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Ytterbium-doped multicore photonic crystal fibers are shown to provide an advantageous platform for the phase-
locked amplification of ultrashort light pulses, enabling the generation of sub-100 fs microjoule light pulses at

repetition rates as high as 50 MHz.
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Large-mode-area (LMA) photonic crystal fibers (PCFs)
[1,2] open new horizons in fiber-laser technology. Fibers
of this type help suppress unwanted nonlinear optical
effects in the regime of high laser energies, thus enabling
the creation of high-power fiber lasers and amplifiers
with a superb output beam quality [3,4]. Multiple-core
LMA PCFs have been recently shown [5,6] to offer
promising strategies for a further increase in the output
power of fiber laser systems. Properly designed multi-
core PCFs can provide a larger mode area compared to
single-core PCFs and reduce heat- and stress-induced
beam distortions at high power levels. However, high
beam quality of a multicore PCF output can be achieved
only when the individual core outputs are phase locked
[7—-12]. Such phase locking can be achieved through the
use of a Talbot cavity [7], structured mirrors [8], and
spatial filtering [10]. In the regime of strong evanescent-
field coupling of the fiber cores, in-phase supermode
selection, as first demonstrated by Cheo et al. [9], can
also occur spontaneously above a certain level of pump
powers. Michaille et al. [10] have recently employed a
six-core PCF to demonstrate the generation of 26 ns
laser pulses with energies up to 2.2 mJ and a mode field
area of 4200 um? in the Q-switching regime. A digital-
holography wave-front control of a 19-core ytterbium-
doped fiber amplifier has been shown to enable efficient
amplification of suppicosecond laser pulses [12].
Daniault et al. [13] have recently demonstrated coherent
beam combining of two femtosecond fiber chirped-
pulse amplifiers seeded with a common oscillator
through the use of an electro-optical phase-modula-
tor-based feedback loop.

Here, we show that multicore PCFs provide an
advantageous platform for the solution of this
problem, enabling the generation of sub-100 fs micro-
joule light pulses at repetition rates as high as 50 MHz.
We present a fiber laser—amplifier system with an Yb-
doped LMA-PCF laser, an LMA-PCF preamplifier,
and a 7- or 18-core PCF amplifier, yielding a high-
power fiber output compressible to ultrashort pulse
widths. We also demonstrate that pulse compression of
the multicore-PCF-amplifier output to shorter pulse
widths, including few-cycle field waveforms, can be
achieved through spectral broadening in LMA all-solid
photonic band-gap fibers (PBGF), as well as through
waveform synthesis using multiple wavelength-shifted
solitons, dispersive waves emitted by solitons, and the
third harmonic. Whereas some of the individual
components of this platform, including a 7-core-PCF
amplifier [5] and an all-solid-PCF pulse compressor
[14], have been reported in our earlier work, here, we
present for the first time the entire integrated system
for the generation, amplification, pulse compression,
as well as temporal and spectral transformation of
ultrashort light pulses where all the key functional
elements are based on different types of PCFs.

A typical scheme of a fiber laser with a multicore-
PCF amplifier is shown in Figure 1. The master
oscillator is based on an Yb-doped (with a ~1000 ppm
wt doping level) single-polarization double-clad
LMA PCF with a core diameter of 29 um. In the
mode-locking regime, the PCF oscillator delivers 600 fs
light pulses with a central wavelength of 1040 nm and
an average power up to 400 mW at a repetition rate
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of 50 MHz. For the preamplifier, we employ a 3.5m
piece of an Yb-doped LMA PCF, which is identical to
the fiber used in the oscillator. Pre-amplified pulses
with an average power of 700 mW pass through an
isolator and enter a multicore LMA PCF of the main
amplifier. The multicore PCF is end-pumped by a
fiber-coupled laser diode operating at 976nm. A
scheme with a counter-propagating pump was chosen
in order to minimize the influence of nonlinear-optical
effects. The output of the multicore PCF was
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Figure 1. Diagram of the fiber source with an LMA PCF
oscillator and multicore-PCF amplifier: LMA PCF, large-
mode-area photonic-crystal fiber; SESAM, semiconductor
saturable-absorber mirror; LD, photodetection system.
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compressed with a grating pair in a four-bounce
configuration. Appropriate telescopic systems were
used to image the oscillator and amplifier outputs on
a beam analyzer (coherent) for near- and far-field
measurements. Temporal and spectral characterization
of the fiber-laser and fiber-amplifier output pulses were
performed with a long scan-range autocorrelator (APE
Pulse Check) and a high-resolution spectrometer
(Ando 6315A).

