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Abstract Supercontinuum (SC) generation in a standard
telecom fiber using 1 ns pulses of a 1,550-nm DFB laser
amplified in a cascade of erbium and erbium/ytterbium
fiber amplifiers is reported. The SC source operated at
200 kHz repetition rate and delivered up to 2 W of average
output power in the band of 1,300-2,500 nm with a dif-
fraction limited beam. For the wavelengths over 1,650 nm,
the output power of 1.1 W was recorded. The spectrum was
very flat with the flatness of <5 dB in the wavelength
interval of 1.6-2.18 um. To the best of our knowledge, it is
the first report on W-level SC generation obtained only in a
standard single-mode fiber (SMF-28) with almost the entire
spectrum in the eye-safe spectral region (4 > 1.4 pum)
permitted by silicate glass transparency.

1 Introduction

A considerable interest in SC laser sources has been
observed over the past two decades. This interest has man-
ifested itself in a large number of books and papers related to
this topic. In general, SC light can be obtained by pumping a
piece of optical fiber with high intensity laser radiation.
Different types of mode-locked lasers [1, 2], Q-switched
lasers [3, 4] or CW lasers [5] are usually employed as pump
sources and different nonlinear media, including silica-based
fibers, appropriate for SC generation in the visible [6, 7], as
well as fluoride [3, 8], tellurite [9], and chalcogenide [10]
fibers suitable for mid-infrared operation have been used. It
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is worth noting here that majority of literature reports are
related to SC in the visible and near-infrared range obtained
with the use of silica photonic crystal fibers (PCFs) pumped
by mode-locked lasers.

To develop a reliable, compact, low-cost, all-fiber SC
generator that could satisfy market demands, all the SC
components have to be fusion spliced and in that context
fiber-based pump laser sources and silica-based fibers
(as nonlinear media) are the best candidates for this pur-
pose. Although spectral broadening in silica fibers is lim-
ited by strong material absorption in the mid-infrared
region, they can be successfully used for SC generation in
the wavelength range from the visible to ~2.6 pm wave-
length [11]—the band that is interesting for LIDAR sys-
tems [12, 13], optical coherence tomography [14] or
chemical sensing and microscopy [15].

Since mode-locked lasers are very expensive, compli-
cated in construction, inflexible for output average power
scaling up and require constant, periodic maintenance so as
to ensure an optimal operation, a very interesting solution is
to replace them with gain-switched semiconductor distrib-
uted feedback (DFB) lasers (generating ns or ps duration
pulses) followed by a compact, commercially available (or
easy to develop) cascade of erbium or erbium and erbium/
ytterbium amplifiers. In literature this approach is called
Master Oscillator Fiber Power Amplifier configuration [16].
This concept is not a new one, and it was successfully uti-
lized for SC generation and already reported in [6-8, 11, 17].
However, most of the reports were focused on SC generation
in highly nonlinear (HiNL) fibers (characterized by higher
nonlinear parameter y compared to conventional optical
fibers) including fluoride fibers or dispersion shifted fibers.
What must be noted is that significantly smaller attention has
been given to SC generation in the mid-infrared range with
the use of cheap and widely commercially available standard
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telecom single-mode fibers (SMF) pumped by nanosecond
pulses.

In the present paper, we report on a compact, high
brightness, ready-to-use SC source built with the use of a
standard SMF (Corning, SMF-28) and a 1.5 um telecom-
grade MOPA source seeded by a directly modulated DFB
laser providing 1 ns pulses. The SC spectrum spreads
mainly in the eye-safe spectral band from 1,300-2,500 nm
and is characterized by a relatively flat spectral distribution
of the intensity (<5 dB) in the wavelength interval of
~1,600-2,200 nm. The maximum achieved average
power was 2 W, measured for all spectral band and 1.1 W
for wavelengths beyond 1.65 pum.

2 SC source arrangement

The SC source was configured as a MOPA system, as is
shown in Fig. 1. The optical pulse train was generated with
a semiconductor seed laser. The generated pulses were
amplified in three amplifying stages formed by two core-
pumped erbium preamplifiers and a booster erbium/ytter-
bium-doped double-clad amplifier.

