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Analysis of spectral broadening dominated by cascaded
stimulated Raman scattering in optical fibers
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In this work, the experimental study of spectral broadening due to stimulated Raman scattering with respect to the variation of the input power
of a pulsed laser, as well as a 4 m length high-numerical aperture fiber with 100 and 500 m of non-zero dispersion-shifted fiber is reported.
The results showed an extreme broadening of the spectrum, known as supercontinuum generation, originated by self-phase modulation,
four-wave mixing, and dominated by cascaded stimulated Raman scattering. Supercontinuum spectrum achieved by total width of 850 nm
and a remarkable flatness in the range of 1500 to 1600 nm. Furthermore, the output spectrum showed a total of five Stokes waves. Numerical
results are also presented.
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1. Introduction

The study of the nonlinear effect known as stimulated Raman
scattering (SRS) in optical fibers is of great importance due to
the solutions it brings, mainly in telecommunications, since
it is a versatile technique for light amplification whose gain
is not fixed to a frequency bandwidth range, contrary to the
gain spectrum of rare-earth-doped fibers. However, care must
be taken in a long-haul multichannel communication system
if one of the propagating signals has a high power enough to
trigger the Raman effect.

Raman effect was first observed and described by C. V.
Raman in 1928 [1, 2]. The study of SRS in optical fibers be-
gan in early the 1970 decade, where Raman gain was quickly
exploited to the development of amplifiers and oscillators [3]
since it has a wide bandwidth, named Stokes wave, of 40 THz
and a maximum at 13 THz from the pump frequency [4].
Moreover, the development of high-power rare-earth doped
fiber lasers and diode lasers has attracted the attention of re-
search of Raman amplifiers and Raman fiber laser in recent
years [5,6].

On the other hand, an extreme spectral broadening of
light in optical fibers is known as supercontinuum generation
(SG) and is due to the combination of linear and nonlinear
phenomena. SG was first observed in 1970 [7], and like SRS,
it has taken advantage of the improvement of high-power
laser sources. The extensive study of SG has allowed us to
classify some nonlinear phenomena according to two param-
eters: (i) the dispersion regime of the fiber with respect to
the pump laser wavelength, whether is normal or anomalous
dispersion regime; and (ii) the temporal regime of the laser,
whether it is ultrashort (femtosecond) or short (picosecond,
nanosecond) pulse regime [8, 9]. When pumping in the nor-

mal dispersion regime, nonlinear effects such as self-phase
modulation (SPM), four-wave mixing (FWM), and SRS have
been found responsible for spectral broadening, whereas in
anomalous dispersion regime phenomena such as modulation
instability (MI) and soliton dynamics dominate the increase
of spectral bandwidth [9]. Hence the importance of knowing
the properties of both pump source and optical fiber used to
understand the dynamics which broadens the pulse.

Among the optical fibers that are most used as a non-
linear medium in SG are photonic crystal fiber [10] because
of their enhanced properties, nevertheless, conventional tele-
com optical fiber has been proven as an efficient medium for
SG [11]. Supercontinuum (SC) spectra have found applica-
tion in the medical field, for example, in optical coherence
tomography, where the resolution of an image taken with this
technique is the inverse of the spectral bandwidth of the light
source [12,13].

In this manuscript, the spectral broadening evolution
of a microchip pulsed laser with an operating wavelength
of 1064 nm and temporal width of 700 ps is investigated.
Fibers used as a nonlinear medium were high-numerical
aperture fiber (HNAF) and non-zero dispersion-shifted fiber
(NZDSF). The evolution was studied using input power vari-
ation using neutral density filters, allowing a discrete power
variation but enough to understand the nonlinear effects in-
volved. Results show the presence of SPM, which initially
broadens the pulse, and FWM as well as SRS contribute as
symmetric gain bands around the pump. As input power in-
creases, cascaded SRS dominates the broadening up to five
Stokes and a total spectral width of 850 nm.
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FIGURE 1. Experimental setup for input power variation.

