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ABSTRACT

External cavity diode lasers (ECDLS),with their narrow inewidth, high frequency stabiliy and tunable wavelengths, are key light
Sources inatom graimeters (AGS). As these instruments evolve toward portabe, vehicular, and space-based deployments, their
ser systems ace ncreasing demands on ntegration, robustness, and power efiiency. This review examines four epresentative
ECDL configurations—Littro;Litman, volume holographic grating, and fiter-based tpes—analyzing thei structural character-
istics, performance trade-offs, and suitability for miniaturization. The comparative assessment highlights inherent compromises
‘among output power,tuning range, frequency sabilty, and system-level integration. Miniaturization emerges s  pivotal enabler
for AG engineering applications. Three pimary approaches have gained trction: mcroelectromechanical system (MEMS) tuning
offesacompact, low-power solutin idsl for portable quantu systems; waveguidefeedback structures provide excellent specral
stabilit and fiber integration; and I1-VISi heterogencous integration enables chip-scale, high-gain lasers for next generation

precision measurement platforms.

1 | Introduction

Continuously tunable narrow linewidth semiconductor lasers are
indispensable core devices in high-performance optical systems
for spectroscopy [1-3], coherent communications [4], LIDAR [5,
6], and precision measurement 7]. External Cavity Diode Laser
(ECDL) has gained a lt of attention in the last two decades
because of ts abiliy o significantly improve frequency sability,
compress linewidth, and achieve 2 wide range of tunability
while maintaining high output power by introducing an optical
feedback structure outside the laser chip 5, 9. It has been shown
that ECDL shows good application prospects in atomic clocks
[10], gas detection 11, 12}, optical pressure detection [13], and

biosensing [14], tc., and especially plays a key role in precision
‘measurement systems relying on high-coherence laser sources,
such as atomic gravimeers.

Atom gravimeters (AGs), operating on the principle of atomic
interferometry, have found increasing deployment in metrology
[15-17), acrospace navigation [15], marine surveying [19]. geo-
physical exploration [20-22], and fundamentalscientific research
[23-25]. Their measurement precision critcally depends on
the coherent manipulation of atomic states, which in tum
necessitates laser systems with excellent frequency siablity,
narrow linewidths, high power, and precise wavelength tun-
abilty. These parameters dircctly affect the contrast of atomic
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FIGURE 1 | Schematic o  basi ECDL structure. The black dashed
line and serow represent the optical sxi of the laser beam.

interference fringes and ultimately the accuracy of gravitational
‘measurements [26, 27]. In this context, the performance of
'ECDLs—particularly their frequency locking stability and noise
immunity—plays avital role. For instance, Tanaka et al. achieved
stable laser frequency locking by coupling the external cavity
to atomic spectral lines [25], while Day ct al. examined how
low-freguency noise characteristics influence mode-hop-fee tun-
abiliy 2],

The rapid development of light-pulse atom interferometer
gravimeters (AG) has driven the need for high-performance
Iaser sources capable of meeting the specific demands of these
systems. Unlike general precision spectrascopy, AG applications
require light sources with particular characteristis such s nar-
row linewidth, frequency stability, tunability, and compactess,
especialy for mobile, marine, and space-based deployments. As
gravimetry transitions from laboratory-based setups to portable,
feld-deployable platforms, laser systems are required to meet
‘more demanding constraints in size, power consumption, and
environmental resilience. This shift has driven research into
‘miniaturization technologies,including microelectromechanical
systems (MEMS) based tuning, integrated on-chip waveguide
feedback, and T1LV/Si heterogencous integration. This paper
focuses on the structural categorization, performance adapiation,
and micro-integration of ECDLs within atomic gravimeters. It
reviews the current state of development, analyzes the per-
formance boundaries and engineering adaptabiliy of typical
ECDL structures, and explores technical bottlenecks and future
directions in miniaturized high-coherence laser systems.

2 | Structural Composition and Working Principle
of ECDL

The External Cavity Diode Laser (ECDL) architecture builds
‘upon the conventional Fabry-Peérot (FP) laser diode pltform by
incorporating a precisely controllable external cavity feedback
‘mechanism. This innovative design configuration enables excep-
tional precision in the manipulation of critcal laser parameters,
including emission frequency stabilzation, spectral linewidth
narrowing, and longitudinal mode selection [30]. AL its core,
the system enhances cavity mode selectivity and extends the
effctive opical path length through external feedback, resulting
in significant linewidth compression and flexible avelength
tuning (31 As depiced i Figure 1, an ECDL typically consists of
2 gain medium (c.g, an optical amplifir Semiconductor Optical
‘Amplifier (SOA).  collimating lens, an external caity feedback
clemen (e a diffracion grating, reflector,or waveguide Bragg

grating). and an output coupler [32, 33. In order to adapt the
external cavity feedback characteristics of ECDLS, ant-reflection
(AR) coatings are usually applicd to the output side face o the
gain chip so that the reflectiviy is less than 0. in order o
suppress the mode competition befween the internal and external
cavity modes. The back end of the chip is usually coated with
high-reflecton (HR) coatng (o increase the effciency of ight
output toward the outer caity [34].

For the structure shown in Figure 1, linewidth and power
characteristics have been modeled to quantify the extent of the
effect of changes in the external cavity parameters on the laser
performance and system robustness. The linewidth is described
by the following equation [33, 35, 36]:

R
s

Rof
wEs)

[0

‘where  represents the linewidth enhancement factor, § repre-
sents the field amplitude, and  and S, denote the number of
photons in the gain medium and external cavity,respectively. The
Spontancous emission rate, ., can be expressed as:

hog (1) a,S
R

@

‘where v, represents the group velocity, h is Planck's constant,
 denotes the frequency, g() is the gain spectral density, and
@, represents the threshold loss of the laser. P, represents the
output power. £ represents the external caviy length factor, which
can be expressed as:

<3 ®
d/og + Ly /o
where L sgnifie he efecive lengthofthe external caviy and
. denotesthe corresponding group velociy.

The output power, a crucial performance indicator for ECDLs,
can be quaniitatively determined through carier and pholon
rate equations 37 Findings indicate aclear inverse relationship
between output power and linewidth, described by the following
equation:

AL K
- U da GOl =

TRavan
In this context j represents the current density s, the threshold
current density; 7, the effciency of the internal caviy: g, the
elementary charge; %, the carrer lifeime: I, the confinement
factor; 7, the photon lifeime; . the mirmor loss; @, the
absorption coeffcient of the external cavity: Ny, the photon
density; and K, the srength of optcal feedback. This relationship
suggests that boosting the intracavity gain and feedback quality
factor can synergistically enhance the laser output performance.
Consequently, a well-engincered design of the external cavty,
reflective components, and AR/HR coating parameers enables
the concurrent achievementof linewidth compression and power
amplification in compact devices. These theoretical insighis lay a
quanitative foundation for assessing the performance of future

P KN, @
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laser architectures, including Littrow-type and Littman-type
configurations.

1t should be noted that the above classical models are generally.
based on the assumptions of large cavity length, high feedback.
effciency, and low intra-cavity losses. However, in miniaturized
and highly integrated structures, such as those with short cavity.
lengths or on-chip lasers, these conditions are often diffcult to
fulfll. As a result, the actual performance (e, linewidth and
tuning sensitivity) may deviate from theoretical expectations, and
the models must therefore be corrected through simulation or
experimental validation.

The atomic gravimeter,  high-precision instrument for abso-
lute gravity measurement based on the principle of atomic
interference, imposes extremely demanding requirements on
the performance of its laser light source. Compared with
general-purpose cold atom systems or atomic clocks, atomic
gravimeters place greater emphasis on longterm frequency sta-
bility, linewidth compression, tuning precision, and resistance
to external interference. These characteristcs directly affect the
phase noise of interference fringes, fringe contrast preservation,
differential excitation efficiency, and the accumulation of system
drift errors. To meet these application demands, external cavity
diode lasers must achieve a high degree of coordination and
optimization across multiple performance dimensions—posing
a major technical challenge to ongoing miniaturization efforts.
In a Mach-Zehnder lightpulse atom interferometer, the phase
shiftis p = kg7, where k. s the effective Raman wave vector
and T the pulse separation fime. For ground-based and mobile
gravimeters targeting sensitivitis at the level of 1-10 yGal, the
allowable rms laser-induced phase noise per shot typically has
10 be kept below the 10 2-10-> rad level, depending on averaging.
time and technical noise contributions [15-19]

Tosystematically review the performance characterisics of ECDL
systems reported in previous studies, this paper compiles the
cote parameers of several representative laser designs used in
atomic interferometry in recent years, as shown in Table 1
Observed variations in wavelength selection, linewidih compres-
sion capabiliy, tuning range, and output power across different
schemes reflect the performance trade-offstrategies employed in
individual experiments.

31 | Linewidth
In atomic gravimeters, achieving long interrogation times and
large spatial separations of atomic wave packets requires laser
sources with sufficiently narrow spectral linewidths to mainain
high finge contrast and measurementsensitvity If the linewidth
s t00 broad, muliple velocity classes can be simultancously
excted, leading o significant Raman traniton. errors and
reduced fringe visibility—one of the dominant noise sources in
Raman atom interferometry. For 2 more quantitative estimate,
we consider a Mach-Zehnder-type atom interferometer operated
with Raman tranitions. The interferometer phase noise induced

by white frequency noise of the Raman laser with linewidth can
be approsximated a5 49, 501

&} mATAVT, ©

‘where g, is the interferometer phase noise, A is the linewidth
of the Raman laser, and T is the time between Raman pulses.
Based on the basic model of cold atom interferomery gravity
‘measurement, the corresponding gravity uncertainty is [49, 51}

%

B ©

For a typical Rb gravimeter operating at 750 nm, k% 16 x
10'm", and with an interrogation time typically ranging from
40 10 80 ms, keeping the laser-induced contribution to gravity
‘measurement uncertainty below o, ~ 10’8 requires a laser
linewidth on the order of ~10-100 kiiz 2],

“The above value efersto the theoretical required linewidth of the
taser fo the Rb gravimeter In practcal applications,the ECDLs
used in stte-of the-art atom interferometers have achieved a
linewidth of 10-300 Kz [53-56], and Table 2 presents several
typical examples of such ECDL cquipped atomic gravimeters
along with thei relevant parameters. This linewidth attained in
practice is consistent with the aforementioned theoreical st
mate. Farthermore, sub-Kilohertz intrinsic linewidths become
relevant for future instruments.targeting gravity sensitivities
below (10 ), where laser phase noise must be suppressed well
below the atom shot nose level.

Collectively, these engineering results establish that, when com-
bined with suitable stabilization techniques, ECDLs featuring
free-running linewidths below 300 kiz are capable of satisfy-
ing the Raman coherence demands of state-of the-art atomic
gravimeters. While the key performance metric in Raman inter-
ferometric setups is the relative phase coherence between the
two Raman beams, the intrinsic linewidth remains an essential
parameter in the specification and engincering development
of laser sources for precision atom-interferometric gravimetry
‘measurements.

