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Abstract: In the near-zero negative dispersion region of highly nonlinear fiber, the process of
wavelength conversion based on the mechanism of intra-pulse stimulated Raman scattering
is sensitive to the parameters of pumping pulse and fiber length under the combined effects
of nonlinearity and dispersion. Therefore, we experimentally demonstrate the process in
detail by using conventional soliton pulses with three sets of pulse parameters and two
highly nonlinear fiber lengths of 400 m and 500 m. The experimental results show that,
under the combined action of dispersion and several types of nonlinear mechanisms, the
wavelength conversion processes are apparently different when using pulses with different
parameters to pump different lengths of highly nonlinear fibers. Specifically, the separation
degree of the frequency-shifted pulse spectrum and pumping pulse spectrum, and the
corresponding redshift rate and pump power consumption all show significantly different
results. The experimental results can guide the selection of more suitable parameters for
the pumping pulse and the length of highly nonlinear fiber to achieve a better effect of
wavelength redshift or spectrum broadening for various practical applications.

Keywords: ultrashort mode-locked pulse; intra-pulse stimulated Raman scattering; highly
nonlinear fiber; zero-negative dispersion region

1. Introduction

In 1986, F. M. Mitschke and L. F. Mollenauer discovered the phenomenon of soliton
self-frequency shift (SSFS) [1]; soon afterward, Gordon interpreted it as an effect caused by
intra-pulse stimulated Raman scattering (ISRS) [2]. The frequency shift range of SSFS is
proportional to the transmission distance and fourth power of the reciprocal of the temporal
width of the pulse [2]. Therefore, pumping pulses with temporal widths of picosecond or
sub-picosecond are usually utilized to guarantee the wavelength shift range [3-10]. The
fiber types commonly utilized include single-mode silica fiber [3,5,9], photonic crystal fiber
(PCF), or a PCF with a large mode field area in the polarization control method [7,10],
and mid-infrared fiber [4,6,8]. The span of the wavelength shift can range from 400 nm
to 3.35 um [4,5]. The effects of SSFS have been applied in various fields, including optical
delay line [11], optical analog-to-digital conversion [12-14], fiber sensing [15,16], and optical
coherence tomography [17].

For SSFS studies, usually, a pumping pulse with fixed parameters of pulse width
and spectral width and a highly nonlinear fiber (HNLF) with a kilometer length and low
negative dispersion coefficient are utilized to achieve a large Raman frequency shift [11-14].
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However, first, long fibers will broaden the temporal width of the pumping pulse and
frequency-shifted pulse under the effect of group velocity dispersion (GVD) [18], and inhibit
the further frequency shift due to the inverse relationship between the Raman frequency
shift, Raman gain, and pulse width [2,19]. Hence, it is reasonable to consider pumping the
near-zero negative dispersion range of HNLF to decrease the temporal broadening rate
of the pumping pulse and frequency-shifted pulse. Second, when utilizing a pumping
pulse with a broader spectrum, the short-wavelength component of the pulse will provide
more Raman gain to the long wavelength [1], which may be helpful to further increase the
frequency shift range at the same input peak power and fiber length. Nevertheless, there
are some potential problems that must be considered before making these attempts. First,
spectrum-broadening more easily occurs at the near-zero dispersion position under the
combined influences of nonlinear effects, such as four-wave mixing (FWM) and self-phase
modulation (SPM) [20], which may decrease the separation degree and separation speed
between the Raman frequency-shifted spectrum and pumping pulse spectrum. Second, the
FWM and SPM processes also compete with the ISRS process for nonlinear gain, which
can further suppress the process in which the pumping pulse provides Raman gain to
longer wavelengths and the generation of a larger redshift wavelength becomes difficult.
Therefore, the specific effect on the wavelength conversion process based on the ISRS
mechanism is closely related to the pulse parameters and fiber length. And a detailed
experimental observation is needed to explore these situations and provide a meaningful
reference for different application scenarios requiring different wavelength conversion
effects. As far as we know, there has been no such research.

