to obtain the optical
frequency subject to measuring. Because of the necessity of
covering a broad frequency range, these multiplication
chains represented huge constructions containing the inter-
mediate stabilised far- and mid-IR lasers, nonlinear ele-
ments, measuring instruments, etc. These facilities require a
very careful maintenance and each of them generates only a
certain optical frequency.

Such a multiplication chain can be replaced by a comb-
oscillator generating optical frequencies separated by the
frequency interval lying in the radio frequency range.
These frequencies overlap the interval between the laser
frequency fopt being measured and its second harmonic
2fopt (Fig. 16). If the comb interval is stable and is measured
suféciently accurately, then, having measured the difference
Df1 between fopt and the nearest frequency of the red part
of the comb, as well as the difference Df2 between 2fopt
and the nearest frequency of the blue part of the comb,
one can count the number N of frequencies between them
and thereby determine the required frequency. One can see
from Fig. 16 that the optical frequency fopt is related to the
frequencies measured in the radio frequency range by a
simple expression Df1 �NDF� Df2 � 2fopt ÿ fopt � fopt.

Because the spectral width of radiation from the comb-
oscillator is inversely proportional to the pulse duration,
which can be shorter than 5 fs, it is possible to create the
frequency comb extending by several tens of terahertz. It
was shown in Ref. [81] that the pulse repetition rate, which
can be easily measured and controlled, is equal to the
intermode interval within an accuracy of measurements
(about 10ÿ16) and that the frequency comb is uniform
with an accuracy of � 10ÿ16 even in the case of the spectral
broadening in a silica microstructure ébre (the so-called
photonic crystal ébers [84]). This method has been used for
the precision measurement of the 1Sÿ 2S transition fre-
quency in the hydrogen atom [106], which proved to equal
to 2 466 061 413 187 103(46) Hz. Recently, by using 70 ë
100 fs ultrashort pulses from a Ti : sapphire laser, the
frequency comb was obtained in a cone-tapered ébre
that covered the spectral range from 370 to 1545 nm [107].

fopt

Df1

2fopt

Df2

DF

f

Figure 16. Schematic of measurements of the absolute frequency with
the help of a comb-oscillator.
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It should be noted that the idea of using a continuous
train of ultrashort pulses for precision measurements of
optical frequencies has been érst proposed by V P Chebo-
taev [108]. His proposal was in essence an original extension
of the method of separated oscillating éelds in the radio
frequency range, for the development of which N Ramsey
has been awarded with the Noble Prize, to the optical
region.

11.3 Precision material machining

Material machining by ultrashort laser pulses is an im-
portant technological application of lasers, which requires
high-average-power lasers. The laser material machining is
based on the local thermal action and subsequent ablation ë
the removal of the material caused by its melting, evapo-
ration, and shearing. The laser micromachining is employed
in the technology of modern electronics. Because the mini-
mal size of the focal spot decreases with the laser wave-
length, UV excimer lasers are successfully used for micro-
machining. However, their radiation is strongly absorbed
by many transparent materials so that only the surface of
these materials can be processed. For lasers with l < 200
nm (an ArF laser emitting at 193 nm), the problem of
radiation damage of the focusing optics also exists. Ultra-
short pulses can be used both for the surface and bulk
machining (of transparent materials) with an accuracy that
is not worse than that achieved with excimer lasers, but, in
contrast to the latter, in the visible range [109].

Ultrashort-pulse lasers are characterised by high radi-
ation intensity, which increases the role of multiphoton
processes. This circumstance and exclusively short duration
of the interaction fundamentally changes the mechanism of
interaction of the radiation with matter. Because of the high
intensity of ultrashort pulses, seed electrons are produced
due to multiphoton ionisation rather than by impurities. For
this reason, there is no statistic scatter in the breakdown
threshold at the suféciently high pulse intensity and, there-
fore, the breakdown and the energy deposited to the medi-
um can be controlled. Due to the high strength of the
electromagnetic éeld, electrons are heated to high temper-
atures and then, after the pulse termination, the energy
transfer occurs from electrons to ions. Because the initial
electron temperature is very high, the ion temperature also
can become greater than in the case of long pulses. A greater
part of the substance will be evaporated inside the focal
volume, by rapidly passing through the melting phase. Be-
cause the liquid phase contains a smaller amount of the
substance during the ablation, the melt drops disappear and
the boundary being processed becomes sharp.