32 | Tuning Range

The frequency-tuning capability of the laser source is a critical
performance metric in atomic gravimetry. A tuning range of
210 Gz is typically required for ‘multi-role’ ECDLs in AG
systems, covering D cooling, optical pumping, Raman detuning.
and offset locking. The tuning range needs to accommodate
transitions between cooling, repumping, Raman, and detection
‘modes, particularly for systems operating around the " Rb hyper-
fine spltting 834 GHz. As an ultra-high-precision instrumen,
an atomic gravimeter relies on multiple laser frequencies for
cooling, Raman transitions, detection, and optical pumping, all
of which li near the atomic D line (<. the 780 nm transition
of “Rb). To suppor these diverse functions, an external-cavity
diode laser (ECDL) mst provide flexible, wide-range frequency
tunability. This tunability is crucial for precise scanning of the
D, line during frequency stabilzation (typically requiring several
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TABLE 1 | Comparison of parameters of reported ECDL systems in atom interference studis.

Year Wavelength ‘Tuning Range Output Power Reference
2053 7667 nm 30GHz 3smw. 53]
203 7024 nm 316Hz 120 mwW (]
204 767 nm 256Hz 3smwW. [40]
2055 750nm s2cHz 380mW [
200 7024 nm ! somw. ]
201 702nm 65GHz 120 mwW ]
203 7024 nm ! 25mwW (4]
203 s2nm. 920Hz 23mw 145
203 698 50m ! 25mwW 4]
204 750nm 27kt 1w 11
205 750nm ez Stmw. [4]

TABLE 2 | Application and performance parameters of ECDLs i

Tuning
Year  Wavelength  Linewidth Range

201 750 nm 10k Gz Somw 1931070 ]
207 750 nm 200Kz 2GHz 10-300mW =
2018 750 nm 200Kz 2GHz 10-300mW 28 yGal/Hz 1541
2019 750 nm 30-300kHz  20GHz s0mw 30 pGal/Hz* 1ss]
gigahertz of bidirectional tuning), for supplying the differential 3.3 | Frequency Stability

detuning needed for Raman two-photon transitions (on the order
of 6.834 GHz), and for enabling agile switching befween cooling
and opical-pumping frequencies. As early as 1986, Wieman et a.
emphasized the importance o tuning range, noting that broader
tunability enhances control over atomic velocities and improves.
cooling and capture efficiency [57]. Taken together, these consid-
erations highlight tuning range as a key factor determining the
experimentl flexibility and ultimate measurement performance
of an atomic gravimeter.

In practical implementations, commercial ECDLS typically pro-
vide mode-hop-free tuning ranges exceeding 20 Gz [53-55].
Such broad continuous tuning readily accommodates the mult-
frequency requirements of most atomic gravimeters, offering
ample spectral margin for cooling, trapping, and coherent
‘manipulation. For atomic gravimeters—encompassing cooling,
optical pumping, and Raman manipulation—a mode-hop-free
continuous tuning range of approximately nine gigahertz is
consistently required as the minimum performance threshold
in current practical implementations [56]. Although Acousio-
Opical Modulators (AOMSs) and. Electro-Optical Modulators
(EOMs) add fexibilty for frequency shiftng, the intrinsic con-
tinuous tuning capabilty of the ECDL ultimately dictates lock
robustness, long-term operational stabilty. and the abilty o
adjust detuning without excessive power loss or spectral dis-
fortion. As such, it remains a core crierion in the selection
and design of laser sources for precision atom-interferometric
gravimetry.

In atomic gravimeters, the shortterm stabilty of the laser
frequency directly determines the contrast of the interference
fringes and the accuracy of the phase measurement, which
is one of the key technical parameters for realizing high-
sensitivity measurement. Even small fluctuations in frequency
may cause fringe drift during the interference process, reduce
the phase resolution, and even lead to the accumulation of
systematic errors. Therefore, it i crucial to ensure the frequency
stability of the laser in a short period of time, especially in
the process of long time operation, as any fluctuations of the
frequency will have a serious impacton the measurement results.
Laser frequency stabilit is often quantitatively assessed by
Allan Deviation (AD), a standard frequency stability assessment
‘method to characterize the fluctuation of laser frequency on
different fime scale. 1t is mathematically defined as [55, 59]:

2., O I3
In this context, i denotesthe index of the data point,  represents
the laser frequency recorded by the wavelength meter (WLM),
and s the total number of measuremens. T indicats the
total duration of the experiment, while the frequency value
averaged over the intervl of ength ris underconsideration. This
averaging extends from data point i to data point (i + N/(T-0).
For atomic gravimeter applications, Lsers are usualy required o
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have excellent frequency stability over short timescales (¢.g., 1-10
o

0, <107 ~ 107 ®
For Raman rnsiions,a factional frequeny eror 2 diecly
translates into an error of the effecive Raman detuning and
thus of the inerferometer phase. To a good approximation, the
corresponding scale factor eror obeys:

5 5f
=7 ©
Therefore, to achieve long-term gravity accuracies at the 10"’
leve, the laser system (including the optical frequency reference
and microwave source driving the Raman phase lock) must
provide a frational frequency stabilty beter than 10 ** ~ 10
over averaging times comparable to theinterferometer cycle ime
(typically 1-10 5). This requirement is consistent with the Allan
deviations reported in Refs [59-61], where 5,(r) reaches 10 ~
10 atz = 1-1000s.

The commercial ECDL Toptica DL Pro demonsirates well-
characterized shortterm freguency stabiity under modulation
transfer spectroscopy (MTS) locking. Long et al. measured the
beat note between two independent lasers, finding a single-Jaser
frequency noise standard deviation of 19 kiz, corresponding to
an Allan deviation of 26 kHz at 7 = 1. In the locked stat, the
longterm frequency drift over 10 h reached 162 Hz peak-to-peak.,
supporting a measurement sensitivity of 30 Gal/Hz1* 5], Using.
MTS, Qi et al. reported a fractional Allan deviation of 39 x 10>
at - 1's, while Kim et al_achieved 1 x 10" at 7 = 1000 s via
wavelengthmeter stabilization (59, 60]. Together, these results
highlight the ECDL's capability for precise short- and mid-term
frequency control, providing a practical benchmark for atomic
gravimetry applications.

4 | Comparative Analysis of the Classification and
Adaptability of ECDLs Structural Forms

This section discusses the various configurations of external
cavity diode lasers (ECDLs) that are suitable for AG applica-
tons. These configurations are specifically analyzed with respect
t0 the unique needs of AG ystems. In exch subscction, we
outline how these lasr systms address the core challenges of
stomic gravimety,incuding frequency stabily,linewidth, and
tunabilty. Depending on thei feedback architecture and tuning
mechanisms, ECDLs can be broadly classifed into thre cate-
gories: discrte-devic, waveguide based, and fiber-opti designs
(52, with representaive configuraions llustated i Figure 2.
Each design reflecs inherent trade-offs among critcal perfr.
mance fctors, incuding output power, uning range,frequency
stability, and adaptability to miniaturization. In this paper, var-
fous types of ECDL strutures suiabl for atomic gravimeters
will b analyzed in depth, with a focus on Litrowtype [63]
Littmantype 64}, volume holographic graing (VHG)-type [35]
and filtertype [47] structures in the context of their perfor-
mance in practicalapplications,we include such sysems in our
comparison because their demonstrated linewidth, stabily, and

tunability directly satisfy or surpass the requirements derived in
Section 3 for atomgravimetry applications, and thus represent
realistic candidate technologiesfo nextgencration AG platforms.
Representative literaure data on key performance parameters
for four types of typical ECDL structures are shown in Table 3.
The table compares the performance of the four structures in
the core indexes of typical linewidth, mode-hoppingfree tning
range (MHFR), frequency stabilty, output power, side-mode
suppression ratio (SMSR), and relatve intensity noise (RIN),
etc. with data from 34 peer-reviewed reports published berween
2010 and 2025 (see Table S for a detailed st of sources).In
order toshow the comprehensive performance distribution more
intuitively, Figure 3 plots the scoring radar chart based on the
data n the table Based on the data in Table 3 (and Table S1), we
assign normalized scores (0-4) to each structure for linewidth,
MHFR, frequency stabilty, output pover, SMS, RIN, and use
these scoresto construct the radar chart in Figure 3.

These solutions have shown outstanding representation and.
development potential in current and future atomic gravimeter
systems, and their final selection often requires a comprehensive
trade-off between multiple performance metrics for optimal
system performance.

41 | LittrowType

Among the various ECDL configurations, the Litrow-type setup
s widely used in atomic gravimeter applications for its compact
design [50]. I the context of atomic gravimetry (AG),the Littrow
configuration s particularly useful due to its compactness and
suitability for high-precision wavelength tuning. I i an ideal
choice for AG applications where portabilty and case of align-
‘mentare ssential, such as in mobile o space-based gravimeters.
“The narrow linewidth of Littrow:configured lasers helps ensure
‘minimal phase nojse, which scrucia forlong interrogation times
in atom interferomelry. This configuration typically comprises
2 semiconductor laser gain chip, . collimating lens, and a
diffacton grating, a5 shown i Figure 22 The system constructs
2 resonant cavty using frstorder diffracted light as feedback,
achieving wavelength selection and sable output. The aser chip
emits light, which is collimated and directed onto the grating.
‘The resultng firstorder diffracted light s reflected back along the
same path to the active region of the gain chip. while the zero-
order difracte light servesas the output beam [51-53] Based on
the resonant mode condition of the caviy (Equation 10) and the
gratings minimum loss wavelength formula (Equation 1), the
excitaion wavelength satisfying these conditions can be derived
4]

L-a(a/2) )

4= 2dsing )

Here, L denotes the external cavity length of the laser, 4 is
the excitation wavelength, g represents the longitudinal mode
‘number, d is the grating constant, and 6 is the angle of inci-
dence. The angle 6 determines the central wavelength of the
feedback light, and by adjusting it the excitation wavelength of

Laser & Photonis Retews, 2025

Sof17




image8.png
@ Littrowtypes Simple structure

»
Lens
PE FPEQ

(1) VHG-ype: Compactstructure

Lens VHG

soA

) FBGutype: Ultrlow

(m) Rowlandetype: High intcgration

Msos s
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TABLE 3 | Representative performance parameters of typical ECDL structures.

Structure,
Metric Littrow Littman vHG ¥
Linewidth 75-360 kilz 50-100 kitz 15100 kHz 26133 Kz
MHFR® 10-15GHz 4-80GHz 52-31GHz 2515GHz
AD" NA 355107 @35 NA 3310 @1s
Output Power 35360 mW 2035mwW 2-120mwW 2550mwW
SMsRe 4948 s5dB 455748 5448
RN NA 145 dBe/Hz 136 N/A
dBe/Hz

“MHFR: Mode Hop Free Range.
SAD: Allan Devition.