Photonic crystal fibers with 7 and 18 Yb-doped
cores (Figure 2(a) and (b)) were used at the amplifica-
tion stage. With an appropriate optimization of pump
and fiber parameters [5,6], both types of fibers have
been shown to support a robust phase-locked ampli-
fication of the preamplifier output, giving rise to
smooth stable bell-shaped field intensity profiles in the
far field. With the 7-core PCF, the 0.7W, 1 MHz,
1.9 ps preamplifier output was amplified in the phase-
locked regime to 24 W pulses, which were compressed
with a grating compressor to 110 fs pulses with a peak
power up to 150 MW. The 18-core PCF amplifier was
capable of delivering pulses with a pulse width of about
80 fs (following pulse compression, Figure 3(«) and (b))
and a pulse energy of 1 pJ at a pulse repetition rate of
50 MHz.

Figure 2. SEM images of 7-core (a) and 18-core (b) PCFs. In both types of PCFs, multiple fiber cores, seen in the central part of
the fiber structure, are separated from each other by single-air hole-thick rings and are surrounded by a microstructure cladding.
The scale bars seen in the lower parts of the images correspond to 100 pm.
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Figure 3. The spectrum (a) and autocorrelation trace (b) of the compressed output of the 18-core PCF amplifier. (The color
version of this figure is included in the online version of the journal.)
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Development of fiber-format solutions for the pulse
compression of multicore-PCF-amplifier output calls
for fiber components capable of supporting single-
mode guiding of high-power laser pulses and providing
careful control over the dispersion profile within a
broad spectral range. Such a control can be attained
with small-core PCFs, where the waveguide dispersion
is tailored to balance material dispersion for a targeted
dispersion profile within a broad frequency range. In a
silica—air, ‘holey’ LMA PCEF, this strategy of dispersion
control is much less efficient, as the dispersion profile in
such fibers is typically dominated by material disper-
sion. All-solid PCFs, also referred to as all-solid
photonic band-gap fibers (PBGFs) [15], in many ways
help to resolve this difficulty. In PCFs of this class, the
light is guided along a silica core by antiresonance
reflection from a periodic (photonic crystal) array of
high-index strands in the fiber cladding. As a result,
within a limited frequency band of antiresonance
reflection, dispersion tailoring for such a fiber can be
decoupled from mode-area engineering. All-solid
PBGFs have been shown to offer attractive solutions
for the generation of ultrashort pulses in mode-locked
ytterbium-doped fiber lasers [16], spectral broadening
[17,18], as well as for the compression of high-peak-
power ultrashort laser pulses [19].

In our all-PCF source of ultrashort pulses, we use
a homemade all-solid PBGF [14] with an effective
mode area of about 110 um? (see inset in Figure 4) and
a dispersion profile designed to support soliton
propagation within the range of wavelengths from
approximately 1060 to 1400nm to demonstrate a
wavelength-tunable source of high-energy sub-100 fs
light pulses. All the key components of this source,
such as a master oscillator, an amplifier, and a tunable
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Figure 4. Transmission spectrum (on the logarithmic scale)
of an all-solid photonic band-gap fiber with the cross-
sectional structure shown in the inset. (The color version of
this figure is included in the online version of the journal.)

frequency shifter, are based on PCFs, with the all-solid
PBGF serving to transform a 1040 nm, 50 MHz, 100 fs
amplified output of a large-mode-area ytterbium-
doped PCF oscillator-amplifier system into sub-
100 fs, 6.4 nJ light pulses smoothly tunable within the
range of wavelengths from 1160 to 1260 nm.