2. Experimental setup

The experimental setup is shown in Fig. 1. The pump laser
used was a microchip pulsed laser with an operating wave-
length of 1064 nm, temporal width of 700 ps, a repetition rate
of 8.5 kHz, an average output power of 22.21 mW, and peak
power of 2.442 kW. Neutral density filters with wide band-
width could be put together to add their optical densities in
order to decrease the total transmittance (T), which could be
selected in discrete values from 0.01 to 1 and decrease the in-
put power coupled to the fiber. Fibers used were HNAF with
a numerical aperture of 0.21 and a LEAF Corning fiber, an
NZDSF with zero dispersion aroundλZD ≈ 1530 nm. Three
lengths were tested in order to study the properties of each
fiber and how these are related to the development of present
nonlinear phenomena. The lengths were 4 m of HNAF, later
100 m of NZDSF were spliced to the short HNAF, and finally,
the 100 m fiber section was cleaved, and a 500 m NZDSF was
then spliced to the HNAF. Numerous combinations of neu-
tral density filters were used in order to change input power
from pump laser and observe output spectra through an opti-
cal spectrum analyzer (OSA) with a 0.2 nm resolution.

3. Results

3.1. Experimental results

First fiber used was the HNAF. This fiber was chosen since it
has a smaller effective area than conventional telecom fibers
such as SMF-28 or NZDSF. A smaller effective area in-
creases the nonlinearity of the fiber because it is inversely
proportional to the nonlinear coefficientγ. Figure 2 shows
the output spectra when filters with a transmittance of T =
0.1, 0.158, and 0.199 were used. The first filter (T = 0.1) al-
lows enough input power to observe first Stokes with a peak
power at 1116.24 nm and initial width of 18 nm. Moreover,
small side lobes around the pump can be observed, which are
an experimental evidence identified as FWM [14]. Thus, it

is important to point out that nonlinear phenomena happen
in a short length of the conventional fiber and with only a
10% of input pump power coupled. Furthermore, with the
filter of transmittance T = 0.158 is possible to observe the
growth of an Anti-Stokes by Raman effect with a peak power
at 1018.24 nm,i.e., a higher frequency shift of 12.7 THz from
pump frequency.

Additionally, there is a generation of narrow new frequen-
cies atλ1 = 966.64 nm andλS2 = 1184.4 nm, where the
latter does not grow as a second Stokes by cascaded SRS; in-
stead, its origin might be an FWM phenomenon betweenλ1

andλS2 since both are symmetrically separated by 28 THz
from the pump. It is important to point out that these side-
bands are described as an FWM process, and not as modu-
lation instability. Both phenomena describe the frequency-
domain and time-domain of the same physics [9,15], and we
describe the spectral or frequency picture of the supercon-
tinuum evolution. Furthermore, although MI is commonly
considered a phenomenon exclusively of the anomalous dis-
persion regime, MI has been proven to occur both mathe-
matically and experimentally in the normal dispersion regime
[10], however, one would need to fulfill phase-matching con-
ditions with a negative higher-order dispersion parameter
(β4 < 0) in the operation wavelength of the pump or phase-
matched orthogonally polarized electric field components.
Nevertheless, we do not expect one of both conditions to
be met with the high-numerical aperture fiber since negative
high-order dispersion is not common in this type of fiber, and
phase-matched orthogonally polarized waves are common in
high-birefringence fiber. Besides pump wavelength broadens
substantially, which could be due to SPM and cross-phase
modulation (XPM) by the interaction between the pump and
the present Stokes. Output spectrum with transmittance fil-
ter of T = 0.199 shows the growth of Anti-Stokes wave by
Raman effect as well as the Stokes and Anti-Stokes waves
by FWM; however,λS2 line is absorbed by second Stokes of
cascaded SRS, since Raman gain is stronger than parametric
gain in these conditions.

FIGURE 2. Output spectra evolution for low transmittance filters
and HNAF.
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FIGURE 3. Set of measurements for medium transmittance filters
and SC spectrum for HNAF.

Figure 3 shows the output spectra for filters with a trans-
mittance of T = 0.288, 0.501, and no filter used (T = 1). Fil-
ter with T = 0.288 shows a relevant growth of first and sec-
ond Raman Stokes as well as increased absorption of Raman
Anti-Stokes wave, as expected. However, the output power
in the range from 1030 to 1050 nm does not fall off, in fact,
it is relatively flat. Also, there is a power increase and spec-
tral broadening of theλ1 Anti-Stokes line. This could be due
to the interaction of SPM and XPM between theλ1 and the
pump. Spectral broadening continued as a filter with a trans-
mittance of T = 0.501 was used, especially for the second
Stokes wave and shorter wavelengths thanλ1.

