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We experimentally demonstrate an all-fiber supercontinuum source that covers the spectral region ranging from visible to
mid-infrared. The ultra-broadband supercontinuum is realized by pumping a cascaded photonic crystal fiber and a highly
nonlinear fiber with a 1/1.5 μm dual-band pump source. A maximum output power of 9.01 W is achieved using the system,
which is the highest power ever achieved from a supercontinuum source spanning from the visible to mid-infrared.
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1. Introduction

Supercontinuum sources are demanded in a range of applica-
tions such as remote sensing[1], biomedical imaging[2–4], and
military countermeasures[5]. Hitherto, the dominant approach
for supercontinuum generation is to pump a nonlinear medium
[in most cases, highly nonlinear fibers (HNLFs)] using a pulsed
laser[6,7]. In order to realize a broadband supercontinuum, the
pump wavelength is desired to be within the anomalous
dispersion region and close to the zero dispersion wavelength
(ZDW) of the HNLFs, whereby the pulses generated by the
pump laser can easily extend into the long-wavelength region
through soliton self-frequency shift (SSFS) and extend into
the short-wavelength region through group-velocity-matched
dispersive wave.
For covering different spectral regions, the supercontinuum

sources can be pumped at various wavelengths: 1 μm, 1.5 μm,
and 2 μm. In the 1 μm pumping scheme, ytterbium-doped fiber
lasers (YDFLs) are the most popular pump sources, and
silica-based photonic crystal fibers (PCFs) with ZDWs in the
short-wavelength tail of the near-infrared (IR) are a common
nonlinear medium. Thanks to the outstanding scalability of
YDFLs, the 1 μm pumped supercontinuum sources are capable
of achieving very high output powers, and their spectra usually

extend into the visible or even ultra-violet (UV) region. Chen
et al. reported a 39 W supercontinuum source with a spectrum
spanning 400–2250 nm[8]. Hu et al. reported a 49.5W supercon-
tinuum source with a spectrum ranging from 500 nm to
1700 nm[9]. A UV-enhanced supercontinuum with a short-
wavelength edge at 370 nm was demonstrated by Gao et al.[10].
The output power of UV-enhanced supercontinuum sources
can be as high as 80.8 W[11–13]. The 1 μm pumped system with
hundred-watt-level output was also reported previously[14].
Despite the impressive progress in power scaling, the intrinsic
drawback of 1 μm pumped supercontinuum sources is that the
long-wavelength coverage of their spectra is restricted in the
near-IR region, owing to the limited shift range of SSFS and
the strong absorption loss of silica fibers.
Regarding 1.5 μm and 2 μm pumping schemes, erbium/

ytterbium-codoped fiber lasers (EYDFLs) and thulium-doped
fiber lasers (TDFLs) are used as pump sources, and
dispersion-matched HNLFs with ZDWs in the long-wavelength
tail of the near-IR are employed as a nonlinear medium. The
1.5 μm and 2 μm pumped supercontinuum sources can provide
spectral coverage spanning mid-IR, and, thus, the absorption
loss of fibers in the mid-IR region has to be taken into consid-
eration. The issue is solved by using very short silica HNLFs or
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directly using soft-glass fibers, which feature low absorption in
the mid-IR region. Nicholson et al. reported a 1.5 μm pumped
supercontinuum source spanning 850–2600 nm, which uses a
short piece of silica HNLF as a nonlinear medium[15]. Xia et al.
reported a low-power (27 mW) supercontinuum source ranging
from 800 nm to 3000 nm, and a high-power (5.4 W) supercon-
tinuum source ranging from 800 nm to 2800 nm. Both systems
are realized by pumping a short piece of silica HNLF with a
1.5 μm EYDFL[16]. By replacing the silica HNLF with a fluoride
one, the output power of the system reported by Xia et al. in
Ref. [16] can be further scaled to 10.5 W, and the long-wave-
length coverage is extended to 4000 nm[17]. With respect to
the 2 μm pumped systems, fluoride HNLF is the favorite non-
linear medium. The 2 μm pumped supercontinuum sources is
capable of achieving mid-IR coverage up to 4700 nm,
and their output powers can be as high as 15.2 W[18–21].
Recently, high-concentration germania-doped silica fibers and
pure germania-core fibers are found to be good alternatives to
the nonlinear medium for supercontinuum generation in the
mid-IR region. The spectra of the supercontinuum sources using
such fibers can extend to 3200 nm, and their output powers can
be scaled to 10 W[22–24].
As mentioned before, a supercontinuum source pumped at

