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Abstract: A tunable continuum with multiwatt output power is demonstrated for the first
time through the pumping of cascaded fibers by using a continuous-wave (CW) ytterbium
fiber laser. The central wavelength of the output continuum can be tuned continuously
and monotonically by varying input pump power, with a wide wavelength-tunable range
from 1.2 to 1.4 pum and a 3-dB bandwidth of tens of nanometers. Two configurations of
the cascaded fibers both display the power-dependent wavelength tunability. The output
spectral characteristics are presented, and the generation of the CW-pumped tunable
continuum is tentatively attributed to the seed-dependent Raman amplification.

Index Terms: Wavelength-tunable optical source, supercontinuum (SC), photonic crystal
fiber (PCF), stimulated Raman scattering (SRS).

1. Introduction

Widely wavelength-tunable optical sources have always been an attractive research field for
their wavelength-tunable properties [1]-[5]. Since the discovery of the soliton self-frequency shift
(SSFS), wavelength-tunable optical sources have been developed extensively because of their
unique power-dependent wavelength tunability. With the pumping of a special fiber by using a
fixed-wavelength ultrashort pulse laser, SSFS can be used to achieve a widely tunable optical
source at different wavelength ranges by varying the input power. As fiber input power is in-
creased, the wavelengths of generated soliton pulse are red-shifted continuously and monotoni-
cally. Aside from input power, this wavelength shift increases with fiber length. Nishizawa and
Goto developed 1.56 um to 1.78 um widely wavelength-tunable output which employed a 180 fs
passively mode-locked Er-doped femtosecond fiber laser and polarization-maintaining fibers [6].
Through a 66 fs Yb-doped ultrashort pulse fiber laser and a photonic crystal fiber (PCF), a
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Fig. 1. Experimental setup for tunable continuum generation. The points of a1, a2, and a3 represent
the end points from PCF250, PCF250-HNLF90, and PCF250-HNLF90-SMF8K in configuration (a). The
points of b1 and b2 represent the end points from PCF250 and PCF250-HNLF in configuration (b).

wavelength-tunable soliton pulse source of 1.06 um to 1.68 um was generated [7]. Moreover,
wavelength-tunable optical sources could be developed in other fiber platforms, including hollow-
core photonic bandgap fibers [8], solid silica higher order mode fibers [9] and large-mode-
area fibers [10].

Despite extensive developments, the primary pump sources for these SSFS-based wave-
length-tunable optical sources are the ultrashort pulse lasers with high complexity, and the gen-
erated tunable output is at the mW-level average power, which limits some applications of these
tunable sources. As far as we know, high-power widely and continuously tunable optical
sources have not been previously demonstrated. It is known to all that SSFS could also be a
principal mechanism for high-power, wideband, Raman-soliton supercontinuum (SC) generation
with the high-power pumping of a dispersion-optimized, highly nonlinear PCF [11]-[{19]. The tun-
able output also could be realized through the tunable filtering for the wideband SC [20], [21].
However, this wavelength-tunability is based on the loss on the undesirable wavelength range
of the SC. Therefore, the question that needs to be addressed is whether the SSFS-based,
high-power, wideband, Raman-soliton SC could be directly converted to the widely and continu-
ously tunable output without the loss on other wavelength range.

In a previous paper, we demonstrated a spectrum-flattening approach for a continuous wave
(CW) supercontinuum through fiber cascading [22]. In the present study, we developed a high-
power widely and continuously tunable continuum source from a CW-pumped wideband SC
through fiber cascading. The wavelength tunability is demonstrated in two configurations of cas-
caded fiber: a three-cascaded fiber of photonic-crystal fiber (PCF)/highly nonlinear fiber (HNLF)/
single-mode optical fiber (SMF) and a two-cascaded fiber of PCF/HNLF. The mechanism of
CW-pumped wavelength tunability is discussed basing on the spectral characteristics of the
output.

2. Experimental Setup

Fig. 1 shows the experimental setup. The pump was a 24 W single-mode, randomly polarized,
CW Yb-fiber laser at 1071.5 nm with a line width of 0.5 nm. This laser pumped two fiber configu-
rations with different kinds of cascaded fibers. The output ends of the cascaded fibers were
angle-cleaved to reduce reflection from the end facet. The output power and spectrum were di-
rectly monitored by using a thermal power meter (Spectrum Physics, 407 A) and an optical
spectrum analyzer (StellarNet, EPP 2000, 900 nm to 1700 nm).