In this paper, we utilized a conventional soliton pulse with three sets of pulse parame-
ters of temporal and spectral widths to pump the HNLF in the near-zero negative dispersion
region with two lengths of 400 m and 500 m. The temporal widths of the pumping pulse
were set to 445 fs, 554 fs, and 318 fs, and the corresponding spectral widths were 8.56 nm,
9.82 nm, and 11.30 nm. When the peak power of the pumping pulse was set within 1.5 mW,
the experimental results showed that, first, when the spectral width was set to 8.56 nm
and 9.82 nm, the spectrum gradually exhibited a pronounced redshift wavelength from
the pumping pulse wavelength with increasing peak power. Additionally, with a broader
spectral width of 9.82 nm, even the temporal width of the pumping pulse was broader
at 554 fs, and the range of wavelength redshift further expanded at a similar peak power
and the same fiber length, accompanied by a faster rate of wavelength redshift and more
pump power consumption. Moreover, with a longer HNLF of 500 m, the difference in the
rate of wavelength redshift at these two spectral widths became more prominent. For the
parameters, combinations of pumping pulses and HNLF lengths of 445 fs—8.56 nm—400 m,
554 £s-9.82 nm—400 m, 445 fs—8.56 nm-500 m, and 554 {s-9.82 nm-500 m, the corresponding
rates of wavelength redshift were 3.16 nm/W, 4.16 nm/W, 3.83 nm/W, and 5.80 nm/W,
respectively. The maximum redshift wavelength was achieved with the parameters of
554 £s-9.82 nm-500 m. Finally, when the spectral width of the pumping pulse was set to
11.30 nm with a shorter pulse width of 318 fs, the effect of ISRS was suppressed to a certain
extent and the largest redshift wavelength also decreased for the two fiber lengths com-
pared with the previous two sets of pulse parameters. In addition, the separation degree
between the frequency-shifted spectrum and the pumping pulse spectrum decreased, and
the top of the frequency-shifted spectrum gradually exhibited a flatter, broadening shape
with increasing peak power. The results were caused by the nonlinear effects of FWM and
enhanced SPM. For the application scenarios mentioned before, this experimental research
can provide a meaningful reference for the reasonable selection of pulse parameters and
length of HNLF to achieve a better effect of wavelength redshift or spectrum broadening
based on the ISRS process.
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2. Experimental Setup and Operating Principle

Figure 1 shows a schematic of the experimental setup. The pulse source was an
er-doped mode-locked fiber laser based on the nonlinear multimode interference effect
using a graded index multimode fiber (GIMF), as shown in Figure la. It can operate
stably in the single-soliton pulse state. Figure 1b shows the experimental setup’s optical
link for observing the wavelength conversion process of intra-pulse stimulated Raman
scattering. First, the soliton pulse was coupled into a chirped pulse amplification system
(CPA) consisting of a section of dispersion compensation fiber (DCF), an erbium-doped fiber
amplifier (EDFA), and a section of single-mode fiber (SMF) to obtain a pulse with relatively
higher peak power and sub-picosecond temporal width. The length of the DCF and SMF
in the CPA system were approximately 10 m and 50 m, respectively. The GVD of DCF and
SMF at 1550 nm were approximately 180 ps?/km and —22.94 ps?/km, respectively. The
EDFA was set to three different amplification powers to induce varying degrees of nonlinear
spectral broadening during the amplification process for the soliton pulse. The function
of the polarization-independent optical isolator (PI-ISO) is to prevent the reflected light
from entering the EDFA, thereby avoiding any adverse impact on operational performance.
Second, after outputting from the CPA system, a variable optical attenuator (VOA) was
used to control the power of the soliton pulse entering the HNLF through the optical fiber
coupler (OC). One percent power was utilized to monitor the power of the pulse entering
the HNLE, and the ISRS processes in the HNLF with two lengths of 400 m and 500 m were
observed. Because the core of HNLF is smaller than SMF, there is a certain mode field
mismatch loss when the two kinds of fiber are fused. Therefore, the insertion loss of the
HNLF with two lengths was tested under the condition with almost the same welding
operation, which were both about 2.70 dB. The GVD of the HNLF was approximately
0 ps?/km at 1550 nm, and the nonlinear coefficient was approximately 10 W~!/km. Finally,
the experimental results of wavelength conversion processes based on the ISRS process
were observed by an optical spectrum analyzer (OSA, YOKOGAWA AQ6375).

