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Abstract: This work presents, for the first time, the results of studies of
stimulated Raman scattering (SRS) in 1.2-km P,0s-doped silica fiber of
radiation of single- and double-scale picosecond pulses generated in a fiber
master oscillator and amplified in a one-stage fiber amplifier. Shown are
differences in supercontinuum spectra composed of several Stokes
components when pumped with pulses of different structure. More efficient
Raman transformation of double-scale pulses was identified, leading to
broader supercontinuum spectra.
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1. Introduction

Fiber lasers mode-locked due to non-linear polarisation evolution (NPE) demonstrate a
unique diversity of mode-locked regimes [1-12], including both those featuring trains of
pulse sets (soliton molecules and similar) and regimes with only one pulse on the cavity
round trip. In the latter case, the laser can generate both fully and partially coherent pulses
(the latter resembling pulse packets more than single pulses). The temporal intensity
distribution of fully coherent pulses has a smooth envelope and is characterised by one
temporal parameter, the envelope width (we will henceforth refer to these pulses as ‘single-
scale pulses’). The temporal intensity distribution of partially coherent pulses is stochastic:
within a packet with duration of several to tens of picoseconds, there are faster stochastic
intensity variations on the scale of 100 to several hundred femtoseconds. Correspondingly,
the temporal intensity distribution of such pulses is described by two temporal parameters, the
packet envelope width and the period of fast intensity fluctuations inside the train (such
pulses will be hereafter referred to as ‘double-scale’ pulses). Double-scale pulses generated in
fiber master oscillators passively mode-locked due to both NPE and other mechanisms do not
yet have a universally accepted appellation. They are termed differently in various
publications: noise-like pulses [13—15], double-scale lumps [16], femtosecond clusters [17],
and so forth. These pulses may be interpreted as pulses contain a large number of
femtosecond sub-pulses with different amplitude and phase [17]. These pulses can be readily
identified in experiment by a distinct shape of auto-correlation function containing a narrow
(100-300 fs) peak on a picosecond pedestal.

The current interest in these pulses is predominantly due to their having femtosecond-
scale partials with high peak intensity, even though the fiber laser cavity may have relatively
high dispersion. They are furthermore attractive because this type of pulses is most likely to
be generated in long cavities [18, 19] and they may deliver record-high energy (for mode-
locked lasers) immediately at the output of a master oscillator without Q-switching or
additional amplification.

The issue of double-scale pulse applications is currently being actively explored. Article
[17] demonstrated the advantages of these pulses in laser-induced breakdown spectroscopy. It
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was shown in [20] that double-scale pulses may be efficiently transformed into second-
harmonic radiation. The present study was focused on Raman scattering of single- and
double-scale fiber laser pulses in a long extra-cavity fiber. As it is illustrated in the following
sections, cascaded SRS spectra given rise by radiation of these pulses exhibit substantial
differences, even though the temporal envelopes of single- and double-scale pulses have
similar widths. Additionally, the character of temporal broadening of single- and double-scale
fiber laser pulses in a long extra-cavity fiber is also different.

It should be emphasised that earlier studies of Raman scattering of laser pulses in long
fibers [21-24] did not compare spectral and temporal pulse shape transformation of single-
and double-scale pulses in a long extra-cavity fiber. This work draws such a comparison for
the first time. Furthermore, here we study for the first time cascaded SRS of picosecond
pulses in ultra-long extra-cavity phosphosilicate-glass fiber.

2. Experimental setup

Generation of single- and double-scale pulses was performed in the fiber-optical system
outlined in Fig. 1. Double-clad Yb-fiber pumped with a diode laser through a beam combiner
at 975 nm was used as the active medium of the master oscillator. Unidirectional operation of
the laser's ring cavity was ensured by an optical isolator and a polarisation beam splitter was
used to couple radiation out of the cavity. To simplify and speed up alignment of the laser for
different mode locking regimes, in which single- or double-scale pulses could be generated,
two intra-cavity polarisation controllers were installed, even though we earlier showed [25]
that only one such controller may be necessary to trigger mode-locked operation.
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Fig. 1. Experimental layout: PC1, PC2 — polarisation controllers, WDM — fiber spectral
combiner, MO — master oscillator, PA — power amplifier.

