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COMPACT ULTRA-SHORT PULSE SOURCE
AMPLIFIERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a Divisional application of
application Ser. No. 14/571,3677, which 1s a National Stage
ol mternational application No. PCT/US2013/065169, filed
Oct. 16, 2013, which claims priority to U.S. Provisional
Application No. 61/714,344, filed Oct. 16, 2012. The con-
tents of the prior applications are incorporated herein by
reference 1n their entirety.

FIELD OF THE INVENTION

[0002] The present teachings relate to compact, low noise,
ultra-short pulse sources based on fiber amplifiers, and
various applications thereof.

BACKGROUND

[0003] Ultra-short pulse sources have had a major impact
on laser-based technology during the last decade. Applica-
tions include 1maging, micro-machining and ophthalmology.
Because of their unique stability, compactness and ease of
construction, fiber laser based ultra-short pulse sources have
started to dominate the ultra-short pulse source market
segment. Exemplary ultra-short pulse sources are described
in U.S. Pat. Nos. 8,031,396; 7,688,499; 7,167,300; 6,885,
683 and 35,696,782. In order to be able to address many
industrial applications, pulse sources producing pulse widths
ranging from sub picosecond to 10 ns are highly desirable,
where 1n order to minimize cost, preferably, these systems
are based on the same technology platform.

[0004] Modelocked fiber lasers are an attractive source for
producing pulses in the {s to ns range, where further ampli-
fication 1n fiber amplifiers can be implemented to reach
pulse energies up to the ml level. Thus, an all-fiber system
construction can be achieved.

[0005] One limitation of all-fiber systems 1s the relatively
low pulse energies of mode-locked fiber oscillators. Several
fiber amplification stages may be required to reach high
pulse energies. Another limitation arises ifrom the require-
ment of linear amplification stages as, for example, encoun-
tered when 1mplementing chirped pulse amplification sys-
tems, which limit the achievable peak power from fiber
amplifiers. As the pulse energy and/or peak power 1is
increased, chirped pulse amplification further requires com-
plex schemes for pulse stretching and compression with
precisely matched values of dispersion. On the other hand,
when nonlinear fiber amplifiers are employed, the pulse
quality can be detrimentally affected when implementing
pulse compression stages after the nonlinear fiber amplifiers.
[0006] Gain-switched diode-based laser systems or micro-
chip lasers have been implemented as front ends to fiber
amplifiers to circumvent the limitation of all fiber systems,
but so far with limited success. For example, it 1s generally
very difficult to generate bandwidth-limited pulses from
gain-switched diode lasers in the pulse width range from 10
ps-1 ns, and also the generation of pulse width tunable
systems with pulse widths around 100 ps 1s relatively
complex. As other examples, continuous wave emitting
diode lasers have been suggested as a solution to pulse width
tunable short pulse laser systems (U.S. Pat. No. 7,330,301 to
D. I. Harter et al.). Arrangements of pulse shortening stages
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implemented 1n conjunction with micro-chip lasers can
require relatively complex schemes to minimize pulse jitter.
For example, see A. Steinmetz et al., Sub-3-ps, multimega-
watt peak-power pulses from a fiber-amplified and optically

compressed passively Q-switched microchip laser, Optics
Letters, Vol. 37, Issue 13, pp. 2550 (2012).

SUMMARY

[0007] In one aspect, the present invention provides a
method and system for generating high energy pulses from
modelocked fiber oscillators based on the implementation of
high energy picosecond (ps) fiber oscillators. The coherence
of the fiber oscillators and their stability 1s ensured by
selecting an appropriate value of dispersion and oscillator

bandwidth.

[0008] In another aspect, a fiber-based pulse transformer
increases the available peak power output of a pulsed laser
system while improving pulse quality.

[0009] In another aspect, the present mmvention provides
for the generation of coherent or partially coherent pulses
over a wide range of pulse widths, energies, and/or repetition
rates.

[0010] In one or more implementations, oscillators with
pulse widths adjustable from the ps to ns range can be
constructed using oscillator pulse characteristic(s) with
reduced values of coherence.

[0011] Examples herein demonstrate that the use of ps-ns
oscillators enables the generation of high energy pulses
directly from fiber amplifiers without a requirement for
complicated pulse stretching schemes.

[0012] With the use of ps-ns oscillator pulses, and by
appropriate design of the amplification stages, the band-
width and the chirp of the amplified high energy pulses can
be manipulated. Such an implementation provides for the
generation of pulses with relatively small bandwidth for
subsequent nonlinear frequency conversion while allowing
for the generation of high quality compressed pulses, with a
pulse width much shorter than the pulses generated by the
ps-ns oscillators.

[0013] Embodiments of the present invention are compat-

ible with fiber lasers based on rare-earth dopants, such as
Nd, Er, Yb, Tm, or Ho, for example.

[0014] Certain embodiments of the present invention may
utilize an optical amplification system in which an output of
a power amplifier provides an input to a frequency converter.
An optional pulse transformer and/or pulse compressor may
be included prior to frequency conversion to provide spec-
trally broadened pulses and/or compressed pulses to the
frequency converter.

[0015] Psand ns pulse sources are suitable for use 1n a vast
number of industrial and medical applications, for example.
Reduced cost of such ps and ns pulse sources can provide for
cilicient implementation of frequency conversion schemes
to both the UV (up-conversion) and the IR (down-conver-
sion), further expanding the application potential. In addi-
tion the low cost of the pulse sources further expands the
capability for applications that were traditionally covered by
ns solid state lasers. For example, the 1onization of gases,
liguids and solids can be performed with a very high
ionization efliciency, allowing the implementation of such
pulse sources in spectroscopy applications, such as mass
Spectroscopy.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 schematically illustrates a high energy ps
fiber pulse oscillator with low susceptibility to Q-switching
instabilities.

[0017] FIG. 2 schematically illustrates high energy ps
fiber pulse oscillator according to FIG. 1 with an added
amplification stage, providing a conventional MOPA con-
figuration.

[0018] FIG. 3 schematically illustrates a high energy
MOPA configuration i accordance with an embodiment of
the present invention.

[0019] FIG. 4 schematically illustrates an example of an
optical amplification system which includes a high energy ps
fiber pulse oscillator, and a fiber-based pulse transformer
which produces spectrally broadened pulses prior to power
amplification and compression. The amplification system
generates output pulse widths shorter than the oscillator
pulse width.

