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Abstract: In recent years, Airyprime pulses have attracted
much attention in the field of nonlinear optics due to their
diffraction-free, self-accelerating, and self-healing proper-
ties, as well as their unique oscillating tail structure.
However, Airyprime pulses are affected by higher-order
dispersion and Raman effect in the relaxation nonlinear
medium, and their propagation properties have not been
thoroughly studied. To this end, the propagation properties
of Airyprime pulses in relaxing nonlinear media are sys-
tematically investigated in this article by using the stepwise
Fourier algorithm. The results show that the propagation
behavior of the pulse is affected by multiple factors such
as dispersion, self-phase modulation, and Raman effect,
among which the third-order dispersion and Raman effect
play a key role in the propagation characteristics. By
adjusting the parameters of the medium and the pulse’s
initial conditions, the pulse’s time-domain propagation tra-
jectory and spectral characteristics can be effectively con-
trolled. These research results provide theoretical support
for nonlinear optical applications and important guidance
for the design of distributed fiber-optic sensing systems in
geophysics, showing a broad application prospect.
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1 Introduction

In 2014, Zhou et al. proposed a novel light field mode
Airyprime beam [1], which satisfies the plane wave equa-
tion with a new interference enhancement effect [2]. This
unique property and potential application have attracted
much attention in optics. Airyprime beams propagating in
different media and conditions have different characteris-
tics; Bayraktar’s study in 2020 focused on the propagation
of Airyprime beams in uniaxial crystals orthogonal to the
axis of propagation and delved into its evolutionary beha-
vior [3]. The performance of Airyprime beams in turbulent
atmospheres has also been investigated [4], demonstrating
a strong immunity to interference. They have strong
immunity to interference and self-recovering properties,
but their propagation still faces challenges such as scat-
tering, attenuation, and phase perturbation caused by tur-
bulence. Yang et al. investigated the propagation dynamics
of controllable circular Airyprime beams in Kerr media,
revealing their potential for modulation [5]. Chen et al
explored the propagation dynamics of controlled circular
Airyprime beams in a strongly nonlocalized nonlinear
medium with spatiotemporal Airyprime complex-variable
functional wave packets, revealing their stabilized rota-
tional motions and discussing the role of Poynting vectors
and gradient forces [6]. In addition, the design and imple-
mentation of self-focusing Airyprime beam arrays have
also been a hot topic of recent research. Zhou et al
designed and implemented an Airyprime beam array
with autofocusing characteristics, which is affected by lat-
eral displacement, attenuation factor, and scaling factor, in
2023 [7]. Zang et al. proposed an optimization scheme to
enhance the toroidal shape of Airyprime beam arrays by
linear chirp Airyprime beam arrays with self-focusing cap-
ability and extended focal length, demonstrating a prac-
tical approach to improve the performance of these
beam arrays [8]. Zhou et al. proposed an optimized design
of annular Airyprime beam arrays based on the optimized
design of the dimensionless eccentricity position, which
enhances the self-focusing capability in a free-space optical
communication system while decreasing the influence of
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turbulence effects [9]. The current study mainly focuses on
the propagation characteristics of Airyprime beams or
arrays in different media. However, there is a lack of sys-
tematic exploration and in-depth analysis of their dyna-
mical behaviors in relaxing nonlinear media containing
dispersion, self-phase modulation, and Raman effect.

Raman-induced frequency shifts can generate femto-
second pulses with tunable wavelengths or very high pulse
energies, and the resulting solitons have become a com-
monly used excitation source in multiphoton microscopy
[10,11]. Higher-order solitons are destabilized by Raman
scattering and dispersion and decompose into multiple
elementary solitons, producing multicolor soliton outputs
of different wavelengths [12,13]. Experimentally, the emer-
gence of multiple solitons via soliton self-shifting has been
widely used in various modalities such as harmonic gen-
eration imaging [14] and coherent Raman scattering ima-
ging [15]. Hu et al. proposed an experimental method to
control the Raman frequency shift by varying the offsets of
the cubic spectral phases of the Airy pulse [16]. Self-accel-
erating beams usually survive in linear media. Kerr
nonlinearities that cause beam distortions often lead to
structural failure, and solutions in nonlinear Kerr media
have long been found [17]. In practice, nonlinear effects of
relaxation are always present in nonlinear media. Current
research focuses on studying higher-order dispersion and
Raman effects of soliton pulses. However, there are fewer
studies on the stability and dynamical behavior of self-
accelerating, self-bending, self-recovering, and strongly
interference-resistant Airyprime beams subjected to
relaxation nonlinearities containing higher-order disper-
sion and Raman effects and their potential multicolor
soliton generation mechanisms.