<SMSR: Side Mode Supprssion Rati.
SRIN: Relaive Intensity Noise

Lincwidn

™

FIGURE 3 | Typical ECDL structure performance radar chart eval-
waion. Scores ar oblained by normalizng representatie values from
Table 3 acrossthe four structures (0 = least favorabe, 4 = most favorable.
forcach metrc).

the resonant cavity can be tuned—thereby enabling wavelength
tunability: In this configuration, only the wavelength modes that
satisy both the resonance and diffraction conditions can receive
effective optical feedback and sustain oscillation; other modes
are suppressed due to diffaction losses. Therefore, the Littrow-
type ECDL has the advantages of high output power and casy.
implementation, which makes it particularly suitable for atomic
interferometry experiments that require high frequency stability
and fine tunabilty:

Nonetheless, the Litrow-type ECDL involves certain trade-offs
Since mode selection reles primarily on the diffraction grating,
its selectivity s relatively limited, often resulting in a broader
linewidih. Additionally, the need to balance mechanical rigidity
with high-sensitivty tuning makes precise wavelength control
highly dependent on factors such as the lignment of the grating’s
rotation axis and the hysteresis and creep of the PZT actuator,
rendering the laser frequency stability susceptible 1o exter-
nal environmental disturbances [64]. To address these issues,
researchers have continued to optimise the Littrow structure (o

‘meet higher performance targets. Back in 2013, Luvsandamdin
and histeam developed a Litrow.ype ECDL tha featureda igi,
‘miniaturized tructure to mitgate mechanicalvibrations [35]. By
integrating a volume holographic grating for spectral narrowing
and employing high-precison temperature control alongside an
electronic feedback system orfrequency stabilization, the sstem
achieved an intrinsic linewidth of just 18 Kz and delivered
optical power exceeding 35 mW. Furthermore, the Litrow-ype.
671 nm ECDL proposed by Dutta and Rahaman in 2023 achieved
2 linewidth of 360 Ktz and output power exceeding 150 mW by
employing a titanfum-alloy housing and an optimized grating
design. This setup offered a cost.effctve and stable light source
for lithium atom laser cooling without the need for a power
amplifer [63].

42 | LittmanType

‘The Littman configuration is 2 commonly used variation of the
ECDL incorporating 2 tunable mirror nto the Litrow setup to
enhance the wavelength selction mechanism. The Littman con-
figuration offers a broader tuning range, making it particularly
useful in AG systems that require versatile wavelength coverage,
such as in applications involving Raman tranitions and multiple
atomic species (e.g. Rb and Cs). This is especially important
for atom interferometers that need to simultancously cool and
interrogate multple atomic species while operating in a wide
spectral region. In this work, we consider the Littman-Metcalf
variant of the Littman geomery. In the basic Litman configura-
tion, the feedback passes nce through the grating, whereas n the
Littman-Metcalf configuration, the beam is diffactd twice by
the graing (grating-mirror-grating), reulting i higher spectral
selctivity and a fixed output direction during tning. In this
arrangement, the beam emitted by thelaser chipis firscollimated
and then directed onto a ixed diffraction grating. The istorder
difracted bearn i reflected by an external cavity mirror back to
the grating, whereitis difracted once more and fed into the active:
region toform the resonani caviy. The zero-order iffracted light
s used as the laser output [55. Several optimised forms of this
structure have been developed, of which the Littman-Metcalf
type is widely used in high stabilty scenarios, where mode
hoppingis ffectively suppressed and tuning lincariy is enhanced
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by improving the feedback path [86, §7]. During the operation
of Littman-Metcalf external cavity tunable semiconductor lasers,
the direction of the output beam does not change with the
tuning of the resonant wavelength, and due to the dispersion and
reciprocal difraction of the grating, the output spectral purity
(side-mode suppression ratio, spectral linewidth) of Littman-
Metcalf tunable semiconductor lasers tends to be better than
that of Littrow-ECDLs [55, 89]. s wavelength tuning is mainly
achieved by rotating the mirror angle, as shown in Figure 2b.
In 2006, Sacher et al.introduced a Littman-Metcalf type ECDL
thatingeniously integrated a high-power tapered amplifer diode
with an optimized external cavity design [90]. This configuration
achieved a linewidth below 100 kl1z, 2 side-mode suppression
ratio exceeding 50 dB, and, notably, a diffaction-limited output
‘power of up to 1000 mW--making it a highly promising high-
performance lasr sourcefor applications such as high-resolution
spectroscopy. Another compact Littman-Metcalf-based ECDL
developed by Wei Fang et al. employed a star shaped flexure
hinge 25 the mirror rotation mechanism. While maintaining high
‘mechanical tabilty: it achieved a mode hopree tuning range of
280 GHz. The laser operated stably at the 780 nm wavelength
for over one year, with a linewidth of approximately 200 kiz,
demonstrating excellent frequency locking capability and long-
term operationa stability making it hghly promising for atomic
interferometry applications 91]

However, the Littman-Metcalf structure, while obtaining a very
narrow linewidth and a wide tuning range, also has engincering
challenges that cannot be ignored. Due to th introduction ofmul-
tiple reflection paths and angular tuning elements, the structural
complxity of the system i signifcantly higher than that of the
Littrowtype, which imposes higher requirements on mechanical
stability thermal drift compensation, and cavity collimation, and
‘makes it more difficult o fabricate and replicate, especially in
‘miniaturised r batch scenarios, and therefoe requirs  rade-off
betuween performance and complexity of the system in practical
applcations.

43 | VHGIype

In recent years, volume holographic gratings, as highly selective
frequency feedback elements, are gradually replacing conven-
tional diffraction gratings. VHIG configured lasers are wel-suited
for AG applications that require a compact form factor without
sacrificing performance. These lasers are typically less sensitive
to mechanical perturbations, making them ideal for mobile
and marine AG systems where external vibrations may affect
the laser stability. The narrow linewidth and high efficiency
of VHG lasers also meet the stringent requirements for long
interrogation times in atom interferometry, with minimal phase
noise [92, 93]. VHGs achieve narrowband feedback based on
the Bragg reflecion mechanism, and their central reflection
wavelengihs are less sensitiv to environmental perturbations
(e temperature, pressure, and mechanical vibration), which
helps to improve the frequency stability and longterm opera-
tion reliaility of the laser [34, 95]. Compared to conventional
structures, the VHG eliminates the need for additional mirrors or
large mechanical mounts, significantly simplifying caviy design
and reducing system size and alignment complexity, as shown
in Figure 2h. This structure is especially suitable for portable

precision measurement platforms such as atomic gravimeters,
which have stringent requirements for miniaturization, low.
power consumption, and high stability. Rauch and Sacher e al.
reported an ECDL incorporating an integrated volume Bragg
grating as external cavity feedback. Operating at 750 nm, this
Laser achieves an output power of up 10 380 mW, a short.term
linewidth of 18 kifz, a current-tuning sensitivity of 0.5 pm/mA,
and intensity noise as low as ~136 dB/Hz [41]. It has been
successfully applied in high-resolution absorption spectroscopy
experiments on rubidium D, lines.

1 should be noted, however, that the tuning mechanism of
‘VHGtype lasers primarily relies on thermal contrl, resuling
in slower tuning speeds compared to grating or filterbased
structures, and a rlatvely limited continuous tuning range [56].
‘While this may suffce for accessing certain aser frequencies in
specific experiments, frequent switching among multple atomic:
transtion frequencies—such as for cooling, repumping, and
Raman transitions—still requires the use of multiple lasers or
additional modulators. Therefor, n system design. a trade-off
‘must be made between the excellent tability of VHG lasers and
thei limited tuning flexibility:

44 | FilterType

As the demand for laser immunity, integration, and system
stability continues to grow, filtertype ECDLS have emerged as
2 key light source in advanced applications such as precision
‘measurement and atomi interferometry: Filter-type ECDLs are
particularly valusble in AG applications wherefrequency stability
overlong imescales i paramount. These lasersexcel in providing
stable output, making them suitable for long interrogation times
necessaryfor high-precision atom inerferometry. While they may
be more sensitive to temperature luctuations compared to other
configurations, their mechanicalsabilty malkes them wellsuited
for AG systems operating n controlled environments, such s ab-
oratory setups and certain space applications. Unlike traditional
Littow or Littman configurations that rely on diffracton gratings
for wavelength slection, filte-based ECDLS employ narrowband
opticalfiters e, Fabry-Perot talons, interference fiters)as the
frequency:selective clements, significantly enhancing alignment
‘olerance and environmental tabilty, asilustated in Figure 26,
Among these, ECDLS uilizing interference filtes leverage the
interference effects of muldilayer dielctric coatings to achieve
high-transmittance, narrowband filiering. When combined with
2 cat’s eye reflector to form the feedback cavity, the resulting
System offers advantages such 2s structural simplicity, high
‘wavelength tunabilty. and stzong resistance to mechanical dis-
turbances. The wavelength tuning i such systems is determined
by the angle between the fller and the incident beam and can be
described by the following expression [97):

10 doy1 - 822 )
7

‘where (9) is the transmitted wavelength when the angle of
incidence is 8, 4, is the center wavelength at perpendicular
incidence, and ng s the effectve refractive indesx of the filter
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Because the interference filter is much less sensitive to angular
perturbations than a diffraction grating, filter-type ECDLS can
exhibit excellent mechanical robustness against vibrations. How-
ever, the transmitted wavelength sill depends on the effective
refractive index and physical thickness of the multilayer stack,
and is therefore sensitive to temperature drifis. In practice,
long:term frequency stability requires active thermal control of
the filter and careful management of thermo-optic effects, even
though the mechanical alignment is more forgiving than in
grating based designs.

In terms of practical implementtion,interference fitrs, ather
than conventiona difraction gratings, were first proposed by
Baillard e al. for use as the wavelength selction element in
ECDLs [97). They developed alincar external caviy design that
efecivly decoupled the wavelength selection and feedback
mechanisms, resuling in signficanty improved tuning range
and enhanced structural stabilt. This confguration has been
Successfully employed at key stomic transiion wavelengths,
including 698, 750, and 552 nm. Buiding upon this work,
Schmidt et al.created a modular,rack mounted integrated laser
system designed for cooling and manipulating rubidium atoms
in a portabe atomic interferometric gravimeter [85] This sys-
tem features mult-channe frequency output and phase-locked
control, highlighting the potential of filer-type ECDLS for use
i high performance atomic sensing platforms. A high-stabiliy
ECDL, specfially talored for space-based strontium optical
clock misions, was designed and constructed by Zhang e al
71, Ths design, incorporatingan inerference fiter and a car-
eye miror sructure, utilizes a ully rgid mechanical sructure
o cleate the firtorder mechanical resonance frequency to
2316 Hz. The system also achieves a curren tuning range
exceeding 40 Gitz and a PZT fin-tuning range of 3 GHz, while
maintaining a system linewidth of approximatey 180 kiiz. This
laser is now part of a protoype space qualifed ultr-stable
laser source. Complementarly, a novel fiered ECDL based
on a dual FP standard fixture s introduced by Chen et al
{721, This approach ensbles ults narmowband selection of laser
longituinal modes by cresting dual FP caviies with sighty
difernt free spectal ranges. Notaby,this system achieves an
intrinsicinewidthofles than 400 Hz without the need for actve
frequency locking,along with  RIN of 153 dB/Hz (@10 MH2).
underscoring the considerable promise of filtered-cavity based
ECDLS inthe domain f high-resolution inerialsensing. Overal,
fiter-based ECDLs demonstrate significant advantages i terms
of disturbance immunity, compactness, and tuning versatiy
compared to conventional grating based external cviy designs,
rendering them exceptionally well suited for space deployment
and portable precsion measurement tasks.