[0020] FIGS. 4a and 45 are plots of simulation results that
show the improvement 1n pulse quality obtainable with an
appropriately designed pulse transformer; FIG. 4a illustrates
obtainable autocorrelation traces of compressed 1 ps pulses
obtained with (solid line) and without the pulse transformer
(dashed line); FIG. 45b 1llustrates the corresponding optical
spectra at the output of the power amplifier.

[0021] FIG. 5 schematically illustrates a fiber ps pulse
amplification system with frequency conversion of the
amplification system output.

[0022] FIG. 6a schematically illustrates an amplification
system and frequency conversion arrangement of FIG. 5
configured for 1onization of a material.

[0023] FIG. 65 schematically illustrates an amplification
system and frequency conversion arrangement of FIG. 5
configured for tissue cutting.

DETAILED DESCRIPTION

[0024] FIG. 1 shows a mode-locked, dispersion compen-
sated fiber oscillator 100. The gain element of the laser
includes a rare-earth doped amplifier fiber 110. Also, an
optional length of undoped fiber 120 can be spliced to the
gain fiber in order to reduce the repetition rate of the
oscillator. The undoped fiber can further be a photonic
crystal fiber or a Kagome fiber to minimize the amount of
self-phase modulation 1 the undoped fiber 120 and to
maximize the possible pulse energy. Preferably the oscillator
1s configured with overall negative dispersion at the signal
wavelength within the gain bandwidth of the gain fiber.
Examples of rare-earth doping matenials include but are not
limited to Er, Er/Yb, Nd, Yb, Ho, Pr, Yb/Tm or Tm, for
example.

[0025] The laser cavity includes a saturable absorber mir-
ror 130, which has high reflectivity (HR) at the signal
wavelength. The cavity includes an output coupling element
(OC) 105 which has partial transmittance for the signal
wavelength. In this example a chirped fiber Bragg grating 1s
illustrated as the output coupling element.

[0026] The chirped fiber Bragg grating 105 can be
designed with negative dispersion 1n order to compensate for
the overall positive dispersion of the intra-cavity fiber(s) 110
and 120. The chirped fiber Bragg grating can be written 1n
standard single mode silica fiber fusion spliced to the gain
fiber 110. Fiber splicing techniques for silica fibers are well
known and are not further discussed here. The use of chirped
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fiber Bragg gratings in mode-locked fiber oscillators 1is
described 1n U.S. patents U.S. Pat. No. 5,450,427 ("427) and

U.S. Pat. No. 7,088,756 (°756) to Fermann et al. The *427
and 7756 patents are hereby incorporated by reference 1n
their entirety. Alternatively, the chirped fiber Bragg grating
can be written directly into the rare-earth doped fiber. Such
an 1mplementation 1s not separately shown. The saturable
absorber mirror 130 1s preferably mounted onto a heat sink.

[0027] Mode-locking operation of the oscillator 1s initi-
ated and stabilized by the saturable absorber mirror 130.
Details about suitable saturable absorber mirrors are dis-
closed 1n the *756 patent to Fermann et al. The end of the
intra-cavity fiber 110 which is not spliced to the fiber Bragg
grating 1s preferably anti-reflection coated with a reflectivity
of less than 0.1%. Alternatively the fiber end can be angle
cleaved. The optical output from this end 1s imaged via relay
optics 175 onto the saturable absorber mirror 130. The relay
optics allows adjustment of the spot size and therefore the
fluence on the saturable absorber, independent from the
mode field diameter 1n the gain medium. Alternatively the
saturable absorber mirror can be butt coupled onto the AR
coated or cleaved fiber end. A polarization beam splitter
(PBS) 170 1s included 1n the cavity to provide polarization
selection.

[0028] For the case of Er or Yb oscillators, the oscillator
can be pumped with telecom grade single mode pump
diodes 160 at wavelengths about 980 nm. The pump light
can be coupled mto the gain fiber via a WDM coupler as
shown 1n FIG. 1 and additional fiber sections or pig-tails (not
shown).

[0029] For low noise operation of the laser 100, the use of
low noise pump lasers i1s preferred because noise of the
pump laser leads to excess noise in the modelocked oscil-
lator. This 1s especially important for noise at noise spectral
frequencies below the lifetime of the active laser transition
in the modelocked oscillator where no filtering action of the
laser medium 1s present. Pump laser noise may be reduced
either by active noise cancellation via acousto-optical modu-
lators or passively by diode pumping another cw pump laser
which 1s used as pump laser for the modelocked fiber
oscillator. For example a cw Er fiber laser can be used for
pumping a Tm fiber laser.

[0030] An 1solator for the signal light (not shown) can be
further integrated into the WDM coupler for improved
oscillator stability. The pump light counter-propagates rela-
tive to the signal light in the output pigtail and passes
through fiber Bragg grating 105 into the cavity. To enhance
the available pump power two pump diodes can be coupled
into a polarization maintaining fiber and can be polarization
multiplexed by a polarizing beam combiner. Alternatively,
two pump diodes operating at diflerent wavelengths can be
used 1n series to provide high levels of pump power to the
oscillator. Such configurations are well known 1n the state of
the art and are not further discussed here.

[0031] In one implementation the arrangement shown 1n
FIG. 1 can be constructed from polarization maintaining
(PM) fiber to provide a high degree of environmental
stability. Alternatively, only some fiber sections can be PM
and other sections can be non PM. In this case additional
polarization controllers can also ensure stable modelocked
operation.

[0032] The use of intra-cavity chirped fiber Bragg gratings
allows the incorporation of large values of negative disper-
s1on 1nto the cavity which can be configured to restrict the
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oscillating pulse bandwidth. As a result, highly coherent,
high power soliton pulses with ps pulse widths can be
generated 1nside such oscillators. In certain preferred
embodiments the bandwidth of the fiber grating 1s carefully
selected to minimize Q-switching instabilities and to maxi-
mize the coherence of the oscillating pulses. Any Q-switch-
ing nstability 1n a fiber laser tends to increase the bandwidth
of the Q-switch pulse via self-phase modulation. In the
presence ol a bandwidth restriction, this bandwidth increase
produces an increase 1n loss, which tends to suppress the
Q-switching 1nstability resulting in stable modelocked
operation. Such a mechanism was for example described 1n
C. Hoenninger et al., Q-switching stability limits of con-
tinuous-wave passive mode locking, JOSA B, Vol. 16, Issue
1, pp. 46-56 (1999).