SORECS 10m DCF PLLISO 50m SMF VOA

10% output OSC

WDM
1%
Power monitoring

PC2 HNLF (400m/500m)

(b)

Figure 1. (a) Structure diagram of the pulse source. (b) Optical experiment link for the wavelength
conversion process of intra-pulse stimulated Raman scattering.

3. Results and Analysis
3.1. Preparation of Pumping Pulses with Different Parameters

Figure 2 shows graphs of the conventional soliton pulse source generated by the
mode-locked structure as shown in Figure la. Figure 2a exhibits the spectrum with the
typical characteristics of a conventional soliton pulse, which displays nearly symmetrical
sidebands for the central wavelength near 1562.0 nm. These sidebands are called Kelly
sidebands and are caused by resonant enhancement between the dispersive wave (DW)
and soliton pulse [21]. Figure 2b shows a pulse train in the time domain span of 800 ns,
where the spacing between each pulse is approximately 41.86 ns. corresponding to a funda-
mental repetition frequency of approximately 23.890 MHz, which is basically consistent
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with the radio frequency spectrum, as shown in Figure 2c, and the signal-to-noise of the
fundamental radio frequency is 56.25 dB. The inset shows the radio frequency spectrum
with uniform frequency spacing measured in a frequency span of 500 MHz. The SNR
and the inset indicated that the mode-locked fiber laser could operate stably. In order to
obtain soliton pulses with three different spectral widths and the corresponding temporal
widths, the EDFA was set to three different amplifying powers to induce different degrees
of nonlinear spectral broadening during the amplification process for the soliton pulse. As
shown in Figure 3a, the three different spectral widths were adjusted to 8.56 nm, 9.82 nm,
and 11.30 nm, respectively, and the pumping pulse had approximately the same central
wavelength at 1562.0 nm. Before amplification, the spectral intensity of the Kelly sideband
was suppressed by finely setting the angle of the PCs and the length of the graded-index
multimode fiber in the fiber resonator in order to keep the sidelobe suppression ratio
between the central wavelength and the Kelly sideband above 8 dB for each amplified
spectrum. Thus, the amplified soliton pulses can achieve the favorable effect of temporal
compression. For the amplified soliton pulses with three spectral widths, 50 m SMF was
used for compression, as shown in Figure 1b. The measured pulse widths were 445 fs,
554 fs, and 318 fs, respectively, as shown in Figure 3b, according to the autocorrelator test
and hyperbolic secant fitting. According to the time-bandwidth product (TBP) theory, in
general, T,Av > x, where T, is the pulse half-height full width in the time domain and Av
is the half-height full width of the optical frequency obtained by Fourier transformation of
Tp. Because the time domain distribution of the conventional soliton pulse is hyperbolic
secant, ¥ = 0.315, the Fourier transformation limited pulse durations corresponding to the
three different spectral widths of 8.56 nm, 9.80 nm, and 11.30 nm were calculated to be
about 299 fs, 261 fs, and 227 fs, respectively, indicating that the compressed pump pulses
still retain large residual chirp, it is especially true for pump pulses with a spectral width
of 9.80 nm. This is because, in order to obtain different pump pulse parameters to study
the ISRS process, its compression effect is artificially reduced by adjusting the state of the
50 m SMEF. Next, they were utilized to stimulate the wavelength conversion processes based
on intra-pulse stimulated Raman scattering in the near-zero negative dispersion region
of HNLFs with two lengths of 400 m and 500 m. The dispersion coefficient of HNLF at
1562 nm was approximately —0.364 ps?/km.
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Figure 2. Data graphs of conventional soliton pulse source. (a) Spectrum of pulse source. (b) Pulse
train in the time domain. (c) Radio frequency spectrum of pulse source.
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Figure 3. (a) Soliton pulses with different spectral widths after amplification. (b) Corresponding
pulse widths after compression.

