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Abstract. The current status of a fiber-based ultrafast tech-
nology is reviewed. Pulse generation techniques capable of
producing femtosecond pulses are discussed. Here we de-
scribe passive and active–passive mode locking techniques
as well as linear and nonlinear fiber amplifiers. Thirty-
femtosecond pulses may be generated directly from fiber
oscillators or by implementing pulse compression techniques.
The use of cladding-pumping and all-fiber chirped-pulse
amplification allows the generation of W-level average pow-
ers from conceptually simple fiber laser systems. Nonlinear
frequency conversion in highly nonlinear crystals allows
a significant extension of the accessible wavelength range.
Electronically phase-locked fiber lasers with unprecedent-
ed timing accuracy may be constructed by exploitation of
the low-noise properties of fiber lasers. In turn, the high
timing accuracy possible with fiber lasers enables the demon-
stration of electronic scanning delay lines for all-electronic
pump-probe experiments.

PACS: 42.60.Da; 42.60.Fc; 42.80

Optical fibers have been viewed as a very attractive medi-
um for the generation and manipulation of ultrafast pulses for
a long time. Notably, the realization of fiber based pulse com-
pression [1], and the prediction [2] and demonstration [3] of
soliton propagation in optical fibers helped to firmly estab-
lish optical fibers in the realm of ultrafast technology [4–6].
However, initially the development of a comprehensive fiber-
based ultrafast technology was not possible due to the lack
of a fiber-based gain medium. Only with the fabrication of
rare-earth-doped fibers [7, 8] have wide-bandwidth fiber gain
media become readily available in a large part of the optical
spectrum, stretching nearly continuously from380 nm[9] to
3.9µm [10]. As part of these efforts, erbium-doped fiber am-
plifiers (EDFAs) have been developed [11, 12] which are now
firmly established in optical telecommunication systems [13]
and are one of the most widely used gain media in current
laser technology.

The high quality and low pump-power requirements of
these wide-bandwidth gain media also sparked efforts to-

wards the construction of short-pulse fiber lasers [14], which
finally resulted in the demonstration of femtosecond passively
mode-locked fiber oscillators by a variety of Kerr-type [15–
18] or semiconductor saturable absorbers [19, 20]. Despite
the fact that with rare-earth-doped fibers a simple solid-state
femtosecond laser finally became a reality, ultrafast technol-
ogy continued to advance mainly around ultrafast bulk solid-
state lasers, such as theTi:sapphire laser, which became avail-
able at nearly the same time [21]. Initially,Ti:sapphire lasers
turned out to be much more versatile in the field of ultrafast
optics compared with fiber lasers due to their compatibility
with a variety of bulk-optics pulse manipulation techniques
and the much higher power levels obtainable. For example,
the high extractable average power levels (> 1 W) and pulse
energies (> 10 nJ) from Ti:sapphire lasers were employed
towards the construction of widely wavelength-tunable ul-
trafast laser systems by way of direct pumping of optical
parametric oscillators [22]. Equally, chirped-pulse amplifica-
tion (CPA) techniques [23] boosted the power levels of high-
repetition-rate compactTi:sapphire amplifiers into the region
of 0.1 TW [24, 25], sufficient to generate X-rays.

However, as industrial applications of ultrafast optics pro-
liferate, the wide distribution of these more conventionally
constructed systems is affected by their limited potential for
integration. Only highly integrated ultrafast lasers can po-
tentially address the needs of industrial systems due to their
reduced footprint, their simplified assembly, and their high
reliability arising from a compact setup. For any such tech-
nology to be widely accepted, it is also imperative that a high
degree of flexibility be preserved, i.e. a large range of ap-
plications should be possible, just as with bulk-optics lasers.
Clearly, fiber lasers are ideally suited in this regard, and due
to the great advancements achieved during the last few years,
a highly integrated, fiber-based ultrafast technology has in-
deed become a reality.

In this paper we will limit our review to recent work on
ultrafast fiber lasers and some of their applications. An early
review of ultrafast fiber lasers can be found in [14] and [26].
In Sect. 1 we discuss some of the fundamental physical lim-
itations of optical fibers. In Sect. 2 we describe recent ad-
vances in low-peak-power fiber-based pulse sources. Sect. 3
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deals with chirped-pulse amplification systems for the con-
struction of high-power fiber laser pulse sources. In Sect. 4
we review some of the recent work on frequency-conversion
techniques. And finally Sect. 5 deals with timing stabilization
techniques.

1 Fundamentals

To preserve a high degree of flexibility, an integrated ultrafast
laser system should offer the potential for generation of high
average power levels as well as high pulse energies. The ex-
tractable pulse energy from a fiber amplifier is governed by
the saturation energy given by

Esat= hνA

σ
, (1)

whereh is the Planck constant,A is the fiber cross-section
and σ is the stimulated emission cross-section. The maxi-
mum usable core diameter for single-mode optical fibers to
date is about17µm [27], whereas for an aluminosilicate fiber,
σ = 4×10−21 cm2 [28], which gives a saturation energy of
about72µJ. Hence the saturation energy of optical fibers is
more than six orders of magnitude larger than possible in
semiconductor lasers. Note that energy levels up160µJ have
indeed been extracted from single-mode fibers with10-ns
seed pulses [27, 29]. When using femtosecond seed pulses in
conjunction with chirped-pulse amplification, energy levels
up to12µJ have been generated [30, 31].

It is also instructive to evaluate the fundamental lim-
itations for the generation of high cw power levels from
fiber lasers. By employing cladding pumping, cw power lev-
els up to10 W have recently been obtained fromNd-doped
fibers [32]. Particularly low power limitations arise when ap-
plying dielectric coatings to the ends of optical fibers. For
example, a typical dielectric coating can sustain cw power
intensities up to5 MW/cm2, which corresponds to a cw pow-
er of only about4 W for a 10-µm-diameter core. A higher
damage threshold is expected when uncoated fiber ends are
employed. Cw mode-lockedNd:YAG lasers producing80-ps
pulses with average power levels up to8 W have indeed been
coupled into uncoated fiber ends [33]. In general, the bulk
breakdown threshold is expected to be at least an order of
magnitude higher than surface breakdown [34]. Thus, even
higher powers can be sustained by using fiber ends that have
been tapered to larger diameters.

The maximum pump power that can be applied to an
optical fiber is also governed by thermal limitations [34].
However, since the absorption per unit length in a double-
clad single-mode fiber can be made very small, typically only
thermal birefringence is a relevant factor in high-power fiber
lasers. Any amount of thermal birefringence can then easi-
ly be compensated for by appropriate bending of the optical
fiber.

More serious power limitations arise from stimulated Ra-
man scattering in optical fibers. The threshold powerPth for
stimulated Raman oscillation in an optical fiber resonator is
reached when the Raman gain exceeds the resonator loss, i.e.

Pth >
A

gr
αr , (2)

where A is the fiber core area,αr is the effective loss coef-
ficient at the Raman wavelength andgr is the Raman gain
coefficient. Assuming a fiber oscillator of100 mlength with
an uncoated fiber end with a reflectivity of4% as the out-
put coupler, we obtain an effective loss coefficient ofαr =
0.016/m. For a core diameter of7µm and a Raman gain co-
efficient gr = 9.2×10−14 m/W at 1.064µm [35], we obtain
Pth= 6.7 W. Higher Raman thresholds could be achieved by
providing for differential loss between the signal and Raman
wavelength.

The threshold for stimulated Brillouin oscillation is given
by

Pth >
A

gB

∆νB

∆νs
αB , (3)

wheregB is the Brillouin gain coefficientgB= 4×10−11 m/W
at 1.064µm [35] and ∆νB/∆νs is the ratio between the
linewidth of the Brillouin gain spectrum and the linewidth
of the spectrum at the signal wavelength. For typical sili-
ca fibers,∆νB = 30 MHz. For a cw resonator with the same
parameters as before and a line width of1 nm, we obtain
Pth= 136 W. Thus stimulated Brillouin scattering is relevant
only in the construction of narrow linewidth lasers.

2 Low-power fiber pulse sources

2.1 Passively mode-locked fiber oscillators

For the generation of the shortest possible pulses from a rela-
tively simple system, passively mode-locked fiber oscillators
are still the lasers of choice. By now, pulses of the order of
100 fshave been obtained from a variety of gain media, such
asNd [15], Yb [36], Er [17], Er/Yb [37], Pr [38] andTm [39].
Early short-pulse oscillators were based on relatively compli-
cated cavities using the all-optical switching action in nonlin-
ear amplifying loop mirrors (NALMs) [15, 17], whereas re-
cent work has concentrated mainly on simpler designs relying
on short-pulse formation induced by nonlinear polarization
evolution [16, 18, 36–39]. Alternatively, very simple short-
pulse oscillators based on semiconductor saturable absorbers
have also been greatly advanced [19, 20, 40, 41].