In experiments [109], holes 0.3 mm in diameter were
produced in a silver élm and less than 1 mm in fused silica,
although in the érst case the 200-fs, 790-nm pulses from a
Ti : sapphire laser were focused into a spot of diameter
3 mm, and in the second case, 60-fs pulses were focused into
a spot of diameter 5 mm. Such small hole sizes (less than the
diffraction-limited one) were achieved due to an accurate
control of the ultrashort-pulse intensity and obtaining the
ablation threshold within a small area at the centre of the
focal spot.

These applications require the use ultrashort-pulse lasers
with a high average power. In particular, a diode-pumped
Yb : YAG laser can be employed [110]. The problem of heat
removal, which is crucial in the case of high average power,
was solved in this laser by using an active element in the

form of a disc with a highly reêecting coating of thickness
220 mm, which was placed on a cooling énger. The laser
emitted 730-fs, 1030-nm pulses with an average power of
16.2 W.

11.4 Ultrahigh-intensity applications

Due to the high concentration of radiation energy in
ultrashort pulses, they have the ultrahigh intensity and
produce superstrong electromagnetic éelds. This results in
the emergence of new regimes of the interaction of laser
radiation with matter, in particular, with plasma. These
regimes are caused by the unique parameters of modern
ultrashort-pulse lasers.

First of all this is the short pulse duration (less than
100 fs), which is shorter than any time intervals determining
hydrodynamic motions in a plasma. The enormous
strengths of electric and magnetic éelds produced by ultra-
short pulses also play an important role. At intensities of
1021 W cmÿ2, which can be produced at present, the
electric-éeld strength achieves 1012 V cmÿ1, which is more
than 100 times greater than the strength of the Coulomb
éeld on the érst Bohr orbit of the hydrogen atom. Finally,
the enormous energy density, which amounts to
3� 1010 J cmÿ3, corresponds to the black body temperature
of about 10 keV. Such magnitudes are typical for a nuclear
explosion. Under such conditions, the motion of an electron
becomes purely relativistic. Because of the simultaneous
action of the Lorentz force, the electron in a linearly pola-
rised wave traces a trajectory in the form of a égure eight
and its motion becomes strongly nonlinear. Consider some
applications of ultrahigh-power ultrashort pulses.

Generation of high harmonics. The interaction of intense
laser radiation with atoms of inert gases results in the gene-
ration of high harmonics of the fundamental frequency
[111], their frequencies extending to the VUV and soft X-ray
regions. The relevant processes are discussed in detail in
review [112].

When the laser radiation intensity exceeds 1014 W cmÿ2,
the photoionisation of atoms becomes important, which can
be treated as quasi-static tunneling in a strong electric éeld
of the light wave superimposed on the Coulomb éeld of the
atomic nucleus. The emitted electrons are accelerated in the
éeld of the laser wave and then can experience collisions
either with an ion from which they were removed or with
other neighbouring ions. Upon recombination, photons are
emitted with the energy that is equal to a sum of the
ionisation potential and the kinetic energy acquired in the
laser-wave éeld. The high harmonics are generated because
this elementary process repeats quasi-periodically at the
laser radiation frequency.

If the pulse duration is shortened to a few optical cycles,
the ionisation can occur for a fraction of the optical cycle. In
this case, an electron has no time to be removed from an
atom. In other words, such short pulses allow one to abrupt-
ly `switch on' ultrahigh-intensity éelds, which exceed the
intraatomic éeld that holds the electron in the atom, and
thereby subject the nonlinear object (atom + electron) to
the action of éelds that greatly exceed the ionisation thres-
hold. In this case, the nonlinear interaction becomes
substantially dependent on the phase of the electromagnetic
wave. This is illustrated by the evolution of the high-
harmonic intensity (in VUV and X-ray regions) for two
different values of the absolute phase in the wavelength
band equal to 10% of l � 3:2 nm [113] (Fig. 17). The
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calculation was performed for the interaction of linearly
polarised 5-fs, 2� 1015 W cmÿ2 laser pulses at l � 750 nm
with helium at a pressure of 500 Torr. One can see that for
the same envelope the intensity of short-wavelength pulse
and its shape strongly depend on the phase. This demon-
strates the érst possibility of studying nonlinear optical
effects, which directly depend on the absolute phase of the
light wave [85].