Most studies have focused on the propagation of Airy
pulses, whose linear and nonlinear dynamics have been
extensively analyzed theoretically and numerically [18-20].
In contrast, Airyprime pulses enhance their responsiveness
to nonlinear effects (e.g., Kerr nonlinearity and Raman scat-
tering) by introducing optimized phase or amplitude mod-
ulation, which makes them more susceptible to triggering
soliton splitting in the medium. In addition, the self-focusing
and self-accelerating properties of Airyprime pulses enable
the formation of stable multi-soliton structures under the
combined effect of dispersion and nonlinearity. This opti-
mized kinetic behavior makes it more conducive to gener-
ating and controlling soliton arrays than conventional Airy
pulses. The purpose of this article is to explore the propaga-
tion characteristics of Airyprime pulse in the relaxation non-
linear medium, focusing on analyzing the influence of the
parameters of the relaxation nonlinear medium (such as the
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third-order dispersion, the Kerr nonlinear effect, and the
Raman effect) and the parameters of the Airyprime pulse
(such as the truncation coefficient) on the time-frequency
splitting mechanism and the evolution characteristics of
the Airyprime pulse. Through the in-depth study of the pro-
pagation characteristics of Airyprime pulses, this article
provides important theoretical guidance and technical
reference for distributed fiber-optic sensing systems in geo-
physics. The study’s results can improve the performance of
fiber optic sensing technology in complex environments and
promote the development and application of distributed
sensors with high accuracy and high sensitivity.

2 Propagation model

In order to concentrate on the effect of relaxing nonli-
nearity, the self-steepening effect and the role of fiber
loss on the pulse propagation process in the optical fiber
are not taken into account. Therefore, the modified nor-
malized nonlinear Schrédinger equation with the effect of
relaxing nonlinearity is as follows [20]:
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where @ is an approximation of the slow-varying envelope
of the optical field normalization, Z denotes the normalized
propagation length in the direction of the pulse propaga-
tion, B, is the second-order dispersion parameter of the
optical fiber (fixed to -1 in this article), S is the third-order
dispersion parameter of the optical fiber, Ty is the para-
meter related to the Raman response, N is a nonlinear
parameter, and T = 7 — Z/v, is the delay time of normal-
ization in the frame of reference moving at the speed of the
pulse group v,.

The split-step Fourier method (SSFM) is a widely used
numerical technique for solving fractional Schrédinger
equations, particularly in the field of optical fiber commu-
nications, where it is employed to simulate the propagation
of optical pulses. According to the SSFM, the nonlinear
Schrodinger equation can be decomposed into two compo-
nents: the linear part and the nonlinear part. The linear
component accounts for the dispersion effects and is
expressed as follows:
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The nonlinear part includes the nonlinear effect and
its delayed response in the form:
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With the SSFM, the evolution of these two components
can be computed alternatively. The numerical solution
step consists of initializing the field distribution by setting
the initial conditions and defining the time grid and the
step size. In the second step, the linear evolution is handled
by converting the field @ to the frequency domain denoted
as @ = F[®]. The evolution expression considers the con-
tribution of the dispersion term in the frequency domain:
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The frequency-domain results are then transformed
back into the time-domain using the inverse Fourier trans-
form, yielding the following:
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The next step involves addressing the nonlinear evolu-
tion, taking into account the influence of the nonlinear
terms in the time domain. The formula for nonlinear evo-
lution is as follows:
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Finally, the linear and nonlinear parts of the calcula-
tion are alternated, and the above process is repeated until
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the desired propagation distance is reached. This method
effectively combines the computational features of the fre-
quency and time domains to efficiently solve the complex
nonlinear Schrodinger equation containing dispersion and
nonlinear effects. The input initial Airyprime pulse can be
written in the following form:

d(Z=0,T) = Ai'(T) exp(aT). )

The parameter 0 < a < 1 represents the truncation
coefficient, while Ai'(T) denotes the first derivative of the
Airy function. The expression for the Airy function is given
by Ai(T) = %J_o; exp[i(u/3 + Tu)]du. By performing a
Fourier transform on Eq. (7), the complex amplitude of
the Airyprime pulse in the frequency domain can be
expressed as follows:

D(w, 0) = va? + w? exp(a’/3) exp(—aw?)

x expli(a’w - w?/3 + arctan(w/a) + )],

where w is the frequency of the pulse. The intensity of the
initial pulse in the frequency domain is

I=|®(w, 0) = (a® + w?) exp(2a’/3 - 2aw?). 9

From Eq. (9), it can be seen that the frequency influ-
ences the intensity properties in the frequency domain w
and the truncation coefficient a. The underlying intensity
distribution of the spectrum is determined by the fre-
quency term (a® + w%), which describes the spectral ampli-
tude at different frequencies. The spectral intensity
reaches a minimum at the center frequency w = 0 and
gradually increases with increasing frequency. Meanwhile,
the exponential term exp(2a®/3-2aw?® modifies the spec-
trum’s shape, especially in the high-frequency range,
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Figure 1: Comparison of initial waveforms (a) and spectra (b) of Airyprime pulses with different truncation coefficients a, as well as X-Frog plots (c)-(f)

of Airyprime pulses with different truncation coefficients.
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where the term leads to a rapid decrease in the spectral
intensity. Overall, the spectral distribution of the Airy-
prime pulse exhibits a frequency dependence: the spectral
intensity is lowest near the center frequency, increases
first with the absolute value of the frequency |w|, and
then gradually decays in the higher frequency range. In
addition, the center frequency corresponds to an intensity
minimum of about I, = a% In contrast, the peak intensity
of the spectrum is approximated as Iy.x = e¢”'/(2a) in the
high- and low-frequency regions, which occurs at the fre-
quency wy, = +1/+/2a.

In Figure 1(a), it can be observed that the Airyprime
pulse displays a distinctly asymmetric multi-peak wave-
form feature. The central peak with the most significant
peak power appears in the second position on the right
side, while the first peak immediately adjacent to it has a
significantly smaller peak than the central peak. Multiple
oscillatory peaks accompany the left side of the central
peak, and the amplitude of the oscillations in this part
gradually decreases, forming a more obvious trailing phe-
nomenon. The larger the truncation coefficient, the faster
the side flap falls. Figure 1(b) further demonstrates that the
initial spectrum of the Airyprime pulse exhibits a double-
peak pattern with different truncation coefficients a (0.05,
0.1, 0.15, and 0.2, respectively), and these peaks are symme-
trically distributed around the center frequency. As the
truncation coefficient a is raised, the maximum intensity
of the spectrum gradually decreases while the width also
decreases. Figure 1(c)-(e) then presents the X-Frog plots of
the Airyprime pulse for different truncation values of a.
The X-Frog plots of the Airyprime pulse are shown in
Figure 1(c)—(e). As it increases from 0.15 to 0.2, the energy
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of the Airyprime pulse begins to concentrate significantly
in the center frequency interval, and the trailing effect in
the rest of the spectrum gradually decreases, the distribu-
tion of energy appears more concentrated, and the spectral
width becomes significantly narrower.

3 Numerical results

The propagation properties of Airyprime pulses in a relaxing
nonlinear medium (containing the Kerr nonlinear effect and
Raman effect) are discussed in detail below. The propagation
characteristics of Airyprime pulses in free space, Kerr
medium by truncation coefficient, Kerr nonlinear coefficient,
and third-order dispersion coefficient are discussed first.
Then, the propagation characteristics of Airyprime pulses in
a Raman medium are discussed using different Raman, trun-
cation, and general nonlinear coefficients.

3.1 The interference enhancement effect of
Airyprime pulses in free space

In free space, there are no nonlinear effects, only disper-
sion effects. As shown in the time-domain evolution dia-
gram (Figure 2(a)), the Airy primer pulse rapidly shifts its
energy to the first peak on the right during the initial
propagation phase. At Z = 5, the energy of the first peak
on the right reaches its maximum value, while the energy
of the other peaks gradually decreases. This is due to the
interference enhancement effect between the Airy
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Figure 2: Time (a) and frequency (b) evolution of the Airyprimer pulse at a = 0.12 in free space; waveform (c) and spectrum (d) of the Airyprimer pulse

at Z=10.
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derivative and the Airy correlation mode. The waveform
evolves into an Airy-like pulse. Subsequently, the Airy-
primer pulse continues to exhibit self-acceleration and
self-bending propagation characteristics. From the fre-
quency-domain evolution diagram (Figure 2(b)), it can be
seen that the Airyprimer pulse maintains a symmetric
double-peak structure during stable propagation. At Z =
10, in the free-space waveform of the Airy primer pulse
(Figure 2(c)), the energy of the first peak on the right side
is the highest; as observed in the spectrum diagram (Figure
2(d)), the Airy primer pulse still maintains a symmetric
double-peak structure.