3.2. Wavelength Conversion Processes in Highly Nonlinear Fiber with the Two Lengths of 400 m
and 500 m Pumped by a Soliton Pulse with 8.56 nm Spectral Width and 445 fs Temporal Width
First, the wavelength conversion processes based on the ISRS effect in HNLFs with
two lengths of 400 m and 500 m were observed using a soliton pulse with a spectral
width of 8.56 nm and pulse width of 445 fs. Figure 4a shows the results for the 400 m
HNLE. As the input peak power of the pumping pulse increased gradually, a progressively
pronounced wavelength redshift emerged on the longer wavelength side to the amplified
pumping pulse wavelength which was observed after EDFA and was as shown as the
red solid line, which was attributed to the ISRS effect. When the peak power increased
to 15.44 W considering the estimated splicing loss of 2.50 dB, a separation wavelength
position at 1579.8 nm appeared between the extended frequency-shifted spectrum and
the pumping pulse spectrum. For the application fields, such as optical analog-to-digital
conversion [12-14] and optical fiber sensing [15,16], the spectral components used were
precisely such extended frequency-shifted spectrum. The extension of the wavelength
redshift exhibited a progressive increase with the increasing input peak power due to the
relationship between the Raman frequency shift and the peak power of the pumping pulse
that was expressed as Aw = —8TrYPy/ (15T§) [15], where Tk is a constant independent of
the wavelength and originates in the Raman-delayed response, - is the nonlinear coefficient
of the fiber, and Py and Tj are the peak power and temporal width of the pumping pulse,
respectively. The maximum frequency-shifted wavelength was 1643.3 nm when the peak
power was 30.78 W. In addition, the spectral width of the pumping pulse gradually widened,
and a multi-peak structure appeared in the pumping pulse spectrum and the frequency-
shifted spectrum. This should be due to the self-phase modulation (SPM) process of the
pumping pulse and frequency-shifted pulse, and the generation of the multi-peak structure
was due to the constructive interference and destructive interference between different
spectral components [22]. When the fiber length was 500 m, the process of spectral redshift
was generally similar to that of 400 m, as shown in Figure 4b. The differences were that, on
the one hand, the wavelength separation position between the frequency-shifted spectrum
and the pump spectrum slightly decreased to 1577.1 nm at the lower peak power of 9.57 W.
On the other, the maximum frequency-shifted wavelength increased to 1666.9 nm when
the peak power was 30.84 W. The reason for the reduction in the wavelength separation
position was likely the longer fiber length providing larger Raman gain for the redshift
wavelength and causing the frequency-shifted spectrum to build up more quickly, according
to the exponential relationship between the intensity of the frequency-shifted spectrum
and the fiber length, which was expressed as exp(gL) [23], where g is the Raman gain
coefficient and L is the fiber length. As for the increase in the maximum frequency-shifted
wavelength, it was due to the dependent relationship of the Raman frequency shift on the
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transmission distance that was expressed as Aw = 8Tg|B2|z/ (15T;) [15], where B, is the
second-order group velocity dispersion coefficient of the transmission fiber and z stands
for the transmission distance.
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Figure 4. Wavelength conversion processes of intra-pulse stimulated Raman scattering in highly
nonlinear fiber with two lengths of (a) 400 m and (b) 500 m pumped by a soliton pulse with a spectral
width of 8.56 nm and pulse width of 445 fs.