[0033] Two vanations of FIG. 1 were implemented as
working examples. A first implementation generated highly
coherent pulses 1n the ps-ns range. A second implementation
was used to generate pulses with reduced coherence,
referred to herein as “noise pulses™:

Working Example #1

Coherent Pulse Generation

[0034] A working example was constructed following the
specific design example as shown i FIG. 1, in which a
semiconductor saturable absorber for mirror 130 was used
for modelocking. In the working example, all intra-cavity
fibers 110,120 were polarization maintaining (PM). A Yb
fiber with an absorption of about 500 dB/m was used as the
gain fiber 110 to construct a high power soliton laser. The
total intra-cavity fiber length, which included doped fiber
110 and undoped fiber 120, was selected as 2 m to allow
oscillation at repetition rates of 50 MHz. The oscillator was
pumped with a SM diode laser with a power up to 750 mW
at 980 nm. To generate 5 ps pulses at 1030 nm, a grating 105
having a dispersion of -5 ps® was used, where the grating
bandwidth was 0.5 nm and the grating reflectivity about

>0%.

[0035] The generated temporal pulse shapes are influ-
enced by stability conditions as typically found with respect
to soliton lasers, namely, the grating bandwidth has to be
sufliciently small 1n order to prevent the formation of
incoherent or partially coherent pulse forms or to prevent
Q-switching. Generally, the generation of longer ps pulses
requires an increase 1n grating dispersion (in absolute terms)
and a reduction 1n grating bandwidth. However, longer ps
pulses can also be generated by using incoherent or partially
coherent pulse characteristics. Such pulses generally have
much higher pulse energies than soliton-like pulses and
turther allow for tuning of the oscillator pulse width by
varying the oscillator pump power.

[0036] For the generation of near bandwidth-limited
pulses the use of grating reflectivities<90% 1s advantageous,
otherwise the grating “carves out” (reflects) the central part
of the generated spectrum, producing a pulse much broader
than the bandwidth limit. However, such spectrally broad-
ened oscillator pulses can be of some benefit in conjunction
with additional pulse shortening stages. As a guideline, the
generation of coherent soliton like oscillator pulses requires

a grating bandwidth in nm<5/\/ng[psz],, where D, [ps”]

is the grating dispersion in ps® to facilitate the suppression
of Q-switching instabilities and to ensure a high level of
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coherence for the generated pulse forms. Therefore, for a
grating dispersion of 5 ps®, the grating bandwidth should be
<2 nm.

[0037] Using appropriate values for grating dispersion,
highly coherent pulses with widths from 1 ps-1 ns, greater
than about 3 ps, greater than about 10 ps, and/or up to about
10 ns can be generated. Pulse repetition rates can be pre-
selected from 1 MHz to 1 GHz determined by the intra-
cavity fiber length. In various implementations for amplifi-
cation to high pulse energies, the output obtained at the
output of a fiber amplifier downstream of the oscillator may,
for example, be 1n the range from 1-1000 pl. In the oscil-
lator, pulse repetition rates<50 MHz may be utilized, or <25
MHz with some increase in available pulse energy. Pulse
energy may be further increased with oscillator pulse rep-
ctition rates<25 MHz. Depending on the desired system
configuration, oscillator repetition rates<l0 MHz can
increase the available oscillator pulse energy, for example up
to several uwl with a pulse width 1n the range from about 10
ps-10 ns based on the design 1llustrated 1n FIG. 1. Generally,
appropriate saturable absorbers (SAs) need to be also
selected 1 order to ensure stable pulse oscillation, for
example the SAs should enable some pulse forming function
for the desired pulse width. The SAs preferably have at least
one decay component with a life-time in the vicimity of the
desired pulse width. Such a lifetime 1s not critical, however,
indeed, it was verified that even saturable absorbers with a
life time ten times shorter than the obtained pulse width
enabled the oscillation of stable coherent pulses.

Working Example #2

Partially Coherent Pulse Generation

[0038] The cavity design shown in FIG. 1 1s also adaptable
for the generation of partially coherent or incoherent pulses,
sometimes also referred to as noise bursts. Such ‘noise’
pulses can be distinguished from highly coherent pulses by
their phase properties. By way of example, gain-switched
laser diodes or Fourter domain mode locked lasers are
known to generate pulses with reduced temporal coherence.
Just as modelocked lasers, noise sources produce pulses at
the cavity round trip time. However, whereas the temporal
phase of highly coherent modelocked pulses 1s approxi-
mately time-invariant from pulse to pulse and well defined,
the phase of ‘noise’ pulses generally tluctuates from pulse to
pulse or at least has a substantial level of random noise.
Another useful distinguishing feature 1s compressibility:
highly coherent modelocked pulses can be essentially com-
pressed to near their transform limit, which 1s not the case
for noise pulses. This 1s true even if precision pulse shapers
are used for pulse compression that can compensate for
higher order phase modulations in the temporal wavetorm of
the pulses.

[0039] In an exemplary embodiment of a noise pulse
source the fiber grating was chirped with a dispersion of -1
ps”. Note, however, that the dispersion and the chirp of the
fiber grating was not critical and incoherent pulses can also
be obtained with other grating dispersion values. Whereas in
the above Example #1 the grating 105 bandwidth was 2 nm,
the grating bandwidth 1n the present example was 10 nm and
the grating center wavelength was 1045 nm. The grating
reflectivity was 10%. A conventional SA mirror was also
used to enable modelocking. A single polarization in the
cavity was selected with a polarizer and an additional pump
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blocking filter was used to prevent pump light from hitting
the saturable absorber mirror. Two additional lenses 175
were used 1nside a saturable absorber module to collimate
the light from the PM undoped fiber 120 and to focus 1t onto
the saturable absorber 130. Such focusing arrangements are
well known 1n saturable absorber designs and are not further
discussed here.

[0040] When pumping with a pump power up to 500 mW
at 980 nm the laser generated pulses at a repetition rate of 1
MHz with an average power between 40-100 mW. The pulse
width varied 1n a range from 200 ps-1.3 ns for average power
values between 40-100 mW. The pulse energies thus varied
in a range from 40-100 nl] depending on output power. The
pulse spectral width was 3 nm and depended only weakly on
pump power. The spectral width of the pulses as well as the
pulse width was further changeable by changing the grating,
bandwidth, generally, the broader the grating bandwidth, the
broader the pulses. The pulse bandwidth can further be
controlled with additional intra-cavity bandpass filters (not
shown). The pulse width can further be adjusted by adjusting
the cavity dispersion; generally a larger absolute value of
dispersion produces longer pulses.

