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An overview of the basic principles and technological issues of self-mode-locked solid state
lasers is presented, with particular emphasis on recent advances in femtosecond Ti:sapphire

lasers.

I. Introduction

The last few years have brought about significant
advances in ultrashort-pulse laser physics. The devel-
opment of novel all-optical modulation techniques along
with the appearance of ultrabroad-band solid state gain
media opened up a new era in femtosecond pulse tech-
nology. More than two decades after the first demon-
stration of picosecond pulse generation in a solid state
laser using a saturable absorberl!l| we have recently
witnessed the emergence and evolution of a new gen-
eration of ultrashort-pulse lasers based exclusively on
solid state components. This paper provides a brief
synopsis of the basic operation principles and the ma-
jor performance limitations of femtosecond solid state
lasers (for a deeper insight and extensive reference lists
the reader is referred to Ref. 2-4), and summarizes
recent technological advances allowing the generation
of nearly bandwidth-limited sub-10-fs optical pulses di-
rectly from laser oscillators.

Although the first picosecond optical pulses were
generated in a solid state (Nd:glass) laser in the mid-
sixties!!]| progress in ultrashort-pulse solid-state laser
technology came to a standstill shortly after the first pi-
oneering experiments. It was the picosecond relaxation
time of the saturable absorbers used for passive mode
locking that prevented researchers from pushing the
pulse duration below the picosecond limit in Nd:glass
(and some other) solid state lasers. Hence interest
shifted to organic dye lasersl® | which, as a result of

their nanosecond upper-state lifetimes, were capable of

actively participating in short pulse formation[®] allow-
ing intracavity pulse shortening down to the femtosec-
ond regime by using “slow” (picosecond)-relaxation-
time absorberst™. In spite of the relatively simple con-
cept of slow-saturable-absorber mode locking, however,
operation of femtosecond dye lasers continued to be a
highly sophisticated art up to the present day, mainly
because of the large number of inaccessible system pa-
rameters and the short-lived dye components. One of
the demands of highest priority for a variety of (poten-
tial) application fields: Reproducibility of femtosecond
laser performance could not be met until the recent de-

velopment of femtosecond solid state systems.
II. Basic considerations

The emergence of a femtosecond solid state laser
technology has been possible by utilizing the intensity-
induced change in the refractive index of a transparent
insulating material (e.g. the laser host crystal), which
essentially instantaneously follows the variation of the
optical field intensity. This ultrafast Kerr-effect can be
transformed into an almost instantaneous- response sat-
urable absorber effect by introducing appropriate linear
optical components into the cavity. The two most suc-
cessful embodiments of this general concept have been
additive-pulse mode locking!®, and self (or Kerr-lens)
mode locking®!. Major pulse shaping effects in these
lasers are self-amplitude modulation (SAM), self-phase
modulation (SPM) and intracavity group delay disper-
sion (GDD). SAM and SPM are characterized by the
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parameters k and @, respectively, while the GDD is the
first derivative of the cavity round-trip time 7. with re-
spect to the optical frequency at the center of the laser
oscillation spectrum. In order to avoid a strong pulse
broadening due to the interaction of a pulse carrying
a positive chirp (as a consequence of ¢ > 0) with nor-
mal dispersion (D > 0) the intracavity GDD must be
negative.

Both additive-pulse and Kerr-lens modulators ex-
hibit SPM coefficients that are much larger than the
corresponding SAM parameters. ¢ > x implies that
steady-state pulse formation is dominated by a soliton-
like interplay between SPM and negative GDD. Hence,
assuming i) a linear variation of 7, (w) as a function of
w, i.e. D(w) = D(wy), over the mode- locked spectrum,
ii) evenly distributed SPM and GDD in the cavity, and
ii1) a sufficiently broadband gain medium, the pulse du-
ration 7 1s expected to approximately obey the well-

known soliton formula

_ 3.53|D|
~ s — ¢)W )

(1)

where W stands for the intracavity pulse energy. The
soliton-like behavior of the steady- state pulse has been
verified in a self-mode-locked (quartz-prism-controlled)
Ti:sapphire laser down to the 10-fs-regime. Further-
more, optimized SAM 1is essential for stabilizing the
pulse against noise and perturbations as well as pre-
venting the emergence of a narrow-band cw back-
ground, which tends to co-exist with the mode-locked
pulse in soliton-like (solitary) systems under non-

optimized conditionst*=10],

ITI. Common experimental arrangements

In femtosecond solid state lasers the pulse dura-
tion can be reduced by decreasing the magnitude of
negative intracavity GDD until one of the assump-
tions or approximations i) -iii) leading to Eq. (3)
fails. The most severe limitation in practical broad-
band solid-state lasers (e.g. Ti:sapphire, Cr:LISAF!2]
Cr:forsteritel!3] having bandwidths of the order of 100
THz) originates from the increasing deviation of 7, (w)
from a linear function as the oscillation spectrum broad-
ens. The lowest-order contribution to this deviation
causes a linear variation of D(w) with frequency and
is referred to as third-order dispersion (TOD). As the
pulse duration is decreased and/or the pulse energy is
increased the separated action of GDD and SPM in-