Filter-type ECDL have a physical contradiction between trans-
‘mittance and bandwidth, with significant nonlinearities n the
angular tuning mechanism, which is prone to mode hopping
and frequency discontinuities [97]. Although the dual-cavity
structure improves linewidth and selectivity, the complexity
of cavity length control and the sensitvity o temperature
drif still pose limitations to system integration and practical
applications [45]. Therefore, future rescarch may focus on the
development of new flter materials or the optimization of filter
structure design to further extend the tuning range of filir-
type ECDLs and reduce the probability of mode-hopping while

‘guaranteeing high stability, so as to better meet the growing
demand for precision measurements. However, the duak-avity
and multi-fitr architectures that improve inewidth and seec-
vty also increase the complexity of thermal management and
caviy-length control, which remains a key challenge for highly
integrated,fel-deployable systems [45, 72, 7,97

5 | Miniaturization and Integration of ECDL
Technology Pathways

As the application field of atomic gravimeters expands from
laboratories to portable, vehicle-mounted, and even satellte-
‘mounted platforms, the miniaturization and integration of lasers
has become an inevitable development rend. Miniaturized ECDL
architectures are highly suitable for AG systems where com-
pactness, weight, and power consumption are crucial factors,
particularly in mobile, marine, and space based gravimeters.
These lasers are capable of delvering the narrow linewidths and
tunabiliy required for AG while maintaining a small footprint
and low power consumption. The compact design of miniaturized
ECDLs allows for integration into small, portable systems that are
essential for moder gravimetry applications in diverse environ-
‘ments. Compared with traditionallarge-volume, split-cavty laser
systems, miniaturized ECDLS offer advantages such as compact
size, low power consumption, vibration resistance, and suiability
for batch manufacturing. These features make them one of the
key technologies for enabling high reliablity and engincering
applicabiity in future atomic gravimeter systems [54, 95]. How-
ever, during the miniaturization process, the core performance
indices oflasers—siuch aslinewidth, requency stabilit, and tun-
ing capability—face significant challenges. Therefore, achieving
2 reasonable trade-off befween compactness and performance
has become a central focus of current research. At presen.,
research on miniaturized ECDLS has gradually evolved ino 2
‘multi-path, parallel development trend, primarily concentrated
in three representative technological directions: MEMS-based
grating tuning [99-101,integrated waveguide feedback structures
[102-104], and hybrid integration of 111 materials with silicon
photonic platforms [105-107). I should be noted that, at present,
‘most of the ECDL implementation schemes based on integrated
‘waveguide feedback essentially rely on the hetero-integration
of -V gain materials with silicon or Si,N, passive waveguide
platforms. These two have gradually merged into the same device
architecture path.

'MEMS based tunable grating technology creates a mechanically
Totatable grating structure through micro-nano-processing, and
uses an actuator to precisely control its tlt angle, which in
turn adjusts the centre wavelength in the feedback path of the
external cavity to meet the Bragg conditions, achieving high-
precision continuous tuning of the laser output wavelength.
Zhang e al. proposed a compact external cavity tunable laser
based on a single-axis MEMS mirror, which achieved an ultra-
narrow linewidth ofkess than 50 kHz through optimised design,
ensuring excellent spectral stability [36]. This ECDL achieved
tuning range of 40 nm and a wavelength accuracy of <1 GHz in
the C band. A simplified schematc llustration o this structure,
redrawn based on their design, is shown in Figure 4a. In
addition, Chuang et al. proposed  compact ECDL combining a
‘micromachined siicon flexible structure with a VHG, which is
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FIGURE 4 | Represcntatve applications of MEMS technology in miniature ECDLS. (2) Layout schemati of MEMS ECDL module, (5) Schematic
drawing ofthe laser system design. Adapted with permision from Opical Socety of America.

oy 2876 » 20,65 x 12 mm* in sze [108]. A simplified schematic
based on the structural design reported by Chuang et a. isshown
in Figure 4b. The PZT actuator integrated in the back of the
silicon flexible beam achieves 2 high-precision frequency sweep
of about 4.4 GHz, which can be extended t0 2 wide tuning
range of 17149 GHz by adjusting the VHG temperature. With
an output power of 59 mW, the lser has successfully resoved
the "Rb/Rb atomic D, absorption spectrum, demonstzating ts
potential for applications in atomic optics. In summary, MEMS
tuning technology demonstrates an excellent balance between
achieving compact laser size and high-precision tuning capabiliy:
s structure s naturally suited to mass-produced microsystem
platforms and has good electrical tuning characteistics. Cur-
rently.the main challenges ar i system complexiy,temperature
drift compensation, and high-frequency dynamic fespose, but
it has the potential to engincer low power, high-relabiliy light
Sources in the medium {0 long term, especially for portable atom
interferometer systems.

‘Despite these advantages, several technical challenges must be
addressed before MEMS tunable ECDLs can serve as workhorse
light sources in field-deployable atom gravimeters. First, the
resonance frequency and angular response of MEMS actuators.
aresensitive to temperature and packaging-induced stress, which
can lead to long-term drift and calibration complexity. Second,
‘mechanical fatigue and stition of moving micro-structures may
limit device lifetime under repeated tuning cycles, especially
in vacuum and under vibration. Third, the achievable tuning.
bandwidth is fundamentally constrained by the mechanical
resonance frequencies, making it difficult to combine very
wide mode-hop-free tuning with ultrafast wavelength agilit.
‘Finally, integrating MEMS devices with low-noise drive clectron-
ics and robust hermetic packaging without compromising size,
weight, and power (SWaP) remains a non-trivial engineering.
task.

‘The integrated waveguide feedback structure enables the external
cavity feedback function of the laser by constructing feedback
elements, such as Bragg gratings or ring resonant cavites,
directly in the silicon photonic or fiber optic platform. By

exploiting refractve index modulation and optical path inter-
ference within the waveguide, the structure provides selective
‘wavelength feedback, ensuring stable single-mode laser emission
‘while minimizing system size and susceptibility o environmental
variations. Bollr et al. reported a hybrid integrated diode laser
that incorporates a II-V gain section (rflective semiconductor
opical amplifir, RSOA) and a low-loss Si,N, feedback circuit
‘mounted on a printed circuit board (PCB), chieving sub-100 Hz
intrinsic inewidth, over 100 mW output power, and up to 120 nm
of spectral coverage around 1.55 ym. The system supports dual-
‘wavelength and dual-gain operation, and demonsirates potential
for on-chip frequency comb generation and visible wavelength
extension, as shown i Figare 52[109], Maier tal. demonstrated
hybridintegrated ECDL that employs a i,N, microring resonator
as the feedback clement, seamlessly connected to a IlI-V gain
chip via a photonic wire bond, as shown in Figure 5b [110]. The
laser achieves 2 tuning range of approximately 90 nm across
the C-band, with a minimum linewidth of 979 Hz and a side-
mode suppression ratio exceeding 59 dB, making it suitable
for applications requiring highly coherent light sources. Com-
bining the advantages of small size, perturbation resistance,
and on-chip integration, integrated waveguide feedback struc-
tures have shown good suitabilit for the linewidth and tuning
performance required by atomic interferometers. In addition,
its natural adaptation o a bias-preserving fiber platform helps
simplify the optical path design and coupling structure of the
system, which i partcularly suitable for miniaturized quantum
systems_ that are volume sensitive and require a fiber-optic
interface.

On the other hand, integrated waveguide feedback structures also
face important limitations. The resonance frequencies of micror-
ing resonators and Bragg graings are sensitive to fabrication
tolerances, resulting indevice-to-device variations that com-
plicate mass production and wavelength alignment to specific
atomic transitions. Thermo-optic tuning of on-chip resonators
can introduce thermal cross-talk, increase power consumption,
and slow down wavelength agiliy. In addition, the long-term
sability of on-chip resonances under temperature cycling and
radiation exposure has not yet been flly qualified for demanding
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environments such as space-borne gravimeters. These factors.
‘must be carefully considered when transferring laboratory.-scale
prototypes to engineering-grade instruments.

In order to balance the high-gain performance of semiconductor
lasers with the large.scale on-chip integration capability, het-
erogencous integration technologies based on 1V materials
and silicon photonic platorms have received extensive attention
in recent years [11-13]. This strategy typically integrates II-V
‘materials such s InP, INGaASP.etc. with silcon-based waveguide
structures through direct bonding or selective epitaxial growth,
and achieves the integrated design of key functional modules
such as the laser gain region, feedback reflective structures,
and tunable units (e, Brage gratings or ring resonance cav-
ities) on a single chip, which promotes the high-performance,
‘microminiaturized ECDLS on siicon optical platforms. Wang
etal. designed an on.chip laser based on a III-V/Si,N, photonic
integrated circuit (PIC) platform, featuring an external cavity
formed by a subwavelength defectassisted microring resonator
and an asymmeric Mach-Zehnder interferometer,which enables
high-Q reflection and enhanced wavelength tunablity,as shown
in Figure 6a 114] The device achieves  sati tuning range from
15133 to 1559.53 nm with an intrnsic linewidth as narrow 25
592 Hz, and realizes fast wavelength switching over 2135 nm
within 4 s under single-ring stress-optic actuation, demonstrat-
ing ultralow noise and high-speed tuning performance. Zhang
et al. designed an external cavity laser combining 2 reflector
semiconductor optical amplifier gain chip withatriple micro-ring
resonator on a H-V/Si,N; heterogenous integration platform, as
shown in Figure 6b [115. 1t achieved  wide tuning range of up
1089 nm, 2 narrow linewidth of 0252 kHz, and an output power
of 101.4 mW, maintaining a side mode suppression ratio of over
50dBin the C-band, demonstratingits potential for application in
high-stabilty precision measurement systems. However, several
non-trivial obstacles stil hinder large-scale deployment of Ill-

VISi heterogeneously integrated lasers in atom gravimeters. The

reliability and thermal stabiltyofthe bonding nterfaces between
-V gain sections and waveguides are critcal,especially under
the temperature cycles and radiation levels expected in space
‘missions. Optical coupling losses a th I-V/Si inerfaces reduce:
the usable output povwer and impose sringent requirements on
alignment and process control. Furthermore, on-chip thermal
‘management becomes increasingly challenging at higher optical
powers, and the overal packaging and testing complesity cur-
ently leads to high per-device cos. Consequentl, such hybrid
platforms are,at present, mainly suited o high-value applications
where extreme performance outweighs cost and complexiy,
and significant engineering cffort s still needed to meet the
robustness and lfetime requiremens of operational gravimeters.