Three fibers were used in our experiment: a highly nonlinear PCF, a normal-dispersion HNLF,
and a standard SMF. The PCF, which was previously used for CW supercontinuum generation,
has a single zero-dispersion wavelength (ZDW) of 1030 nm with a nonlinear coefficient of
11 (W-km) — 1 and a mode field diameter of 3.9 um. The HNLF, which was previously used for
supercontinuum flattening, has the nonlinear and Raman gain coefficients of 10 (W - km) — 1
and 4.8 (W -km) — 1, respectively, at 1550 nm [22]. The ZDW (1840 nm) of this HNLF is suffi-
ciently large, which guarantees that all the spectral components of input lie in the normal disper-
sion region. The SMF is a standard communication single-mode fiber with a ZDW of 1310 nm.
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Fig. 2. Spectrum evolutions of the output tunable continuum with increasing pump power from
(a) PCF250-HNLF90-SMF8K and (b) PCF250-HNLF640. Powers marked represent the pump
powers. (c) Output powers versus pump power from PCF250-HNLF90-SMF8K, PCF250-HNLF640,
and PCF250. The output powers of the tunable continua from PCF250-HNLF90-SMF8K and
PCF250-HNLF640 range 1.3 W ~ 3.3 W and 2.8 W ~ 5.8 W, respectively, corresponding to the pump
from 10 W to 24 W.

Configuration (a) has three kinds of fibers cascaded: a 250 m PCF, a 90 m HNLF, and an
8 km SMF (PCF250-HNLF90-SMF8K). The pump fiber laser was directly spliced to the PCF
with a splice loss of 0.5 dB. The 90 m HNLF was cascaded with the PCF with a splice loss of
0.4 dB. The SMF was spliced to the HNLF with a 0.3 dB loss. Configuration (b) has two kinds of
fibers cascaded: a 250 m PCF and the HNLF with different lengths (PCF250-HNLF).

3. Experimental Results

3.1. Three-Cascaded Fiber Configuration

Fig. 2(a) shows the output spectra from the three-cascaded fiber of PCF250-HNLF90-SMF8K
with increasing pump power. The pump laser was transferred to the first-order Raman Stokes
peak line (S1) at 1127 nm and then to the second-order Raman Stokes peak line (S2) at
1190 nm. The spectral width centered at S2 was further broadened to 62 nm, forming a contin-
uum. Afterward, the continuum was kept shifting monotonically toward longer wavelengths until
~1400 nm at the maximum pump power, just with a dip occurring at 1310 nm in the wavelength-
shifting process. When the continuous wavelength shift reached 1290 nm, the continuum did not
shift continuously with increasing pump power but changed to 1340 nm across 1310 nm, thereby
forming the dip. The output power from the three-cascaded fiber increased with pump power is
shown in Fig. 2(c), and the wavelength-tunable output had a maximum power of 3.4 W at
1397 nm with a bandwidth of 47 nm. The ratio of the power around the longest peak wavelength
(1390 nm) to the total output power was measured to be 72%.

Output spectrum evolutions from different points of PCF250-HNLF90-SMF8K are compared in
Fig. 3. The pumping of a long-length PCF by using a CW Yb fiber laser generated a superconti-
nuum (SC) originated from the modulation instability (Ml)-induced SSFS [12]-[14]; the cascad-
ing of an optimal length of HNLF with the PCF demonstrated spectrum flattening for a
supercontinuum [22]; and the cascading of a long SMF with the HNLF achieved a tunable
continuum.

3.2. Two-Cascaded Fiber Configuration

We cascaded only different lengths of HNLF with the 250 m PCF for comparison to analyze
the effect of HNLF on wavelength-tunable continuum generation. Fig. 4 shows output spectrum
evolutions with pump power from the cascaded fibers of PCF250-HNLF320, PCF250-HNLF480,
and PCF250-HNLF640.