creasingly modulates the pulse parameters (duration,
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bandwidth) as the pulse circulates in the cavity[?]. This
modulation can be regarded as a periodic perturbation
to the ideal soliton-like pulse and manifests itself in an
additional term AT = a(2)¢W, where a depends on the
position in the cavityl2. Other potential limitations
to pulse shortening are the gain and resonator band-
widths, which, however, have turned out to be insignif-
icant in practical systems so far. For a more detailed
and quantitative analysis of the major effects limiting
the performance of practical systems the reader is re-
ferred to Ref. 4. The considerations presented above
generally apply to both additive-pulse and self mode-
locking. The former is considered the most powerful
technique for ultrashort pulse generation in fiber lasers,
whereas self mode-locking is far superior to any other
techniques if femtosecond pulses from bulk lasers are to
be generated. In what follows we concentrate on self-
mode-locked systems and refer to two recent reviews of
APM fiber laserst!*15],

A. Prism-dispersion-controlled systems

Until recently broadband negative GDD has been
introduced in short-pulse laser oscillators almost exclu-
sively by a pair of Brewster-angled prisms. The layout
of e.g. a prism-controlled self-mode-locked Ti:sapphire
laser is shown in Fig. 1. To obtain the shortest out-
put pulse duration, the circulating pulse is coupled
out of the cavity after traversing the dispersive de-

(216,17]  and the extracavity prism pair allows

lay line
GDD control outside the cavity. Since the prism pair
introduces also high-order dispersion, a careful selec-
tion of the prism material is needed if the pulse du-
ration is to be minimized!?. For Ti:sapphire the op-
timum choice turned out to be fused silica, which, by
minimizing TOD in the cavity allowed the generation
of nearly bandwidth-limited pulses of 11-12fs in dura-
tion around 0.8 um[®2% The spectrum of a 12.3-fs-
pulsel'] (trace (a) in Fig. 2) clearly exhibits a strong
asymmetry as a result of residual negative TOD in the
cavity, which sets a limit to further pulse shortening.

418] predicted a vanishing TOD

Recent investigationsl
in the Ti:sapphire/fused silica laser around 0.85 pm.
As a matter of fact, tuning the laser to this wavelength
extremely broad and yet symmetric mode-locked spec-
tra (Fig. 3) can be generated. A careful evaluation!*
of the spectrum and the corresponding fringe-resolved
autocorrelation (Fig. 3) yields, however, only a minor

improvement in pulse duration because of the strong
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deviation of the evaluated pulse shape from a sechl?
profile. In this context it is important to notice that
the intensity autocorrelation (upper trace in Fig. 3)
shows little sensitivity to this deviation, hence it is in-
appropriate for a reliable and accurate determination

of pulse parameters.
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Figure 1. Schematic of a prism-controlled self-mode-locked
(hard aperture) Ti:S laser. For more details see Ref. 4.
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Figure 2. Spectra obtained with (a) a prism-pair-
compensated, and (b) with a MDC Ti:S laser.
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Figure 3. Measured interferometric and evaluated inten-
sity autocorrelation (left side). Note the disappearance of
the structure in the wings of the intensity autocorrelation.
Mode- locked spectrum of the fused silica prism pair con-
trolled Ti:S laser around 850nm.

Nevertheless, at nearly zero GDD and TOD pulses

(171 In this operat-

as short as 8.7fs were generated
ing regime the uncompensated fourth order dispersion
was identified as the limiting factor for a further pulse

shorteningl?2.
B. Mirror-dispersion-controlled systems

Recently a mnovel technique has been proposed
and demonstrated for intracavity dispersion control.
Broadband, high-reflectivity multilayer dielectric mir-
rors have been developed with their layer period mod-
ulated during the evaporation process. This modula-

tion not only broadens the high-reflectivity bandwidth
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but, more importantly, offers the possibility of engi-
neering the dispersion properties of the mirrors(?3l. As
a first embodiment of this general concept, chirped di-
electric mirrors exhibiting a nearly constant, 1.e. high-
order-dispersion- free; GDD over the wavelength range
720-890 nm (=~ 80 THz) have been fabricated!*. The
wavelength range of these mirrors can be easily shifted
to match the emission spectrum of other lasers by sim-
ply rescaling the layer thicknesses. Using these mir-
rors compact, mirror-dispersion-controlled (MDC) self-
mode-locked oscillators can be constructed, which are
exemplified by the MDC Ti:sapphire laser shown in Fig.
4241 The significantly reduced TOD in this system as
compared to its prism-controlled counterpart is clearly
demonstrated by a symmetric sechl?-shaped spectrum
in the 10-fs-domain (trace (b) in Fig. 2).