3.2 Properties of Airyprime pulse
propagation in Kerr nonlinear media

The general nonlinear coefficient is an important para-
meter for controlling the self-phase modulation of pulses
in a medium. Numerical simulations were performed to
investigate the effect of the general nonlinear coefficients
on the evolutionary properties of the Airyprime pulse. It
can be seen from the time-domain evolution diagrams
(Figure 3(a)-(e)) that the general nonlinear coefficient N
is able to modulate the degree of linear deflection and
respiration period of the Airyprime pulse shedding
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solitons. The self-acceleration and self-bending evolution
process of the Airyprime pulse in Kerr medium is a typical
nonlinear optical phenomenon. The self-acceleration effect
causes the trajectory of the pulse center to maintain a
parabolic shape, which generates energy aggregation
during propagation and further enhances the local inten-
sity of the pulse. With the propagation, the second peak on
the right side is first compressed and sheds solitons, fol-
lowed by the first peak on the right side also shedding
solitons. When N = 1, 1.5, 2 (Figure 3(a)-(c)), the soliton
shed by the second peak on the right is linearly deflected
to the left, and the soliton shed by the first peak on the right
is linearly deflected to the right. In general, the larger the
nonlinearity coefficient N, the smaller the degree of deflec-
tion. However, when N = 2.5, 3 (Figure 3(d) and (e)), the
shed soliton propagates parallel without deflection due to
the increased attraction between the two solitons. Mean-
while, the spacing between the shedding solitons gradually
decreases when the value of N increases. It is worth noting
that the larger the value of N, the smaller the beamwidth
and breathing period of the shed soliton. From the fre-
quency-domain evolution diagram (Figure 3(f)-(j)), the
notch forms in the high-frequency region at the initial
stage of pulse propagation. In contrast, the low-frequency
region remains almost unchanged. As the propagation dis-
tance increases, the notch gradually deepens while the red-
shift effect gradually increases. At the stabilization stage,

Figure 3: Time (a)-(e) and frequency (f)-(j) evolution of Airyprimer pulse at a = 0.3 for different general nonlinear coefficients N under the combined

effect of group velocity dispersion and self-phase modulation.
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the shape of the notch and the degree of redshift tend to
stabilize with the formation of the accelerating pulse, after
which they no longer change significantly with the propa-
gation distance (Figure 3(f)). However, when N > 1, the
general nonlinear effect produces a positive frequency
chirp, while the anomalous dispersion produces a negative
frequency chirp. The chirp produced by the general non-
linear effect results in a redshift of the leading edge of the
shedding soliton pulse, and the chirp produced by the
anomalous dispersion results in a blueshift of the trailing
edge of the shedding soliton (Figure 3(g)—(j)). When the
width of the spectrum is compressed to a minimum, its
width increases abruptly again. Periodic compression
and broadening of the spectrum occur all the time during
propagation. It is worth noting that the larger the value of
N, the greater the change frequency.

The third-order nonlinear coefficient 8; can manipu-
late the linear deflection direction of the pulse propagation
as well as control its spectral distribution. Numerical
simulations were performed to investigate the general
nonlinear coefficients’ effect on the Airyprime pulse’s evo-
lutionary characteristics. From the time-domain evolution
diagrams (Figure 4(a)—(e)), it can be seen that when f3 = -1
(Figure 4(a)), the central peak of the pulse is significantly
deflected to the negative time direction, and the tail is
enhanced and extended; when S5 = —0.5 (Figure 4(b)), the
deflection is weakened, and asymmetric enhancement of
the tail still exists; in the case of B3 = 0 (Figure 4(c)), the
pulse maintains a well-symmetric structure, and propaga-
tion presents a stable parabolic trajectory; when 3 = 0.5
(Figure 4(a)) and B3 = 1 (Figure 4(a)), the central peak is