Finally, output spectrum without a filter (T = 1) shows
the complete SC achieved, with the first Stokes peak at
λS1 = 1115.44 nm, second Stokes atλS2 = 1184.4 nm, re-
spectively, and a total width of 500 nm, from 900 to 1400 nm.
The first Stokes have a frequency gain maximum of 12.8 THz
away from the pump. Figures 2 and 3 probes that a short
length of HNAF (4 m) is sufficient to observe nonlinear phe-
nomena with our laser pump source.

FIGURE 4. Cascaded SRS evolution for 104 m length fiber.

FIGURE 5. SC spectra for 104 m length fiber.

The next group of measurements was carried out with
100 m of NZDSF spliced to the HNAF. In Fig. 4, the first
filter used had a transmittance of T = 0.0316 and enabled
the generation of first Raman Stokes and partially a second
Stokes. Using a filter of lower transmittance than the previous
experiment shows that and increase in fiber length benefits
the development of nonlinear effects. Next filter used with a
transmittance of 0.199 exhibits the generation of a third and
fourth Stokes in the output spectrum. The next, filter with T
= 0.398 allows enough input power to observe a complete the
growth of fourth and fifth Stokes wave, as well as the Anti-
Stokes due to Raman effect and the same Anti-Stokes due to
FWM whose origin takes place in the first fiber length, as de-
tailed in the previous experiment. Furthermore, it goes up to
1700 nm, limited by the OSA upper span.

Figure 5 shows the output spectra for filters with T =
0.501 and 0.631, as well as without filter. Measurements with
filters exhibit a general broadening of output spectrum, espe-
cially for wavelengths lower than the pump. With the absorp-
tion of the Raman Anti-Stokes,λ1 line grew, which seems to
help increase the broadening for the higher frequency section.
Finally, the output spectrum without filter shows a total of

FIGURE 6. Cascaded SRS evolution for 504 m length fiber.
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FIGURE 7. SC spectra for medium filter transmittance and 504 m
length fiber.

five Stokes waves, each with a wider gain bandwidth. SC
spectrum has a total width of 850 nm, from 850 to 1700 nm,
as well as a power variation of 3 dB in the range from 1500 to
1600 nm, an important spectral band for telecommunications.

The last configuration of this experiment was the HNAF
spliced to 500 m of NZDSF. Figure 6 shows the output spec-
tra using filters with T = 0.0316, 0.182 and 0.229. The first
filter allowed enough coupled input power for the generation
of two Stokes, while with the filter T = 0.182 was possible
to generate up to a fourth Stokes wave. Next, with the in-
crease of transmittance to 0.229, an accelerated output spec-
tral broadening happens since a sixth Stokes at 1484.2 nm
appears, and the total spectral width is 636 nm starting from
the pump.

Figure 7 shows the last set of measurements for filters
with transmittance T = 0.398, 0.631, and without a filter.
Using the filter with T = 0.398 improved the output spec-
trum flatness for longer wavelengths than sixth Stokes and
increased the spectral width for shorter wavelengths than the
pump, this time without the appearance of a Raman Anti-
Stokes. The filter with T = 0.631 continues allowing the gen-
eral growth of the spectrum and was it enough input coupled
power for the spectral lineλ1, originated in the first few me-
ters of HNAF, to be observed. However, sixth Stokes attenu-
ates. Last, without filter SC, the spectrum shows again a total
of five Stokes and a total width of 850 nm, with a power vari-
ation of 2.75 dB in the 1500 to 1600 nm wavelength range.