The high-harmonic photons with maximum energies are
produced by electrons with the maximum energy, which
they acquire in a narrow interval of variation of the light-
wave phase. This means that short-wavelength radiation in
the VUV and soft X-ray regions will be concentrated within
the interval that represents a small fraction of the optical
cycle (Fig. 17). Therefore, the possibility appears to generate
pulses with the attosecond duration. This possibility was
experimentally conérmed in Ref. [114].

The eféciency of high-harmonic generation can be
increased by using the phase matching between the funda-
mental frequency and high harmonics. In this case, a capil-
lary tube serves as a cell with inert gas. The phase matching
results in the increase in the generation eféciency by two-
three orders of magnitude. In experiments [115], a Ti:sap-
phire laser was used, which emitted 26-fs, 20 mJ pulses with
a repetition rate of 1 kHz at a wavelength close to 800 nm.
When the capillary was élled with helium, high harmonics
were observed up to 299 order at a wavelength of � 2:7 nm
(460 eV). Thus, a source of collimated coherent soft X-rays
was in fact created. The importance of building such a
source is explained by the fact that its radiation falls into the
so-called `water window' (2.3 ë 4.4 nm). The emission in this
region corresponds to the edges of the K-bands of oxygen
and carbon and is absorbed by water weaker than by
carbon. This allows highly contrast imaging of biological
microobjects containing carbon in water, i.e., in vivo. So far,
synchrotron radiation from very large electron accelerators
has been used for this purpose.

Nonlinear quantum electrodynamics. At enormous inten-
sities of the order of 1030 W cmÿ2, vacuum already becomes
a nonlinear medium and electron-positron pairs are created
in such a superstrong light éeld. The electric-éeld strength E
required for the creation of such a pair is 2m2c3=eh�
1:3�1016 V cmÿ1.

One can see that the possibilities of contemporary lasers
are still very far from generating such enormous éelds.
However, the experimental situation with a critical éeld can
be implemented by using superrelativistic electrons. A mo-
ving electron entering the éeld of an electromagnetic wave
`see' it at a frequency changed by a factor of Z, where Z is the
relativistic factor. The effective laser éeld also increases
by a factor of Z. To achieve the critical éeld with the
help of contemporary lasers, the relativistic factor Z should
be � 105, i.e., the electron energy should be equal to 50
GeV. Such energies can be obtained in modern accelerators.

Two effects of nonlinear quantum electrodynamics can
be observed: nonlinear Compton scattering, when more
than one photon are scattered by an electron (eÿ � nhvL !
eÿ � hvg, where vL and vg are frequencies of the laser and
gamma quanta, respectively), and the creation of electron-
positron pairs. The interaction of photons with a relativistic
electron produces gamma rays. The interaction of the high-
energy gamma quantum with a superstrong laser éeld can
result in the multiphoton creation of an electron-positron
pair: hvg � nhvL � eÿ � e�.

Both these effects have been observed experimentally
[116, 117]. The experiments were performed at the Stanford
Linear Accelerator Center. The accelerator has the follow-
ing parameters: the electron energy was 46.6 GeV, the
electron pulse (bunch) duration was 7 ps, and the repetition
rate was 10 ë 30 Hz. The second harmonic from a Nd : glass
laser was used. The parameters of the laser setup were as
follows: the pulse energy at the fundamental frequency was
2 J and that at the second harmonic frequency was 0.4 J, the
pulse duration was 1.5 ps, and the repetition rate was 0.5
Hz. The main diféculty of the experiment was overlapping
the focused laser pulse and the electron bunch in space and
time (within tens of micrometers and fractions of pico-
seconds, respectively). The authors of [116, 117] have ob-
served for the érst time the nonlinear Compton scattering
involving up to four laser photons, as well as the creation of
electron-positron pairs in collisions of gamma quanta with
laser photons. This was the érst experimental demonstration
of inelastic scattering of light by light involving real pho-
tons.

Photoinduced nuclear reactions. At intensities of 1019ÿ
1020 W cmÿ2, electrons experience relativistic oscillations in
the light-wave éeld at which their kinetic energy increases to
several megaelectronvolts. The interaction of such ultrahigh-
intensity radiation with solid targets produces a relativistic
plasma, in which the electrons can acquire even greater
energy. The mechanisms of such acceleration of electrons
were theoretically studied in Ref. [118]. The use of rela-
tivistic electrons in optically induced nuclear reactions was
proposed in Ref. [119].