[0041] The RF noise of pulse trains comprising incoherent
pulses can indeed be very low, indicating a high degree of
suppression of Q-switching instabilities. In this example the
RF power density near the relaxation oscillation peak of the
laser located at about 1050 kHz was suppressed by more
than 90 dB compared to the spectral power density of the RF
peak at around the repetition rate of =1 MHz. Instead of a
grating, only the 4% Fresnel reflection of the fiber can also
be used as a cavity mirror. In this case the RF spectrum
showed some increased amplitude noise of the laser. Gen-
erally, the amplitude noise of the pulse train was very low
and maximum short term fluctuations of the pulse energy of
+5% were observed.

[0042] To extract the largest pulse energy from such fiber
lasers, the use of large mode gain fibers and large-mode
undoped fibers 1s most advantageous. This also applies to the
generation of highly coherent ps pulses. Here we classily
large mode fibers as fibers that have core-diameters>10 um
and preferably >15 um. Pulse energies of several ul can be
generated at repetition rates of 1 MHz. Moreover, the
repetition rate of the pulse train can simply be selected by
changing the intra-cavity fiber length. High pulse energies
can further be extracted by inserting photonic crystal fibers
or photonic crystal fibers with central air holes such as
Kagome fibers i place of the PM undoped fiber. Photonic
crystal fibers can be spliced to standard fiber or lens arrange-
ments can be used to optically couple photonic crystal fibers
to standard fibers. Moreover, PM photonic crystal fibers are
also well known 1n the state of the art, so the replacement of
PM undoped fiber with photonic crystal fibers 1s straight
forward and 1s not shown separately.

[0043] Since the pulses generated by the modelocked
oscillators are generally affected by self-phase modulation
and stimulated Raman scattering, the maximum pulse
energy 1s limited. This limitation 1s most severe for highly
coherent pulses, whereas for incoherent or partially coherent
pulses, the presence of self-phase modulation (SPM) 1s not
as restricting. Particularly, for the generation of soliton-like
pulse forms, the maximum tolerable value of intra-cavity
self-phase modulation is of the order of &, or at most several
7. On the other hand, for partially coherent pulse forms or
chirped pulse forms, intra-cavity self-phase modulation val-
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ues can exceed 10m. Therefore, further amplification of the
pulses 1n additional amplifiers 1s highly desirable.

[0044] The examples above demonstrate flexibility for
generating pulses with a certain degree of coherence with an
arrangement according to FIG. 1, which includes a mode-
locked fiber oscillator. It 1s apparent that various design
options and tradeoils are possible. For example, although
compressibility of partially coherent pulses 1s limited a
stable pulse traimn can be generated with low g-switching
instability. In cases where high oscillator pulse energy 1is
important a reduced degree of coherence can be advanta-
geous. On the other hand, coherent pulses are well suited for
minimizing compressed pulse widths.

[0045] Regarding implementations for further amplifica-
tion, most straight-forward are master-oscillator-power-am-
plifier (MOPA) configurations as shown 1n FIG. 2 and also
discussed, for example, in U.S. Pat. No. 7,190,705 (*703). In
an exemplary MOPA configuration in FIG. 2 of the present
application a fiber amplifier 250, which corresponds to a
power amplifier in the MOPA configuration, 1s disposed
between the intra-cavity fiber grating 105 and the wave-
length-division output coupler as also discussed 1n the *705
patent.

[0046] A limitation of MOPA designs 1s the relatively
inethicient use of pump power, particularly when 1t 1s desired
to reduce the repetition rate of the system via the imple-
mentation of a down counter to sumplify the generation of
high pulse energies. Repetition rate reduction or down
counting 1s conveniently performed with the use of optical
modulators as discussed 1in U.S. Pat. No. 8,072,678; optical
down counters are well known 1n the state of the art and are
not further discussed here. Optical down counters are gen-
erally implemented to reduce the pulse rate from a high
repetition rate oscillator to facilitate the amplification of the
oscillator pulses to high pulse energies.

[0047] Improved MOPA configurations may be utilized 1n
various embodiments of the present invention. A configu-
ration providing highly-eflicient use of pump power 1s
shown 1n FIG. 3. In this example the pump from the laser
diode (LD) 160 1s split by a coupler into an oscillator arm (at
the bottom) and an amplifier arm (top). The oscillator output
1s then directed through an optional 1solator (ISO) 370 and
an acousto-optic down-counter (AOM) 375 to an amplifier
350. The pump light 1s coupled to the oscillator via the
grating coupler 305 and amplifier 350 respectively via the
shown wavelength division-multiplexing couplers (WDM).
All components were polarization maintaining and single-
mode.

[0048] In a working example this split pumping scheme
allowed the generation of more than 10 times higher pulse
energies compared to a MOPA design. For example, an Yb
oscillator that generated 50 ps pulses with a pulse energy of
4 nJ at 20 MHz, allowed for amplification up to a pulse
energy of only 12 nJ 1n a MOPA configuration. In contrast,
the split pumping scheme allowed for amplification up to
pulse energy of 100 nJ with simultaneous down-counting to
a pulse repetition rate of 1 MHz. The pump diode generated
600 mW at 980 nm 1n both cases. The split pumping scheme
turther enables down-counting to repetition rates as a low as
100 kHz with relatively small levels of amplified spontane-
ous emission in the amplifier.

[0049] Although the examples discussed above were
based on standing wave cavities, fiber ring cavities can also
be used 1 conjunction with fiber gratings, as already dis-
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closed 1n U.S. Pat. No. 5,450,427. Also, twisted cavity
designs can be implemented as for example disclosed 1n
U.S. Patent Appl. Pub. No. 2011/0069723, entitled HIGHLY
RARE-EARTH-DOPED OPTICAL FIBERS FOR FIBER
LASERS AND AMPLIFIERS to Dong et al. The use of
twisted cavities or ring lasers allows a further increase in
oscillating pulse energies compared to standing wave cavi-
ties by a factor of 3-30, which 1s highly advantageous for
amplification of the oscillator pulses to high pulse energies.
Split pumping schemes can further be easily adapted to such
cavities designs and are not separately explained here.
Equally, mstead of core pumped fiber oscillator and ampli-
fiers as discussed here, cladding pumped oscillators and
amplifiers can also be used. Cladding pumping 1s well
known 1n the state of the art and not further explained here.

[0050] Forthe generation of high average powers, the seed
systems discussed with respect to FIGS. 1-3 are further
amplified 1n high power fiber or solid state amplifiers. In the
case ol fiber amplifiers, cladding pumping can be conve-
niently implemented and average powers in the range from
1 W to 1 kW can be readily obtained. The obtainable pulse
energies and pulse peak powers are only limited by the
seli-focusing limit which can be >10 MW for example 1n Ho
or Tm fiber amplifiers. Cladding pumped fiber amplifiers
and solid-state amplifiers are well known 1n the state of the
art and not further described here.