3.2. Numerical results

The experimental study presented was complemented with a
numerical analysis of the spectral evolution as fiber length
increased. The simulation was done following the steps and
code for pulse propagation in optical fibers, as described
by J. C. Travers, M. H. Frosz, and J. M. Dudley in Chap-
ter 3 of Ref. [9], which solves the Generalized Nonlinear
Schr̈odinger Equation (GNLSE) in the frequency domain,
and is

FIGURE 8. Spectral evolution of cascaded SRS and SG by the so-
lution of the GNLSE.
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where the frequency dependence of the nonlinear coefficient
and the linear operator̃L is ignored. This change of variable
L̃, which includes the dispersion and loss coefficients, makes
the GNLSE an ordinary differential equation (ODE) and can
be solved easily by using standard ODE codes. Such code
was helpful to understand the mechanisms which broaden
the pulse to SG. Moreover, parameters measured in this work
were input for a 4 m fiber length, simulating the HNAF used
experimentally. Figure 8 shows the spectral evolution for a
propagating pulse in a 4 m length fiber, which is totally dom-
inated by cascaded SRS, with first and second Stokes at 1117
and 1175 nm, respectively. Also, results show the appearance
of first and second Raman Anti-Stokes, whose known exper-
imental absorption is not considered in code; however, it was
already proved above that it exists.

4. Discussion

Results presented in this work showed the SC spectral evolu-
tion dominated by cascaded SRS and FWM. Also, SPM has
an important role at the start of the broadening, but it is not as
relevant as the spectrum extends to longer wavelengths since
induced pulse broadening by SPM is inversely proportional to
the temporal pulse duration [15]. On the other hand, cascaded
SRS stops about the zero-dispersion wavelength (ZDW) of
the fiber used; however, the spectrum keeps broadening fur-
ther from ZDW. This has been explained in other works as
a random sequence of ultrashort solitons that experience a
self-frequency shift [15], complex parametric phenomena, or
soliton components due to the Raman effect [16]. Further-
more, near ZDW, phase-matching conditions could be eas-
ily met, hence, parametric gain due to FWM decreases the
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Raman gain coefficient and could be reduced to zero [17].
Besides this parametric gain generates two side lobes (also
named Stokes and Anti-Stokes waves) shifted to symmetri-
cal frequencies about the pump frequency, where the shift
depends on the wavelength of the pump and how far it is from
the ZDW of the fiber [15]. If the pump wavelength is in the
normal dispersion regime and is far away from ZDW, side
lobes are narrow and far from pump. This is the case of our
experiment (Fig. 2, T = 0.158). As pump wavelength is near
ZDW, the side lobes’ bandwidth increases and shifts closer to
the pump. This has been demonstrated for conventional op-
tical fibers, used in this work, and in microstructured fibers
[18], highly nonlinear optical fibers, and dispersion-shifted
fibers [19]. Moreover, Fig. 2 shows how lower-frequency nar-
row side lobe is in the Raman second Stokes gain bandwidth,
which could induce to a suppression or enhancement of the
Raman Stokes [15]. As shown, by increasing the input pump
power, the Raman Stokes is enhanced since its bandwidth in-
creases.

Thus, the use of HNAF improves the spectral broadening
for shorter wavelengths since the Anti-Stokes at 966.64 nm
generated by FWM stays for output spectra in longer lengths
of NZDSF.

As input power increases, cascaded SRS dominates the
broadening in lower frequencies; whereas, a combination of
what we believe is XPM and FWM broadens the spectrum
for higher frequencies than the pump frequency. With a total
fiber length of 104 and 504 m is possible to see an SC output
spectrum with a high flatness in the wavelength range from
1500 to 1600 nm, where single mode fibers have their lowest

power loss. This flattening has been described in the litera-
ture as the interaction among these low frequencies through
XPM and SRS [10]. Moreover, numerical results solving the
GNLSE also show a spectral broadening dominated by SRS
for a 4 m fiber length.

5. Conclusion

In summary, SG was demonstrated for short and long lengths
of conventional optical fibers where cascaded SRS domi-
nated the spectral broadening accompanied by FWM at the
beginning of fiber length. The spectral evolution was ana-
lyzed by means of neutral density filters to control the input
power with discrete transmittance variations. Output spectra
showed a total of five Stokes waves for 104 m and 504 m of
fiber, where each Stokes could be used as a gain medium for
an optical signal. Moreover, a high flatness in the telecom-
munications band for single mode optical fiber was achieved.
Conventional fibers used in this experiment proved that care
must be taken with input power used for optical signal since
even in a common communication fiber such as LEAF, non-
linear phenomena were induced.
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