In nonlinear polarization evolution, a differential excita-
tion of the two polarization eigenmodes of a single-mode
optical fiber is used to produce an intensity-dependent phase
delay between the polarization eigenmodes via the optical
Kerr effect [16]. By an appropriate control of the polarization
state in the fiber and by the insertion of a polarizer into the
cavity, an all-optical switching action is obtained. Such de-
vices can be constructed in both Fabry–Perot [16] and ring
cavities [18] as shown in Fig. 1a,b. Due to the enhanced sen-
sitivity of a standing-wave cavity to intracavity spurious re-
flections [42], the Fabry–Perot cavity typically also requires
a saturable absorber for the initiation of short-pulse forma-
tion [37]. To date the shortest pulses generated from anEr
fiber ring cavity are about80 fs[43]; anNd-fiber Fabry–Perot
cavity has generated pulse widths down to about30 fs[44].

These pulses are close to the bandwidth limit of the re-
spective gain media and can typically only be obtained by
an appropriate use of dispersion compensation in the cav-
ity, either by implementing bulk-optics dispersion compen-



261

Fig. 1. a Typical cavity arrangement for an environmentally stableEr fiber
laser. SA, saturable absorber; P, polarizer;λ/2, λ/4, half-wave and quarter-
wave plates; FR, Faraday rotator; FRM, Faraday rotator mirror.b Typical
cavity arrangement for a stretched-pulse erbium fiber ring laser.−β2, nega-
tive dispersion fiber;+β2, positive dispersion fiber. The isolator ensures
unidirectional operation

sation [15, 16, 36, 44] or fibers with both positive and nega-
tive dispersion [18, 43]. In such oscillators, the intracavity
pulse width is continuously stretched and recompressed by
the large amount of linear dispersion in the cavity. In the
case of bulk-optics dispersion compensation, the term “ad-
ditive pulse compression mode locking” has been used for
this type of laser [15], whereas in the case of all-fiber disper-
sion compensation, the term “stretched pulse additive pulse
mode locking” has been used [18]. Due to the large disper-
sive perturbations of the pulses in such lasers, the pulses can
be strongly chirped inside the resonator (similar to chirped-
pulse amplification [23]), which in turn reduces the peak
power and greatly increases the extractable pulse energy. In
fact, pulse energies up to3 nJhave been extracted from such
lasers [45].looseness1

The advantage of a Fabry–Perot cavity is that it can be
easily upgraded for cladding pumping as shown in Fig. 2 [37].
Passively mode-locked cladding-pumpedEr/Yb fiber lasers
have generated100-fs pulses at average powers up to15 mW
at repetition rates of50 MHz [46]. A typical autocorrelation
trace and the corresponding pulse spectrum of pulses gener-
ated from such a laser are shown in Fig. 3. Cladding-pumped
fiber lasers allow a very high degree of integration. How-
ever, the cavity shown in Fig. 2 may suffer from polarization

Fig. 2. Example of a cladding-pumped femtosecond oscillator based on
Er/Yb fiber

Fig. 3. Autocorrelation (top) and spectrum of≈ 100-fs pulses generated at
a repetition rate of50 MHz from the oscillator shown in Fig. 2

fluctuations, which can be eliminated by resorting to an envi-
ronmentally stable cavity design [47], as shown in Fig. 1a.

As an alternative to passively mode-locked fiber lasers
based on fast all-optical switching, fiber lasers may also be
constructed based on semiconductor saturable absorbers. Par-
ticularly attractive are completely integrated designs. Recent-
ly, stable ultrafast pulse generation has indeed been report-
ed in integratedNd [40], Er [41], andTm [48] fiber lasers.
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Fig. 4. Example of a fully integrated passively mode-lockedNd-fiber laser.
A chirped-fiber Bragg grating (CFBG) is used for dispersion compensation.
The saturable absorber mirror (SAM) is butted directly to a fiber end

These lasers consist just of a piece of fiber, a mirror, and
a butt-coupled saturable absorber. The output can then also
be extracted directly in form of a fiber pigtail by incorpo-
rating a coupler into the cavity [40] or by butt-coupling an
external wavelength division multiplexing (WDM) coupler to
the passive cavity mirror [41]. An example of an integrated
fiber laser is shown in Fig. 4. Due to the lack of an ultrafast
Kerr nonlinearity, the pulses from such lasers are typically
longer compared with polarization-switched lasers. Also, due
to a lack of polarization control in such cavities, polarization
instabilities may arise [40].

Fiber lasers operating in the soliton-supporting dispersion
regime of silica fibers mode-locked by saturable absorbers
closely resemble true soliton lasers, where the pulse width is
given simply by

τ = 3.53β2

γW
, (4)

whereβ2 is the cavity dispersion,W is the pulse energy, and
γ is the nonlinearity parameter of the fiber given byγ =
2πn2/λA andn2 (n2 = 3.2×10−20 m2/W in silica glass) is
the nonlinear refractive index,λ is the laser wavelength, and
A is the fiber core area. The maximum oscillating pulse en-
ergy is then obtained by assuming that a maximum nonlinear
phase delay of aboutπ can be sustained by the cavity before
the laser becomes unstable.

The maximum sustainable pulse energy in a passive-
ly mode-locked soliton fiber laser can be raised by great-
ly increasing the cavity dispersion by the incorporation of
a chirped-fiber grating [49]. Wide-bandwidth highly disper-
sive chirped-fiber Bragg gratings are indeed easily manufac-
turable [50] and can be readily incorporated as one of the
cavity mirrors into a fiber cavity, as shown in Fig. 4. Thus
the dispersionD2 of a cavity of lengthL incorporating just
a few meters of fiber will be completely governed by the dis-
persionD2 of the chirped-fiber grating. The pulse energy then
scales with

√|D2|/L, whereas the pulse width scales with√|D2|. Using this technique, pulses with widths of4 psand
energies up to10 nJhave been obtained directly from fiber
oscillators [51]. Moreover, as chirped-fiber gratings allow the
incorporation of negative amounts of dispersion in the whole
transparency range of silica fibers, in principle compact soli-
ton fiber lasers can be constructed in conjunction with any
rare-earth fiber gain medium, as was recently demonstrated
usingNd as the fiber gain medium [40, 52].

2.2 Passive harmonically mode-locked fiber lasers

Whereas the benefit of fiber lasers mode-locked at the funda-
mental repetition rate lies in maximizing the obtainable pulse
energies while still preserving a simple cavity design, pas-
sive harmonically mode-locked fiber lasers are very useful in
scaling up the obtainable pulse repetition rates.

Passive harmonic mode locking was discovered by Gru-
dinin et al., who observed that once the pump power to
a soliton fiber laser is raised beyond the stability limit, un-
der certain conditions the fiber laser can generate a multiple
of equal-amplitude solitons [53]. The pulses are subject to
a variety of forces due to effects such as spurious reflections,
short-range soliton interactions, continuum-mitigated soliton
interactions, and acousto-optic interactions. It is now widely
believed that particularly long range acousto-optic interaction
can lead to the self-stabilization of a passive harmonically
mode-locked fiber laser [53–55]. The idea is that each soliton
excites an acoustic wave which leads to a long-lived refractive
index perturbationδn(t) in the fiber. The time-varying index
perturbation leads in turn to a frequency perturbation and an
effective repulsive force between two subsequent solitons.

A particularly stable operation of these lasers is possible
when the pulse separation in the soliton pulse train corre-
sponds to a resonance frequency of the acoustic waves, which
is typically around500 MHz [54]. However, as the induced
refractive index perturbations are very small (even in res-
onance the index perturbation is only of the order of10−7

to 10−8) and are subject to acoustic resonances of the fiber,
the pulse repetition rates obtainable from passive harmonic
mode locking are quite unpredictable and sensitive to cavi-
ty perturbations [55]. Further, spurious cavity reflections can
prevent the laser from operating in a passive harmonically
mode-locked regime.

Recently Grudinin et al. suggested [56] that a similar
long-range repulsive force can be obtained from phase effects
in saturable absorbers; i.e. the decay of the free carriers in the
absorber excited by an optical pulse leads to a phase modu-
lation, which leads to pulse repulsion in negative dispersion
fiber. From the carrier dynamics in the saturable absorber, the
frequency modulationδω induced by the saturable absorber is
calculated as

δω=−ωd

cτc
δn exp

(−t

τc

)
, (5)

whered is the thickness of the saturable absorber,τc is the
carrier lifetime, andδn is the peak refractive index change
induced by the optical pulse.