[0051] Particularly, when amplifyving high energy pulses
in positive dispersion amplifiers, self-phase modulation can
lead to spectral broadening and therefore provides an oppor-
tunity for pulse compression after the amplification stage.
Such schemes were for example discussed 1n U.S. Pat. No.
6,885,683 and U.S. Pat. No. 7,330,301 and also more
recently i A. Steinmetz et al. However, as discussed by A.
Steinmetz et al, nonlinear amplification of ps pulses with a
width of around 100 ps typically produces relatively poor
pulse quality after pulse compression.

[0052] A solution to this pulse quality problem 1s shown 1n
FIG. 4. In accordance with an embodiment of the present
invention FIG. 4 shows a high power fiber amplification
system 400. The system comprises a seed module 410 as for
example described with respect to FIGS. 1-3, delivering
seed pulses. The seed module may be arranged 1n oscillator-
only configuration as 1llustrated 1n FIG. 1, or include ampli-
fier stage(s) as 1llustrated 1n FIGS. 2 and/or 3. In addition to
fiber laser based seed sources, a seed source based on a
solid-state laser, a micro-chip laser, a gain-switched, an
externally modulated ¢cw semiconductor laser or a mod-
clocked semiconductor laser can also be implemented. For
example the seed module can generate near bandwidth-
limited or chirped 50 ps pulses with pulse energy of a few
nlJ

[0053] In certain preferred embodiments the pulse trans-
former 420 comprises a relatively long length of amplifier
fiber. Alternatively, a linear succession of short amplifier
fiber sections with longer lengths of dispersive fibers located
in-between the amplifier fiber sections may be utilized (not
shown). Preferably the amplifier fiber sections are all spliced
together to make a single integral pulse transformer unit.
And also preterably, the fibers 1n the pulse transformer unit
have overall positive dispersion. For example, such a pulse
transformer unit can have an overall length of 30 m-3000 m.

[0054] The pulse transformer unit transforms a Gaussian-
like pulse output from the seed module 1nto a near parabolic,
near linearly chirped pulse with a spectral bandwidth
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broader than that of the seed pulse. Generally, near parabolic
pulses, which are produced by the pulse transformer unit,
have lower pulse wings compared to Gaussian pulses. The
near parabolic pulses are then injected into a fiber power
amplifier 430, comprising large core fibers, such as fiber
rods, leakage channel fibers, photonic crystal fiber or large
pitch fibers.

[0055] At the output of the power amplifier a pulse com-
pressor 450 temporally compresses the pulses to near the
bandwidth limit. The pulse compressor can comprise a bulk
grating arrangement, an optical arrangement using grisms,
prisms, fiber Bragg gratings, bulk Bragg gratings, a length of
photonic crystal fibers with a central air-hole or Kagome
fibers. All these temporal pulse compressors are well known
in the state of the art and not further explained here.

[0056] The addition of optimized pulse transiormers
enables a notable improvement 1n pulse quality obtainable
alter a final compressor stage. The improvement 1n pulse
quality over the prior art here takes advantage of parabolic
pulse forming processes in amplifier stages prior to final
power amplification to improve pulse quality from nonlinear
waveguide amplification systems that incorporate pulse
compressors. At the same time the final power amplifier can
be operated at high levels of self-phase modulation i order
to maximize the obtamable pulse energy. Since power
amplifiers are generally as short as possible to enable the
amplification of the highest energy pulses, they are often-
times too short to transform a ps pulse 1into a near parabolic
pulse shape and hence 1t 1s desirable to inject a near
parabolic pulse 1nto a power amplifier 1n order to avoid the
generation ol non-compressible non-linear chirp during
power amplification.

[0057] U.S. Pat. No. 6,885,683 1s hereby incorporated by
reference 1n 1ts entirety. As expressly pointed out 1n “683,
parabolic amplifiers obey simple scaling laws and allow for
the generation of parabolic pulses. For example, a parabolic
pulse with a spectral bandwidth of around 2 nm can be
generated using a parabolic amplifier length of around 100
m. Specifically, ps-ns pulses can be transformed to near
parabolic pulses by selecting appropriate fiber lengths,
where the length of the pulse transformer needs to increase
with an increase in pulse width. In other words, a much
shorter pulse transformer can be used 1n conjunction with 10
and 20 ps seed pulses compared to 50 ps seed pulses. An
exact pulse transformation 1s not required for improvement
in compressed pulse quality; typically, an appropriate pulse
transiformer can be designed using nonlinear pulse propa-
gation routines 1n a computer and can further be experimen-
tally determined.

[0058] As an illustration of the dramatic improvement 1n
pulse quality obtainable with an appropnately designed
pulse transformer, numerical propagation routines were
applied to a specific example. In the specific example a pulse
transformer length of 440 m was assumed for 40 ps pulse(s)
amplified 1n a large core fiber to a pulse energy of >10 ul,
allowing for pulse compression to a pulse width of less than
1 ps 1n a grating compressor. The pulse transformer length
and the iput pulse energy of 500 pl to the pulse transformer
were further designed to stay just below the onset of
stimulated Raman scattering, 1.e. any increase in input pulse
energy compared to the presently used value, would result 1n
the onset of stimulated Raman scattering, which 1s typically
undesirable. The output energy of the pulse transformer was
further designed to be 10 nl to provide enough seed pulse
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energy to seed a power amplifier allowing for the amplifi-
cation of the pulses to pulse energies>10 ulJ, without the
onset of stimulated Raman scattering in the power amplifier.
Here most of the amplification in the pulse transformer was
confined to the end of the pulse transformer to prevent the
onset of stimulated Raman scattering in the pulse trans-
former.

[0059] The resulting approximations are shown in FIGS.
da and 4b). Here FIG. 4a) 1llustrates the obtainable auto-
correlation traces of compressed 1 ps pulses obtained with
(solid line) and without the pulse transtormer (dashed line).
FIG. 4b) illustrates the corresponding optical spectra at the
output of the power amplifier. Here the data without the
pulse transformer were generated by assuming a short 3 m
length pre-amplifier, instead of the pulse transformer. The
great improvement 1n achievable pulse quality with the pulse
transformer 1s evident from FIG. 4a. Although FIGS. 4a)
and 4b) show an 1deal case, 1t 1s to be understood that a
substantial 1mprovement 1 pulse quality can also be

obtained by using shorter pulse transformer lengths of the
order of 30-200 m.

