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Snapshot: The authors

explain the theory behind ultrashort pulses

and offer a new method

— chirped dielectric mirrors — for achieving

sub-10 fsec pulses.
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With the advent of chirped multilayer dielectric mir
rors, feedback and phase dispersion control over
unprecedented bandwidths have become feasible, thus
opening the way for further advances in femtosecond
where φ = φ(ω ), and the derivatives φ', φ", etc. are also
technology.
evaluated at ω . The first derivative φ' is called group
delay because it gives the time taken by the center of the
pulse to reach the output of the wave-propagating
Optical pulse propagation in dispersive media
Short electromagnetic waveforms (henceforth pulses) medium. The higher-order terms in the expansion
describe a frequency dependence of the group delay,
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PENETRATION DEPTH (microns)

and hence are responsible for dis
persive effects. The lowest-order
dispersion parameter φ", which is
termed group-delay dispersion
(GDD), causes a broadening of the
pulse without significant changes
in the pulse shape and a carrier fre
quency varying linearly with time,
which is often referred to as a linear
chirp. The higher-order coefficients
φ'" (third-order dispersion, TOD),
φ " " (fourth-order dispersion,
FOD), etc. become only important
for broad-bandwidth signals, and
can give rise to a nonlinear chirp as
well as to a distortion of the pulse.
Critical values of the dispersion
coefficients, above which disper
sion causes a substantial change of
the pulse, obey the simple scaling
φ = т where τ is the pulse dura
tion. For instance, a G D D of φ" =
τ results in a pulse broadening by
more than a factor of two. This
scaling reveals a dramatic increase
in the susceptibility to dispersioninduced broadening and distortion
for decreasing pulse durations.
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Dispersion in femtosecond laser
oscillators

Figure 2. Electromagnetic energy-density distribution
versus wavelength inside (a) a chirped multilayer
dielectric mirror designed to provide a constant nega
tive GDD and (b) a conventional dielectric mirror con
sisting of the same number of quarterwave layers.

Ultrashort pulse generation from
laser oscillators is ultimately limit
ed by the finite oscillator band
width. However, both the gain
bandwidth in organic dyes or
vibronic solid-state gain media and
the bandwidth of resonators
formed by quarterwave multilayer
dielectric mirrors support pulses
much shorter than those produced
previously. This is due to the fact
that dispersive cavity components
lead to a frequency-dependent cav
ity round-trip time (or group
delay) T ( ω ) , which restricts the
"usable" bandwidth for ultrashort
pulse formation to a fraction of the
full oscillator bandwidth. T (ω) can
be expressed in terms of the disper
sion parameters introduced above
by deriving the Taylor series of the
cavity-round-trip phase retarda
tion φ ( ω ) as given by Eq. (1)
with respect to ω.
r

pulse formation. In femtosecond
dye lasers oscillator-bandwidthlimited pulse generation requires a
round-trip time nearly constant
over the full oscillator bandwidth
with a small amount of positive or
negative cavity G D D (φ" ) depend
ing on the operating conditions.
The situation is quite different in
the new generation of self-modelocked femtosecond solid-state
lasers. In these systems, the non
linear index of the laser crystal
(Kerr-effect) gives rise to a strong
self-phase modulation of the circu
lating pulse. If a bandwidth-limited
pulse interacts with the nonlinear
index of a transparent optical
medium, the spectrum of the pulse
gets broadened. Frequency compo
nents lower than the carrier arise
on the leading edge of the pulse
whilst the higher-frequency com
ponents lag behind on the trailing
edge. If such a positively chirped
pulse experiences even a very small
amount of positive cavity G D D
(φ" (ω)> 0), the leading edge com
pletes every cavity round trip faster
than the trailing edge of the pulse,
resulting in a rapidly accumulating
pulse broadening. As a conse
quence, it is imperative that the net
cavity G D D be negative for fem
tosecond pulse generation in solidstate systems. A soliton-like inter
play between self-phase modula
tion and negative G D D can shorten
the circulating pulse to the limit set
by the oscillator bandwidth, pro
vided the G D D is constant over the
full oscillator bandwidth. Despite
the differences in the pulse forming
mechanisms, what femtosecond
lasers have in common, is that
higher-order cavity dispersion
(TOD, FOD) must he negligible if
oscillator-bandwidth-limited perfor
mance is to be achieved.
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The invention of prism pairs as
a source of negative G D D marked
a milestone in the evolution of
femtosecond laser technology. In
dye lasers, intracavity prism pairs
have provided a compensation of
99.5%) in reality due to scattering losses not included in the
the positive material dispersion of
The ideal T ( ω ) curve for opti
intracavity components (e.g., gain
mum performance may be differ
medium) and allowed continuous
ent in different femtosecond lasers
adjustment of the cavity G D D in a
due to differencies in the nonlinear
region of small positive and nega
optical processes responsible for
c a v