Passive harmonic mode locking is compatible with both
cladding pumping [57] and integrated cavity designs [58, 59].
In fact, an integrated fiber laser has recently produced repe-
tition rates up to2.5 GHz by using passive harmonic mode
locking [59]. A cladding-pumped version of a passive har-
monically mode-locked fiber laser has produced a pulse jitter
of 50 psat repetition rates around100 MHz [57]. In an in-
tegrated system operating at repetition rates of2.5 GHz, the
pulse jitter could recently be reduced to as low as1 ps in
a 1-kHz bandwidth [59], though at present it is not clear
whether acousto-optic interactions or the saturable absorber
were responsible for the low pulse jitter.

2.3 Active–passive mode locking

Another way to obtain high-repetition-rate femtosecond puls-
es is to incorporate active–passive mode locking, a technique
that has advanced significantly during the last few years.
Active–passive mode locking schemes rely on soliton pulse-
shaping in actively mode-locked lasers [60–62]. In the pres-
ence of large amounts of negative dispersion, a short soliton
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pulse can be sustained, whereas the accompanying dispersive
wave is spread dispersively in time sufficiently quickly to be
suppressed by the active mode locker [63]. This concept has
also been extended to mode locking with semiconductor sat-
urable absorbers [64]. It was shown by Kärtner et al. [63] that
in the presence of large amounts of negative dispersion, the
obtainable pulse width can be decreased by a factorR be-
low the value given by the standard Kuizenga and Siegmann
theory [65], in which

R≤ 1.37

√
β2L

g/Ω2
g
, (6)

whereβ2 is the fiber dispersion,L is the cavity length,g is
the steady-state gain, andΩg is the gain bandwidth. Typically,
pulse widths of the order of1 pscan be obtained at repeti-
tion rates of20 GHz [66, 67], pulses as short as630 fswere
recently obtained at a repetition rate of5 GHz[68].

Note, however, that these high-repetition rates can only
be obtained by implementing harmonic mode locking. Due to
the long relaxation times of fiber lasers, the laser will only
saturate with respect to the average laser power and not in-
dividual pulses [69]. Thus, harmonically mode-locked lasers
can suffer considerable pulse-to-pulse instabilities and the
presence of supermodes in the radio frequency RF spectrum,
which result in sidebands at the fundamental cavity round-trip
time.

A large degree of supermode suppression was achieved by
implementing mechanisms which can limit the pulse energy
of individual pulses in the generated pulse train. Here either
the incorporation of nonlinear polarization evolution [67, 69]
or the use of an intracavity filter [66] were shown to provide
an all-optical pulse-limiting mechanism. Note that strong all-
optical limiting mechanisms were also observed in passive-
ly mode-locked and passive harmonically mode-locked fiber
lasers [57].

2.4 Femtosecond pulse sources based on compression
schemes

Perhaps one of the biggest attractions of optical fibers is the
relative ease with which pulse compression techniques can
be applied towards the construction of ultrafast pulse sources.
Pulse compression techniques allow the pulse-width limita-
tions set by the gain bandwidth of fiber laser oscillators to
be overcome. Indeed, recently pulses as short as4.9 fs have
been obtained from a fiber compressor in conjunction with
a femtosecondTi:sapphire laser [70].

We can distinguish between compression schemes oper-
ating in the positive, zero, and negative dispersion regimes.
Pulse compressors operating with positive dispersion fiber re-
ly on the interplay of self-phase modulation and dispersion
to broaden the bandwidth of the optical pulses and to create
a linear pulse chirp, which can then be recompressed using
bulk-optics dispersive delay lines [1, 33, 71]. Recently the
availability of fiber gratings has allowed the construction of
all-fiber varieties of such systems by implementing chirped-
fiber Bragg gratings as all-fiber dispersive delay lines [72,
73]. Single-stage compression factors of the order of 10 with
more than80% of the pulse energy in a compressed200-fs
pulse have been demonstrated [72]. Particularly, high-quality

pulses can be expected by implementing positive dispersion
fibers with gain in the spectral-broadening stage [74].

Fibers with nearly zero dispersion for pulse compres-
sion have been used widely to provide ultra-wide-bandwidth
‘continuum’ optical sources in optical fibers. The quasi-
continuum can extend up to200 nm in wavelength and is
formed by an interplay of self-phase and cross-phase mod-
ulation as well as four-wave mixing and stimulated Raman
scattering [75–77]. Note that previously very broad band-
width sources had also been generated using multiple Ra-
man soliton formation in optical fibers [78]; however, only
the use of near-zero dispersion fibers has produced a broad-
band source with a high degree of symmetry with respect to
the pump wavelength. Quasi-continuum sources can be read-
ily diode-pumped and allow the generation of femtosecond
pulses simultaneously at different wavelengths by implement-
ing simple frequency filtering [77]. Successful applications of
these sources in high-density WDM applications in telecom-
munications have also been demonstrated [79].

In the negative dispersion regime, higher-order soliton
formation [80], Raman-soliton formation [80–82], and adia-
batic soliton compression [83] have all been used to com-
press pulses in erbium-doped fiber amplifiers. Pulse widths
as short as30 fs have been obtained from a combination of
Raman-soliton formation and higher-order soliton compres-
sion [84]. This design has the advantage that no external dis-
persive delay lines are required. Further, erbium-doped nega-
tive dispersion fiber amplifiers can be used for Raman-soliton
generation, which allows for simultaneous amplification and
compression. Richardson et al. have demonstrated the gener-
ation of pedestal-free90-fs Raman soliton pulses with a pulse
energy of2 nJat repetition rates of a few megahertz, where
a compression factor of 6 was obtained [82].

In adiabatic soliton compression [85], the soliton is adi-
abatically amplified along the fiber so as to prevent the for-
mation of a pedestal that typically forms when using Raman
soliton and higher-order soliton compression. Alternatively,
adiabatic soliton compression can be obtained by using fibers
with decreasing dispersion and core area, since for a con-
stant pulse energy the soliton pulse width is proportional to
the product of fiber dispersion and core area. It can be shown
by a transformation of the nonlinear Schrödinger equation
that these cases are indeed equivalent [85]. Recently, adia-
batic soliton compression was obtained by using amplifier
fibers with dispersion-decreasing fiber [86]. For the adiabatic-
ity condition to be fulfilled, the breakup of the fundamental
N = 1 soliton has to be prevented. Thus the gain and the
variation in fiber parameters per soliton period should be� 1.

The implementation of adiabatic soliton compression in
erbium-doped dispersion-decreasing fiber has allowed the
construction of wide-bandwidth gigahertz pulse sources for
WDM applications [87, 88]. Compared with the supercontin-
uum sources, the spectral power density as well as the pulse
quality can be greatly improved, albeit with a significantly
smaller extent of the spectrum.

Adiabatic fiber compression and pulse-shaping tech-
niques allow a whole range of different ultra-short-pulse
sources to be made. In particular, the output from a single cw
laser source can be phase- [89] or amplitude-modulated [90,
91] and then nonlinearly compressed to a high-quality pulse
train at frequencies up to six times the modulation frequency
by optically filtering out the higher-order sidebands from the
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modulated signal [89]. Indeed, it was demonstrated that such
pulse sources are useful for high-density time-division mul-
tiplexing application in telecommunication. Equally, pulse
trains with repetition rates of several hundred gigahertz can
be generated using the sinusoidal beat signal generated by
two cw lasers with a close frequency separation for seeding
an adiabatic pulse compressor [92–94]. The use of two sep-
arate lasers has not seen much further development due to
the inherent jitter problems of such sources arising from the
large-frequency bandwidths of the cw lasers.

More generally, nonlinear fiber compression techniques
also allow the use of simple gain-switched diodes for the
generation of femtosecond pulses [95]. Pulses shorter than
200 fshave been obtained from such a system [96]. Due to
the inherent limited pulse quality of gain-switched diodes,
rather complex multiple compression stages may be required,
however.

2.5 Other pulse sources

For completeness we mention briefly a few other advances in
low-power ultrafast fiber laser sources that have not yet found
wide application. A phase-insensitive passive additive pulse
mode-locked (APM) laser using a coupled-fiber laser cavity
with three fiber gratings was recently demonstrated. Here the
APM laser sets its own phase for optimum mode locking by
way of passive selection of the oscillating wavelength [97].