3.3. Wavelength Conversion Processes in Highly Nonlinear Fiber with the Two Lengths of 400 m
and 500 m Pumped by a Soliton Pulse with 9.82 nm Spectral Width and 554 fs Temporal Width
Next, a soliton pulse with a spectral width of 9.82 nm and pulse width of 554 fs was
utilized as the pumping pulse, and the results of wavelength conversion processes are
as shown in Figure 5. For the fiber length of 400 m, it can be seen from Figure 5a that,
when the peak power increased from 12.27 W to 25.99 W, two robust spectral components
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nearly appeared symmetrically on the two sides of the pumping pulse spectrum. The right
spectral components were 1588.2 nm, 1589.3 nm, 1589.9 nm, and 1588.5 nm, respectively. It
likely originated from the degenerate FWM process of the pumping pulse [22], where the
pumping light with an optical frequency of w; produced two symmetrical side bands with
optical frequencies of w3 and w4. Assuming that w3 < wy, the frequency shift is expressed
as ()s = w) — w3 = wyg — wy, where the higher frequency wy is called the anti-stokes
band and the lower frequency ws is called the stokes band, corresponding to the right
spectral components. The generation of the FWM process requires that the pumping light
approximately meets a phase-matching condition that is x = Akpy + Akw + Aknp =~ O,
where Aky, Ak, and Akyy are the contributions to the phase mismatch corresponding to
material dispersion, waveguide dispersion, and the nonlinear effect, respectively. Because
HNLEF is a type of single-mode fiber, the contribution of waveguide dispersion Aky can be
ignored. In the near-zero negative dispersion range, the contribution of material dispersion
Ak), is a small negative value related to the stokes optical frequency. Meanwhile, for the
nonlinear contribution Akyy= 2P, it is a positive value. It can be seen that the stokes
wavelength position changes little with the increase in pumping powers. It should be
noted that the spectral intensity of the pumping pulse changed little under the influence of
soliton self-frequency shift. For quartz fiber, the gain of FWM was greater than the Raman
scattering [23]. Therefore, the FWM process occurred first and inhibited the formation of
a Raman frequency-shifted spectrum at lower peak powers, leading to slower separation
between the extended frequency-shifted spectrum and pumping pulse spectrum, and the
separation wavelength increased to 1595.9 nm compared with that, as Figure 4 shows.
When the peak power increased to 45.97 W, the maximum frequency-shifted wavelength
was 1742.0 nm. It is worth noting that the spectral component with a wavelength of
1619.8 nm should be the secondary Raman frequency-shifted spectrum excited by the
fundamental soliton pulse generated from the splitting of the higher-order soliton formed
by the pumping pulse with larger peak power in HNLF [24]. For the fiber length of
500 m, it can be seen from Figure 5b that the stokes wavelength produced by the FWM
process nearly did not appear in the peak power range, similar to that shown in Figure 5a.
This is because the change in core diameter made it difficult to maintain phase matching
in the longer fiber length. It helped to separate the Raman frequency-shifted spectrum
from the pumping pulse spectrum more quickly, and the wavelength separation position
decreased to 1576.2 nm when the peak power was 11.99 W. The maximum frequency-shifted
wavelength increased to 1775.0 nm at a peak power of 45.84 W due to the dependent
relationship of the Raman frequency shift on the transmission distance, as mentioned
above. In addition, compared with those at peak powers of 30.78 W and 30.84 W, as shown
in Figure 4, the redshift wavelengths increased by 5.9 nm and 5.3 nm at the lower peak
powers of 25.29 W and 25.11 W, respectively. The 3 dB bandwidths of the frequency-shifted
spectrum were wider than that, as shown in Figure 4. This indicates that the frequency-
shifted pulse obtained wider spectral gain, and the wider frequency-shifted spectrum
corresponded to a narrower pulse width. Therefore, the redshift wavelengths increased a
little according to the relationship of the Raman frequency shift with the pulse width. This
is likely due to the short wavelength within the pumping pulse spectrum providing greater
Raman gain for the redshift wavelength for the pumping pulse with a wider spectral width,
as mentioned above.
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Figure 5. Wavelength conversion processes of intra-pulse stimulated Raman scattering in highly
nonlinear fiber with two lengths of (a) 400 m and (b) 500 m pumped by the soliton pulse with a
spectral width of 9.82 nm and pulse width of 554 fs.

3.4. Results of Raman Soliton Wavelength Redshift for the Pumping Pulse with the Two Sets
of Parameters

As the input peak power of the pumping pulse with the two sets of parameters
increased, the results of the wavelength redshift of the Raman soliton pulse for the two fiber
lengths are as shown in Figure 6a. At the maximum input peak powers of 30.78 W, 45.97 W,
30.84 W, and 45.84 W, the corresponding largest redshift wavelengths were 1643.3 nm,
1742.0 nm, 1666.9 nm, and 1775.0 nm, respectively. They corresponded to pumping pulse
and fiber lengths of 8.56 nm—400 m, 9.82 nm—400 m, 8.56 nm-500 m, and 9.82 nm-500 m,
respectively. The corresponding wavelength redshift rates calculated by linear fitting were
3.16 nm/W, 4.16 nm/W, 3.83 nm/W, and 5.80 nm/W, respectively. It can be seen that,
at the same fiber length, the wavelength redshift achieved a greater range at a similar
peak power range and a faster rate utilizing the soliton pulse with a wider spectral width,
indicating that it had higher pumping efficiency. Additionally, at the longer fiber length,
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the differences in the range and the rate of the wavelength redshift became more evident
with the two different spectral widths. These results can be attributed to the dependence of
Raman gain on the spectral width of the pumping pulse and the exponential relationship
between the Raman gain and fiber length. Figure 6b shows the power consumption results
with the increasing peak power of the pumping pulse. The ratio between the pumping
pulse’s output power and input peak power represents an accelerated decrease with the
increasing peak power, indicating that the power consumption of the pumping pulse
increased with increasing peak power. Additionally, more power consumption originated
from the pumping pulse with a wider spectral width and a longer fiber length. These
results correspond well with that of the wavelength redshift.
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Figure 6. (a) Results of Raman soliton wavelength redshift for the pumping pulse with two sets of
parameters. (b) Power consumption of pumping pulse for the two fiber lengths of 400 m and 500 m
pumped by the pumping pulses with two parameters of 8.56 nm—445 fs and 9.82 nm-554 fs.