[0060] Here the achievable pulse energy and pulse peak
power depends on the doping level and core diameter of the
implemented large core fiber. The ultimate peak power limait
of fiber amplifiers 1s the self-focusing limit of around 5 MW
at a wavelength near 1000 nm and around 10 MW near 2000
nm. Hence, in the 1000 nm wavelength region, 50 ps pulses
can 1n principle be amplified to pulse energies up to 250 ul.
For some applications, pulse energies<10 ul may also be of
interest, even for these smaller pulse energies the imple-
mentation of pulse transformers as discussed with respect to

FIG. 4 are highly beneficial.

[0061] It 1s instructive to distinguish the present nonlinear
amplification technmique from conventional chirped pulse
amplification systems. In chirped pulse amplification, a short
pulse (sub ps to a few ps) from an oscillator 1s temporally
stretched 1n a pulse stretcher, amplified and subsequently
compressed 1n a pulse compressor, where the pulse stretch-
ing and amplification stages are preferably only slightly
nonlinear. The small nonlinearity manifests itself 1n limited
spectral broadening in either the stretcher or amplifier
stages, 1.¢. the amplifier output typically has a bandwidth
which 1s smaller than the oscillator bandwidth. Alternatively,
the amplifier output typically has a bandwidth which 1s
smaller than the mput to the amplifier. Typically, the pulse
stretcher stretches the pulses by more than a factor of ten.

[0062] In the present nonlinear amplification system, a
long, >5 ps pulse, and up to about 1 ns, 1s generated by a seed
system, subsequently this ps-ns pulse 1s transformed 1n a
pulse transformer 420 into a near parabolic pulse, linearly or
non-linearly amplified in a power amplifier 430 and finally
compressed m a pulse compressor 450. Here the pulse
transformer provides only a small amount of pulse stretch-
ing, for example the pulses are preferably stretched by less
than a factor of ten in the pulse transformer. In the calcu-
lation example described with respect to FIGS. 4a and 45,
the pulse stretching factor was around 1.75. The high level
of nonlinearity in the pulse transformer or power amplifier
generally manifests itself in a pulse transformer output
spectral bandwidth which 1s significantly larger than the
input bandwidth to the pulse transformer, say by a factor of
1.5. In the calculation example described with respect to
FIGS. 4a and 4b, the spectral broadening factor was 1n the
range from 10-40. Alternatively, the high level nonlinearity
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in the amplifier manifests itsell in an amplifier output
bandwidth that can be larger than the amplifier input band-
width. Such highly nonlinear power amplifiers are further
susceptible to multi-pass interference from fiber or optical
components up-stream of the power amplifier. Fortunately,
multi-pass interference from optical components upstream
of the pulse transformer have only a very limited effect on
compressible pulse quality, since the pulses inserted 1nto the
pulse transformer are typically only slightly chirped. Most
detrimental 1s any multi-pass interference arising from opti-
cal components that are traversed when the pulses are
significantly spectrally broadened or chirped. For example
detrimental multi-pass interference can arise from birefrin-
gent optical components located between the output of the
pulse transformer and the input to the power amplifier. One
viable option for minimization of such multi-pass interier-
ence at this stage 1s to couple the output of the pulse
transformer directly into the power amplifier without any
intervening additional birefringent fibers. The use of non-
birefringent or polarizing power amplifiers as well known 1n
the state of the art can also help to suppress multi-pass
interference.

[0063] In other nonlinear amplification schemes the need
for pulse transformation to a near parabolic near linearly
chirped waveform has not been realized. Moreover, the use
of modelocked fiber oscillators generating pulses>S ps as
input to such systems has not been suggested.

[0064] A usetul way of characterizing the action of a pulse
transformer 1s the obtained reduction 1n pulse pedestal after
the final compression stage 450 by the 1nsertion of undoped
fiber 1nto the pulse transformer. For example, 1f the pulse
transformer 450 1s configured as pre-amplifier contaiming
lengths of undoped and doped fibers, the elimination of most
of the undoped fiber 1n the pulse transformer would decrease
the obtainable pulse quality after the final compression
stage, as evident from FIG. 4b.

[0065] Pulse transformers that do not provide any gain can
also 1improve the pulse quality at the output of the pulse
compressor; preferably, the pulse transformer 1imparts non-
negligible nonlinear self-phase modulation onto the mjected
pulse, for example a level of self-phase modulation>m, and
up to about 100, limited by the onset of stimulated Raman
scattering 1n the pulse transformer. Pulse transformers can
also be designed using sections of fibers with decreasing
mode size so as to increase seli-phase modulation 1n order
to 1mprove pulse quality.

[0066] Compared to prior art chirped pulse amplification
systems, the final power amplifiers can be operated at larger
levels of self-phase modulation, allowing for the extraction
of increased pulse energy from short pulse fiber systems.

[0067] In addition to only one power amplifier, more than
one power amplifier, for example a fiber power amplifier and
a fiber rod amplifier can be implemented.

[0068] From the known power limitations of fiber ampli-
fiers, the achievable pulse energies from such systems scale
approximately linearly with the implemented seed pulse
width. Therefore, the nonlinear amplification system
described 1s preferably implemented using pulses with a
width>3 ps and more preferably with pulses with a width>10
ps, and up to about 1000 ps, whereas for chirped pulse
amplification systems, seed pulses with a width<5 ps are
preferred. The use of chirped pulses 1n the pulse transformer
1s further advantageous, as it allows a reduction 1n required
pulse transtormer length. Particularly for pulses>100 ps, the
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onset of stimulated Raman scattering limits the amount of
spectral broadening one can obtain in a pulse transformer.

[0069] In contrast to churped pulse amplification, nonlin-
car amplification systems further allow the use of partially
coherent or incoherent seed sources. A long pulse trans-
former length can also transform such pulses into near
parabolic pulses, allowing for some degree of pulse com-
pression 1n the pulse compressor. The basic configuration of
such a system 1s similar to the one shown 1n FIG. 4 and 1s
not further described here.

[0070] In various embodiments solid-state amplifiers can
turther be incorporated after the fiber power amplifier 1n
FIG. 4 to enable the generation of higher pulse energies.