OUTPUT M3
M6

M1 VERTICAL
suT

Figure 4. Schematic of the MDC Ti:sapphire laser using
chirped dispersive mirrors for intracavity (M4-M5) and ex-
tracavity (M6-M7) GDD control. M2, M3 are single stack
quarterwave mirrors and OC the output coupler. With M6,
M7 and a wedged compensating plate (CP) the extracavity
GDD can be adjusted.

Corresponding to Eq. 1. the pulse duration is pro-
portional to the GDD. In a MDC laser the net GDD
can be only changed in discrete steps. But mirrors
from different coating runs exhibit a slightly different
GDD. A combination of mirors allow a fine tuning of
the GDD. As revealed by Fig. 5, the optimized MDC
Ti:sapphire laser is capable of producing highly stable,
nearly bandwidth-limited 8-fs-pulses(?5]. This laser was
pumped with the blue green lines of a small frame ar-
gon laser. At 3 W pump power the cw and mode-locked
output power with a 3.3% output coupler is 150-200
mW and 60-100 mW. With the resonator optimized for
Kerr-lens-induced amplitude modulation pulse forma-

tion can be started by tapping one of the cavity mirrors

and the laser stays mode-locked for many hours.
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Figure 5. Single scan, fringe resolved autocorrelation trace
of the output of the MDC Ti:S laser. The dashed line repre-
sents the calculated envelope of an 8.2fs sech? -shaped pulse.
Spectrum of the mode-locked laser (full line) and transmit-
tivity of the dichroic mirrors (dashed line). The ends of the
dashed lines correspond to a transmittivity of 10%.

The fringe-resolved autocorrelation (FRAC) trace
and the spectrum of the mode-locked laser output are
shown in Fig. 5. A sechl’l-fit to the measured FRAC-
trace yields a pulse duration of 7 = 84+0.5 fs (full width
of half maximum, FWHM) and a time-bandwidth prod-
uct of TAv = 0.38 £ 0.03. Although the Fourier trans-
form of the measured spectrum would give a pulse
width of 8.6 fs in the absence of spectral phase modu-
lation, this value is likely to be modified by the spec-
tral response of the monochromator, which is not pre-
cisely known. Even with a constant spectral FWHM,
the calculated minimum pulse width is utterly sensitive
to slight changes in the wings of the spectrum. Regard-
less of the small uncertainty in the pulse width, the high
visibility of the fringes in the wings of the autocorre-
lation trace and the absence of a substructure in the

enevelope provide clear evidence for the high quality
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and the nearly transform-limited nature of the gener-

ated pulses.

A comparison of the mode-locked spectrum with
the transmittivity of the quarterwave dichroic curved
mirors (dashed line of Fig. 5) indicates that the ma-
jor limitation preventing further pulse shortening in the
current system is the finite bandwidth the two curved
mirrors. Because dispersion engineered mirrors can not
be currently produced with a high transmittivity at
the pump wavelength, a replacement of the dichroic
focussing mirrors with broadband chirped mirrors calls
for a new cavity configuration in which the output cou-

pler serves as the input coupler for the pump beam.

The maximum achievable mode-locked bandwith for
conventional prism-pair dispersion compensated fem-
tosecond oscillators is shown in Fig. 6. Whereas in
the wavelength range below 850nm the high order dis-
persion of the prism pair i1s the limiting factor for a
further pulse shortening, over 850 nm the high reflec-
tivity bandwidth of standard dielectric mirrors restricts
the bandwidth. One way to overcome these limitations
is the use of chirped mirrors. Besides the fact, that
chirped mirrors are almost free from high order dis-
persion, they have also an extended bandwidth. The
potential performance limitations of mirror dispersion
controllled lasers in comparison to the conventional

femtosecond lasers are shown in Fig. 7.
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Figure 6. Current state of the art bandwidth-limited pulse
generation from laser oscillators.
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Figure 7.  Potential performance of mirror-dispersion-

controlled and conventional femtosecond lasers.

IV. Reliability and reproducibility

In strong contrast to dye lasers, ultrashort pulse for-
mation in solid-state lasers using Kerr- modulators can
be described and controlled in terms of a few uniquely
defined and experimentally easily accessible parameters
(&, ¢, D, and W). As a result, the reliability of fem-
tosecond solid-state lasers and the reproducibility of
their performance is far superior to those of any pre-
vious femtosecond source. While prism-controlled sys-
tems offer the advantage of continuously tunable intra-
cavity dispersion, mirror-dispersion-controlled oscilla-
tors exhibit a cavity dispersion that is completely in-
dependent of resonator alignment, resulting in an un-
precedented long-term stability and day-to-day repro-

ducibility of femtosecond pulse parameters.
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