‘With the continuous evolution of these technological pathways,
‘miniaturized ECDLS are not only capable of meeting the sringent
requirements of atomic gravimeters—such as narrow linewidth,
high frequency stabiit, and tunability—but are also accelerating
their engineering translation in advanced applications includ-
ing cold atom clocks [116-115), high-precision magnetometers
[119, 120], and spaceborne spectroscopic measurements [121-
123]. From a system perspective, the transition from bench-
top ECDLS o fully miniaturized laser subsystems for atom
gravimeters is therefore far from straightforward. In addition
o the device level challenges discussed above, miniaturized
lasers must withstand mechanical shocks and vibrations, operate
reliably over thousands of hours without manual realignment,
remain compatible with vacuum and magnetic-shielding con-
straints, and interface with compact, low-noise electronics for
frequency locking and thermal control. Radiation hardness and
outgassing properties become critical for spaceborne missions.
These system-level requirements impose stringent consiraints
on packaging, materials selection, and thermal design, and
they will likely determine the pace at which miniaturized
ECDL technologies can be translated into operational gravimeter
platforms.
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To systematically capture the trajectory of this technological
evolution and its phased breakthroughs, this review constructs a.
roadmap for miniaturized ECDL development tailored to atomic
sensing applications. Figure 7 presents an integrated view of key
advances in ECDL technology from 2010 to the present, and
further extrapolates the potential developmentl trends through
2040. The proposed stage divisions are not speculative, but rather
‘grounded in the performance rzjectories of represenative results
from 2010-2025 (e Table S1), and are informed by the extension
potential of existing laboratory prototypes, rends in platform-
level industrial integration, and emerging cross-disciplinary
technologies such as Al-assisted laser control.

It should be emphasized that this roadmap represents an
aspirational projection based on the performance trends of 2010-
2025 and anticipated progress in integration and packaging
rather than a guaranteed trajectory. Achieving the targets in the
Iater phases ultimately depends on resolving the technical and
systemlevel challenges discussed above.

6 | Conclusion

As atomic gravimeters advance toward practical deployment,
their integrated laser subsystems confront a complex set of

requirements encompassing miniaturization, high performance,
and engineering feasbilty. Over the pastdecade, externalcavity
diode lasers (ECDLs) have revealed intricate trade-offs among key
‘metrics—linewidth, tuning range, frequency stability. and com-
patibiity with integration—reflecting the multidimensional per-
formance demands of atomic sensing. Laser behavior is governed
ot only by structuraldesign but also by the coupled dynanmics of
optical, thermal, and feedback-control mechanisms; as miniatur-
ization proceeds, these couplings intensify, and the applicability
of traditional theoretical models must be re-evaluated. Three
principal technological routes are emerging for miniaturized
ECDLS: micro-electro-mechanical systems (MEMS)-based tun-
ing, integrated waveguide feedback, and I11-V/Si heterogeneous
integration. MEMS.tunable architectures provide a pragmatic
compromise between compact form factor and electrically con-
trolled wavelength tuning, making them attractve for portable
instruments. Integrated waveguide feedback approaches afford
strong immunity to environmental perturbations and excellent
fiber compatibiliy, enabling highly compact optical layouts.
HI-VISi heterogeneous integration permits on-chip co-design
of lasers, modulators, and amplifies, supporting system-level
integration and scalable manufacturing, and thus represents
2 foundational platform for engineering cold-atom quantum
sensors. Future advances in atomic-gravimeter light sources are

likely to rely on hybrid architectures and parallel technological
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FIGURE 7 | Roadmap of ECDL Technology Development and Future Trends.

pathviays. Reslizing an optima balance among performance,
footpint and manufacturabilty will require decper insght nto
the coupled structure-function reltionships and the develop-
‘ment of modular design stategiestailored to specifc application
requirements.
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ABSTRACT

Keywords:
pearcey-Gaussian pulses
Raman effect

Spltting mechanism

In fiber optic communication systems, an in-depth understanding of the pulse splitting mechanism is crucial for
optimizing signal propagation and developing efficient optical devices. In particular, when the Raman effect is
considered, tuning the pulse time-frequency splitting mechanism becomes critical for enhancing the signal
quality in long-distance propagation systems. This paper systematically investigates the influ-ence of the Raman
effect on the Pearcey-Gaussian pulse using the stepwise Fourier al-gorithm. The results show that the integral
term coefficients have precise regulation on the shape and intensity distribution of the main flap; the truncation
factor, on the other hand, can significantly change the intensity distribution of the side flap, and the nonlinear
intensity regulates the spectral peak intensity. Meanwhile, all three factors affect the number of shed solitons.
‘These findings deepen the understanding of the Pearcey-Gaussian pulse splitting mechanism under various pa-
rameters and provide new insights into pulse shaping in fiber optic communication systems.
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1. Introduction

In past studies, pulse types based on special functions, such as Bessel
pulses [1] and Airy pulses [2,3], have been widely used in optical im-
aging, laser processing, and pulse propagation. These pulses demon-
strate remarkable potential for controlling pulse propagation
characteristics and realizing specific optical functions. Pearcey beams
have attracted extensive research due to their form invariant,
self-focusing, and self-healing properties [4]. In recent years, scholars
have made various modifications to Pearcey beams, leading to the
emergence of multiple forms such as vortex Pearcey beams [5], elliptical
Pearcey beams [6], and odd Pearcey beams [7]. Among them,
Pearcey-Gaussian pulses [5], as the pulsed version of Pearcey-Gaussian
beams that extend from the spatial domain to the temporal domain
through spatiotemporal duality, have attracted much attention from
researchers [9,10].

Among the higher-order nonlinear effects, Raman scattering is crit-
ical because it can push the spectrum of ultrashort pulses to long
wavelengths, a phenomenon known as RIFS (Redshift Induced Fre-
quency Shift). It was first observed in optical fibers by Mitschke et al., in
1986 [11]; Gordon analyzed it theoretically in the same year [12]. In
recent years, Raman self-frequency shifts have been intensively studied
by many researchers, and theoretical and experimental methods such as

wvariational methods [13] and moment methods [14] have been pro-
posed [15-17]. Although studies [18] have been conducted to reveal the
critical impact of Raman scattering on pulse propagation, challenges are
still faced in practical applications. In particular, the phenomenon of
spectral redshift (RIFS) due to Raman scattering imposes new re-
quirements on the control and application of pulses in optical fibers, For
this reason, some literature [19-21] has explored the pulse propagation
characteristics under the Raman effect. Zhang et al. studied the
nonlinear propagation dynamics of Pearcey-Gaussian pulses under
Raman scattering effects in graded-index (GRIN) multimode fibers [22].
They found that, due to the Raman self-shifting effect, the
Pearcey-Gaussian pulse develops a self-bending soliton in the time
domain and forms a soliton with a linear deflection in the frequency
domain. However, the splitting phenomenon of Pearcey-Gaussian pulses
in both time and frequency domains s still relatively understudied, and
a detailed and comprehensive analysis of the impact of
Pearcey-Gaussian pulse parameters on the generation and evolution of
Raman solitons is yet to be thoroughly carried out.

This paper will focus on the time- and frequency-domain splitting
mechanisms of Pearcey-Gaussian pulses in optical fibers to fill these
research gaps. Specifically, we will explore the effects of different pa-
rameters on the evolutionary properties of Pearcey-Gaussian pulses
under the Raman effect, including the widths, peaks, and positions in the
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time and frequency domains, as well as the impact of the initial pa-
rameters on the number of Raman solitons. We expect 1o provide new.
insights into pulse shaping in optical communication systems by
‘comparing different pulse evolution characteristics and residual spectra.

2. Theoretical model
‘The propagation of pulses in optical fibers can be described by the

following nor-malized nonlinear Schrodinger equation incorporating
the Raman effect [23]:

U _sgnlp,) FU I
T F,nxu[x(pfum;qrdf u)

where U(c2) is the nommalization input. £ = 2/Ly is the distance
normalized by the dispersion length Ly = T/[f. = (¢- /v To s the
time normalized by the pulse duration To. iz stands for Group Velocity
Dispersion (GVD), and v, s the group velocityofthe puls sgn(_) denotes
the sign of the GVD. N = 717/|fz|, N is the soliton order, and 7 is the
nonlinear parameter. The integral in q. (1) considers the energy
ransfe due to RIFS, The nonlinear response function R(s)can be writen
a5 (Lfe)3(9) + fuhi(e), with (1./)é(c) and fuha(e) corresponding to the
electronic and Raman responses, respecively. i represents the frac
tional contribution of the delayed Raman response to nonlinear polari-
zation. Where hy(s) = [(++2)/sslexp(-5/c)sin(e/)6), the causality
condition is taken into account through the Heaviside function ©(s)
(unityfor > 0 and zerofor £ < ), with fy = 0.245, £ = 12.2and £ = 32.
In reference [24], the spectrum of the inital Pearcey pulse is
calculated when integral tem coeficent a ~ 1. a can be any real
number. This paper only examines Pearcey pulses with raling ahead, so
we consider a o be positive. In this paper, we need tostudy the effectof
the Pearcey-Gaussian pulse on a. Therefor, the one-dimensional Pear-
cey function i defined as Pe(s, ¢ = 0) with th following expression

Pe(r£=0)= /'_'.ﬁnp[.'..qer)] @

where « is a dimensionless variable. The Fourier transform of the Pear-
cey pulse is denoted respectively:
050

Pe(r£=0)= up(i;) <0 @

2l

According to Eq. (2, the iniia spectrum of the Pearcey-Gaussian
pulse has no energy distrbution in the posiive frequency range, while
it presents a complex form n the negative frequency range. Specificll,
exp(ir/a) represents the phase fator of the spectrum, showing tha the
phase structure of the negative frequency part is complex and varies
with the increase ofthe square of th frequency, while ] s the ampli
tude facto, inicating tha the amplitude of the spectrum decreases vith
th rie o the absolte value of the frequency. This property leads toa
high degree of asymmetry in the spectrum ofthe Parcey-Gaussian pulse
in th nitial tate making it possible o exhibit ignificant complexity in
its behavior during propagtion.

“The normalized niial Pearcey- Gausian pulse can b writen as:

Ulz,£=0)=f(a)Pe(r,O)exp(~o 7*) @

where f(.) is the amplitude coefficient of the pulse normalization pro-
cess, and o s the truncation factor.

‘According to the convolution theorem, the Fourier transform of the
Pearcey-Gaussian pulse can be calculated by convolving Eq. (3 with the
Fourier transform of the modulated Gaussian function. This gives the
expression:

PG(1) =Pe(s)*Gauss(r)

[ el e

®

SanthanamJ.etal. [14] studied the propagation law of fundamental
order solitons in optical bers with the Raman effct by the method of
‘moments and concluded that thei frequency shiftfollows the following
equation:

®

where Ty is the Raman parameter, s the frequency shif, ¢ isthe width
‘parameter and E s the energy. The Raman effect on the pulse frequency
Shifis a negative constant. Eq. (6) shows that when the pulse and fiber
parameters are fixed, the Raman effect on the pulse frequency shift as a
function of propagation distanc s a negative constant. This indicates
that the Raman effect on the pulse spectrum islincarly redshified.