To determine which specific generation regime was realised, output radiation spectra and
pulse auto-correlation function were measured. Typical spectra and auto-correlation functions
of generated single- and double-scale pulses are presented in Fig. 2.

Pulse repetition rate was 14 MHz and duration of single-scale pulses was 3 ps, while the
width of the temporal envelope of double-scale pulses did not exceed 8.5 ps. The average
output power in both regimes amounted to approximately 20 mW. In order to generate broad
Raman scattering spectra, the output of the fiber master oscillator was boosted in a fiber
amplifier to the average level of 840 mW. The amplified radiation was guided into a 1.2 km
long commercially available phosphosilicate-glass fiber with the core diameter of 6 pm.
Spectral parameters of the radiation were controlled with an optical spectrum analyser (Ando
AQ6370), while temporal ones were registered with an auto-correlator (FS-PS-Auto, 10 fs —
40 ps), photo-detector and oscilloscope with resolution of ~40 ps.
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Fig. 2. (a) Radiation spectra of single-scale (black curve) and double-scale (red curve) pulses at
the output of the master oscillator; (b) Auto-correlation functions of single-scale (black curve)
and double-scale (red curve) pulses at the output of the master oscillator.

3. Results

Figure 3 compares SRS spectra of single- and double-scale pulses after passing through a
long P,0s-doped silica fiber at different average input powers.
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Fig. 3. Cascaded SRS spectra of single-scale (black curves) and double-scale (red curves)
pulses. The average radiation power at the input of the P,Os-doped silica fiber is specified at
the right.

At the lowest average radiation power of 20 mW, spectra at the output of phosphosilicate-
glass fiber almost exactly reproduce the original spectra generated by master oscillator. At
higher average radiation powers, spectral broadening occurs towards longer wavelengths,
leading us to attribute it to Raman scattering. It can be seen that at intermediate power levels
(up to 500-600 mW) Raman scattering spectra of double-scale pulses are substantially wider
than analogous spectra of single-scale pulses. The spectra also differ in shape. Thus, at low
pump powers broadened spectra of single-scale pulses are much more symmetrical, indicating
that self-phase modulation contributes considerably to spectral broadening in this case. As
average power increases up to 500 mW, spectra of single-scale pulses become more and more
asymmetrical and broaden mainly towards longer wavelengths, while remaining quasi II-
shaped. In contrast, spectra of double-scale pulses contain a sloping long-wavelength wing
and a distinct peak at 1090 nm corresponding to residual pump radiation, which did not
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undergo Raman scattering. Both features of double-scale pulse spectra may be attributed to
different statistics of such pulses. Whereas single-scale pulses are smooth and uniformly
broadened, double-scale pulses contain different quasi-random components with different
wavelengths and intensity. Some of these components may have very high (up to an order of
magnitude higher than average) power, which results in higher efficiency of Raman
conversion and larger frequency red-shifts. However, the portion of such relatively high-
intensity components is much smaller compared to single-scale pulses (see Fig. 4(a)). Indeed,
whereas sech” pulses have 50% of their energy stored in an area with instantaneous power P
higher than 75% of peak power P, according to our simulations similar to [20], double-
scale pulses have in the same area only about 8% of their energy (note that exact values may
vary for different lasing regimes [20]). This leads to higher Raman frequency shifts of
double-scale pulses and to formation of sloping (low-intensity) long-wavelength spectral
wings in the process of spectral broadening of such pulses.