A pulsed DFB laser in a fiber-pigtail package with a
built-in optical isolator protecting it from undesirable back-
coming radiation was used as a seed. The seed operated at
the wavelength of 1,550.12 nm and delivered a train of
1 ns pulses at a repetition rate of 200 kHz. The average
output power for this duty cycle was 3 uW, which corre-
sponds to the pulse energy and pulse peak power of 15 pJ
and 15 mW, respectively. It is worth mentioning here that
by applying the direct current modulation (phase modula-
tion) of the seed it was possible to enlarge its emission
linewidth by a chirp effect [18].

The preamplifiers utilized single-mode, single clad
erbium-doped fibers with the core/clad diameter of
4/125 pm. The first one, of 1.5 m in length, was pumped by
a laser diode delivering up to 500 mW of optical power at
976.4 nm wavelength, in co-propagating pump scheme,
whereas the second one (1.3 m long) was pumped on both
sides by two 976.3 nm laser diodes, each delivering up to

Fig. 1 Block diagram of an all-
fiber SC source
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500 mW. The pump light was launched into the active
Er-doped fibers with the use of 980/1,550 wavelength
division multiplexers (WDMs).

The booster amplifier was built with a 2.4-m long
single-mode double-clad erbium/ytterbium codoped fiber
and provided a gain of 12.5 dB. It had a 6.5 pm diameter
core with 0.19 NA, and the inner cladding diameter was
125 um with 0.45 NA. Its geometrical parameters were
similar to those of a standard SMF-28 telecom fiber, thus
simplifying fiber splicing process. Short pulses from the
laser oscillator and the short length of the active fiber used
in the booster amplifier prevented the onset of stimulated
Brillouin scattering (SBS)—the major limiting factor in
high peak-power single frequency fiber-based laser sour-
ces. The active fiber was pumped by one 10 W level
(976 nm) pigtailed (105 pm/0.22 NA fiber core diameter/
NA) laser diode through a (2 x 1) + 1 multimode pump
power combiner with a single-mode signal feedthrough at
1,550 nm.

The seed and all amplifying stages were optically iso-
lated by single-stage pigtailed optical isolators. Two
100 GHz band-pass filters, placed between the amplifiers,
were used to eliminate the out-of-band amplified sponta-
neous emission (ASE) generated by the Er-doped fiber
amplifiers. A 99/1 % 2 x 2 tap coupler was spliced after
the second preamplifier to monitor on-line the spectrum,
pulse duration and power generated by the seed and the Er
pre-amplifiers with 1 % forward branch, whereas the
backward 1 % branch of the tap coupler was used to
monitor the SBS signal emergence, coming from the
booster amplifier. Since the booster amplifier was pumped
in counter-propagation configuration and the Er/Yb fiber
provided total pump power absorption of 8.15 dB, it was
necessary to use a power cladding stripper (PCS) placed
between the second Er preamplifier and the active Er/Yb
fiber, to remove ~15 % of unabsorbed pump power
propagating in the clad towards the seed. The PCS pro-
vided 12 dB cladding attenuation for pump radiation and
0.3 dB signal insertion loss. The output signal from the
MOPA system was directly launched into a piece of stan-
dard telecom fiber.

SEED

1550 nm
1 ns, 200 kHz, 15 pJ

SMF-28

Ex/ Yb AMPLIFIER SC output
1 x 10 W pump :> q
12.5 dB gain
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The design approach allowed the developed SC source
to be cooled using forced air or conduction cooling. All the
system components were spliced together, thus providing
an all-fiber architecture for robustness, compactness and
ease of manufacturing. This flexibility provides easy inte-
gration with a wide variety of systems used in different
applications areas.

3 Experimental results and discussion

During the experiment, the seed and erbium amplifiers
were operated at their maximum power, whereas the pump
power launched into the booster amplifier was varied in the
range from 0O to 10 W. The system provided up to 58.5 dB
total gain (the average output power of 2.14 W). The fiber
MOPA output was spliced with a standard SMF-28 having
a length of 4.2 m (it was fusion spliced to the output fiber
pigtail of the pump combiner). Since the two passive fiber
pigtails of the pump power combiner have 20 cm in length,
the total fiber SC length was 4.6 m.

Figure 2 shows the SC spectrum recorded for several
values of average output power. Spectral measurements
were performed using Yokogawa AQ6375 optical spec-
trum analyzer (OSA) with measurement range of
1,200-2,400 nm and the grating spectrometer SP-2358
(Princeton Instruments) with a HCT detector (VIGO Sys-
tem, Poland) covering the spectral band of 2-5 pum. Then
the two measured spectra were spliced together.