Sliding-frequency soliton fiber lasers have been demon-
strated, where cw oscillation is inhibited by suppression of
longitudinal cavity modes by the incorporation of a continuous-
frequency shifter into the cavity [98, 99]. Due to the ability
of soliton pulses to follow small-frequency perturbations,
a soliton train may still be trapped in the presence of an op-
tical filter, whereas cw lasing is suppressed. Indeed, soliton
pulses at repetition rates of several gigahertz have so been
generated. All-fiber sliding-frequency sources of ultrashort
pulses have also been constructed using all-fiber frequency
modulators [100, 101].

Further progress has been reported in short-pulse sources
based on frequency-swept semiconductor lasers. This tech-
nique sweeps the oscillation frequency of a distributed Bragg
reflector DBR [102] or a twin-guide laser [103] electronically
across a wavelength range of up to10 nm in a subnanosec-
ond or nanosecond time period. The frequency chirp of these
long pulses can be linearly compensated in a long-length
fiber [102] or in a fiber grating [104]. Advantages of this
technique include the possibility of external triggering, high
repetition rates (up to0.5 GHzhas been demonstrated [103]),
and low timing jitter (less than100 fs [103]). The use of
higher-order soliton compression has also allowed the genera-
tion of pulses as short as230 fs[102]. Using adiabatic soliton
compression,540-fs-duration pulses with low pedestal have
been achieved [105].

Finally, advances have also been reported in the gener-
ation and detection of dark-soliton pulse trains. In one ex-
periment, positive-dispersion-decreasing fiber has been used
to generate dark soliton pulses at100-GHz repetition rates
from the sinusoidal beat signal of two single-frequency dis-
tributed feedback DFB lasers [106, 107]. In another experi-
ment grey optical solitons have been generated in an optically
mode-locked fiber laser [108]. A method for generating and

detecting dark solitons compatible with standard data genera-
tion techniques in optical communications has been described
by Nakazawa et al. [109]. Here, dark pulses are generated by
direct modulation of a single-frequency laser. At the detec-
tion end, an interferometric combination of the pulse train
with a one-bit shifted replica of itself creates an inverted
non return-to-zero NRZ format carrying the information from
the dark solitons. Nakazawa et al. have also demonstrated
the application of dark solitons in long-distance communica-
tion [110]. Clearly, whereas dark solitons have been proven to
be a viable alternative to bright pulses in the field of telecom-
munications, dark pulses play no role in the application of
ultrashort pulses discussed in the following chapters.

3 Fiber-based chirped-pulse amplification systems

The general problem encountered when directly amplifying
ultrashort optical pulses is that unacceptably high peak in-
tensities are easily reached at pulse energies well below the
maximum attainable energies, as determined by the saturation
fluence value and the energy storage capacity of a particu-
lar gain medium. High peak intensities are associated with
nonlinear pulse-shape distortions and optical damage of the
components. One way to alleviate the problem is to expand
the transverse dimensions of the propagating beam, the gain
medium, and all the optical components in order to reduce
the peak intensities. Unfortunately, this leads to an unac-
ceptable dramatic increase in the size of the laser system,
limiting the practicality of this approach. Chirped-pulse am-
plification (CPA) is a more elegant and practical solution to
the problem of amplifying ultrashort pulses [23]. By virtue of
their large spectral bandwidth, ultrashort pulses can be sub-
stantially stretched in length rather than in the transversal
spatial dimension, thus reducing the peak intensities to ac-
ceptable levels. For solid-state lasers the implementation of
CPA has led to the development of tabletop TW peak-power
systems [24, 25, 111].

CPA is essential for the amplification of ultrashort opti-
cal pulses in a fiber gain medium due to its small transversal
dimensions and long propagation lengths. Direct amplifica-
tion of undistorted femtosecond pulses is not possible for
pulse energies above the∼ 1-nJ level [80, 112], while the en-
ergy extraction potentials of a fiber amplifier are substantially
higher than this, allowing for maximum pulse energies in the
100-µJ range [27]. Considering that femtosecond fiber oscil-
lators can only produce pulse energies up to the nanojoule
level, the importance of CPA for bridging this energy gap is
obvious.

The particular feature of using CPA in conjunction with
fiber technology is that the compact size typical of fiber am-
plifiers necessitates the development of compact alternatives
to diffraction grating–based dispersive delay lines (DDL), tra-
ditionally used for pulse stretching and recompression. The
task is greatly facilitated by the fact that the pulse ener-
gies specific to fiber amplifiers can be substantially smaller
than those from solid-state CPA systems [23–25, 111]. Use
of chirped in-fiber gratings as DDLs is one such solution
suitable for a certain energy range [113]. The essential advan-
tage of fiber gratings is that they are ideally compatible with
fiber amplifier technology in terms of manufacturability, size,
cost, and robustness. At present, however, the conventional
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diffraction-grating DDLs are still a necessity for reaching the
highest pulse energies from a fiber CPA system at approxi-
mately the microjoule level and above.

The clear-cut technological advantage of fiber-grating
DDLs is the basis for differentiating the variety of fiber CPA
designs into two main types: high-average-power fiber CPA
and high-pulse-energy fiber CPA. The former type of fiber
CPA systems rely on fiber-grating DDLs with relatively low
output pulse energies in the 10- to100-nJrange, and high rep-
etition rates and high average output powers are characteristic
for this type of design. In contrast, the use of diffraction-
grating DDLs can be justified only by the need to reach the
highest output pulse energies, which in general implies low
pulse repetition rates and, consequently, lower average out-
put powers. Furthermore, the distinction between these two
types of fiber amplifiers include substantial differences in the
geometry and design of amplifier fibers and in the pumping
schemes.

3.1 High-pulse-energy systems

Obviously, the main criterion for choosing the amplifier fiber
design parameters for this type of CPA system is to maxi-
mize the energy of the amplified and recompressed ultrashort
pulses. There are two principal limitations. First, the maxi-
mum extractable pulse energy is determined by the saturation
fluence. Also, the efficiency of energy extraction is affected
by gain saturation through amplified spontaneous emission
(ASE). Second, it is necessary to avoid significant phase dis-
tortions through nonlinear effects in the amplifier fiber in
order to prevent the degradation of the recompressed pulse
quality and duration.

Considering that the saturation fluence is linearly propor-
tional to the signal mode size (1), it is obviously advantageous
to increase the core size of the amplifier fiber. In addition, it
has been suggested by Nilsson and Jaskorzynska [114] that
increasing the mode size and dopant profile radius might re-
duce gain saturation due to ASE. Also, increasing the mode
size effectively reduces distortions of the pulse phase∆ϕ in-
duced by self–phase modulation, which is proportional to the
square of the peak intensityI : ∆ϕ ∝ L I 2. The latter equation
also indicates that the effective propagation lengthL needs
to be minimized, which makes fibers with maximum dopant
concentrations a preferred option for high-energy CPA sys-
tems. In general, undistorted femtosecond pulse amplification
requires peak nonlinear phase shifts of less than∼ π [115].

For maintaining a single transverse mode in an optical
fiber, an increase in the core size has to be accompanied
by an appropriate reduction of the fiber numerical aperture
(NA) [116]. However, a reduction of theNA is associated
with an increase in fiber bend losses, which ultimately limits
the maximum mode size. With all this taken into account,Er-
doped fibers optimized for high-energy operation have been
designed and fabricated [117]. The obtained core diameters
are12–17µm with the fiberNA ranging from 0.06 to 0.08,
resulting in transversal mode areas up to230µm2. This rep-
resents a near-tenfold increase compared with the25–50µm2

mode areas of standardEr fibers, which are optimized for
maximum small-signal gain.

The saturation fluence for suchEr-doped large-core fibers
yields saturation energies of∼ 72µJ. Indeed, Taverner et

Fig. 5a,b. Basic layouts of high-pulse energy fiber CPA systems:a is the
traditional CPA scheme with a mode-locked femtosecond source;b is the
CPA scheme with a fast frequency-swept laser diode source

al. [27] have demonstrated160µJ produced by long-pulse
(∼ 10 ns) amplification in these large-core fibers. Unfortu-
nately, the stretched-pulse phase distortions caused by self–
phase modulation appears to be the main energy-limiting
factor for a femtosecond CPA system. At present the pulse
energies from large-coreEr-fiber CPA systems are approxi-
mately an order of magnitude lower than the long-pulse am-
plification result [117]. Further increases of the energy from
a CPA system require substantially longer stretched pulses
than those currently available with conventional diffraction-
grating DDLs.