[0071] The nonlinear amplification scheme here 1s appli-
cable to any type of fiber amplifier; for example high power
Er amplifiers can also be constructed as shown 1n FIG. 4. In
this case Er fiber amplifiers with positive dispersion can be
implemented. Due to the bandwidth-limitation of Er ampli-
fiers, undoped positive or negative dispersion fibers can be
spliced onto the end of the Er power amplifier to further
increase the bandwidth of the amplified pulses. This 1s not
separately shown. For final pulse compression, a separate
pulse compression element 450 1s still required. When using,
undoped negative dispersion fiber, spectral broadening can
be combined with pulse compression. Element 4350 can
combine spectral broadening and pulse compression. The
insertion of an undoped fiber section after a power amplifier
for pulse broadening 1s indeed useful for any rare-earth
amplifier and not separately discussed here. High energy
pulses with pulse widths<200 {s can thus be generated with
such nonlinear amplification schemes using ps Er amplifiers
in the seed module. To achieve the shortest possible pulses
from such amplifiers, the control of 3’ and 4” order dis-
persion also become significant, 1.e. the third order disper-
sion ol the overall system needs to be adjusted to enable
optimum pulse quality at the final output of the system. For
example, third and fourth order dispersion can be manipu-
lated by using pulse transformer fibers with approprate

values of third order dispersion. Such fibers are well known
in the state of the art and not further described here.

[0072] When using Tm amplifiers or large core Er ampli-
fiers, the scheme as shown 1n FIG. 4 can also be imple-
mented. In this case, the pulse transformer preferably com-
prises long lengths of positive dispersion fiber and short
lengths of Tm or Er fiber, selected 1n such a way that the
amount of self-phase modulation dominates in the lengths of
positive dispersion fiber. Because large core Tm or Er power
amplifiers generally have large values of negative disper-
s1on, the Tm or Er amplifier will produce pulse compression,
however, the presence of a near parabolic seed pulse mini-
mizes pulse distortions during pulse compression. More
generally, with a near parabolic seed pulse, 1n the presence
of an undoped negative dispersion fiber, or fiber amplifier,
and self-phase modulation, the pulse spectral bandwidth
increases and the pulse width decreases, while the parabolic
pulse shape 1s also preserved. Numerical simulations veri-
fied that mverted parabolic pulse amplifiers can sustain
self-phase modulation values of several 1 without detri-
mental pulse distortions. Since spectral broadening in
inverted parabolic amplifiers increases with a reduction 1n
pulse width, the parabolic pulses are preferably coupled out
of the mverted parabolic amplifier while still being posi-
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tively chirped. A subsequent conventional pulse compressor
can then be used to compress the pulses close to the
bandwidth limat.

[0073] Invarious embodiments the laser systems shown 1n
FIGS. 1-3 can be configured for further amplification.
Amplification systems as shown in FIG. 4 can also be
implemented and further combined with nonlinear 1fre-
quency conversion techniques, such as frequency doubling,
tripling, quadrupling or even quintupling. Optical paramet-
ric generation or amplification can be used for frequency
down conversion of the amplifier output. Optical schemes
for frequency conversion are well known 1n the state of the
art and not further described here. A generic scheme for
frequency conversion 300 1s shown 1n FIG. 5. When 1mple-
menting nonlinear frequency down-conversion, optical
parametric amplification can also be implemented; such

schemes were discussed for example i U.S. Pat. No.
8,040,929 and are not further described here.

[0074] The laser systems as described here are suitable for
micro-machining applications or for the 1omization of solid,
liqguids or gases as well as desorption of molecules from
target materials. A generic system implementation 600 1s
shown 1n FIG. 6a. Typically an optical focusing arrangement
(not shown) 1s turther included to attain a desired beam size
on the target 610. For specific applications, an x-y scanner
can be mnserted upstream of the target material to move the
laser beam to the desired target site. Alternatively, the target
610 can be manipulated 1n three dimensions using appro-
priate opto-mechanical stages, as well known 1n the state of
the art. A scanning stage 1s not separately shown here.

[0075] Specifically, the laser systems as described here are
suitable for mass spectroscopy applications as a means of
desorbing molecules. Target molecules 1n a condensed phase
must be desorbed from the surface and 1onized in order to be
carried by the spectrometer electric field. In the typical
method of matrix-assisted laser desorption/ionization
(MALDI), strong absorption of ultraviolet laser light by a
matrix 1s used to desorb and 1onize embedded target mol-
ecules. The ultraviolet light can be replaced with infrared
light from laser systems as described here. The new wave-
length can be chosen to be resonant with a more desirable
matrix, while reducing direct interaction with the target.
Alternatively, ofl-resonant infrared light i1s advantageous
due to the greater penetration depth, accessing material
further down 1n the matrix, as in Rezenom et al. in ‘Infrared
laser-assisted desorption electrospray 1onization mass spec-
trometry” published on Nov. 29, 2007, 1n Volume 133 of
Analyst, pp. 226-232 (2008). The non-resonant interaction 1s
also nonlinear, which 1s advantageous for the greater control
over interaction volume size by controlling the focal vol-
ume

[0076] Moreover, the short and intense infrared pulses
from laser systems as described can further be used as a
means of 1on1zing target molecules either during desorption
from the condensed phase, or directly from the gas phase.
This type of 1on1zation 1s a solter 1onization source that can
cause less undesired fragmentation than electrospray, the
typical 1onization method 1n the gas phase. For such appli-
cations, inirared wavelengths are desirable for their non-
resonant tunnel 1onization that works for all types of mol-
ecules without relying on a particular resonance. The high
repetition rates of fiber lasers are desirable for increasing
detection efliciency. The benefits of tunnel ionization by
infrared laser pulses for mass spectroscopy are described 1n
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Peng et al., High-Pressure Gas Phase Femtosecond Laser
Ionization Mass Spectrometry in the Jul. 3, 2012, Volume 84
issue of Analytical Chemistry. Pulse widths from 100 1s-10
ns can be readily implemented for desorption or ionization
applications and wavelengths can be readily selected from
the 1 um to 8 um range.

[0077] Finally, the laser systems as described here are also
suitable for medical processing applications, such as surgery
or tissue cutting. The benefits of ps lasers for applications 1n
surgery were for example described 1in Saeid Amini-Nik,
Ultratast Mid-IR Laser Scalpel: Protein Signals of the
Fundamental Limits to Minimally Invasive Surgery in the
September 2010, Volume 5 1ssue of PLoS ONE. For such
applications frequency down-converted fiber lasers are
desirable, where the frequency 1s down-converted to the
2.6-6 um wavelength range depending on the target medical
material. A generic system implementation 650 1s shown in
FIG. 65 1n which biological material 660 1s to be heated, cut,
ablated or otherwise modified. Optical focusing arrange-
ments and opto-mechanical arrangements for two or three
dimensional scanning as discussed with respect to FI1G. 6 are
not separately shown here.