the longer wavelengths (e.g., 1.5 μm and 2 μm) can produce
spectra spanning the mid-IR. However, such performance is
achieved at the cost of the spectral coverage in the visible region.
In most reported cases, the short-wavelength boundaries of the
1.5 μm or 2 μm pumped systems are located at the wavelengths
longer than 800 nm. At present, the realization of a supercon-
tinuum spanning from the visible to mid-IR is still challenging.
A potential approach to improve the spectral coverage of super-
continuum sources is to apply multi-wavelength lasers[25] as
pumps. In this Letter, we demonstrate an ultra-broadband
supercontinuum source that spans from 500 nm to 3000 nm.
The system is based upon a particular dual-band pumping
scheme, in which the nonlinear medium is pumped with a 1/
1.5 μm dual-band master oscillator power amplifier (MOPA)
system. The nonlinear medium is the cascade of a PCF and
an HNLF. Under maximum pump power, the supercontinuum
source produces an output power of 9.01W, which is, to the best
of our knowledge, the highest power realized by supercontin-
uum sources covering from the visible to mid-IR.

2. Experimental Setup

The schematic of the all-fiber 1/1.5 μm dual-band pumped
supercontinuum source is presented in Fig. 1(a). The 1 μm seed
laser is a semiconductor saturable absorber mirror (SESAM)-
based passively mode-locked YDFL with a central wavelength
of 1063.8 nm, of which the maximum average power is
2 mW. The repetition rate and pulse duration of the 1 μm seed
laser are 50.3 MHz and 7.75 ps, respectively. The 1.5 μm band
seed source is a directly electrically modulated semiconductor
laser diode (LD) with a central wavelength of 1548 nm. A pulsed
electrical signal is applied to modulate the LD to generate a

1.5 μm pulse laser with 1 MHz repetition rate and 2 ns pulse
duration. Since the duty cycle of the modulation signal is low,
the output power is only 10 μW. Both seed lasers are amplified
with multi-stage MOPAs, which employ configurations similar
to the systems reported in Ref. [26]. The amplified 1/1.5 μm
radiations are combined in a 1064/1550 nmwavelength division
multiplexer (WDM). The mixed 1/1.5 μm radiation is sub-
sequently injected into a booster amplifier via the signal port
of a high-power �6� 1� × 1 combiner. The booster amplifier
comprises a 1-m-long large mode area (LMA) erbium/
ytterbium-codoped fiber (EYDF), which is pumped by six
976 nm LDs. The LMA EYDF is with a core/cladding diameter
of 25/300 μm, a core/cladding numerical aperture (NA) of 0.09/
0.46, and a cladding absorption rate of 15 dB/m at 976 nm. A
high-power cladding power stripper (CPS) is used to strip the
residual pump. To eliminate the high-order mode and realize
mode field matching, a mode field adapter (MFA) is inserted
between the booster amplifier and the supercontinuum genera-
tor. Fibers of the input/output ports of the MFA are a passive
LMA fiber (core/cladding diameter: 25/300 μm, core/cladding
NA: 0.09/0.46) and an HI1060 fiber (core diameter: 6 μm, core
NA: 0.14), respectively. The amplified 1/1.5 μm dual-band
pump is injected into the supercontinuum generator through
the MFA. In the supercontinuum generator, two cascaded silica
fibers are used as nonlinear medium. The first fiber (which is
directly spliced to the MFA) is a PCF fabricated by Yangtze
Optical Fibre and Cable Company Ltd. The PCF has a core