When third-order dispersion is not considered, the pulse time-
‘domain center positon follows the folowing equation:

el @

‘where T'is the center position of the pulse. Since the pulse frequency
shift @ in Eq. (6) i a linearly varying function, and the variation of the
pulse center position with the propagation distance in Eq. (7) is pro-
portional to the frequency shift ©, it can be seen that the pulse center
‘position T s a quadratic, L., parabolic, function of z.

‘Santhanam J. et al.studied the evolutionary properties of the sliton
‘when having the Raman effect and found accelerated deflection in the
time domain and linear redshift in the frequency domain. As the prop-
agation distance increases, the Pearcey-Gaussian pulse will rapidly
detach from the soliton and maintain the soliton’s propagation proper-
ties in an optical fiber with the Raman effect.

3. Analysis of results

3.1, Influence of different parameters on the time- and frequency-domain
evolutionary propertes of Pearcey-Gaussian pulses

To investigate the time-frequency spectral mechanism of the
Pearcey-Gaussian pule, 1. 1(a) demonstrate the effect of the integral
term coefficent on the intensiy distrbution of the Pearcey-Gaussian
pulse. The fist peak on the right is the main peak, and the second
ek on the right i the secondary peak. The intensity disribution of the
pulse exhibits an asymmetric trailing oscllation feaure, in which the
main peak has the highest cnergy intensit, and there are muliple
decaying side flaps on the lef side, forming 2 long traling tail. As a
increases, the energy of the main peak gradually increases, and the
‘power of the side laps gradually decreases, Fiz. 1(b) demonsirates the
evolutionary trend of the full width-half-height (FWHM) of the main
peak of the Pearcey-Gaussian pulse a different a. With the gradual in-
crease of a, the FWHM o the main peak is steadily increasing. It s shown
that acan regulate the relative intensity and distrbution characterisics
of the main peak and the paraboloids, contolling the pulse’s width,
focusing ability, and intensity disribution. A smaler vlue of a creates a
pulse with a narrower main peak and ashorter osilltion period, while
‘a more significant value of a does the opposite, with its energy mainly
gathered in the main peak. By adjusting a, the shape and intensity dis-
rbution of the pulse can be precisly controlled, making it suitabl for
diffrent optical applicatons.

iz 2 lustrates the effect of ifferent integral term coefficients on
the time and frequency domain evolution o the Pearcey-Gaussian pulse
when propagation distance £ = 8, 0 = 0,005 and N = 26 Fiz. 22) and
(6) demonstrate the time-domain and frequency-domain distbutions of
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Fig. 1. When o = 0.003, () Plot o the temporal intensity distribution of the Pearcey-Gaussian pulse a differen g (b) lot ofthe main peak FWHM evolution of the
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frequency-domain evolution for

the output puse for a propagation distance of 8, respectvely. The
redshited soliton i detached from the incident pump pulse and is
Slowed dovn due to the Raman scattring effec. This is manifested a5 a.
change n the pulse trajectory in the time domain and as a redshif i the
Spectrum n th frequency domain. When th inegral term coeffcient
s increased, the Pearcey.Gaussian pulse can release more Raman soli-
tons, thereby alteing the output temporal profies . Meanwhile, the
time interval between the primary and secondary faps significantly
increases (715 2a). I the frequency domain, mre redshifed peaks
are separated from the main spectrum as they increase, and the
redshited spectrum becomes lrger and smoother while te peak power
remains unchanged (112, 2(0). The RIFS effect shifs the spectrum
sgnificantly towards the longuwave directon, while the blue shifted
Spectrum remains almost unchanged. When a - 1, the Pearcey-
Gaussian pulse generates two Raman solitons [Fi. 2. Only two
redshited peaks appear n Fi. 2(d), with alow redshift rate and a close.
existing distance of the strong peaks in the main spectrum. As it

;
v
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.

o
Bt G s o
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—80-
6 (green line) c)-(&) Plots of the time-
3;(5)-(b) Plots ofthe timedomain and

(red line), 0 = 3 (bl line), and

increases, the Pearcey-Gaussian pulse releases more Raman solitons and
‘more redshifted peaks separate from the main spectrum, and the existing
distance of the strong peaks in the main spectrum increases [Fig. 2(e)-
(1)), 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
Pearcey-Gaussian pulse 1o increase, and the temporal center of mass
(which manifests itsel as the time-domain position of the strongest lap)
t0 move in the direction of T < 0, thus shedding more solitons. The re-
sults show that as it increases, the output temporal profiles of the
shedding solitons gradually increases, and the number increases, while
the frequency-domain peak power remains unchanged.

The truncation factor @ is a vital parameter to study the time-
frequency spectral mechanism of Pearcey-Gaussian pulses. Fig. 3(a)
‘demonstrates the effect of the truncation factor on the intensity distr-
bution of the Pearcey-Gaussian pulse. Similar to Fig. (1), the intensity
distribution of the pulse exhibits an asymmetric trailing oscillation
characteristic. With the increase of , the leading flap energy remains
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Fig. 3. When
Pearcey-Gaussian pulse at diferent .

almost constant, while the side flap energy is significanty weakened,
and the waveform converges rom a multi-peak structure 0 a Gaussian.
type distribution. On this basi, the peak intensity change of the sec-
ondary pea s observed. Fiz. (b) demonstrates the evolutionary trend
of the secondary peak height of the Pearcey-Gaussian pulse at different
. With the gradual increase of , the FWHM of the main peak does not
change sigaificantly, while the height of the secondary peak shows a
clear decreasing trend. When c s 0.0002, the maximum value of the
secondary peak is 0.46. When @ is 0.002, the maximum value of the
secondary peak is 0.41. When @ is 0,02, the maximum value of the
secondary peak i 0.16. It is shown that adjusting @ makes it possible to
regulate the distributional characteristics and intensity distributions of
the secondary peaks, which provides fleibiliy fo the practical appl-
cation of the pulse in a wide range of optical systems.

“The truncation factor is an important parameter that influences the
Pearcey.Gaussian pulse. Isiniial profile and time-frequency evolution
characteristicsare closely elated to the degee of truncation. The effects
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1,8 Plot ofthe temporal intensity distibution of the Pearcey-Gaussian pulse at different o (b) Plotofthe secondary peak height evolution of the

of different truncation factor on the transmission characteristics of
‘Pearcey-Gaussian pulses under the influence of the Raman effect were
studied. From the time-domain evolution diagrams [Fiz. 4(c), (), 4(g)],
it can be observed that the Pearcey-Gaussian pulse undergoes
compression at the initial stage. As the peak power of the main lobe
increases, the nonlinear effect gradually strengthens, leading 10 the
Separation of the fist soliton from the main peak. With the increase in
transmission distance, a second soliton is subsequently separated from.
the secondary peak. Notably, the lateral acceleration of the irs soliton
is greater than that of the second soliton. Furthermore, the size of the
truncation factor does not affect the acceleration and deflection of the
fist soliton but significantly influences the deflection degree of the
Second soliton. The larger the truncation factor, the smaller the deflec-
tion of the second soliton.

From the frequency-domain evolution diagrams [Fiz. 4(d), (), (b)),
it can be seen that the Pearcey-Gaussian pulse experiences broadening
during the initial stage and eventually separates into two linearly
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deflected solitons in the low-frequency region. The linear deflection of
the frst soliton s greater than tht of the second soiton. Similarly, the
truncation facto does not affct the linear deflecton o the first soton
in thefrequency domain but does influence the deflecton of the second.
saliton. AS th truncation factor ncreases, the deflection ofthe second.
soliton gracually decreases Additionaly, from Fi. 4(), it can be
observed that the peak power of the second soliton decreases as the
truncation factor increases. The unique phenomena in the time.
frequency domain can be explained as follows: Snce Percey-Gaussian
pulses with different truncation factor are normalized, their main peak
power is fixed at 1. Thus, the truncation factor mainly affcts the
Strength ofthe side lobes, The smaler the truncaion factor,the hgher
the peak povwer ofthe side lobes. The frst soliton is generated from the
main peak, 50 ts acceleration and deflection are not affected by the
truncation factor. The second solito, hovwever,is generated from the
secondary peak, whose peak power i affcted by the runcation factor,
and thus it deflection acceleration also changes accordingly. In the
frequency domain,thefirst inearly defected soliton originats rom the
main peak, while the second lnearly defleced soliton orignates rom.
the secondary peak, vith dflection pattemns similar tothose i the time.
domain. Furthermore, from 1. i(b), it can be seen that the truncation
factor does not change the peak power o the second soliton but does
influence s linear deflecton degee.

“The nonlinea intensity is a key factor afecing the mechanism of
Pearcey Gaussian pulse spectroscopy. The nonlinear intensity is
controlled by the soliton order N. According to Eq. (7, the N relation
equation introduces d0/dz=(4Tu\[p[BY/ISRTH). It can be seen that
the frequency shift is proportional to N, and the increase in soliton
order significanty increasesthe magnitude ofth frequency shif. 1z, 5
(@) and (b) demonstrate the evolution of the time frequency spectro-
Scopic mechanism o the Pearcey-Gaussian pulse in the anomalous
dispersion region at different N when @ — 1 and o  0.005. ig. 5a)
demonsiates that the time interval between the primary and the
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Fig. 5. Time-frequency spliting mechanism evolution of Pearcey-Gaussian pulscs in the anomalous dispersion region for different N when £ = 8,

‘secondary peaks gradually increases when N is gradually increased,
‘while the main peak intensity is similar. When N = 2, the interval be-
tween the main peak (¢ = 148.08) and the secondary peak (¢ = 2.58) is
only 1455, When N = 3, the interval between the main peak (s =
406.02) and the secondary peak (¢ = 169.69) is 236.33. Fig. 5(b)
‘demonstrates that the speciral peak power of the mian peak is maximum
(approximately equal to 0.7) when N = 2. With the gradual increase of
N, the peak power of the main peak decreases and is approximately
equal (0 0.5 at N = 3. When N is small (N = 2), the Pearcey-Gaussian
pulse releases a Raman solton from the interference-enhanced region
[Fiz. 5(c) and 5(d)). The Pearcey-Gaussian pulse releases more Raman
Solitons and redshifted peaks with a significant increase in the redshift
rate of the outermost peaks as N increases [Fig. 5(e)-5(h)]. The fre-
quency shift due to the Raman effect persists throughout the fiber, and
the larger the value of N, the wider the redshifted spectra and the
smoother the shapes. The results show that the number of Raman soli-
tons increases as N gradually increases.