The basic layouts of high-pulse-energy fiber CPA sys-
tems are shown in Figs. 5a,b. The essential difference here
is that different types of oscillators are used. Figure 5a rep-
resents a conventional CPA scheme with a femtosecond
oscillator, a Martinez-type [118] diffraction-grating stretch-
er, and a Treacy-type [119] diffraction-grating compressor.
To minimize the size of the diffraction-grating DDL for
an Er-fiber CPA system operating at∼ 1550 nm and to
maximize the stretched-pulse duration, holographic gratings
with 1200lines/mm should be used. Typically, the energy-
transmission of such a Treacy-type pulse compressor is about
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60–75%. Figure 5b shows a hybrid scheme with a frequency-
swept laser diode source [30]. The latter technique produces
linearly chirped and broad-bandwidth pulses directly from
a diode laser. The chirp duration and spectral width are de-
termined by the electronic control circuits of the laser driver.
There are two advantages to this CPA scheme. First, pulses
can be externally triggered at any arbitrary repetition rate up
to∼ 1 GHz. Second, no pulse stretcher is required, which in-
creases the compactness of the system. However, at present
only ∼ 10 nm spectral bandwidth is available from such
a diode, which essentially limits the output pulse duration to
the picosecond range. Note that although picosecond pulses
are also obtainable with gain-switched laser diodes, the lim-
ited bandwidth of gain-switched pulses (typically at∼ 1 nm)
poses a serious problem for the recompression of such pulses
with a diffraction-grating DDL.

Despite the differences in the oscillator and stretcher/
compressor configurations, the design of the fiber amplifier
itself can be identical for both systems. Considering that the
seed-pulse energies are typically in the tens of picojoule range
and that the maximum output pulse energies are in the tens
of microjoule range, an energy gain of∼ 60 dB is required.
For Er-doped fibers it is impractical to expect such a high
gain from a single amplification stage. Two or three amplifi-
cation stages are typical forEr-doped fiber CPA systems. For
minimizing the nonlinear phase distortions, the last amplifica-
tion stage is usually constructed using a short1–2 m length
of highly doped (up to4000 ppmof Er) large-core fiber. At
present, the demonstrated high-energy fiber CPA systems are
in-core pumped, and therefore require up to 1W of pump
power at980 nmfrom a single-mode master-oscillator power-
amplifier laser diode (MOPA).

The use of acousto-optic modulators (AOM) as optical
gates in multistage fiber-amplifier configurations is deter-
mined by two main reasons. First, it is necessary to pre-
vent cross-saturation of the amplifier gain caused by cross-
coupling of ASE between the different stages. Second, in
order to maximize the pulse energies from the final amplifica-
tion stages, it is necessary to reduce the pulse repetition rate.
Typically, the pulse energies obtained fromEr-doped fiber
amplifiers are constant up to repetition rates of5 to 10 kHz.
This is indicated in the dependence of the measured pulse en-
ergy on repetition rate as shown in Fig. 6. The demonstrated
highest pulse energy from a fiber CPA system is14µJ [117].

Fig. 6. Amplified pulse energy dependence on repetition rate from a high-
energyEr-fiber CPA system

The pulse durations of the recompressed pulses are deter-
mined by the spectral bandwidth of the amplifiedµJ pulses.
Due to substantial gain narrowing at60 dBof total gain, in sil-
ica Er fibers typical recompressed pulse widths are∼ 500 fs.
Pulses shorter than300 fs have also been reached by im-
plementing spectral manipulation techniques similar to those
used in solid-state CPA systems [120, 121].

Finally, by resorting to multi-mode fibers, a substan-
tial increase in the extracted pulse energy can be achieved.
Desthieux et al. [29] reported0.4 mJenergy extraction from
a multimodeEr-doped amplifier in10-ns-long pulses. How-
ever, the requirement for high spatial and temporal coherence,
which is usually associated with generating femtosecond op-
tical pulses, limits the usefulness of this approach for a fem-
tosecond CPA system. Nevertheless, it may still be acceptable
for picosecond pulses, as was demonstrated recently. After re-
compression more than100µJ of pulse energy with picosec-
ond pulse durations has been obtained using a30-µm-core
multi-modeEr-fiber amplifier in the last stage [122].

3.2 High-average-power systems

The standard method of in-core pumping requires high-
brightness pump sources such as single-transverse-mode laser
diodes. However, the use of high-brightness laser diodes pos-
es two essential limitations. The attainable pump powers from
these sources are fundamentally limited by the maximum
allowable peak intensities at the output facet of a semicon-
ductor device. Commercially available laser diode MOPAs
currently can produce up to∼ 1 W of power, which is close
to the estimated technological limit. Also, the high cost of
high-brightness diodes currently limits their use with fiber
devices.

On the other hand, low-brightness diodes, such as broad-
stripe single diodes and diode arrays can provide any required
pump power in the10- to 100-W range at low cost. By use of
double-clad fiber structures [123], efficient and simple bright-
ness conversion from high-power large-area multimode laser
diode pump sources into a single diffraction-limited fiber
mode can be obtained. In fact, commercial systems delivering
up to 8 W of power from such sources have recently become
available. Additional advantages are offered by the flexibil-
ity of different pump-coupling schemes. For example, Ripin
and Goldberg [124] recently reported V-groove–assisted side
pumping of a double-clad fiber, which demonstrates the po-
tential for multiplexing several pump diodes in order to obtain
high pump powers coupled into a double-clad structure.

A unique feature of high-power, fiber-based systems is the
use of compact fiber grating based DDLs for pulse stretching
and compression. Hence, a fiber CPA design is very different
from a solid-state CPA system. One unique difference is the
substantially reduced size and increased robustness of a fiber
CPA system. The maximum durationτ of the stretched pulse
is directly determined by the maximum round-trip delay in
a chirped-fiber grating:τ = 2L/νg. Hereνg is the group ve-
locity of light in the fiber structure andL is the grating length.
For silica-glass fiber this yields∼ 100 ps/cm of delay per
chirped-fiber-grating length. Current technology can produce
chirped fiber gratings with lengths over10 cm (gratings of
1 m length have even been fabricated [125]), corresponding to
over1 nsof delay. In contrast, with conventional diffraction-
grating DDLs this delay could be achieved with a grating
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separation of∼ 0.5 to 1 m. Note that the bandwidth of a fiber
grating is solely determined by the maximum span of the grat-
ing pitch variation, and can be arbitrarily tailored according
to specific needs in the range from1 to over100 nm. This is
more than sufficient for the application of such gratings to the
stretching and recompression of femtosecond optical pulses.

Another unique feature is that opposite propagation direc-
tions in a single chirped Bragg grating can be used for stretch-
ing and recompression of ultrashort optical pulses. Ultrashort
pulses incident from opposite directions into a chirped-fiber
Bragg grating will acquire opposite signs of the frequency
chirp. An initial pulse is recompressed back if the ampli-
fied stretched pulse is reflected from the other end of the
grating. The advantage here is that the effect of longitudi-
nal irregularities is canceled out and the phase characteristics
of fiber-grating DDLs are completely reciprocal for opposite
propagation directions. The phase reciprocity no longer holds
at high peak intensities of amplified and recompressed puls-
es when nonlinear effects cause additional phase distortions.
This can lead to either a degradation or an improvement of the
compressed pulse shape and duration. However, because the
effective propagation length of the recompressed high peak
power pulses is only millimeters or centimeters in a chirped-
fiber grating, any nonlinear distortions of the compressed
pulses are expected at significantly higher energies compared
with the amplification of unstretched pulses in optical fibers.
Indeed, numerical simulations and experimental studies re-
vealed that recompressed femtosecond pulses with energies
as high as hundreds of nanojoules are accessible [126].

In a germanosilicate fiber a Bragg grating can be formed
in the core via a light-induced periodic refractive-index
change. Using photosensitivity-enhancing techniques grat-
ings can be written in any germanosilicate fiber, including
standard telecommunications fibers [50, 127]. Fiber gratings
can be directly patterned from the side of a fiber with ul-
traviolet light using interferometric [128] or phase-mask
techniques [129]. The latter method is more attractive due to
its similarity to conventional lithographic techniques used in
mass-producing semiconductor integrated circuits.

Fig. 7. Example of a high-power CPA system with a reciprocal fiber-grating
dispersive-delay line

Fig. 8. The power characteristics of a double-cladEr/Yb fiber pumped with
10 W at 980 nm

One example of a high-power chirped-pulse amplification
system is shown in Fig. 7 [130]. In this system both the os-
cillator and the power amplifier were cladding-pumped with
broad-area laser diodes. The mode-locked cladding-pumped
Er/Yb fiber oscillator [37] produced∼ 200-fs bandwidth-
limited pulses at a repetition rate of18 MHz. The amplifier
system consisted of a standardEr-only-doped single-mode
preamplifier and a double-cladEr/Yb power amplifier. With
aberration-corrected optics up to10 W of pump power was
delivered into the double-clad power amplifier. The amplifi-
er was arranged in a double-pass configuration. The power
characteristics of the double-cladEr/Yb fiber are shown in
Fig. 8. The measurement in a laser configuration was obtained
by using a right-angle cleaved uncoated fiber end for output
coupling. The maximum output power for laser operation was
1.7 W. The maximum output power for the amplifier config-
uration with20-mW signal input from the preamplifier was
1 W.