3.5. SSFS Processes in Highly Nonlinear Fiber with Two Lengths of 400 m and 500 m Pumped by
the Soliton Pulse with 11.30 nm Spectral Width and 318 fs Temporal Width

Finally, the spectral and temporal width of the pumping pulse were set to 11.30 nm
and 318 fs. As Figure 7 shows, on the whole, the redshift spectrum appeared at the higher
peak power. The differences were that the largest redshift wavelengths were smaller than
those in Figure 5, in which they were 1742.0 nm and 1775.0 nm, though with a shorter pulse
width. The largest redshift wavelength with a fiber length of 400 m was 1734.2 nm larger
than 1689.0 nm with a length of 500 m. Moreover, the pumping and frequency-shifted
spectrums were wider than those shown in Figures 4 and 5 and evolved gradually to a
flatter top with increasing peak power, especially for those as shown in Figure 7b, such
spectral morphology is required for optical coherence tomography application [17]. The
overall frequency-shifted spectrum separation degree diminished compared with the re-
sults as shown in Figures 4 and 5 by using the previous two sets of pulse parameters. The
reason for the above results was likely due to a more complex process involving many
physical mechanisms, such as the spectral broadening induced by SPM and FWM, and
the enhanced temporal broadening of the wider pulse spectrum under the influence of
dispersion. As for the SPM process, it could produce a phase shift related to the time distri-
bution of the pulse intensity that was expressed as ¢n1.(L, T) = |U(0, T) \2 (Le 7/ L NL) [22],
where U(0, T') is the light field amplitude of pumping pulse before entering into the fiber,
Lesr = (1/a) [1—e*L] is the fiber effective length, a is the absorption coefficient, L is the
actual length, Lyy = 1/(vP) is the nonlinear length, and P is the peak power of the
pumping pulse. In general, the maximum intensity of the pulse was located near the center
of the time domain, and the corresponding maximum phase shift was ¢max = yPoLff.
Therefore, the pumping pulse with the shorter width had higher peak power at a certain
range of input power and experienced a larger phase shift in HNLF. This time-dependent
phase shift process could create new frequency components that widened the spectrum of
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the pumping pulse and frequency-shifted pulse. In addition, higher peak power may make
the pulse closer to the phase-matching condition for the FWM process as mentioned above,
which can also widen the spectrum. For the longer fiber length, the spectral broadening
was more pronounced, which should be due to the stronger nonlinear processes; therefore,
the spectral separation degree between the frequency-shifted spectrum and pumping pulse
spectrum with 500 m HNLF was further diminished compared with that with 400 m HNLFE.
In addition, the oscillating structure in the spectrum of the pumping pulse and frequency-
shifted pulse became less evident compared with that as shown in Figures 4 and 5, because
the pumping pulse and frequency-shifted pulse carried a larger positive chirp in the time
domain through the stronger SPM processes [22]. As for the reduced redshift wavelength,
first, a wider spectrum can make the temporal width of frequency-shifted pulse widen
faster under the influence of dispersion. Moreover, there was a nonlinear gain competition
between the FWM process and ISRS process, which could inhibit the conversion between
the pumping pulse spectrum and frequency-shifted pulse spectrum toward a longer red-
shift spectrum. Finally, the effect of self-steepening needs to be taken into account when
the pulse with the narrower temporal width was used, which could also suppress the ISRS
process [25].
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Figure 7. Wavelength conversion processes of intra-pulse stimulated Raman scattering in highly
nonlinear fiber with two lengths of (a) 400 m and (b) 500 m pumped by the soliton pulse with a
spectral width of 11.30 nm and pulse width of 318 fs.
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3.6. Discussion

