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We report on the study of direct amplification of femtosecond pulses in an 80 �m core diameter microstruc-
tured Yb-doped rod-type fiber amplifier in the nonlinear regime. The system includes a compact single grat-
ing compressor for the compensation of the small dispersion in the amplifier. With a 1250 line/mm (l/mm)
grating-based compressor, pulses as short as 49 fs with 870 nJ pulse energy and 12 MW peak power are
obtained. Alternatively, the use of a 1740 l /mm grating allows the production of higher quality pulses of
70 fs, 1.25 �J pulse energy, and 16 MW peak power. © 2008 Optical Society of America

OCIS codes: 060.2320, 140.3510, 320.5520.
A decade of intensive studies and improvements on
Yb-doped fibers has led to the demonstration of many
advantageous properties if compared to conventional
bulk solid-state systems. Thanks to their geometry
and design, Yb-doped fibers feature outstanding
thermo-optical properties, large gain bandwidth,
high saturation fluence, and high optical pumping ef-
ficiency ��80% �. However, the major drawback of ul-
trashort pulses amplification in doped fibers is the
long confined propagation length that limits both the
power and the energy scaling due to nonlinear pulse
distortions.

In general, sufficient pulse stretching in the time
domain together with the enlargement of the mode
field area of the active core is used to reduce the peak
power and thus limit nonlinear effects. Thus, the so-
called fiber chirped-pulse amplification (FCPA) tech-
nique implements a stretcher module, a low numeri-
cal aperture (NA) large mode area (LMA) rare-earth-
doped fiber amplifier, and a compressor module.
Recently, this technique has led to the generation of
very high power femtosecond pulses [1] as well as
hundreds of microjoule-class subpicosecond pulses
[2]. Interestingly enough, specific FCPA systems have
generated high peak power and high energy pulses in
the presence of large amounts of accumulated nonlin-
ear phase [3–5]. In a similar context, parabolic pulse
generation and amplification in fiber-based amplifi-
ers clearly denote how nonlinearities can be har-
nessed, rather than limited, to generate high peak
power ultrashort pulses [6,7]. Recently, we have dem-
onstrated the operation of a parabolic amplifier be-
yond the gain bandwidth limit under conditions of
gain-induced spectral asymmetry [8].

In this Letter, we demonstrate the direct amplifi-
cation of femtosecond pulses in short length, ultralow
nonlinearity rod-type photonic crystal fibers [9] to
peak powers in excess of 10 MW. Our system includes
a compressor to compensate the small amount of dis-
persion accumulated in the amplifier. The amplifier
0146-9592/08/020107-3/$15.00 ©
is based on a rod-type photonic crystal fiber with an
ultralarge mode field diameter of 70 �m (�3850 �m2

mode field area). In contrast with pure parabolic am-
plification, the pulses are amplified and spectrally
broadened in an unconventional nonlinear regime
dominated by self-phase modulation (SPM) in the
presence of gain and a limited amount of dispersion
(nonlinear length LNL�6.8 cm, while dispersion
length LD�4.4 m) [10]. We obtained 49 fs, 870 nJ,
12 MW peak power pulses, and 70 fs, 1.25 �J, 16 MW
peak power pulses, using a 1250 and a 1740 line/mm
(l/mm), respectively, grating-based compressor, at a
repetition rate of 10 MHz and a central wavelength of
1030 nm. These performances are obtained with a
stretcher-free single amplifier stage and are, to our
knowledge, the highest peak power ever reported for
a system of this type.

Our experimental setup is shown in Fig. 1. The
femtosecond seed source is a passively mode-locked
Yb3+:KYW oscillator and delivers pulses of 330 fs
with a spectral bandwidth of 3.9 nm centered at
1030 nm [time–bandwidth product (TBP) �0.36]
with energy of up to 170 nJ at 10 MHz repetition
rate. These pulses (up to 100 nJ) are seeded into the
rod-type fiber through an optical isolator. The high
power amplifier is based on an 85 cm long low-
Fig. 1. Experimental setup.
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nonlinearity microstructured Yb-doped rod-type fi-
ber, which delivers diffraction-limited beam quality
�M2�1.3� out of an 80 �m core diameter. The fiber is
intrinsically monomode due to the microstructure
that surrounds the extremely large core and does not
require selective injection. Long term (several hours)
stability has been achieved, except in the case of high
pump power ��50 W�. This is only due to a rather
trivial technical restriction, i.e., heating of the pump-
ing optics mounts. The mode field diameter of this
fiber of 70 �m (corresponding to a nonlinear param-
eter �=5.1�10−5) considerably reduces nonlineari-
ties during amplification compared to conventional
LMA fibers. The high NA��0.56� pump cladding has
a diameter of 200 �m and ensures a pump absorption
of 25 dB/m at 976 nm. A 100 W fiber-coupled laser di-
ode emitting at 976 nm is used to pump the amplifier
in a counterpropagating scheme. Both fiber ends are
angle polished at 8° to suppress parasitic lasing.