Pulse stretching and recompression for chirped-pulse am-
plification was accomplished with a single10-cm-long grat-
ing with a bandwidth of18 nm. Such long gratings provide
∼ 1 ns-duration stretched pulses, which are sufficient to elim-
inate nonlinear interactions in a fiber amplifier even at pulse
energies of∼ 1 J. The use of a single grating ensures the
reciprocity of the pulse stretching and recompression stages
and the generation of near-transform-limited310-fs pulses
at the output of the system (Fig. 9). Any additional nega-
tive group-velocity dispersion due to fibers in the path of the

Fig. 9. Measured and calculated autocorrelation traces of310-fs amplified
and recompressed pulses from a1 W fiber amplifier
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stretched pulses is compensated for by a proper length of
positive-dispersion fiber. Note the dashed-line trace in Fig. 9,
which corresponds to a calculated transform-limited autocor-
relation trace of the recompressed spectrum shown in the
insert. It indicates the remarkable reciprocity of this stretch-
ing/compression scheme. After recompression up to600 mW
of power was extractable from this system.

4 Frequency conversion

The existing fiber gain media, suitable for mode-locked
femtosecond sources, are available for certain wavelengths
only within the 1- to 2-µm spectral range. For example,
femtosecond fiber oscillators have been demonstrated at
∼ 1064 nm [15] (Nd-doped silica glass),∼ 1300 nm [38]
(Pr-doped fluoride glass),∼ 1550 nm [17, 37] (Er-doped
or Er/Yb-doped silica glass), and∼ 1850 nm [39] (Tm-
doped silica glass). Furthermore, all these gain media possess
a limited-gain bandwidth, allowing only for narrow wave-
length tuning bands (typically tens of nanometers wide). The
extension of the available wavelengths beyond this spectral
range (towards both longer and shorter wavelengths) is fun-
damentally impeded not only by the limited choice of the
currently available rare-earth doped fibers but also by issues
related to dispersion management within a fiber laser cavity.

This section describes the use of different nonlinear fre-
quency conversion techniques for extending the spectral
range, accessible with fiber-based femtosecond systems, and
for achieving wide wavelength tunability.

4.1 Second-harmonic generation using femtosecond fiber
oscillators

Second-harmonic generation (SHG) is a straightforward
method to generate short-wavelength femtosecond pulses
using a fiber laser. The key limitation here is that typical pulse
energies from a fiber laser are relatively low, which implies
a limited SHG conversion efficiency. Therefore, a careful
choice of appropriate nonlinear optical materials is essential
for maximizing the SH pulse energies.

A comparative analysis of various nonlinear materials
for femtosecond-pulse SHG at1550 nmhas been performed
by Arbore et al. [131]. The conversion efficiencyη for the
focussed-beam SHG in the undepleted pump limit is propor-
tional to [132]

η

Pλ
∝ d2

eff L

nλnλ/2
, (7)

wheredeff is the effective material nonlinear coefficient,L
is the interaction length,Pλ is the peak fundamental power,
andnλ andnλ/2 are the refractive indices at the fundamental
and second-harmonic wavelengths, respectively. The maxi-
mum interaction length for generating undistorted SH ultra-
short pulses is limited by group velocity walk-off between the
fundamental and second-harmonic pulses,Lwalk-off ∝∆n−1

g .
Here∆ng = |ng,λ/2−ng,λ| is the group velocity mismatch
between the fundamental and second harmonic. This gives
a material figure of merit (FOM) for noncritically phase-

Table 1.

Material Phase matching FOM Efficiency

PPLN Noncritical 710 pm2/V2 95 %/nJ
PPLT Noncritical 320 pm2/V2 43 %/nJ
LBO Noncritical 42 pm2/V2 6 %/nJ
KTP Critical 20 pm2/V2 1.5%/nJ∗
BBO Critical 340 pm2/V2 6 %/nJ∗
LiIO3 Critical 12 pm2/V2 0.6%/nJ∗

∗ 100 fspulse assumed, spatial walk-off included

matched SHG of ultrashort pulses as

FOM= d2
eff

n2∆ng
. (8)

Note that for critically phase-matched SHG the interaction
length can be limited by spatial beam walk-off rather than by
temporal pulse walk-off, which has to be taken into account
when calculating maximum conversion efficiencies.

Table 1 summarizes the suitability of various nonlinear
materials for ultra-short-pulse SHG at1550 nm. At the top
of the list are quasi-phase-matched (QPM) materials, such
as periodically poled lithium niobate (PPLN) [133] and lithi-
um tantalate (PPLT) [134], which are one order of mag-
nitude more efficient for ultra-short-pulse SHG compared
with conventional birefringence phase-matched materials. It
is a somewhat unexpected result, because QPM interaction
is not phase velocity–matched, and in general, the group ve-
locity mismatch is larger than in phase-matched interactions.
These exceptionally high efficiencies are obtained through the
use of the larged33 nonlinear tensor elements of lithium nio-
bate or lithium, which can be utilized for SHG only through
the use of QPM. The difference between the magnitude of
the nonlinearity in QPM and in conventional materials is so
large that it outweighs the reduced interaction length due to
the larger temporal walk-off.

In practice the high FOM of PPLN allows to achieve high
10–50% conversion efficiency for fundamental pulse ener-
gies in the100 pJto 3 nJrange, typical for femtosecond fiber
oscillators. One example of an experimentally measured con-
version efficiency as a function of average fundamental power

Fig. 10. Second-harmonic conversion efficiency of femtosecond fiber laser
output using PPLN crystal
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in a PPLN crystal is shown in Fig. 10 [131]. The 18.75-m
QPM period in a z-cut wafer of a congruent lithium nio-
bate was produced by electric field poling [135]. AnEr-fiber
soliton oscillator was generating230 fs sech2-shaped puls-
es with pulse energies up to420 pJat a repetition rate of
88 MHz. With 37 mW of internal pump power at1.55µm
up to 8.1 mW of SH power was generated inside the crys-
tal. Note that each of the uncoated input and output facets of
the PPLN sample have∼ 14% reflectivity losses for the pump
and generated frequency-doubled light.

Spectra and autocorrelation traces of the fundamental and
SH pulses are shown in Fig. 11a,b. The fundamental pulse
spectrum had characteristic secondary peaks indicating the
presence of a pedestal, as also seen on the autocorrelation
trace (shown on a log scale). However, the high quality of the
output SH pulses is indicated by the absence of this pedestal
in the second-harmonic pulse spectrum and autocorrelation
trace. The second-harmonic pulse duration was190 fs with
a time–bandwidth product of0.44. Modelling of the spectrum
and the autocorrelation of the frequency-doubled pulses using
the nonstationary-SHG theory [136] revealed that the pulse
shape was transformed from sech2 to approximately Gaussian
due to non-negligible group velocity walk-off. The observed
value of the small-signal conversion of85%/nJ is close to the
predicted value of95%/nJ[131], thus confirming the expect-
ed high SHG conversion efficiency for typical pulse energies
from anEr-doped femtosecond fiber oscillator.

Note that similar conversion efficiencies can also be ob-
tained with shorter femtosecond pulses. The bandwidth for
second-harmonic generation (due to group velocity walk-

Fig. 11a,b. Spectra and autocorrelation traces of (a) the fundamental and
(b) the second-harmonic pulses

off) for PPLN scales linearly with the length of the crys-
tal with a coefficient∼ 12.6 nm/mm; also, the peak power
of a pulse scales linearly with pulse duration. For example,
with a 400-µm-long PPLN sample (30-nm bandwidth)80-fs
second-harmonic pulses were obtained with comparable con-
version efficiencies.

The above results can be compared with frequency
doubling of fiber-laser pulses in conventional birefringence-
matched nonlinear crystals. Nelson et al. [45] reported a max-
imum conversion efficiency of∼ 10% achieved in a BBO
crystal using3-nJpulses at1.55µm, which at present repre-
sent the highest pulse energies directly from a femtosecond
fiber oscillator. For more typical energies below∼ 1 nJ, this
BBO doubler would yield unacceptably low conversion ef-
ficiencies. On the other hand, with this pump source and
a 300-µm long PPLN crystal, the predicted conversion ef-
ficiencies should significantly exceed50%, limited by the
details of pump depletion and the quality of the oscillator
pulses.