3.2, Characteristics of Raman solitons n the time-domain and frequency-
‘domain of Pearcey-Gaussian pulses

When £ = 8,a = 3, 0 = 0,006, and N = 2., the Pearcey-Gaussian
pulse generates three. Raman solitons (labeled RS, RS, and RS;)
located at £ = 442.406, ¢ = 195,653, and ¢ = 118.529, respectively. To
further analyze the characteristcs of the Raman solitons generated by
the Pearcey-Gaussian pulsein both the time and frequency domains, we
have applied smoothing to each soliton, which faciltates the precise
‘measurement of the soliton's peak, width, and position in both the time
and frequency domains. iz, 6(a) and (b) illusrate the solitons’ time-
and frequency-domain evolutions, while Fiz. 5(c)-6(h) provide detailed
results o the contour analysis. Specifically, RS, has a peak intensity of
1M = 6:56, and its spectrum has a maximum redshift of (-¥9To —
~19.2.and the widest spectral width [Fiz. 6(c) and 6(d)). I contrast, RS,
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s a lower peak ntensity of I — 3.4, and the maximum redshif ofthe
spectrum is (v30)Ty — ~8.912 (715, 5(e) and 6(), showing that its
spectral width and redshitar relatively small. RSg has the owest peak
intensity of M ~ 2,94, and the peak ofits spectrum i located a (v0)
To— ~6.39 (g, c(g) and 6(h). Despite the different frequency offsts
of RSyRS3, ther peak spectral intensities and widths show similar
rends, suggesing that the formation mechanism of these solitons s
consistent acros diffrent Raman solitos,thus revealing th regularity
oftheir nonlinear properties.

3.3, Effectof Pearcey-Gaussian pulse parameter variations on the number
of Raman salitons

¥ig. 7() and 7(b) statistcally show the variation of the soliton
umber (5) it the soiton ordr N and the integral term coelficient a
fora fixed truncation factor & of 0005, respectively. It is shown that the
Sy tends to rise gradually with increasing a o N. Inthe range shown, Sy
can reach a maximum value of 6 when N = 4.3 (Fi5. 7(2). In addition,
the time-frequency spectroscopic phenomenon almost completely dis.
appears when N < 1.5; Sy reaches a maximum value of 5 when a = 9
[Fis. 7(0)]. Meanwhile, the trend analyss shows that the Sy is more

sensitive to smaller a.

3.4. Comparison of the time-domain and frequency-domain evolution
charactersics of different pulses and the residual spectrum

Fig. & illustrates the time-frequency specroscopy of the Pearcey-
‘Gaussian pulse, the Airy pulse, and the Soliton pulse in the anomalous
dispersion region at N = 2.6, ¢ ~ 8. Fig. & illustrates the time-frequency
spectroscopy of the Pearcey-Gaussian pulse, the Airy pulse, and the
Soliton pulse in the anomalous dispersion region at N = 2, £ = 8. The
Pearcey-Gaussian pulse is described by the expression U(c0) =
' explifast +5%)] dseexpleor?), where a = 3, o = 0.006. The Airy
pulse i given by U (,0) = airy(Jexp(a ), with a runcation factor of
2 = 0.006. Finall, the Soliton pulse is described by the expression U”
(50) = sech(a).

iz 5(a) shows that three Raman soltons are distinguishable n the
Pearcey-Gaussian pulse’s time- and frequency-domain profiles. While
only one Raman soliton can be resolved for the other two pulses under
the same conditions. The Raman solitons produced by the Pearcey-
Gaussian pulse are located at about < = 375, = 150, and ¢ = 65,
respecively. Based on the output temporal profies,the Raman solitons
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Fig. 7. (2) Plotof Sy evolution of the number ofsolitons for different N when « — 0.005 and a-
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of the Airy and Soliton pulses are located between = 575 and = 150,
where the peak intensity o the Soliton pulse is slightly larger than that
of the Airy pulse. The spectral positions of all Raman solitons coincide
with ther time positions, and the redshifted peaks' peak intensities and
spectral widths are approximately the same [+1z. 5(b)). Fiz. 5(e)-8(h)
illusrate the time evolution and spectral evolution of the Airy and
Soliton pulses, whose central spectral component undergoes a redshift,
forming a redshified peak, while the redshiftsof the second solitons are
not easily distinguishable. On the other hand, the Pearcey-Gaussian
pulses emit three Raman solitons with differen trajectoris [z 5(c)
and 8(e)), in which the low-requency component produced an intense
peak, and as it propagated, the new redshifted peaks separated from the
fiem peaks, resulting in three redshified peaks, with the rest no longer
redshified. In addition, the outermost peaks of the Pearcey-Gaussian
pulse have significanty higher redshift rates and broader specra,
attributed to its inherent single-focus propertes providing additional
linear compression during the nonlinear compression process. Thelinear
and nonlinear compression superposition cases the Pearcey-Gaussian
pulse to experience more muscular compression than the Alry and Sol-
ton pulses. A broader spectrum corresponds to anarrower pulse width,
leading to a more significant frequency shift 23). This suggests thar,
unlike the other pulses, the Pearcey-Gaussian pulse is not only able to
splt into more beams of selfaccelerating deflected different power

®)

Stk

T,

9. Comparison of the remaining part of the spectra when & — 0.006,

Solitons in the time domain but also into multiple beams of linearly
redshifted identical power solitons i the frequency domain.

Fig. 9(a)-9(c) shows the spectral details for the remaining part of
Fig. 5(b), revealing the formation of static solitons in the Pearcey-
Gaussian pulse. In particular, the Raman soliton generated by the
‘Pearcey-Gaussian pulse [Fiz. 5(a)] with the Airy pulse [Fig. 9(b)] col-
lides with the main flap, capturing the energy through interaction. Due
to the short interaction time of the Raman soliton with the main input
pulse, the energy captured i limited, leading to the generation of static
Solitons excited by the remainder of the input pulse [25]. In contrast, no
static soliton is produced by the Soliton pulse. The results suggest that
the Raman nonlinearity in the Pearcey-Gaussian pulse promotes the
‘generation of Raman solitons and static solitons, potentially advanta-

‘geous in the frequency tuning of femtosecond pulses.
4. Conclusions

‘This paper's spectral splitting mechanism of Pearcey-Gaussian pulses
in optical fibers is numerically investigated under the Raman scattering
effect. The results show that the shape and intensity distribution of the
pulse can be precisely controlled by adjusting the integral term coeffi-
clent under the Raman scattering effect, and the RIFS increases with the
increase of a, while the Sy is more sensitive to the more petite . In
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addition, adjusting the truncation factor, the distribution characteristics
and intensity distribution of the paraboloids can be changed, and the
RIFS decreases with the increase of . By changing the soliton order,the
nonlinear intensity can be conirolled, and the peak intensity decreases
with therise o N. a,, and N are all able o control the spectral sliting
of the Pearcey-Gaussian pulses in the optical iber, with N having the
most significant efect. The Pearcey-Gaussian pulse splis into multiple
self.accelerating defected beams o different power soltons in the ime
domain and various beams of the exact power solitons with linear
redshilt in the frequency domain. The study in this paper provides an in-
depth discussion of the propagation characteristis and spectral prop-
erties of pulses in oprical fibers and provides a theoretical basis for
optimizing the design of pulse shaping, signal modulation, and
nonlinear optical devices.
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Abstract—The study of the propagation properties of
Pearcey-Gaussian beams in photorefractive media is essential
for understanding the dynamics of special beams. However, the
specific effects of different parameters, such as the truncation
factor, chirp factor, refractive coefficient, and beam spacing, on
the propagation properties of a single Pearcey-Gaussian beam
and the interactions between two Pearcey-Gaussian beams need
to be clarified. This paper analyzes the dynamical properties of
Pearcey-Gaussian beams and their interactions using a stepwise
Fourier method. The results show that the truncation factor
regulates the intensity distribution of the optical ficld, the initial
chirp factor controls the deflection direction, and the refractive
coefficient modulates the spatial soliton respiration period of a
single beam. In a double-beam setup, the refractive coefficient
and beam spacing affect the repulsive force, while the chirp
factor alters the number of solitons. This study provides a
theoretical basis for understanding the exceptional beam
propagation dynamics.

Index Terms—Pearcey-Gaussian; Propagation; Interaction;
Photorefractive Media

1. INTRODUCTION

I.. 1946, T. Pearcey [1] analyzed the structure of cylindrical
electromagnetic waves' focal dispersion line field through
many mathematical calculations and described this field with
an integral expression, i.c., the Pearcey function. With the
continuous development of science and technology, in 2012,
Ring [2] and others applied the Pearcey function to rescarch
in optics and further explored the propagation theory of the
Pearcey beam. The study showed that Pearcey beams exhibit
unique propagation properties, such as form invariance,
self-focusing, and self-healing. Inspired by these unique
optical properties, many studies have been reported. Since
2018, many scholars have made circular Pearcey beams [3],
ring Pearcey beams [4], vortex Pearcey beams [S], elliptical
Pearcey beams [6], and odd Pearcey beams [7] by
continuously improving the design of Pearcey beams. In
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expeniments, Pearcey-Gaussian beams can be generated by
modulating Pearcey beams with Gaussian beams to obtain
Pearcey beams with finite encrgy without losing their
properties 8, 9, 10]. In 2021, analytical solutions describing
the dynamic behavior of Pearcey-Gaussian beams
propagating in free space were provided by Zang [11] et al.
Their study focused on the double-focusing behavior of
one-dimensional quadratically chirped Pearcey-Gaussian
beams, highlighting the complex nature of the propagation of
these beams. In 2023, Wen [12] et al. explored the generation
of periodic evolutionary modes of Pearcey-Gaussian beams
with side flaps in the presence of parabolic potential
interactions, revealing their complex evolutionary patterns.
These studies help to deeply explore the dynamic properties
of Pearcey beams and open up new possibi for
applications in optics. In recent years, rescarchers have
conducted in-depth studics on the propagation propertics of
Pearcey beams in different fiber media, which include lincar
media [13], Kerr media [14], parabolic media [15), strongly
nonlocal media [16], multimode fibers [17), and Gaussian
potential media [18]. However, studies have yet to be
reported on the propagation propertics of Pearcey-Gaussian
beams in photorefractive media.

A photorefractive medium is a medium that is capable of
producing light-sensitive refractive coefficient changes by
light-induced periodic changes within the crystal [19]. This
material provides a good platform for studying the
propagation of light beams in nonlincar media [20].
Photorefractive media have unique effects [21, 22, 23], as the
effect causes the refractive index to change
when light shines on the medium, allowing control over light
propagation through phenomena like  sclf-acceleration,
self-focusing, and self-defocusing. And Pearcey beams, as a
new type of special beams, have a wide range of prospects for
practical applications. Therefore, it is of great theoretical
value to investigate the propagation of Pearcey-Gaussian
beams in photorefractive media.

Previously, researchers have discussed the propagate
properties of different beams in photorefractive media, such
as Airy beams [24] and initial elliptically polarized Gaussian
beams [25]. However, studics on the evolutionary properties
of oscillating solitons of Pearcey-Gaussian beams  in
photoreftactive media have yet to be reported. To better
understand the evolution of the peak power and residual part
of the detached soliton generated by the Pearcey-Gaussian
beam in the photorefractive medium, as well as to manipulate
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the detached soliton more efficiently, this paper analyzes in
detail the effects of the refractive coefficient of the
photorefractive medium, the chirp factor and the truncation
factor of the Pearcey-Gaussian beams, as well as the impact
of the double-beam spacing of the trailing-in-front versus the
trailing-in-front on the evolutionary characteristics of the
detached soliton. The results of this paper provide some
theoretical basis for applying photorefractive media in
all-optical control.