The relativistic interaction of light with matter was
experimentally studied using ultrahigh-power laser facilities.
The laser beam power used in Ref. [120] achieved 50 TW.
By focusing such a beam onto various solid targets, elec-
trons with energies of tens of megaelectronvolts were pro-
duced, which, in turn, created gamma-quantum beams that
stimulated photonuclear (g, n) reactions. In these reactions,
isotopes 11C, 38K, 62,64Cu, 63Zn, 106Ag, 140Pr, and 180Ta were
produced, which were detected by the methods of nuclear
physics. In addition, the éssion of 238U was observed in
these experiments.

In Ref. [121], a petawatt laser facility was used which
irradiated targets by focused beams with a pulse duration of
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Figure 17. Evolution of the high-order harmonic intensity (VUV, soft X-
rays) calculated for two different values of the absolute phase [113].
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450 fs and an energy of 260 J. The focused beam intensity
exceeded 1020 W cmÿ2, resulting in the electron energy ac-
quired in the light-wave éeld equal to 3 MeV. The electron
energy in a plasma produced on the target achieved 100
MeV. In this paper, (the g, n) reactions and éssion of 238U
were also observed.

Fast ignition of inertial conénement fusion. With the
advent of ultrahigh-power laser facilities based on amplié-
cation of chirped pulses, a new concept of fast ignition of
inertial conénement fusion was proposed [122]. The essence
of this concept is that at laser intensities of 1021 W cmÿ2 and
greater, electrons acquire the energy of about 1 MeV in the
laser-wave éeld. Hot electrons rapidly equilibrate in the
dense plasma by heating ions up to 5 ë 20 keV. However, to
produce the efécient heating of ions, the path length of hot
electrons in plasma should be comparable with the diameter
of a focused laser beam.

Because the initial plasma density is insufécient for this
purpose, even if it is equal to the density of a solid, it is
proposed to compress a spherical target by irradiating it
symmetrically by high-power beams (Fig 18a). Such sym-
metrical irradiation is used in laser facilities used in inertial
conénement fusion studies. Upon rapid heating of the target
surface, the expanding plasma produces the reactive force,
which compress the target material (Fig. 18b). It has been
demonstrated [123] that the uniform irradiation of a sphe-
rical target by nanosecond laser pulses of energy 9 kJ resul-
ted in the target compression up to a density of 600 g cmÿ3.
However, the dense plasma in the target core is surrounded
by a plasma layer, the so-called plasma corona, whose den-
sity gradually decreases to zero. To heat the plasma by a
high-power ultrashort pulse, the pulse should be delivered to
the surface of the dense core. For this purpose, the density
proéle of plasma is modiéed with the help of an additional
laser pulse (Fig. 18c). The target is irradiated by a 50-ps
pulse with a proéled intensity, which provides the excess of
the light pressure over the gas-kinetic pressure in plasma. As
a result, a narrow channel is produced in the plasma corona,
through which the main ultrahigh-power (E � 1ÿ 10 kJ)
ultrashort pulse (t ' 1 ps) is directed. This beam produces

hot electrons that ignite the target material (Fig. 18d). The
calculations showed that this concept of inertial conénement
fusion will require a reduced laser drive energy compared to
the traditional approach based on the use of nanosecond
laser pulses.

12. Conclusions

At present, ultrashort-pulse lasers have gained a great
development. The methods for generating laser pulses of
duration not exceeding 5 fs have been suggested and de-
monstrated. The peak power of femtosecond pulses exceeds
1015 W and the intensity of the focused beam achieves
1021 W cmÿ2.

The efécient and compact lasers systems capable of
generating ultrashort, ultrahigh-power pulses open up excel-
lent prospects for applications in science, technology, and
medicine. The possibility of studies of nonlinear optics in the
relativistic regime has appeared. New methods for generat-
ing X-rays and gamma rays and acceleration of electrons
have been developed. Technological applications include
microelectronics, the development of ébre-optic communi-
cation with a bit rate of � 1 Tbit sÿ1, new methods for
micromachining, and creation of optical memory devices. In
medicine, new methods of microscopy, optical tomography,
and sophisticated surgery operations have been demon-
strated.

It is also very important that contemporary laser systems
facilitate the transfer of some trends in `big science' to
university laboratories. Note that the intensities of the order
of 1021 W cmÿ2 correspond to gigabar pressures and giga-
gauss magnetic éelds. This opens up the outlook for studies
that can be called the laboratory astrophysics.
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