4.2 Fiber CPA–based tunable parametric sources

For applications which require femtosecond pulses with
tunable wavelengths in the visible, near- and mid-infrared
spectral regions, the universal solution is to employ para-
metric frequency conversion schemes, such as synchronous-
ly pumped optical parametric oscillators (OPOs) [137] or
traveling-wave optical parametric generators (OPGs) [138]
and amplifiers (OPAs) [139]. Such schemes, however, re-
ly on substantial pulse energies and average powers, which
are difficult to achieve from a fiber system without resort-
ing to the above-described CPA schemes. In particular, the
limited pulse energies and average powers from femtosecond
fiber oscillators are currently an impediment for the direct
implementation of femtosecond OPO schemes. Therefore,
the first fiber laser-based source of parametrically convert-
ed wavelength-tunable femtosecond pulses was demonstrated
using a high-energy fiber CPA system [140].

Due to the low repetition rate and relatively high pulse
energies characteristic to a high-energy amplifier, OPG is
the natural choice for parametric frequency conversion with
such a system. Additionally, the advantage of an optical para-
metric generator compared with other parametric conversion
schemes is its inherent simplicity and robustness: it does not
require an optical cavity, typically associated with the need
for cavity length stabilization. This simplicity is particularly
compatible with the compactness of a fiber system. However,
the majority of existing OPG systems require large pump en-
ergies, tens to hundreds of microjoules at least, which is at the
ultimate limit for fiber-based CPA systems. This is the main
reason the advantage of the simplicity of OPG was previous-
ly outweighed by the necessity to employ large and complex
solid-state laser-pumping systems. Novel efficient nonlinear
materials such as PPLN allow one to take full advantage of
the simplicity of a single-pass OPG because of the accessi-
bility of the required pump energies with compact fiber-based
amplified sources.

The main reason for these reduced pump energies for
OPG in PPLN is, as in the case of SHG, the large nonlin-
ear coefficientd33 of lithium niobate accessible only through
quasi-phase matching. The benefits of QPM materials in prac-
tical applications go even further. The implementation of
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QPM using conventional photolithographic techniques en-
ables one to engineer the nonlinear properties of the crystal
and, for example, to achieve phase matching of any required
nonlinear interaction at any wavelength within the crystal
transparency range.

The µJ-energyEr-fiber CPA source used for pumping
the parametric generator in the first demonstration experi-
ment [140] was a two-stage fiber amplifier system with
a diffraction-grating stretcher and a compressor, arranged
as described in the previous section on fiber CPA sources.
The CPA source was producing600-fs pulses at1.554µm.
The OPG system was ultimately simple, consisting of
a frequency-doubling crystal followed by a single-pass para-
metric generator crystal. When using a PPLN crystal for
SHG, a maximum second-harmonic conversion efficiency of
47% (external) was achieved at saturation. The pulse energies
were maximized when operating the system at1- to 10-kHz
repetition rates; after recompression, the maximum funda-
mental pulse energy at1.554µm was4µJ and the maximum
second-harmonic energy at777 nmwas1.9µJ.

PPLN samples of3 mmlength and0.5 mmthickness with
QPM grating periods ranging from19 to 20µm were used for
parametric generation. Calculated (solid curves) and meas-
ured (circles) tuning curves for the signal and idler wave-
lengths are presented in Fig. 12a,b. Figure 12a represents the

Fig. 12a,b.Tuning curves for a fiber CPA pumped optical parametric gen-
erator measured using (a) temperature tuning and (b) multigrating PPLN
structure

tuning accomplished by heating the OPG crystal with a fixed
19-µm QPM-period. Changing the crystal temperature from
60 to 375◦C tunes the signal wavelength from∼ 1.4µm
down to∼ 1.05µm and the idler wavelength from∼ 1.65µm
up to∼ 2.9µm. Figure 12b shows the tuning curve measured
at a fixed temperature by using a multigrating PPLN crystal.
Multiple QPM gratings with different periods located on the
same crystal provided steplike tuning by translating the crys-
tal in the direction perpendicular to the beam propagation, as
described in [141]. This clearly demonstrates the advantage
of being able to engineer the nonlinear properties of a QPM
material.

The dependence of the conversion efficiency on pump
energy in a3-mm-long sample is shown in Fig. 13. The sig-
nal wavelength for this measurement was1.2µm, and the
pulse repetition rate was71 kHz. The internal conversion ef-
ficiency (with energy losses at each of the uncoated facets
of the PPLN crystal taken into account) is shown here. De-
pending on the focusing conditions, it was possible to reach
either the lowest threshold (circles) or the highest conver-
sion efficiency (diamonds). With symmetric focusing (mini-
mum waist in the center of the crystal), the OPG threshold
was 54 nJand the conversion efficiency reached saturation
at ∼ 23% with 100 nJof pump inside the crystal. With the
minimum waist located at the back facet, the OPG threshold
was 100 nJ and the maximum total conversion efficiency was
∼ 38%, with 220 nJof pump inside the crystal. These nano-
joule pump energies constitute more than an order of mag-
nitude improvement over the best previously reported OPG
pumping results (∼ 2µJ in [142]). The idler power was meas-
ured to be about one-third of that of the signal at1.2µm, con-
sistent with photon conservation. Maximum detected signal
energies of200 nJwere obtained with the maximum pump
energy of1.9µJ at 1- to 10-kHz repetition rates. It is import-
ant to note that even at the highest pump energies no crystal
damage occurred, and that the low OPG threshold allowed to
operate the parametric generator at repetition rates of up to
200 kHz.

The signal pulse duration measured through SH autocor-
relation was300 fs (assuming a Gaussian pulse shape). The
duration of the idler pulses is expected to be similar to that

Fig. 13. Parametric conversion efficiency. Focusing conditions shown were
optimized for either minimum OPG threshold or maximum conversion
efficiency
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of the signal, because the temporal walk-off between the idler
and the signal over the entire tuning range is< 60 fs/mm,
which for a 3-mm crystal is smaller than the pulse dura-
tion. The signal pulse spectrum was five to six times broad-
er than the bandwidth limit. Non-transform-limited pulses
are typical for simple single-pass OPGs. This drawback can
be eliminated by resorting to more complex arrangements,
such as a double-pass OPG with spectral selection [142] or
a continuum-seeded OPA [139]. Note, however, that the OPG
thresholds achieved are substantially smaller than typical
thresholds for continuum generation. The low OPG thresh-
old indicates that pumping of such parametric converters with
a compact fiber-grating CPA system should be possible.

5 Timing and synchronization techniques

The timing of laser pulses is almost always a key issue in ap-
plications of ultrafast lasers. For many applications, such as
telecommunications, short-pulse lasers must be synchronized
to external optoelectronics systems or to other lasers. Par-
ticularly the synchronization of passively mode-locked laser
sources to external clocks is attractive, since it implies the
possibility of obtaining a femtosecond timing accuracy, as
verified by early work in this area [143, 144]. Recently, de-
tailed analysis of the sources of timing noise was provided
by Haus and Mecozzi [145], and experimental verification
was given by Spence et al. [146] inTi:sapphire lasers and by
Namiki et al. [147] inEr fiber lasers, where nearly quantum-
limited timing jitter was obtained.

But whereas the synchronization of lasers to electronic
clocks is of vital importance to most conventional telecom-
munications systems, applications in ultrafast optics typically
call for the synchronization of two lasers in a master–slave
configuration. A timing accuracy of around5 pshas been ob-
tained from such systems based onEr-doped fiber lasers [148,
149]. In [148] a low timing jitter was obtained by implement-
ing a high-bandwidth cavity adjustment system based on an
acousto-optic modulator in conjunction with a dispersive de-
lay line. In [149] a low timing jitter was achieved by using
two environmentally coupled fiber lasers.

In addition to simple master–slave configurations in
which a fixed phase relation between two lasers is sought,
time-resolved applications in ultrafast optics also call for an
adjustable time delay. The conventional methods for imple-
menting timing delay (moving mirrors, rotating glass blocks,
etc.) are quite primitive, and they impose severe limitations
on the attainable scan speed and range, which puts many
types of measurements and applications out of the reach of ul-
trafast lasers. This difficulty has been partially circumvented
by various implementations of asynchronous optical sam-
pling, either between two lasers [150, 151] or between one
laser and a free-running repetitive electrical waveform [152–
154]. Free-running microwave signals with up to 150-GHz
bandwidth have been detected in this fashion [154].