Fig. 1. (a) Experimental setup. WDM, wavelength division multiplexer; LD, laser
diode pump; CPS, cladding power stripper; MFA, mode field adapter; PCF, pho-
tonic crystal fiber; HNLF, highly nonlinear fiber; SC, supercontinuum.
(b) Calculated dispersion curve. The inset shows the end face of the PCF.
(c) Measured transmission loss of the PCF.
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diameter of 4.7 μm, an air hole diameter of 1.9 μm, and a pitch of
3.3 μm. The calculated dispersion curve with an inserted cross-
sectional geometry of the PCF is shown in Fig. 1(b). The non-
linear coefficient and mode field diameter (MFD) of the
PCF at 1060 nm are 11W−1 · km−1 and 3.9 μm, respectively[27].
Figure 1(c) shows that the transmission loss of the PCF is as low
as 5 dB/km in the range of 1–1.65 μm, except for the water
absorption peak at 1.36 μm (∼80 dB=km). The second fiber is
a silica HNLF. The HNLF has a core diameter of 3.4 μm. The
nonlinear coefficient of the HNLF at 1550 nm is 10W−1 · km−1.
The ZDWs of the PCF and the HNLF are, respectively, 1030 nm
and 1550 nm, which match well with the 1/1.5 μm dual-band
pump. The splicing loss of HI1060-PCF and PCF-HNLF is
0.36 and 0.46 dB, respectively. For achieving an optimized per-
formance of the system, the lengths of the PCF and the HNLF
are adjustable. In experiments, the splicing points, fiber compo-
nents (combiner, CPS, and MFA), as well as the active fiber in
the booster amplifier are water-chilled using customized heat
sinks to prevent thermal damage induced by the high-power
operation.
The output spectra of the dual-band pumped supercontin-

uum source are acquired using an optical spectrum analyzer
(OSA, Yokogawa AQ6373, operating range: 350–1200 nm, res-
olution: 0.02 nm) and a Fourier transform IR spectrometer
(Bruker Tensor27, operating range: 1000–5000 nm, resolution:
1 cm−1). The visible region is acquired with the OSA, whilst the
mid-IR region is acquired with the spectrometer. The spectra
acquired with the two devices are finally combined in a single
diagram, with a joint point at the wavelength of 1100 nm.

3. Results and Discussion

In experimental works, we first investigate the characteristics of
the pump laser, that is, the output from the final stage
(i.e., booster amplifier) of the MOPA system. The highest power
of the mixed 1/1.5 μm radiation to be sent into the supercontin-
uum generator is 23 W, which is achieved under the maximum
available pump power (150 W) provided by the 976 nm LDs. It
should be noted that the power is measured at the output port of
the MFA, that is, the loss induced by mode field mismatch is
already taken into account. The specific powers of the 1 μm
and the 1.5 μm radiation are 10.8 W and 12.2 W, respectively.
The spectral evolution of themixed pumpwith the rising powers
is shown in Fig. 2(a). As the output power increases, the 1 μm
peak broadens slightly, whilst the 1.5 μm peak exhibits strong
expansion towards the long-wavelength region. The reason
for the spectral broadening of the 1.5 μm peak is modulation
instability and Raman-induced frequency red-shift in the
anomalous dispersion region of the output fiber of the MFA.
The modulation instability leads to the splitting of the 1.5 μm
pulses. The Raman-induced SSFS promotes a red-shift. The
spectrum of the 1.5 μm radiation consequently extends into
the long-wavelength region. As shown in Fig. 2(b), with the
increase of pump power, the slope efficiency of 1 μm radiation
increases from 6.8% to 9.4%, while the slope efficiency of 1.5 μm