Frequency [a.u.]
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shifted to favorable time, the tail energy is enhanced and
significantly broadened, and the asymmetry is intensified.
From the frequency domain evolution diagram (Figure 4(f9), it
can be seen that when f; = -1 (Figure 4f) and f3; = -0.5 (Figure 4g),
the spectrum undergoes red shift, the low-frequency com-
ponents are enhanced, the spectrum broadens, and asym-
metry appears. When fB; = 0 (Figure 4h), the spectrum
exhibits optimal symmetry, minimal broadening, and
energy concentrated at the central frequency; when f; = 1
(Figure 4i) and B3 = 0.5 (Figure 4j), the spectrum undergoes
blue shift, with high-frequency components dominating, sig-
nificant broadening, and enhanced asymmetry. In summary,
the magnitude and sign of third-order dispersion have a sig-
nificant influence on the temporal evolution, morphology,
and frequency-domain spectral distribution of the pulse.
Positive third-order dispersion causes a blue shift and tail
enhancement, while negative third-order dispersion causes
a red shift and leftward shift of the main peak.

Figures 4(e)-(h) and 5(a)-(d) show the waveform and
spectral evolution of the Airyprime pulse in the anomalous
dispersion region, respectively. From the time-domain evo-
lution plots (Figure 5(a)-(d)), it can be seen that the Air-
yprime pulse maintains its original structure at the early
stage of evolution and then gradually evolves into a self-
accelerating pulse. It is worth noting that during the self-
accelerating propagation process, the energy gradually
increases due to the focusing of the pulse peak, and a
certain number of solitons are eventually shed. When the
general nonlinear coefficient N = 1, there is no soliton shed-
ding phenomenon (Figure 5(a)). With the increase of N, the
soliton shedding phenomenon gradually appears (Figure 5(b)),

Figure 4: Time-domain (a)-(e) and frequency (f)-(j) evolution of Airyprimer pulses with different third-order dispersion coefficients B3 under the
combined effect of group velocity dispersion and self-phase modulation for N =1, a = 0.3.
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Figure 5: Time-domain (a)-(e) and frequency-domain (f)-(j) evolution of Airyprimer pulses with different general nonlinear coefficients N under the
combined effect of group velocity dispersion and self-phase modulation for @ = 0.05.

and the number of solitons continues to increase with the
further increase of the nonlinear coefficient (Figure 5(c) and
(d)). From the spectral evolution diagram (Figure 5(e)-(h)), it
can be seen that in the anomalous dispersion region, a red-
shifted spectral notch appears in the low-frequency region,
which is formed during the self-accelerating pulse evolution.

In contrast, the high-frequency region remains almost
unchanged. When an Airyprime pulse propagates in an
anomalously dispersive fiber, the low-frequency component
of the pulse front undergoes a more remarkable nonlinear
phase shift due to the self-phase modulation effect, resulting
in a redshift of the spectrum toward the low frequencies. As

Frequency [a.u.]

Figure 6: Time-domain (a)-(e) and frequency-domain (f)-(j) evolution of group velocity dispersion, self-phase modulation, and Raman effect for

different Raman coefficients at a = 0.1, N = 1.
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the nonlinear intensity increases, the degree of redshift
further intensifies, separating the low-frequency component
from the high-frequency component in the spectrum and
forming a spectral notch that bulges in the low-frequency
direction. With increased propagation distance, this spectral
notch gradually weakens and eventually disappears. In the
anomalous dispersion region, the spectral characteristics of
the Airyprime pulse change with the increase of the non-
linear strength N. Specifically, the spectral notch emerges
earlier during propagation, and both its depth and width
progressively increase, indicating stronger nonlinear inter-
actions (Figure 5(f)-(h)). This controlled frequency shift not
only highlights the impact of increasing N on the spectral
evolution but also provides a novel and effective method for
achieving wavelength conversion and spectral shaping.
Such characteristics make it particularly advantageous for
applications in optical signal processing, where precise con-
trol over spectral properties is crucial.