Table 1 shows the results of the wavelength redshift process based on the ISRS mecha-
nism of two lengths of 400 m and 500 m HNLF pumped by the soliton pulse with three
parameters. It can be seen that the wavelength redshift process is very sensitive to pumping
pulse parameters and fiber length. The experimental results of the spectral separation speed
and effect between the Raman frequency-shifted spectrum and the pumping pulse spec-
trum exhibited a great difference as the input peak power increased. Compared with the
spectral separation effects between the Raman frequency-shifted spectrum and pumping
pulse spectrum with pumping pulse parameters of 445 fs—8.56 nm and 554 £s—9.82 nm, the
spectral separation effect with pulse parameters of 318 fs—11.30 nm was the worst. This is
because the spectral width of the pumping pulse and frequency-shifted pulse were widened
by the enhanced SPM and FWM effects with a higher peak power of the shorter pulse
width, especially for the frequency-shifted spectrum with 500 m HNLEF. For the pumping
pulse parameter of 554 £s-9.82 nm and the HNLF length of 500 m, the spectral separation
speed and separation effect were both the best due to the relationship between the spectral
width of the pumping pulse and the fiber length and Raman gain. It was also related to
the inability to produce an efficient FWM process due to the phase perturbation with the
longer fiber length. The largest redshift wavelength and wavelength redshift rate were
also achieved by this set of parameters; they were 1775.0 nm and 5.80 nm/W, respectively.
However, due to the enhanced SPM and FWM effects with the shorter pulse width of 318 fs,
the wider spectral width could make the temporal width of the Raman frequency-shifted
pulse widen faster under the influence of dispersion. In addition, there was nonlinear gain
competition between ISRS and FWM effects. And self-steepening effects also needed to be
taken into account at the shorter pulse width. Therefore, under the combined influence of
these factors, although the width of the pump pulse was narrower, the wavelength redshift
range decreased.

Table 1. Comparison of the effect of wavelength redshift process based on ISRS mechanism.

Pulse HNLF Length Rank of Frequenc.y-Shifted Wa'velen.gt.h Largest Redshift
Parameter Spectrum Separation Speed Redshift Efficiency Wavelength
445 fs-8.56 nm 400 m 2nd 3.16 nm/W 1(23?’7-; el
445 fs-8.56 nm 500 m 3rd 3.83 nm/W 1(2(6)?8‘2 el
554 f5-9.82 nm 400 m ath 416 nm/W 1(2;1-299 o8
554 fs-9.82 nm 500 m 1st 5.80 nm,/W 1(2;%2 an)1
318 fs-11.30 nm 400 m 5th \ 1(;‘;’425 r‘;vrgl
318 fs-11.30 nm 500 m 6th \ (116()553?9()2 r;/r\;;

4. Conclusions

In this paper, we used the pulse with three different parameters of temporal and spec-
tral widths to pump the HNLF in the near-zero negative dispersion region with two lengths
of 400 m and 500 m, which were 445 fs—8.56 nm, 554 fs—9.82 nm, and 318 fs—11.30 nm.
The experimental results of the wavelength conversion processes of ISRS were observed
and analyzed in detail. The wavelength redshift processes were very different under the



Photonics 2025, 12, 104 12 of 13

combined influences, including the relationship between the spectral width of the pumping
pulse and the fiber length and Raman gain, the FWM process of the pumping pulse, and the
enhanced FWM and SPM effects for the pumping pulse and frequency-shifted pulse. The
best Raman frequency shift effect was achieved by using the soliton pulse parameters of
9.82 nm spectral width, 554 fs temporal width, and 500 m HNLF, the largest redshift wave-
length was 1775.0 nm, and the pumping efficiency was also the highest, at 5.80 nm/W. For
the pumping pulse with the 11.30 nm spectral width and 318 fs temporal width, the com-
bined processes of ISRS and enhanced FWM and SPM caused the Raman frequency-shifted
spectrum to be flatter. These experimental results can provide a meaningful reference for
the selection of pulse source parameters and fiber length for different application scenarios
requiring different Raman wavelength redshift effects.
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