As the average input power grows above 800 mW, Raman scattering spectra of single-and
double-scale pulses approach each other both in shape and in width. This indicates that initial
pulse structure ceases to play a significant role when considerable (more than by 200-300 nm)
spectral broadening takes place which corresponds to energy transfer into anomalous
dispersion region with further pulse decay due to modulation instability and evolving
solitonic effects in spectral broadening. Let’s note, however, that the long-wavelength wing
of spectra produced by single-scale pulses contains separate peaks similar to self-frequency-
shifted solitons [26] whereas analogous spectral wing produced by double-scale pulses is
much smoother and gentler sloping. The latter fact may be also attributed to partially coherent
nature of double-scale pulses that leads to spectral smoothing due to averaging over optical
spectral analyser registration time similar to previous finding for CW-pumped
supercontinuum [27]. Relatively smooth radiation spectra observed at high average input
powers represent supercontinua composed of several spectral SRS Stokes components.
Analogous mechanism of supercontinuum generation was earlier discovered in
germanosilicate-glass [22, 28—32] and micro-structured fibers [33]. It is necessary to note that
smoothing out of the output spectrum in the present work took place directly within the
phosphosilicate-glass fiber: we only registered the radiation spectrum at the input and output
of the amplifier and did not monitor any evolution of spectrum inside at all radiation power
levels. In [22], broadening of the pulse spectrum during amplification facilitated leveling out
spectral dips between peaks of neighbouring Stokes components. However in this work, no
spectral broadening of input pulses took place inside the amplifier, and the resulting output
spectrum formed by a combination of several spectral SRS Stokes components was smoothed
out due to relatively broad initial radiation spectra of single- and double-scale pulses. Thus,
spectral width of single-scale pulses exceeded 15 nm, and that of double-scale pulses was
broader than 20 nm.

We chose P,Os-doped silica fiber for these experiments expecting significant conversion
of the input pulse energy into Stokes components around 1240 and 1480 nm in P,Os.
However, as the experimental results demonstrate, the measured spectra do not have
noticeable features around these wavelength values and are, as a whole, formed due to
superposition of radiation spectra of multiple Stokes components generated by SRS in the
germanosilicate host of the selected fiber.

In Fig. 4(b) and 4(c) temporal distributions of radiation intensity of single- and double-
scale pulses are shown at the output of the long extra-cavity fiber at different average input
powers. Since quite a long section of phosphosilicate-glass fiber was used in our experiments
(which is estimated an order of magnitude longer than the length of effective non-linear
interactions for laser pulses), temporal intensity distributions registered at fiber exit are
associated with spectral profiles. Thus, pulse duration after propagation through the
phosphosilicate-glass fiber grows for both types of pulses from 0.5 to 1 up to 5.5-6 ns along
with spectral width as pulse power is increased from 55 to 400 mW. A remarkable feature of
spectrally-broadened double-scale pulses clearly visible in Fig. 4(c) is represented by a
distinct narrow peak close to the trailing edge of the pulse, which is directly related with a
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spectral peak at 1090 nm and corresponds to residual pump radiation. (Note that at the lowest
average power of 55 mW there is a peak at the leading edge of the pulse corresponding to the
peak at the long-wavelength edge of the spectrum shown in Fig. 3 for the lowest power level).
Duration of this peak is about 200 ps, which corresponds to spectral broadening of a 17-nm
wide spectrum after propagation through the fiber with dispersion D ~40 ps*/nm/km.
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Fig. 4. (a): Simulated power statistics for double-scale and single-scale (sech? and Gaussian
pulse): fraction of pulse energy stored in parts of pulse where instantaneous power P related to
max (peak) power Py, is less than 1. Figure 4(b) and 4(c): Temporal intensity distribution of
single-scale (b) and double-scale (c) pulses at the output of the long extra-cavity fiber at
different average input powers (shown at upper right-hand corners).

3. Conclusion

The difference in efficiency of non-linear transformation of single- and double-scale pulses
that we observed earlier [20] also manifested itself in the present work in cascaded SRS of
these pulses. Similar to [20], double-scale pulses demonstrated their relatively better
efficiency of non-linear transformation, but this time also in cascaded SRS. High efficiency of
non-linear conversion of double-scale pulses, which are often termed ‘noise’ or ‘stochastic’
and which were earlier not considered for practical applications, stimulates further studies of
practical applications of radiation pulses, which may deliver record-high energy directly at
the output of fiber master oscillators [6].
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