Fig. 2. (a) Spectral evolution of the 1/1.5 μm mixed pump with various output
powers. (b) Output powers of the 1/1.5 μm radiations from the dual-band fiber
amplifier. Output pulse trains at (c) 1 μm and (d) 1.5 μm at the maximum
output power.
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radiation decreases from 10.7% to 5.2%, like the trend in
Ref. [26]. Output pulse trains of 1 μm and 1.5 μm radiation
at the maximum output power are shown in Figs. 2(c) and
2(d), respectively.
As described above, the PCF spliced with the output port of

the MFA possesses a ZDW (1030 nm) close to the central wave-
length of the 1 μm pump (1063.8 nm). As a result, the PCF is
pumped at the ZDW (by the 1 μm pump) and in the anomalous
dispersion region (by the 1.5 μm pump) simultaneously. The
output spectra measured after the PCF are presented in Fig. 3,
which are measured with a variety of fiber lengths (1.4 m,
5 m, and 8 m).
The highest output power is achieved when the length of the

PCF is 1.4 m. In such a case, the 10.7 W supercontinuum with a
spectrum ranging from 500 nm to 2500 nm is realized. The long-
wavelength edge extends into the high-loss region of silica fibers.
As the length of the PCF is increased, the generated supercon-
tinuum exhibits slightly better coverage in the visible region;
however, its coverage in the long-wavelength region is signifi-
cantly reduced due to the larger absorption loss. Moreover,
the output power also suffers from a substantial reduction, as
the length of the PCF is increased. With 8 m PCF, the highest
power of the generated supercontinuum is only 4.55 W. In this
work, for optimizing the overall performance of the system, the
length of the PCF is determined to be 1.4 m.
To expand the coverage of the supercontinuum source into

the mid-IR region, an HNLF with a ZDW (1550 nm) matched
with the 1.5 μm pump is used as the second nonlinear medium.
The HNLF is cascaded with the 1.4 m PCF. The residual 1.5 μm
pump sent out from the PCF plays an important role in the
supercontinuum generation in the HNLF. The supercontinuum
experiences a further broadening in the HNLF, particularly in
the long-wavelength region. The output characteristics of the
supercontinuum acquired after the HNLF are present in
Table 1 and Fig. 4. In experiments, we tested a number of fiber
lengths for the HNLF. It is found that the performance of the
generated supercontinuum (both the spectrum and the output

power) deteriorates dramatically with the increase of the fiber
length. This can be attributed to the large absorption loss
induced by the longer fiber. As the length of the HNLF is
0.2 m, the supercontinuum generated from the system reaches
the optimized performance, as shown in Fig. 4(b). Compared

Fig. 3. Spectral evolution of the supercontinuum measured after (a) 1.4 m,
(b) 5 m, and (c) 8 m PCF.

Fig. 4. (a) Output power of the generated supercontinuum measured after
different lengths of HNLF as a function of the pump power. (b) Spectral evo-
lution of the generated supercontinuum measured after 0.2 m HNLF.

Table 1. Characteristics of the Supercontinuum Measured After Various
Lengths of HNLF.

Length HNLF (m) Wavelength range (nm) Output power (W)

10 890–2600 4.14

4 810–2700 5.62

1 650–2800 7.80

0.2 500–3000 9.01
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with the supercontinuum acquired immediately after the 1.4 m
PCF, the long-wavelength edge of the supercontinuum acquired
after the 0.2 m HNLF is expanded to 3000 nm, and the output
power (9.01W) only shows a small reduction. After the system is
warmed up for 20 min, the output power fluctuation is less than
1.4% in 2 h. Moreover, the supercontinuum acquired after the
0.2 m HNLF exhibits an almost identical coverage in the visible
region with the supercontinuum acquired after the PCF, with a
short-wavelength edge located around 500 nm. Since the visible
part is at the edge of the supercontinuum spectrum, the intensity
of the spectrum is low. In the next step, we plan to optimize the
power of the 1 μm pump source in the system to enhance the
visible part of the supercontinuum.

4. Conclusion

To conclude, we experimentally demonstrate a high-power,
ultra-broadband supercontinuum source. The supercontinuum
generation is realized by pumping cascaded PCF-HNLFs using a
1/1.5 μmdual-bandMOPA system. The source achieves a maxi-
mum output power of 9.01 W, and its spectral coverage ranges
from 500 nm to 3000 nm. As far as we know, this is the highest
power ever achieved from a supercontinuum source spanning
from visible to mid-IR.
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