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Self-compression and Raman soliton generation
in a photonic crystal fiber of 100-fs pulses
produced by a diode-pumped Yb-doped oscillator

Frédéric Druon, Nicolas Sanner, Gaélle Lucas-Leclin, Patrick Georges,

Kim P. Hansen, and Anders Petersson

We present the use of a photonic crystal fiber to straightforwardly compress ultrashort pulses from a
diode-pumped ytterbium laser emitting around 1 pm. 75-fs pulse generation and a large 1-1.3-pm
tunability for sub-100-fs pulses is reported. © 2003 Optical Society of America

OCIS codes:

Photonic crystal fibers (PCF's), also known as holey or
microstructured fibers, have sparked a great deal of
interest owing to their novel dispersion properties
and the opportunity for propagation within a tightly
confined fundamental spatial mode. PCF technol-
ogy has allowed a breakthrough in the domain of
nonlinear processes involving ultra-short pulsed la-
sers emitting in the near-infrared range. In fact,
this new generation of fibers demonstrates zero dis-
persion and anomalous group velocity dispersion
(GVD) for submicrometer wavelengths,! e. g., en-
abling propagation of femtosecond solitons without
time stretching and the subsequent drop of pulse-
peak intensity. The longer effective nonlinear inter-
action length of these fibers has led to very
innovating results at 800 (Refs. 2-5) and 1 pm (Refs.
6—8). In this paper, we present the use of a holey
fiber to straightforwardly compress pulses of a fem-
tosecond oscillator emitting around 1 pm. More-
over, we demonstrate the most compact and simplest,
to our knowledge, largely tunable (in the range of
1-1.3 pm) sub-100-fs laser source.

The laser source is a simple diode-pumped pulsed
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oscillator based on an Yb:SYS crystal.® Figure 1
shows the experimental setup. This oscillator pro-
duces 110-fs pulses at a repetition rate of 108 MHz
and with an average power of 110 mW, which corre-
sponds to a peak power per pulse (P,) of 9 kW. The
central wavelength of the pulses is 1068 nm, and the
bandwidth is 14 nm, equivalent to a time-bandwidth
product (TBP) of 0.4. The TEM,, output beam of
this oscillator is injected into a PCF (Fig. 1). The
incident polarization and the coupled power in the
fiber are controlled with two mirrors and a half-wave
plate. In these conditions, we can continuously ad-
just the intensity in the fiber without modifying the
performances of the oscillator; one can notice that the
beam always remains spatially TEM,,, at the output
of the PCF, as shown in Fig. 1. To inject properly
the oscillator beam in the PCF and to control pre-
cisely the coupled power, we pay attention to having
a precise and stable alignment for the injection in the
fiber. In these conditions and thanks to the good
stability of the Yb:SYS oscillator, no problem of power
fluctuation has been observed at the output of the
fiber.

The experiment is performed with a 95-cm-long
photonic crystal fiber from Crystal Fibre A/S (Birk-
ergd, Denmark). This fiber (represented in Fig. 1)
has a core diameter (/) of 2.6 = 0.2 pm, a structure
pitch of 2.0 + 0.3 pm, and a pitch-to-hole ratio of 0.35.
To couple the laser beam in the PCF, we use a 4-mm-
focal-length microscope objective. The maximum of
the coupling efficiency is then ~30%. This fiber has
been chosen for its interesting properties of disper-
sion. The fiber exhibits zero dispersion at 950 nm
and a negative GVD of ~20 ps/nm/km at 1060 nm,
consequently allowing soliton propagation and possi-
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Fig. 1.
PCF, the structure of which is illustrated in inset (a).
beam of the system is shown in inset (b).

Experimental setup with the Yb:SYS oscillator and the
The output

ble pulse compression for femtosecond lasers based
on ytterbium-doped crystals.