If the HNLF was short, with increased pump power, the pump spectrum broadened to longer
wavelengths, forming a continuum, and a portion of pump energy was transferred to S1 and
then to S2 to obtain a flatter spectrum, as shown in Figs. 3(b) and 4(a). However, if the HNLF
was long enough (as in PCF250-HNLF640), output spectrum evolution was different in Fig. 4(c).
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Fig. 3. Output spectrum evolutions with pump power at three end points of PCF250-HNLF90-SMF8K
in Fig. 1(a). (a) At a1 point. (b) At a2 point. (c) At a3 point. Powers marked represent the pump powers.
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Fig. 4. Output spectrum evolutions with pump power from the cascaded fiber of PCF250-HNLF in
Fig 1(b). (a) From PCF250-HNLF320. (b) From PCF250-HNLF480. (c) From PCF250-HNLF640.
HNLF320: a 320 m HNLF; HNLF480: a 480 m HNLF; HNLF640: a 640 m HNLF.

Most energy of the pump and the first-order Stokes laser were both transferred to S2, broaden-
ing to a continuum centered at this wavelength. Then, the continuum shifted continuously to lon-
ger wavelengths just as the spectrum evolved from the three-cascaded fiber configuration. The
spectral dip at 1310 nm from the three-cascaded fiber configuration disappeared in the two-
cascaded fiber configuration. Finally, the widely and continuously tunable continuum was
achieved, which has a wavelength-tunable range of 200 nm (1190 nm to 1394 nm), a 3 dB band-
width of 58 nm to 88 nm, and an output power of 2.8 W to 5.8 W in Fig. 2(b) and (c). And the ratio
of the power around the longest peak wavelength (1390 nm) to the total output power was mea-
sured to be 65%.

3.3. Output Spectral Characteristics

Fig. 5 shows the spectral characteristics of the output from different cascaded fibers. The cen-
tral wavelengths of the continua varied monotonically with pump power, close to the superconti-
nuum long-wavelength edge (SC-LWE). In the same kind of fiber configuration pumped with
constant power, a longer cascaded fiber corresponded to a narrower bandwidth and a slightly
longer central wavelength closer to the SC-LWE. Central wavelengths from the cascaded fibers
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Fig. 5. Output spectral characteristics from different fiber configurations. (a) Central wavelengths from
four kinds of cascaded fibers and the SC-LWEs from PCF250 versus pump powers. SC-LWE: super-
continuum long-wavelength edge of 15 dB. (b) Output 3 dB bandwidths versus pump powers. Another
three-cascaded fiber of PCF250-HNLF640-SMF8K was also tested, and the output spectrum evolution
was similar with that from PCF250-HNLF90-SMF8K, only with a much lower output power. (c) Output
spectra at the maximum pump power of 24 W. SMF18K: an 18 km SMF; PCF: PCF250.

of PCF250-HNLF480, PCF250-HNLF640, PCF250-HNLF90-SMF8K, and PCF250-HNLF640-
SMF8K with the pump power of 24 W were 1390, 1394, 1397, and 1404 nm (long-wavelength
edge from PCF250 was 1415 nm), with bandwidths of 64, 58, 47, and 37 nm, respectively.

When the pump power exceeded 20 W, the bandwidth of the continuum decreased, and the
central wavelength extended slowly, corresponding to the slow extension of the SC-LWE in this
pump range. Provided that the cascaded fiber was long enough (PCF250-HNLF640-SMF18K),
after moving to 1400 nm, the continuum spectrally narrowed and did not shift continuously with
further increases in pump power and instead transferred to its Stokes line of 1480 nm in Fig. 5(c).

Break points with pump power of 6 W to 10 W both in Fig. 5(a) and (b) represented the en-
ergy transferring process from the first-order Raman laser to the continuum. Greater length in a
configuration caused this energy transfer occurring at a lower pump level. Whereas break points
from 14 W to 18 W in the three-cascaded fiber configuration represented the energy transfer
across the spectrum dip at 1310 nm.