As can be seen in Fig. 2, higher pump power yields
wider spectrum that can be achieved and for maximum
pump power the spectrum extends from 1,300 to 2,500 nm,
measured at —70 dB level. It can also be noted that the
spectrum is relatively flat in the wavelength interval of
~1,600-2,200 nm with intensity variation smaller than
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Fig. 2 Output spectrum of the SC source for different average output
power

5 dB. The spectrum was also very stable in time in the
whole wavelength range with deviation of <3 % which is
very important for many applications. One can see that the
intensity falls rapidly (for the case of maximum output
power) for wavelengths higher than 2.4 pm, which is
caused by the intrinsic losses of silicate glasses.

The average power of the SC spectra was measured by a
power meter (Ophir, Laserstar) with thermal sensor
response range of 0.19-20 pm, covering the entire SC
spectra band. The achieved maximum average output
power, including the peaks at 1,550 nm, was measured to
be equal to 2 W (Fig. 3). Since we did not use an auto-
correlator for the measurement of output pulses temporal
profile, we related the measured SC output power to the
pump power launched into the booster Er/Yb amplifier and
not to pulse peak power. The power in the spectral range
above 4> 1,650 nm (after a long-pass filter) was 1.1 W
constituting 55 % of the total output power. The deviation
from linearity of the curve of the average output SC power
versus power pumping the booster amplifier of the MOPA
system occurs for pump power higher than 5 W (output SC
power of 1.2 W) for which the spectrum tail is shifted
beyond 4 = 2.4 pm. The drop of SC generation efficiency
results from the fact that with the increase in pump power
the SC power is distributed more and more towards longer
wavelengths that experience larger material losses, and
thus reducing the total output power.

Mechanisms responsible for SC generation in optical
fibers have already been studied theoretically and experi-
mentally and widely reported [e.g., 11, 19, 20]. Since a
SMF is pumped in anomalous part of its dispersion char-
acteristic, the main phenomena causing spectral broadening
are modulation instability (MI) effect, leading to the
creation of solitons with duration in the femtosecond range
[19, 21], and soliton self-frequency shift caused by Raman
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Fig. 3 Average SC power versus pump power of the booster
amplifier
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scattering [11]. Indeed, the characteristic for MI process
sidebands, separated by about 20 nm from the signal at
1,550 nm, can be distinguished in Fig. 2. In the developed
SC generator, the 1 ns pulses were broken into a train of
multiple pulses with definitely shorter duration. In the
experiment, we did not carry out any autocorrelation
measurements, but the temporal profile of the output pulses
was monitored using a fast photodetector with rising time
of <35 ps (EOT, ET-5000F) and a sampling oscilloscope
with 6 GHz bandwidth (Tektronix, DSA70604). As can be
seen in Fig. 4, the amplitude of output pulse is overmod-
ulated with signatures of pulse splitting. Therefore, as
emphasized in [6-8, 11], MI process can be effectively
used for generation of sub-nanosecond pulses within 1 ns

Fig. 4 Temporal waveform of
the output SC pulse

e

time gate and consequently, for obtaining broad SC spec-
trum in the similar way as in case of mode-locked lasers,
however, contrary to mode-locked lasers, with high aver-
age output power at the same time.

The intensity profile of the output SC beam was mea-
sured with the use of a fully automated M system using the
beam propagation analyzer with a pyroelectric profiler
(Ophir, NanoModeScan), making measurements according
to the ISO 11146. Fig. 5 shows the beam quality factor
measurement of the output SC beam centered at
A = 1,650 nm (FWHM band-12 nm). As can be seen, the
output radiation is characterized by the near diffraction-
limited beam with M? equal to 1.008 and 1.084 for X and
Y axes, respectively.
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Fig. 5 Beam quality of the SC
source: picture of output beam
intensity profile at maximum
power (a), M? measurement for
X axis (b), M? measurement for
Y axis (c)
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4 Conclusions

In summary, we demonstrated a compact, cost-effective,
all-fiber, diffraction-limited, broadband SC source with the
use of standard silica SMF pumped by 1 ns pulses
(A = 1,550 nm) in the anomalous dispersion region. A
spectrum spread from 1,300 to 2,500 nm was experimen-
tally demonstrated. A maximum average SC power of 2 W
was obtained and 55 % of that power was contained in the
band A > 1.65 um. The spectrum is characterized by 5 dB
flatness in a wide wavelength range from ~1.6 to
~2.2 um. The output power can be further scaled up by
applying more powerful pump MOPA source.
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