At low coupled power corresponding to an average
power of 3 mW at the output of the PCF, pulse com-
pression has been obtained directly at the output of
the fiber (without additional post-compression sys-
tem). As shown in the autocorrelation traces pre-
sented in Fig. 2, pulses of 75 fs (FWHM) have been
produced corresponding to a compression factor of
1.5. The spectrum broadens from 14 to 18 nm
thanks to the self-phase modulation (SPM). At the
output of the PCF the TBP is then 0.35. At this low
level of power, the spectrum generated by the SPM is
efficiently recompressed by the negative GVD of the
PCF. The experimental results of self-compression
can be substantiated by a simple model, taking into
account only dispersion and SPM.1° Actually, con-
sidering the following set of values D = 26 ps/nm/
km, P, = 250 W, [, = 2.7 um, and ny, = 2.7 10720
m?/W (n,, the nonlinear index), which corresponds to
a initial soliton number® N; = 1.3, this model pro-
duces 74 fs (equivalent to a final soliton number N, =
1.07). In our conditions the pulse compression ap-
pears, since 2 mW of optical power coupled in the
fiber. For 3 mW, the experimental pulse compres-
sion factor reaches 1.47. This value is near the max-
imum compression factor that is achievable in our
PCF, although the length was not optimized in our
experiment. Actually, our simulations predict that,
for an initial soliton number of N = 1.3, an optimal
compression factor of 1.7 (corresponding to N, ~ 1)
should be reached for an fiber length of 35 cm.

With higher powers coupled in the PCF, other non-
linear effects such as stimulated Raman scattering
and soliton self-frequency shift begin to appear.
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Fig. 2. Autocorrelations (a) and spectra (b) of the pulses before
and after self-compress the PCF.
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Fig. 3. Spectra at the output of the fiber (a) and Raman—soliton
central wavelength as a function of coupled power (b).

Thus, with the increase of the peak intensity in the
PCF, new Raman solitons are created and start to
spectrally (Fig. 3) and temporally (Fig. 4) split up
from the fundamental soliton. The role that this
“soliton fission” process plays during pulse propaga-
tion in PCF has been discussed in detail in Refs. 11
and 12. In our experiments, a first Raman soliton
begins to be clearly distinguishable for an average
coupled power of 4 mW (injected soliton number N; ~
1.5), and a second one appears for a power of 16 mW
(N; = 3). The soliton self-frequency shift is contin-
uous and linear versus the power coupled in the PCF
[fig. 3(b)]. Itis then possible to easily generate tun-
able solitons from 1 to 1.3 pwm with a tunability factor
of 9 nm/mW. In the temporal domain, the delay
between the two Raman solitons and the fundamen-
tal soliton also increases with the pulse energy in the
fiber. This time delay reaches 2.59 ps for the first
soliton and 0.55 for the second one at the maximum
coupled power. Moreover, Raman soliton self-
compression is also observed at the output of the
PCF. Using the cross-correlation traces between
the different solitons, we measure a compression fac-
tor between 1.5 and 2. For example, at the maxi-
mum coupled power (P) = 30 mW), the durations for
the three pulses are estimated to 73 fs (at 1060 nm),
64 fs (at 1180 nm), and 55 fs (at 1317 nm). For the
fundamental soliton whose spectrum is highly al-
tered by the SPM, the TBP increases to 0.9. In con-
trast, as shown in Fig. 3, the Raman-soliton spectra
are very smooth; the TBPs are relatively good: 0.35
and 0.37 for the first and the second soliton, respec-
tively. The reduction of the pulse duration versus
the wavelength can be easily understood, taking into
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Fig. 4. Autocorrelation traces at the output of the PCF at eight
different coupled powers.
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account that the soliton number is proportional to
(Pyr/\%)Y2, where 7 is the pulse duration and \ is the
central wavelength. With this simple approach we
conclude that the spectral shift of the Raman solitons
implies an additional pulse compression. Consider-
ing a final soliton number N, ~ 1.5 identical for the
three solitons, we estimated that the global energy is
then distributed between them as following: 6 mW
for the fundamental, 10 mW for the second Raman,
and 14 mW for the first Raman soliton, which is
consistent with the Raman pulse split-up thresholds.
In conclusion, the use of PCF has allowed a direct
compression of pulses from Yb-doped laser emitting
in the 1-pum region. This straightforward technique
has resulted in a compression of 110 fs pulses down to
75 fs. Moreover, thanks to a self-frequency shift of
Raman solitons, it was possible to obtain a sub-100-fs
source tunable from 1to 1.3 pum. The soliton process
permitted a compression of these Raman solitons,
and 55 fs at 1317 nm was then obtained. This new
source, based on a diode-pumped oscillator and a sim-
ple process of frequency conversion, is therefore very
interesting because of its remarkable simplicity.
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