[0078] The above description of the preferred embodi-
ments has been given by way of example. From the disclo-
sure given, those skilled in the art will not only understand
the present invention and 1ts attendant advantages, but waill
also find apparent various changes and modifications to the
structures and methods disclosed. It 1s sought, therefore, to
cover all such changes and modifications as fall within the
spirit and scope of the invention, as defined by the appended
claims, and equivalents thereof.

[0079] As used herein, the term “or” 1s intended to mean
an inclusive “or” rather than an exclusive “or”, unless
specified. In addition, the articles “a” and “an’ as used in this
application and the appended claims are to be construed to
mean “one or more” or “at least one” unless specified
otherwise.

[0080] For purposes of summarizing the present invention,
certain aspects, advantages and novel features of the present
invention are described herein. It 1s to be understood,
however, that not necessarily all such advantages may be
achieved 1n accordance with any particular embodiment
Thus, the present invention may be embodied or carried out
in a manner that achieves one or more advantages without
necessarily achieving other advantages as may be taught or
suggested herein.

[0081] Thus, while only certain embodiments have been
specifically described herein, it will be apparent that numer-
ous modifications may be made thereto without departing
from the spirit and scope of the imnvention. Further, acronyms
are used merely to enhance the readability of the specifica-
tion and claims. It should be noted that these acronyms are
not intended to lessen the generality of the terms used and
they should not be construed to restrict the scope of the
claims to the embodiments described therein.

What 1s claimed 1s:

1. An optical amplification system, comprising:

a fiber laser seed source producing seed pulses at a
repetition rate corresponding to the fiber laser cavity
round trip time, said seed source producing seed pulses
having a pulse width greater than about 5 picoseconds
(ps);

a nonlinear pulse transformer comprising a fiber length
greater than about 10 m and less than 3000 m, said
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pulse transformer receiving a ps seed pulse at 1ts input
and producing a spectrally broadened ps output pulse at
its output;

a fiber power amplifier receiving and amplifying said

spectrally broadened ps output pulse; and

a pulse compressor configured to temporally compress

spectrally broadened pulses amplified by said power
amplifier.

2. The optical amplification system according to claim 1,
wherein said fiber power amplifier receives and amplifies
said spectrally broadened pulse to produce a pulse energy
greater than about 5 ul.

3. The optical amplification system according to claim 1,
wherein said seed source generates a pulse width>10 ps.

4. The optical amplification system according to claim 1,
wherein a pulse width generated with said ps seed source 1s
compressible to a pulse width less than 5 ps.

5. An optical amplification system according to claim 1,
wherein said nonlinear pulse transformer spectrally broad-
ens a pulse injected to 1ts mput by a factor>1.5.

6. The optical amplification system according to claim 1,
wherein said nonlinear pulse transformer spectrally broad-
ens a pulse injected to 1ts mput by a factor>4.

7. The optical amplification system according to claim 1,
said amplification system further comprising a down coun-
ter.

8. The optical amplification system according to claim 1,
wherein said nonlinear pulse transformer comprises lengths
of amplifier fiber and passive undoped fiber.

9. The optical amplification system according to claim 1,
wherein said fiber seed source comprises a modelocked fiber
laser.

10. The optical amplification system according to claim 1,
wherein said amplification system 1s further configured to
substantially optimize the pulse quality of the pulses coupled
out of the pulse compressor by insertion of elements with
optimized values of third or fourth order dispersion.

11. The optical amplification system according to claim 1,
turther comprising: a nonlinear frequency conversion stage.

12. An optical amplification system according to claim 1,
wherein said amplification system 1s configured as an ele-
ment of a system for micro-machining, ophthalmology,
molecular desorption, 1onization, mass spectroscopy, or
laser-based biological tissue processing.

13. The amplification system according to claim 1, com-
prising a nonlinear fiber power amplifier disposed between
said seed source and said compressor.

14. The amplification system of claim 1, wherein said
seed source comprises: a fiber-based modelocked laser, a
semiconductor mode locked laser, a Fourier domain mode
locked laser, or a gain-switched laser diode.

15. The amplification system according to claim 1, com-
prising: a fiber oscillator generating pulses at its cavity
round trip time; a down-counter, said down-counter dis-
posed between said fiber oscillator and said fiber power
amplifier; and a pump source configured to optically pump
both said fiber oscillator and said fiber power amplifier.

16. A modelocked fiber oscillator generating ps pulses,
said modelocked fiber oscillator comprising: a fiber grating;;
and a saturable absorber, wherein said modelocked fiber
oscillator 1s characterized by having a low susceptibility to
Q-switching 1instabilities, said low susceptibility to
Q-switching 1nstabilities arising from selecting a grating
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bandwidth AA[nm] and negative grating dispersion D, .
[ps®], where the grating bandwidth AA[nm] is selected to be
smaller than 5/V (ngr[psz]).

17. A modelocked fiber oscillator generating ps pulses
according to claim 16, configured as a Fabry-Perot cavity.

18. A modelocked fiber oscillator generating ps pulses
according to claim 16, configured as a ring cavity.

19. A modelocked fiber oscillator generating ps pulses
according to claim 16, configured as a twisted cavity.

20. A modelocked fiber oscillator generating ps pulses
according to claim 16, further comprising photonic crystal
or Kagome fiber.

21. A system for amplifying pulses, comprising: a pico-
second (ps) seed source, said seed source producing pulses
with a pulse width greater than about 5 ps; a nonlinear pulse
transiormer, said pulse transformer receiving a ps pulse at its
input and producing a spectrally broadened, near linearly
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chirped and near parabolic ps output pulse, said ps output
pulse having a temporal wavelform with substantially
smaller pulse wings compared to a seed mput pulse wave-
form; a nonlinear fiber power amplifier; and a pulse com-
pressor configured to temporally compress pulses amplified
by said nonlinear power amplifier.

22. A system for amplifying pulses, comprising: a pico-
second (ps) seed source, said seed source producing pulses
with a pulse width greater than about 5 ps; a nonlinear pulse
transformer, said pulse transformer receiving a ps pulse at its
input and producing a spectrally broadened ps pulse at 1ts
output; a nonlinear fiber power amplifier; and a pulse
compressor configured to temporally compress pulses
amplified by said power amplifier, wherein said nonlinear
pulse transformer 1s configured to substantially optimize the
pulse quality obtained after the compressor.
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