3.3 Properties of Airyprime pulse
propagation under the combination of
group velocity dispersion, self-phase
modulation, and Raman effect

Figure 6 illustrates the time-domain and frequency-domain
evolution of the Airyprime pulse at different Raman coeffi-
cients under the conditions of a = 0.1 and N = 1. From the
time-domain evolution diagrams (Figure 6(a)—(d)), it can be
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seen that the Airyprime pulse maintains its original struc-
ture at the early stage of evolution and then gradually
evolves into a self-accelerating pulse that exhibits a curved
motion trajectory. During the nonlinear propagation pro-
cess, part of the soliton energy is dissipated due to the
dispersion effect. As the input Raman coefficient increases,
a more significant time delay occurs at the main peak
position of the shed soliton due to the Raman effect
(Figure 6(b)-(d)). From the frequency domain evolution
plots (Figure 6(e)-(h)), it can be seen that although the
Raman effect leads to a significant shift of the spectrum
towards the long-wave direction (redshift), the frequency
of the blueshifted portion remains almost unchanged.
When the Raman coefficients are 0.05 and 0.1, the Raman
effect is weak, and the redshift phenomenon is not obvious
after the Airyprime pulses are injected into the ideal loss-
less fiber (Figure 6(e)—(f)). With the further increase of the
Raman coefficient, the Raman effect gradually strengthens
and dominates, at which time the frequency redshift
becomes more significant (Figure 6(g)-(h)). The Raman
effect induces a delay in the leading edge of the pulse
spectrum. In contrast, the trailing edge portion remains
almost unchanged, resulting in an asymmetric collapsed
structure in the frequency domain of the Airyprime pulse,
which alters its spectral morphology. In addition, at the
early propagation stage, the Raman-induced redshifted fre-
quency interferes with the residual frequency to form a
discrete multi-peak structure. This unique behavior can be
explained as follows: the Airyprime pulse has a broad spec-
trum. Due to the frequency chirp induced by self-phase

(5]

p—

Frequency [a.u.]
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Figure 7: Time-domain (a)-(e) and frequency-domain (f)-(j) evolution of Airyprimer pulse with T = 0.1, N = 1, under the combined effect of group
velocity dispersion, self-phase modulation, and Raman effect for different truncation coefficients a.
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modulation, the pulses may have the same instantaneous
frequency at different points. However, phase-length or
phase-canceling interference occurs due to phase
differences.

The truncation coefficient is a critical parameter of the
Airyprimer pulse, and the main characteristics of the
Airyprimer pulse are related to its degree of truncation.
When an Airyprimer pulse is strongly truncated, it loses its
characteristics and becomes a symmetric soliton pulse. The
next section investigates the propagation of low-power
Airyprimer pulses with different truncation coefficients
under the influence of the Raman effect. Figure 7 illustrates
the temporal and spectral evolution of the Airyprimer
pulse over 20 dispersion lengths for four different values
of the truncation coefficient. The effect of the truncation
coefficients on the linear self-accelerating deflection in the
time domain and the linear deflection in the frequency
domain of the Airyprimer pulse can be seen. The smaller
the truncation coefficient is, the larger the time shift of the
position of the shed soliton is (Figure 7(a)). As the trunca-
tion coefficient decreases, the shed soliton’s peak power
and time shift increase (Figure 7(b)-(d)); therefore, the
Raman redshift decreases with increasing truncation coef-
ficient (Figure 7(f)-(h)). The truncation coefficient can be
used to modulate the Raman redshift in the frequency
domain of the Airyprimer pulse, thus realizing a broadly
tuned light source.

The larger the general nonlinear coefficient N is, the
more significant the nonlinear effect of the Airyprimer
pulse is in the propagation process, and the spectrum of
the pulse undergoes significant redshift phenomenon and

Propagation properties of Airyprime pulses in relaxing nonlinear media
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energy transfer. Figure 8 demonstrates the evolution of the
time-frequency spectroscopic mechanism of the Airy-
primer pulse in the anomalous dispersion region for a
general nonlinear coefficient N. The time-frequency spec-
troscopic mechanism of the Airyprimer pulse is shown in
Figure 8. When N =1, the Airyprimer pulse still maintains a
relatively stable morphology during the self-accelerating
pulse formation, and the Airyprimer pulse shows an
obvious red-shifted spectral gap in the low-frequency
region, while the high-frequency region remains almost
unchanged (Figure 8(a) and (b)). When N = 1, the Airy
primer pulse releases Raman solitons from the interfer-
ence-enhanced region, and a redshift peak appears,
strengthening the pulse’s nonlinear features (Figure 8(c)
and (d)). More Raman solitons are released from the Air-
yprimer pulse with increasing N. The Airyprimer pulse
forms multiple red-shifted peaks in the spectrum, and
the redshift rate of the outermost peaks increases signifi-
cantly (Figure 8(e)-(h)). The Raman effect-induced fre-
quency shifts continue throughout the fiber, and the larger
the value of N is, the wider the red-shifted spectra are. The
results show that the number of Raman solitons gradually
increases when the general nonlinear coefficient N gradu-
ally increases, and the nonlinear interaction of the solitons
leads to self-accelerating deflection broadening and mul-
tiple linear deflections in the low-frequency part of the
Airyprimer pulse in the time domain.