Figure 3. Curve (a): calculated reflectivity of chirped mirrors
described in the text. The reflectivity is somewhat less (
calculations. Curves (b) and (c): calculated GDD of chirped
mirrors designed for GDD and TOD compensation, respective
ly. The squares and triangles represent measured data points
obtained with spectrally-resolved and conventional whitelight interferometry, respectively.
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tive values. In a cavity formed by low-dispersion dielec
tric mirrors consisting of quarterwave layers , they
yielded pulses as short as 27 fsec from a colliding-pulse
mode-locked Rhodamine 6G (Rh6G) dye laser. Prismpair dispersive delay lines have also been key compo
nents of femtosecond solid-state lasers. In these sys
tems, the role of the prisms has been to overcompensate
the positive dispersion of the laser crystal for soliton
like shaping.
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The recent evolution of prism-controlled femtosec
ond solid-state lasers culminated in the development of
a self-mode-locked Ti:sapphire laser using fused silica
prisms, which is capable of generating optical pulses of
10-15 fsec. Both in the optimized Rh6G and Ti:sap
phire laser, T O D of the prism p a i r
has been identi
fied as the major effect that prevents further pulse
shortening as well as impairs the quality of the shortest
pulses achieved. Approaching 10 fsec, an additional
limitation tends to arise due to the finite bandwidth of
the quarterwave mirrors. Hence, the evolution of ultra
short-pulse lasers has arrived at the frontiers of conven
tional femtosecond technology. Nevertheless, the gain
linewidth of Ti:sapphire and related vibronic systems
supports optical pulses as short as 3 fsec. These enor
mous bandwidths issue a great challenge to the com
munity interested in the generation and application of
ultrashort pulses. To rise to this challenge, novel tech
niques for providing feedback and dispersion control
over ultrabroad bandwidths must be developed.
7
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coming the limitations researchers previously encoun
tered in their attempts to produce shorter pulses from
femtosecond oscillators.
To put these ideas into practice, chirped mirrors for
use in Ti:sapphire oscillators and amplifiers have been
designed and manufactured at the Research Institute
for Solid State Physics Budapest (Hungary). The mir
rors realized so far consist of 42 alternating quasi-quar
terwave layers of SiO (n =1.45) and T i O (n =2.3)
and have been produced by using standard electronbeam evaporation. For improving the performance of
self-modelocked Ti:sapphire oscillators, chirped mir
rors with a nearly constant negative G D D have been
developed. The energy-density distribution as a func
tion of wavelength inside the mirror is shown in Figure
2a. The most striking features are an increased HR
bandwidth as compared to a quarterwave mirror
shown in Figure 2b and a penetration depth that
increases approximately linearly with wavelength
between 700 and 800 nm. Curves (a) and (b) in Figure
3 show the calculated reflectivity and G D D of these
mirrors, respectively. The HR range is currently limited
by narrow resonances, which are not resolved in Figure
2a. Work is under way to eliminate these resonances.
Nevertheless, even this "restricted" HR bandwidth is
30% broader than that of standard quarterwave mir
rors. The negative G D D is approximately constant over
2
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Chirped multilayer dielectric mirrors
The idea of chirped (aperiodic) refractive-index-modu
lated distributed-feedback (Bragg) structures dates back
to the early 1970s, when Hill proposed the use of
chirped Bragg reflectors for dispersion compensation in
optical fiber systems. The operation principle of these
devices is fairly straightforward: different spectral com
ponents penetrate to different depths before reflected
back from appropriate resonant sections of the chirped
distributed-feedback structure. This introduces a fre
quency-dependent group delay, i.e. dispersion, which
can be engineered. As an additional benefit, chirping
the modulation period of a Bragg reflector also increas
es the bandwidth of its high-reflectivity (HR) range,
just as a chirped pulse exhibit a broader frequency spec
trum than its chirp-free counterpart.
13