The laser-oscillator and amplifier stages of the
system employ diode-pumped ytterbium-doped single-
polarization LMA PCFs in a stretcher-free configura-
tion, delivering laser pulses with a central wavelength
of 1040 nm and a maximum average power of 28 W at
a pulse repetition rate of 50 MHz. An amplified LMA
PCF laser output compressed to a pulse width of about
100 fs with a grating compressor was launched into an
all-solid PCF. A silica cladding of this fiber includes a
hexagonal periodic array of germanium-doped
(=20mol. %) strands running along the fiber. The
diameter of each Ge-doped inclusion in the fiber
cladding is 2 um, with the pitch of the hexagonal lattice
formed by these inclusions being 6pum. Material
dispersion of germanium inclusions slightly modifies
dispersion and nonlinearity of the resulting fiber
structure. However, these effects are negligible com-
pared to the influence of the photonic band gap (PBG),
provided by a hexagonal periodic lattice of Ge-doped
inclusions. A fiber structure with a PBG cladding can
support waveguide modes that cannot be guided
without a PBG cladding. Dispersion profiles of these
PBG-guided modes are radically different from the
dispersion profiles of index-guided modes. In particu-
lar, the zero-GVD wavelength can be shifted along
with PBG shifting by varying the lattice constant of
Ge-doped inclusions and the level of Ge doping.

The fiber is designed in such a way as to provide a
broad transmission band around the central wavelength
of our Yb-doped LMA PCF laser and to support a
broadband wavelength tunability of solitons generated
by the LMA PCF laser output. Spectrally resolved
transmission measurements were performed by butt-
coupling supercontinuum radiation from a highly non-
linear PCF into a 1 m section of the all-solid PBGF. The
first transmission band of our all-solid PBGF stretches
from 780 to 1400nm (Figure 4). Spatially resolved
measurements, performed by imaging a low-intensity
1040 nm LMA PCF laser beam transmitted through the
fiber on a CCD camera, confirm that more than 95% of
laser energy at the fiber output is concentrated in the
fundamental mode of the fiber. The effective area of the
fundamental mode of this fiber is estimated as 110 pm?
at a wavelength of 1040 nm.

Figure 5 shows a map of the spectrally resolved
PBGF output measured as a function of the average
power of input 100fs LMA PCF laser pulses. The
central wavelength of input radiation falls within the
range of normal fiber dispersion. As a result, for input
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Figure 5. Spectrally resolved PBGF output measured as a
function of the average power of input 100 fs 50 MHz LMA
PCF laser pulses. The fiber length is 30 cm. An input average
power of 1 W corresponds to a peak power of 0.2 MW. (The
color version of this figure is included in the online version of
the journal.)

average powers below 0.9 W, no soliton formation is
observed in the PBGF output. The spectral transforma-
tion of the LM A PCF pulses in this regime is dominated
by self-phase modulation (SPM). For higher input
powers (above 1W in Figure 5(a)), SPM-induced
spectral broadening starts to generate sufficiently
intense spectral content in the region of anomalous
fiber dispersion, giving rise to soliton formation. These
solitons experience soliton self-frequency shift due to
the Raman effect [20], leading to the generation of an
intense red-shifted component in the PBGF output.
As can be seen from Figure 5(a), the central wavelength
of this component can be tuned from 1160 to 1260 nm
by increasing the input laser power from 1 to 2.4 W.
With an appropriate spectral filter applied to select
the wavelength-shifted soliton from the non-solitonic
part of the field at the output of the PBGF, the
maximum average power of the soliton with a central
wavelength of 1260nm was estimated as 320 mW,
which corresponds to an energy of 6.4nJ. The pulse
width of this soliton was measured with the use of
the autocorrelation technique. The measured autocor-
relation trace of the soliton PBGF output (circles in
Figure 6) only slightly deviates in its edges from an
autocorrelation trace calculated for an ideal hyper-
bolic-secant-shaped soliton pulse with a pulse width of
84 fs (dashed line in Figure 6). This estimate for the
soliton pulse width agrees well with the results of
numerical simulations, predicting a pulse width of 82 fs
for a frequency-shifted soliton with a central wave-
length of 1260 nm (see inset in Figure 6).
Frequency-shifted solitons in highly nonlinear
PCFs have been found to give rise to high-visibility
interference fringes in PCF output spectra [21],
indicating flat spectral phase profiles of individual
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Figure 6. Autocorrelation trace of the spectrally filtered
PBGF soliton output with a central wavelength of 1260 nm
(filled circles) and a hyperbolic-secant-shaped pulse with a
pulse width of 84 fs (dashed line). The inset shows the results
of NLSE-based simulations for the spectrally filtered
1260 nm soliton at the output of the PBGF under the same
conditions. (The color version of this figure is included in the
online version of the journal.)