Figure 9 illustrates the effect of different truncation
coefficients on the time and frequency domain splitting
of the Airyprimer pulse. The redshifted soliton is detached
from the incident pump pulse and is slowed down due to

Frequency [a.u.]

Figure 8: Time-domain (a), (c), (e), (g) and frequency-domain (b), (d), (f), (h) splitting mechanism for different values of N in Airyprime pulses under the
combined effects of group velocity dispersion, self-phase modulation, and Raman effect, for Tz = 0.05, a = 0.1.
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Figure 9: Time-domain (a), (c), (e), () and frequency-domain (b), (d), (f), (h) splitting mechanism under the combined effect of velocity dispersion, self-
phase modulation, and Raman effect for pulsed Airyprime pulse group with different a for Tz = 0.05, N = 1.5.

Raman scattering effects. This manifests as a change in the
pulse trajectory in the time domain and as a redshift in the
spectrum in the frequency domain. When a decreases,
the Airyprimer pulse can release more Raman solitons
and enhance the peak power. Meanwhile, the time interval
between the primary and secondary valves significantly
increases (Figure 9(a)). In the frequency domain, as a
increases, more redshifted peaks are separated from the
main spectrum, and the redshifted spectrum becomes
larger and smoother. In contrast, the peak power remains
constant (Figure 9(c), (e) and (g)). The Raman effect causes
the spectrum to be shifted significantly toward the long-
wavelength direction, while the blue-shifted spectrum
remains almost constant. When a = 0.12, the Airyprimer
pulse generates two Raman solitons (Figure 9(h)). As a
decreases, the Airyprimer pulse releases more Raman soli-
tons, and more redshifted peaks are separating from the
main spectrum, with an increase in the distance between
the strong peaks of the main spectrum (Figure 9(b), (d), and
(). This is attributed to the change in the initial pulse
profile for different values of a. An increase in a causes
the energy of the incident Airyprimer pulse to increase and
the temporal center of mass (manifested as the time-
domain position of the strongest wave flap) to move in
the direction of T < 0, thus shedding more solitons. The
results show that as increases, the time-domain peak
power and temporal displacement of the shedding solitons
increase, and the number increases, while the frequency-
domain peak power remains unchanged.

4 Conclusion

This article systematically investigates the propagation
characteristics of Airyprime pulses in relaxing nonlinear
media, focusing on the influence of group velocity disper-
sion, self-phase modulation, Raman effect, and third-order
dispersion on their evolutionary behavior. It is shown that
the Airyprime pulses exhibit remarkable self-acceleration,
self-bending, self-recovery, and strong anti-interference
ability in nonlinear media. Under the combined effect of
group velocity dispersion and self-phase modulation, the
central peak of the Airyprime pulse undergoes nonlinear
compression. It generates detached solitons with parabolic
trajectories, and an increase in the nonlinear coefficient
decreases the soliton spacing, causing the propagation to
be parallel. The Raman effect has an important impact on
the time-frequency evolution of the Airyprime pulse.
As the Raman coefficient increases, the spectral redshift
and the main peak time delay are significantly enhanced,
while the truncation coefficient and the initial peak power
play a key role in the degree of redshift. The smaller the
truncation coefficient, the more significant the time shift
of the shedding soliton, and the wider the range of redshift;
the higher the initial peak power, the enhanced energy
of the soliton, and the more significant redshift. The size
and sign of the third-order dispersion further modulate the
pulse’s deflection direction and spectral characteristics,
with positive values of the third-order dispersion leading
to a blue shift and negative values of the third-order dis-
persion causing a redshift. By adjusting the nonlinear,
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Raman, and truncation coefficients, the propagation char-
acteristics of Airyprime pulses can be effectively controlled
to optimize their spectral and time-domain properties.
These studies provide theoretical guidance for the design
of distributed fiber optic sensing, nonlinear optical ima-
ging, and ultrafast laser systems and also show a broad
prospect for practical applications in optics. Future work
can further explore the stability of Airyprime pulses in
complex nonlinear environments and optimized applica-
tions in practical systems.
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