Many types of measurements, however, require two opti-
cal pulses, one pulse delayed with respect to the other, though
this method of asynchronous optical sampling between two
lasers suffers from a lack of adjustability. Because the scan
range is set by the repetition period of the lasers, a required
scan interval that is only a small subinterval of the pulse
period is very wasteful of data acquisition time.

A method for overcoming these limitations has been
demonstrated, i.e. a scanning temporal ultrafast delay (STUD)
[155]. In this method the time delay between pulses from
two mode-locked lasers can be electronically scanned at
variable speeds in any subinterval of the pulse repetition pe-
riod. The use of fiber lasers with ultrafast scanning delay
lines is particularly attractive, as fiber lasers can operate at
very low pulse repetition rates and with extremely low am-
plitude noise. When synchronizing lasers using electronic
means, amplitude noise can cause timing errors via AM–PM
conversion, although these effects can be minimized using
chopper-stabilized phase detection [156]. However, for lasers
passively mode-locked by nonlinear polarization evolution, it
has been shown that all-optical limiting mechanisms [69] can
be used for passive amplitude noise reduction [37].

5.1 Laser synchronization and “environmental coupling”

Synchronization of two ultrafast lasers is an essential capa-
bility for certain optical communications schemes and many
types of measurements. In order to take advantage of the
precise time resolution which is possible with ultrashort puls-
es, it is necessary in most cases to synchronize the two
lasers with subpicosecond accuracy. Passive synchroniza-
tion between two mode-locked lasers via a nonlinear opti-
cal interaction is the most accurate method, and several re-
searchers have attained subpicosecond timing jitter between
pairs of mode-locked lasers [157–162]. Hybrid optoelec-
tronic methods have also been demonstrated (using opti-
cal cross-correlation) which give subpicosecond synchroniza-
tion [163]. Electronic stabilization is somewhat less accu-
rate, but allows the most versatility in timing adjustment.
Two regeneratively mode-lockedTi:sapphire lasers have been
electronically synchronized to within2 ps [164], and com-
mercial systems are now available for this purpose [165].
Here, we discuss experiments on electronic synchronization
of two mode-locked fiber lasers. Since for most ultrafast time-
resolved measurements, it is the relative timing delay between
pulses that is important – and not the absolute timing with
respect to some external reference – we concern ourselves
mainly with the relative timing jitter between the two lasers
rather than the absolute timing jitter of any one laser.

As is well known, variations in a laser’s environment
(such as temperature, acoustic noise, and pump laser pow-
er) can cause fluctuations in the timing of the output puls-
es. The contribution of environmental effects to the relative
timing jitter can be reduced by insuring that lasers experi-
ence the same perturbations. To this end an “environmen-
tally coupled” twin fiber laser system, composed of master
and slave lasers [149], was constructed as shown in Fig. 14 .
Both lasers were wound together (on a foam spool enclosed
in packing foam), and they were pumped simultaneously by
a single MOPA laser so that they experienced the same en-
vironmental and pump fluctuations. The two lasers had es-
sentially identical cavity lengths, and had nominal repeti-
tion frequencies off0 = 4.629 MHz giving a “free temporal
range” [151] of217 ns. One end mirror of the slave laser was
mounted on a PZT for dynamic cavity length adjustment. Co-
wrapping the fiber lasers gives a factor-of-4 improvement in
the relative versus absolute frequency drift over a period of
several minutes. When the lasers were phase-locked, the tim-
ing jitter was found to be5.4 psroot-mean-square RMS over
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Fig. 14. Environmentally coupled, dual-fiber laser.
Master and slave lasers are wrapped together on one
spool. The master laser is terminated by a Faraday
rotator mirror (FRM); the slave laser is terminated
by a Faraday rotator mirror assembly (PZT-FRM)
containing a PZT-mounted mirror. Other components
are half-wave plate (λ/2), quarter-wave plate (λ/4),
polarizing beamsplitter (PBS), Faraday rotator (FR),
saturable absorber (SA), and photodiodes (PD-1 and
PD-2)

a3-min period, corresponding to a phase accuracy of one part
in 40 000or 30 arcs.

The timing accuracy achieved here demonstrates the ben-
efits of co-packaging the two lasers. Another factor which
contributed to the good stabilization is that the individual
fiber lasers were very quiet, and exhibited amplitude fluctu-
ations on the order of0.1%, thus limiting the conversion of
amplitude fluctuations into phase fluctuations. We also note
that the RF phase detection in the phase locked loop PLL was
at the fundamental repetition frequency,fm , and not a higher
harmonic. This allowed the pulse timing to be locked to any
arbitrary point in the217-nsfree temporal range.

5.2 Electronically controlled scanning delay

Accurate synchronization of lasers is sufficient for some ap-
plications. However, many applications require that the time
delay between two optical pulses be scanned controllably and
accurately. The STUD technique [155] has allowed tempo-
ral scanning with selectable scan ranges (up to10 ns) and
selectable scanning frequencies (over300 Hz).

The scanning laser method is based on the dual laser
system described above. With the two lasers electronically
synchronized, the slave laser cavity length,L2, is dithered
aboutL1 at a scan frequencyfSCAN (in the range of30 Hz to
1 kHz) which is larger than the PLL bandwidth. This is done
by applying the appropriate signal voltage to the PZT in add-
ition to the feedback signal. This creates a time-varying delay
between the pulses from the two lasers.

The time-varying pulse delay,TD(t), (defined as the rela-
tive time delay between the pulses from the two lasers), is
proportional to the time integral of the cavity length mis-

match:

TD(t)= T0+ 1

L

t∫
0

∆L(t′)dt′ . (9)

In a sense, this can be thought of as a “regenerative delay
line”. If a square wave is applied to the slave laser PZT at
a scanning frequency offSCAN, then this produces linear
scanning of the time delay in both positive and negative di-
rections for one-half of the scan cycle (i.e. a triangle wave).
The scan range is∆Tmax= ∆L0/2L fSCAN, where∆L0 is
the maximum displacement of the PZT. Various scan ranges
and scan frequencies can be easily obtained by adjusting the
signal generator in a straightforward way.

In order to use the rapid scanning technique for high ac-
curacy measurements, it is also necessary to calibrate the
scanning time delay scale with subpicosecond accuracy. This
is possible even though the timing jitter of the synchronized
dual laser system is5 ps RMS. The calibration is accom-
plished by inserting a Fabry–Perot etalon into one beam in
order to generate a series of evenly spaced calibration pulses,
as shown in Fig. 15.

As a demonstration of the utility of this system, the tem-
poral scanning and calibration techniques were used to meas-
ure carrier relaxation times in thin layers ofInGaAs via
a pump-probe technique as shown in Fig. 16. Pump puls-
es of 600 fs duration at1550 nm excite carriers near the
bandgap of theInGaAs. The transient absorption is probed
at the same wavelength by600-fs pulses from the slave
laser. Figure 16 shows the transient absorption of a sample
of InGaAsP(0.75microns thick) measured over a7-ns time
interval (scanned at30 Hz).
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Fig. 15. Pump-probe measurement using scanning laser system and timing
calibration method. A Fabry–Perot etalon (FP) generates the pulse train for
timing calibration

Fig. 16. Differential transmission signal near the band edge of intrinsic
InGaAsPobtained when using a scanning temporal ultrafast delay based on
two femtosecond fiber lasers

Although none of the rapid scanning methods demonstrat-
ed to date can match the accuracy of stepper-motor-driven de-
lay lines, the STUD method greatly exceeds the performance
of conventional scanning delays in many respects. Fiber
lasers provide the additional advantage of putting a large time
delay in a small package. For the5-MHz laser, up to200 ns
of time delay is available, and in principle, any subinterval
of that range can be scanned. Also, it should be mentioned
that passively mode-locked lasers allow the simplest imple-
mentation of this method, although it could in principle be
applied to actively mode-locked and regeneratively mode-
locked lasers. This dual laser system and calibration method
comprise a versatile, fast-scanning, ultrafast measurement
system.

6 Summary

Over the last few years fiber lasers have been firmly estab-
lished in the field of ultrafast optics. Though this paper could
not describe all the advances that have been made, it was in-

tended to provide a cross-section of the work and to describe
some of the most interesting applications. A limit imposed on
the scope of the material covered was that we mainly con-
centrated on work on ultrafast pulse sources using optical
fiber amplifiers. On the other hand great advancements have
also been achieved in ultrafast optical processing using opti-
cal amplifiers. Ultrafast signal-processing techniques are now
being routinely used in ultra-high-speed optical telecommu-
nications and also require versatile fiber-based pulse sources.
The ever growing number of applications of ultrafast optics
in many fields will ensure a continued growth of research
activities in the field of ultrafast fiber lasers.
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