4. Discussion

As already noted, the wavelength tunability of the output continuum from the CW pump was
similar with the wideband and continuous wavelength tunability of the SSFS-based soliton pulse
sources from the ultrashort pulse pump [6], [7]. According to the output spectrum evolutions in
the two-cascaded fiber configuration in Fig. 4, the Raman effect was significant to the formation
and shifting of the continuum. With the increase of pump power, the pump energy was trans-
ferred to S1 and then to S2 based on the cascaded stimulated Raman scattering (SRS) in the
normal-dispersion HNLF. And with the propagation along the cascaded HNLF, more short-
wavelength energy was transferred to the shifting continuum. However, after formed around S2,
the continuum shifted to longer wavelengths with increasing pump power, which did not result
only from the cascaded SRS of the pump. Moreover, the SSFS could not exist in the normal-
dispersion fiber to result in the wavelength shift of the continuum [23], [24].

Here, we tentatively attribute the generation of the wavelength-tunable continuum to the
seed-dependent Raman amplification that is the Raman amplification of the long wavelength-
extending seed. The Raman amplification occurred in the cascaded HNLF section, and the in-
jected seed is the SSFS-based long wavelength-extending SC from the preceding PCF section.
At the initial stage of increasing the pump power, the remaining pump field in the HNLF ampli-
fied the injected SC spectral components within the Raman gain band through SRS, thereby
forming a continuum around the Stokes line. With the further increase of pump power, the
SSFS-based longer-wavelength SC spectral components are continuously generated in the
PCF. When the longer-wavelength SC components were continuously injected into the HNLF,
these long-wavelength seeds could be Raman-amplified continuously by the short-wavelength
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components of the formed continuum, with the short-wavelength components consumed con-
stantly. Accordingly, similar to the SSFS based on intra-pulse Raman scattering, the general
wavelengths of the continuum shift continuously toward longer wavelengths.

According to this interpretation, the reason why the continuum began to form at S2 and not at
S1 can be deduced from Fig. 5(a). Even at a pump level of 6 W, at which S1 was generated in
the cascaded HNLF [see also Fig. 4(c)], the SC from the PCF had still not broadened to this
wavelength [see also Fig. 3(a)], which indicates that no spectral components at S1 could be in-
jected into the HNLF and amplified by SRS. The SC then extended rapidly across S1 to S2 with
further increases in pump power, and spectral components around the second-order Raman
gain region were Raman-amplified to a continuum.

After the wavelength shift of the continuum was achieved through the Raman amplification of
the continuously-injected longer-wavelength components, the wavelength-shifting range can be
determined by the longest wavelength of the SC from the PCF. Therefore, unlike in SSFS, the
length of cascaded HNLF was of secondary importance to the wavelength-shifting range of the
continuum; however, SC-LWE had a more significant effect. Longer HNLF with higher Raman
gain merely resulted in more short-wavelength components transferred to long-wavelength com-
ponents. Accordingly, the spectral width of the continuum narrowed as the central wavelength
shifted a little in Fig. 5(a) and (b).

However, if the cascaded fiber was sufficiently long to shift the central wavelength of the contin-
uum to the SC-LWE, the continuum would not shift continuously to longer wavelengths because of
the lack of longer-wavelength seeds but would be transferred to the Raman Stokes line of the nar-
rower continuum through SRS [see the results from PCF-HNLF640-SMF18K in Fig. 5(c)].

In the three-cascaded fiber configuration, it is thought to be the high nonlinearity from the
combination of tens of meters of HNLFs and thousands of meters of SMFs that gave rise to
Raman amplification of the longer-wavelength seeds, thereby forming the wavelength-tunable
continuum. The dip at 1310 nm in the wavelength-shifting process from this fiber configuration
is attributed to the spectral splitting of the injected SSFS-induced SC spectral components at
the ZDW of the SMF [25].

5. Conclusion

We have demonstrated a high-power widely and continuously wavelength-tunable continuum
from 1.2 um to 1.4 pum through a CW-pumped cascaded fiber configuration. The output spectral
characteristics of the tunable continuum were analyzed by comparing spectrum evolutions from
the different configurations and lengths of cascaded fibers. Generation of the wavelength-
tunable continuum was discussed and tentatively attributed to the seed-dependent Raman
amplification. This wavelength-tunable continuum source should be promising for a variety of
applications, such as the multi-wavelength lidar system, atmospheric constituent measurement,
remote sensing, and optical coherence tomography.
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