In fiber amplifier systems the overall uncompen-
sated third-order dispersion (TOD) sets a significant
restriction on the generation of high quality sub-
100 fs high energy pulses. In previous works [4,8,11]
the mechanism of the linear TOD (due to the
compressor/stretcher and the fiber material) compen-
sation by SPM induced nonlinear phase shift of spec-
trally asymmetric pulses has been studied. According
to this scheme there is an optimum output pulse
power level (i.e., total amount of accumulated nonlin-
ear phase in the fiber) at which TOD compensation is
optimized, and therefore the best pulse quality is
achieved. In our setup the amplified pulses are re-
compressed in a two-pass transmission grating-based
compressor, which alternatively employs two trans-
mission gratings: a 1250 and a 1740 l /mm, both at
Littrow angle of incidence i.e., 40° and 64°, respec-
tively. As they provide a considerably different TOD
to group-velocity dispersion (GVD) ratio of −4 and
−15 fs, respectively, we expected to set a different up-
per limit of the optimum output power level of the
amplified pulses. Finally, the recompressed pulses

Fig. 2. Retrieved temporal intensity profile (SHG FROG)
of the seed (dotted) and compressed pulses at 185 nJ
(dashed) and 870 nJ (solid) output power (corresponding
spectra in the inset) for the 1250 l /mm grating case.
are characterized by means of a second harmonic
generation frequency resolved optical gating (SHG
FROG) cross-checked with independent intensity au-
tocorrelation (50 ps delay range) and spectrometer
measurements, to assure accurate identification of
the pulse structure.

We first study the amplification and recompression
of the 10 MHz pulse train to an average power of up
to 10 W (1 �J output energy) with the 1250 l /mm
transmission grating-based compressor. The double-
pass geometry allows us to improve the overall com-
pression efficiency to 87% at maximum output power
at the expense of some spatial chirp. However, opti-
mal compression of the 10 W incident beam is ob-
tained for an equivalent distance between the grat-
ings of only 0.98 mm. In such a case, the entire
spectrum is spatially spread over 290 �m. Compared
to a beam diameter of 4 mm the spatial chirp can be
considered insignificant. The SHG FROG retrieved
intensity profiles of the seed and amplified pulses at
2 and 10 W (corresponding to pulse energies after
compression of 185 and 870 nJ, respectively) are
shown in Fig. 2. At 1.85 W output average power af-
ter compression the pulse duration is already dra-
matically reduced down to 60 fs due to the SPM-
induced spectral broadening (inset of Fig. 2). In Fig. 3
is shown the almost linear decrease of the recom-
pressed pulses duration with the increase of the out-
put power i.e., with the increase of the spectral
bandwidth/nonlinear phase. At the highest output
power of 8.7 W after compression the pulse duration
is shortened down to 49 fs, with FWHM time-
bandwidth product (TBP) of 0.47 and rms TBP of 3.7.
However, the amount of energy contained into the
main pulse peak decreases from 77% at 1.85 W down
to 65% at 8.7 W, due to uncompensated TOD, corre-
sponding to an actual peak power of 2.4 and
12.1 MW, respectively. A further increase of the out-
put power resulted in severe distortion of the pulse
structure, making its characterization uncertain.

To optimize the compensation of both the GVD and
the TOD we replaced the 1250 l /mm grating with a
1740 l /mm grating, for which the TOD to GVD ratio
is 3.7 times larger. In Fig. 4 is shown the retrieved

Fig. 3. Pulse duration and corresponding peak power as a
function of output energy for the 1250 l /mm transmission

grating.
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intensity profiles in the cases of the best quality re-
compressed pulses, and the highest peak power
pulses. For 8.5 W of amplified power (5.6 W after
compression) the quality of the compressed pulses is
excellent, resulting in more than 95% of the total en-
ergy contained in the 84 fs duration main pulse peak.
The shortest recompressed pulses are obtained for
16 W of amplified power (10 W or 1 �J after compres-
sion), where the pulse duration decreases down to
64 fs. The highest peak power is obtained at �80 W
of pump power resulting in 20 W output power
(12.5 W or 1.25 �J after compression, estimated B in-
tegral is 8.7�), where 89% of the total energy is con-
centrated in the 70 fs main pulse peak (FWHM TBP
of 0.58, rms TBP of 2.4), corresponding to 16 MW
peak power. The evolution of the recompressed pulse
duration and peak power versus output energy is
shown in Fig. 5. It can be seen that the pulse dura-
tion decreases with increasing output energy as was
already observed in the 1250 l /mm grating-based
compressor case but levels off for the highest ener-

Fig. 4. Retrieved temporal intensity profile for the seed
(dotted) and best quality recompressed pulse (dash dot),
and the highest peak power pulse (solid) with correspond-
ing spectra (top inset). SHG FROG for the highest peak
power case (bottom inset).

Fig. 5. Pulse duration and corresponding peak power as a
function of output energy for the 1740 l /mm transmission
grating.
gies. This behavior is attributed both to the nonopti-
mized TOD compensation but most significantly to
the strong spectral filtering of the highly dispersive
grating for wavelengths higher than 1045 nm (�17%
of the total energy), resulting in an �62% compres-
sion efficiency at the highest peak power. The use of
improved bandwidth 1740 l /mm gratings could lead
to sub-40 fs pulse with energy of �2 �J and, there-
fore, peak power in excess of 40 MW.

In conclusion, we have demonstrated the produc-
tion of 16 MW peak power pulses at 10 MHz repeti-
tion rate from a stretcher-free Yb-doped rod-type fi-
ber amplifier operating in the nonlinear regime. This
approach is based on direct amplification of narrow-
band pulses in a single-pass Yb-doped rod-type fiber
involving embedded gain and SPM. A compact trans-
mission grating compressor is used to compensate for
the small dispersion accumulated in the amplifier.
We show that the use of rod-type fibers results in
peak power four times larger than the highest re-
ported [8] obtained with conventional LMA fibers.
Optimized gratings should allow reaching the 40 MW
level in the same configuration. Such a laser source
could be used for high field physics experiments such
as direct generation of high harmonics and attosec-
ond pulses at a high repetition rate.
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