These findings are directly applicable to an impor
tant special class of Bragg reflectors, namely multilayer
dielectric mirrors. The widely-used standard quarterwave dielectric mirrors consisting of alternating quar
terwave-layers of low- and high-index materials exhibit
a low dispersion over a substantial part of their H R
range. Varying the layer thicknesses during the evapo
ration process provides a simple means of modulating
the period of the multilayer structure. These chirped
multilayer dielectric mirrors (henceforth chirped mir
rors) offer the benefits of a broader HR range (as com
pared to quarterwave mirrors) as well as an engineerable dispersion over the HR band. Consequently, the
chirped mirror technology has the potential for over
5
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a bandwidth of
80 THz, opening the way for band
width-limited sub-10 fsec generation from Ti:sapphire
lasers. Previous attempts to compensate dispersion with
thin-film structures used resonant effects with much
narrower bandwidths.
The broad constant-GDD bandwidth comes at the
expense of a low value of the negative GDD. This relates
to the fact that the overall group delay difference (= the
product of bandwidth and G D D ) is limited by the
physical thickness of the mirrors, which must be traded
off against low scattering losses. One reflection off the
broadband-GDD mirror (~ —40 fsec ) compensates the
material G D D of 1 mm fused silica or 0.7 mm
sapphire. Hence, material dispersion must be mini
mized before these devices can be used for dispersion
control.
17,18
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Large amounts of material in the beam path are
often unavoidable inside or outside the oscillator. In
this case one has to resort to prism pairs limiting sys
tem performance by some residual T O D as discussed in
the preceding section. Chirped mirrors can also be
designed and fabricated to compensate for T O D , as
shown in Figure 3. These mirrors exhibit a nominal
G D D of
- 5 0 fsec at 790 nm and a T O D of
+100
fsec and in combination with low-dispersion prisms
can provide FOD-limited dispersion control in Ti:sap
phire systems containing sizable amounts of optical
material.

Figure 4. Interferometric second-order autocorrelation trace of
the 8-fsec optical pulses generated by the mirror-dispersioncontrolled Ti:sapphire oscillator described in Reference 21.
The dashed-line around the pulse shows the calculated
envelopes of an 8.2-fsec sech -shaped pulse.
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Chirped mirrors with similar or other dispersion
characteristics can be produced for any wavelength
range, where suitable (transparent) layer materials are
available. It is hoped that more sophisticated coating
techniques will allow the fabrication of thicker stacks
with tolerable scattering losses. These will provide high
er dispersion parameters and/or broader bandwidths in
the future.
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Mirror-dispersion-controlled femtosecond systems
One of the most interesting application of the chirped
mirrors is dispersion control in broadband femtosec
ond solid-state laser oscillators. To this end, the G D D compensating mirrors characterized by the dispersion
curve (b) in Figure 3 have been used to construct a
prismless Ti:sapphire oscillator with a net negative
GDD. Seven bounces on the dispersive mirrors (in one
round trip) are necessary to overcompensate the posi
tive GDD of a highly-doped 2-mm-thick Ti:sapphire
crystal. Owing to the short gain length, a pump power
of 3 to 4 W in the blue-green spectral region is suffi
cient (e.g., from a small-frame argon or a frequencydoubled neodymium laser) for stable femtosecond
pulse generation. With a 3%-tranamitting output cou
pler, this mirror-dispersion-controlled (MDC) selfmode-locked Ti:sapphire oscillator delivers nearly
bandwidth-limited 8 fsec optical pulses with a pulse
energy of
1 nJ. Figure 4 shows the fringe-resolved
autocorrelation trace of the laser output. To our knowl
edge, these are the shortest pulses ever produced from a
laser oscillator. They contain 3 cycles within their full
width at half maximum just as the 6 fsec pulses
obtained by extracavity pulse compression at 620 n m .

The excellent stability of these sub-10-fsec pulses 1 %
second harmonic fluctuations) offers an unprecedented
sub-femtosecond resolution for ultrafast spec
troscopy. In strong contrast to prism-controlled
Ti:sapphire systems producing pulses in this time
domain,
the 8 fsec pulses are generated at 800 nm,
the center of the Ti:sapphire gain line, with a timebandwidth product <0.4. These features make M D C
Ti:sapphire oscillators ideal sources for both high-reso
lution ultrafast spectroscopy and seeding ultrashort
pulse Ti:sapphire amplifiers. The TOD-compensating
chirped mirrors curve (c) in Figure 3 have recently been
applied in combination with a pair of low-TOD prisms
for recompressing the output of a kHz Ti:sapphire
amplifier seeded with an M D C oscillator. This system
currently produces 17-18 fsec pulses of an energy of
0.1mJ at a repetition rate of 1kHz. These are the
shortest optical pulses produced at multigigawatt power
levels so far.
23
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Conclusions
The availability of chirped dielectric mirrors permits
the construction of more compact, stable, and userfriendly femtosecond oscillators and amplifiers than
previously possible. In addition, they offer the potential
for obtaining gain-bandwidth-limited pulses from
Ti:sapphire and related broadband femtosecond solidstate oscillators. This means that the way is open toward
the generation of optical pulses comprising only 1 cycle
of light. We are entering exciting times in ultrafast
science.
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