solitons in the PCF output. This experimental finding,
supported by numerical simulations, suggests a pro-
mising method of fiber-format pulse shaping and an
attractive technology for few-cycle pulse synthesis
through a coherent addition of frequency-shifted
solitons generated in a highly nonlinear fiber.

To demonstrate the suitability of frequency-shifted
solitons generated in a highly nonlinear fiber for the
synthesis of few-cycle light pulses, we use a model
based on a numerical solution of the generalized
nonlinear Schrédinger equation (GNSE) [20]. This
model includes [22] dispersion effects up to the ninth
order, Kerr and Raman optical nonlinearity, as well as
shock-wave phenomena. Simulations were performed
for Gaussian light pulses with an input central
wavelength of 1250nm and an initial pulse width of
100 fs. Parameters of simulations have been chosen in
such a way as to mimic LMA PCFs suitable for the
generation of high-power solitons: an effective
mode area of 20pum?, zero-GVD wavelength 1, ~
1000nm, and high-order dispersion coefficients
Bs=7.6x107ps’m, By=-9.4x10" ps*/m, Bs=
25x1079ps’/m,  Be=—12x10""ps®/m.  These
numerical simulations fully support our main conclu-
sions based on the analysis of experimental data. A
laser pulse with a sufficiently high input peak power
tends to split into multiple red-shifting solitons as it
propagates through the fiber. At a sufficiently high
level of input peak powers, the soliton spectra overlap,
giving rise to interference fringes in the output
spectrum. The simulated spectral and temporal field
structure at the fiber output is accurately approxi-
mated by a superposition of five solitonic pulses with
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central  frequencies v;~211THz, v,~198THz,
v3~ 191 THz, wv~164THz, vs~149THz, pulse
widths T7~22fs, T,~x27fs, Ty~29fs, T4~30fs,
Ts~35fs, energies 1.6, 2.6, 2.9, 4.6, and 5.5nJ, and
delay  times Ay, —A;~220fs, Az —A;~400fs,
Ay — A= 1080fs, and As — A~ 1890 fs. With a light
modulator generating an appropriate five-step group-
delay profile [21], the solitons add up to synthesize a
light pulse with a pulse width of about 10fs. The total
radiation energy of the compressed PCF output is
26.6nJ, with the central, 10fs part of the compressed
pulse carrying an energy of 11.7nlJ.

We have demonstrated that multicore PCFs
provide an advantageous platform for the solution of
this problem, enabling the generation of sub-100fs
microjoule light pulses at repetition rates as high as
50 MHz. Fiber-format pulse compression of the multi-
core-PCF-amplifier output to shorter pulse widths,
including few-cycle field waveforms, can be achieved
through spectral broadening in large-mode-area photo-
nic band-gap fibers, as well as through waveform
synthesis using multiple wavelength-shifted solitons,
dispersive waves emitted by solitons, and the third
harmonic. High-repetition-rate sub-100 fs microjoule
multicore-PCF-based fiber sources demonstrated in
this work are ideally suited as front-end systems for
advanced extreme-power laser facilities and as flexible
and compact, but still powerful tool for nonlinear
imaging, micromachining, and laser surgery.
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