1. THEORETICAL MODEL AND CALCULATION METHOD

Considering the one-dimensional case, the normalized
Nonlinear Schrodinger Equation(NLSE) for the propagation
of a beam along the z-axis in a photorefractive medium under
the paraxial approximation can be described as [23]:

29
i35 [0)
Where g(7,¢) is the normalized complex amplitude envelope
of the light wave, 7 = x/xy and & = =/x,” are the dimensionless
transverse and longitudinal coordinates normalized by the
‘beam width x, and the Rayleigh distance kx?, respectively, &
= 2anJiy is the number of waves in the crystal, n. is the
refractive coefficient of the crystal when it is unperturbed,
and Jo is the wavelength of the light wave in free space;
~q/(1+]g?) describes the nonlinear drift of the crystal, with
the parameter § = (kewf(n'ra2)Eo is the refractive
coefficient; ruis the effective electro-optical coefficient , and
Eyis the applied electric field.
To study the propagation characteristics of a single beam,
the wave function expression for the initial input
Pearcey-Gaussian beam is given as follows:

0(x.0)= Pe(x0)exp(-0x*exp(icx) @

Where 6 is the truncation factor, ¢ is the chirp factor, and
Pe(x0) is the one-dimensional Pearcey function. The
expression of Pe(x,0) is as follows:

Pe(x0)=[ " dsexpli(as’ +5°x/8)] @

Where a is the coefficient of the integral term and b is the
scaling factor.

Fig. 1(a) demonstrates the effect of different truncation
factors o on the intensity distribution of the Pearcey-Gaussian
beam. The beam's intensity distribution exhibits an
‘asymmetric trailing oscillation feature, in which the central
peak has the highest energy intensity and multiple attenuated
side flaps on the left side, forming a long trailing tail. As o
increases, the beam gradually converges to a Gaussian-type
distribution from the multi-peak structure, and the energy of
the side flaps gradually decreases. This indicates that the
truncation factor o can regulate the relative intensity and
distribution characteristics of the central peak and the side
flaps. Fig. 1(b) shows the Pearcey-Gaussian beam's peak
intensity and peak position as a function of the logarithm of
the truncation factor 5. The black curve in the figure indicates
the peak intensity, and the red curve indicates the peak
position. As the logarithmic value of & increases from -4 to
-2.5, the peak intensity slowly and gradually decreases from
690 6.7. As the logarithmic value of  increases from -2.5
to-1.2, the peak intensity accelerates and decreases from 6.7
to 45. At the same time, as the logarithmic value of o

increases from -4 to 2.5, the peak position slowly increases
from -2.2to -2.1. As the logarithmic value of 6 -2.5 increases
10 -1.2, the peak position accelerates from -2.1 to -1.4. The
results show that when the logarithm of o is small, the effects
on the peak power and peak position are minor, while when
the logarithm of  is large, the effects are significant. Fig. 1(c)
demonstrates the impact of different chirp coefficients ¢ on
the phase distribution of the Pearcey-Gaussian beam. The
phase of each flap varies continuously from - to . The
positive or negative chirp coefficient determines whether the
phase change is overtaken or lagged. Positive chirp (blue and
cyan lines) leads to phase overshooting, while negative chirp
(red line) leads to phase lag. This phase variation reflects the
‘modulation of the phase front within the beam and affects the
propagation characteristics of the beam, such as focusing
ability and self-similarity. The properties of phase
‘modulation are essential for shaping and controlling the beam
in optical communication systems and can be used to regulate
the beam's propagation characteristics and improve the
system's propagation performance.

A more complex incident beam should be constructed to
study the interaction of Pearcey-Gaussian beams. The beam
is composed of Pearcey-Gaussian beams with leading and
trailing tails, emitted in parallel [Fig. 2 (a)]. Pe.(x0) is the
one-dimensional tails leading Pearcey function. The
expression is as follows:

Pe,(x0)= I:d_va(p[l(ax' + x‘xlb)] @

Pe.(x,0)is the one-dimensional tails trailing Pearcey function
[Fig. 2 (b)]. The expression is as follows:

Pe_(x0)=["ds np[l (as* —s%x/ b)] )
The expression for two Pearcey-Gaussian beams incident in

parallel is as follows:
s
AxPe.[(n-B)Jexp[a(n-B)] + ©
4 xPe.[~(n+B)Jexp[-a(n+ B) Jexpip)
Where A; and A are the amplitudes of the two
Pearcey-Gaussian beams with trailing tails in front and
behind, respectively, 4= A2= 1; B is the spacing parameter
of the two Pearcey-Gaussian beams; ¢ is the relative phase of
the two beams, ¢ = 0 indicates that the two Airy beams are
in-phase, and ¢ = 7 indicates that the two Airy beams are
in-phase. To better reflect the propagation characteristics of
the Pearcey-Gaussian beams, the variations of the center of
gravity xc and the intensity I are chosen for the description.

[ el ax o
[
1= e ®)

The Split-Step Fourier Method (SSFM) is a widely used
numerical method for solving the NLSE, especially in the
field of fiber-optic communication for simulating the
propagation of optical pulses. According to SSFM, the above
equation is decomposed into a linear part and a nonlinear
part:
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(10)

At the initial position & = 0, the input light field ¢(0.1) is
Fourier transformed into the frequency domain:

4(0.0)=Fig(0.m)} an

Where 7 denotes the Fourier transform operation and e is the
frequency variable. Next, in the frequency domain, the linear
partis half-stepped and the half-step propagation of the linear
part is computed, by multiplying it by the corresponding
phase shift factor:

é(x,‘*fAé/Z»at):étE»aJ)ap(ﬂ ”’:M]

In this equation A is the step size along the direction of &

The inverse Fourier transform of the frequency-domain
light field § (£+AZ2, n). which has undergone a half-step
linear process, is returned to the time domain:

AEALI20) = FHGE+ AL 200} a3

Where 7! denotes the inverse Fourier transform operation.
In the time domain, the nonlinear part is processed, and the

ight field is adjusted in phase accordingly by directly
calculating the influence of nonlinear effects:

a2

qE+ALm) =

e a9
Lelg(E+ A8/ 2.0

The time-domain light field g(&+AZ, 1), which has been
nonlinearly processed, is again Fourier transformed into the
frequency domain to obtain:

GE+AL o) =FlgG+ASm} s

In the frequency domain, the linear part s again half-stepped
to complete the calculation of the complete one-step AZ:

@A

4(6+A§/2Jl)exp[ﬂ

QA8 = +As0)exp) 16

The above steps are repeated for each step AZ, iteratively
computed from ¢ = 0 to the final position until the entire

propagation process is complete.

TIL ANALYSIS OF RESULTS

A, Propagation properties of Pearcey-Gaussian beam in

photorefractive media

It has been found that photorefractive spatial solitons can
be formed when diffraction-induced broadening is balanced
with compression caused by the modulation effect of the
photorefractive medium. The light beam incident into the
photorefractive medium will be localized at a certain position,
thus suppressing the diffraction phenomenon to a certain





image40.png
.
u

H
£

Position [x.0.]

,u

°

Propagation Dista

Position [a.u]

- ana00s
Py

" 0 5 oS
Propagation Distance [a.)

—
v R
e
0’ o s 10 15

Propagation Distance [a.u.]

Fig. 3 Spatal evolution of the Pearcey-Gaussian beams with four different truncation fctors when =4, ¢ 0. a'=b = 1: (t) = 0.0005, (b) @ = 0.005 , (¢)
6005, and (d) 6 = 0.5; (¢) Plot of the volution of the peak intensity of the Pearcey-Gaussian beams; and (1) Pearcey-Gaussian plot o the evolution of the
‘main pesk position of the beam: = 00005 (black line), = 0.005 (re line), o = 0.05 (blue line) and o = 0.5 (green ine).

Propagation Dis

Propagation Distance.

o

o o "
Position [a..]

Position [a.u.

03

e
-

10 o B " I8
Propagation Distance [

e ey

" 0 5 s
Propagation Distance [a.u.

Fig. 4 Spatial evolution o the Pearcey-Gaussian beams with four different chirps when 1= 4,6 = 0.0005, and a = b - 1: (3) ¢ = 0.3, (9) ¢ = 0.1, (€) € = 0.1,
and (d) ¢ = 0.3; (¢) Plotof the evolution of the peak intensiy of the Pearcey-Gaussian beams; and (1) Pearcey-Gaussian evolution of the cental peak position
ofthe beany: ¢ = 0.3 (black line), ¢ = 0.1 (red line), c = 0.1 (blue lie), and ¢ = 0.3 (green ine).

extent and forming a spatial optical soliton. The
Pearcey-Gaussian beam undergoes a compression phase at
the beginning of the propagation due to the combined effect
of diffraction and the nonlinear modulation effect of the
photorefractive medium, resulting in an increase in the peak
power and an enhancement of the nonlinear modulation
effect. The nonlinear effect caused by the photorefractive
medium leads to the shedding of a soliton at the main peak of
the Pearcey-Gaussian beam, called the shedding refractive
breathing soliton. The transverse acceleration of the
individual flaps of the beam tends to increase further away
from the main flap, leading to the aggregation of the main
flap and the side flaps at a propagation distance equal to two.
Once this position is crossed, the direction of acceleration
becomes negative along the x-axis, and the beam starts to
decelerate in the transverse direction. The more outward the
para flap decelerates, the greater the acceleration, leading to

the separation of the main flap and the para flap and the
inversion of the intensity distribution, which eventually
forms the evolution pattem of focusing flip [Fig. 3(a)]. The
truncation factor o is an important parameter affecting a
Pearcey-Gaussian beam's waveform. A numerical simulation
study was carried out to investigate the effect of the
truncation factor on the generation of breathing solitons in
Pearcey-Gaussian beams. Fig. 3 demonstrates the spatial
evolution characteristics of the Pearcey-Gaussian beam in the
photorefractive medium with different values of the
truncation factor  under the conditions that the refractive
coefficient /=4, the chirp factor ¢ = 0 and the coefficients of
the integral term a and the scaling factor b are both 1. As seen
in Fig. 3(a), the initial state beam shape is an asymmetric
trailing structure with the highest energy of the central peak.
When the Pearcey-Gaussian beam is propagated in the
photorefractive medium, a breathing soliton is shed out of the
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central peak, and at the same time, due to its self-recovery
property, a long trailing tail is formed. As o increases, the
beam gradually transitions from a multi-peak structure to a
single-peak structure close to a Gaussian distribution. At the
same time, the parapet energy in the trailing region
significantly decreases and further concentrates in the main
peak region, with the total energy remaining_ constant
Especially when o is small [Fig. 3(a)-(d)], the paraflap energy
distribution is more
beam gradually shows a linear deflection trend, the paraflap
disappears, the main peak energy reaches the maximum value,
‘and the beam loses the lateral self-acceleration property [Fig.
3(c)Hd)]. This indicates that the beam with a smaller
truncation factor has a significant trailing effect and
multi-peak ~ characteristics. In comparison, the larger
truncation factor  weakens these  characteristics. It
concentrates the energy more in the main peak region,
resulting in a more concentrated and symmetric intensity
distribution of the beam. In addition, the effect of o on the
peak intensity and position is shown in Fig. 3(e)-(f).
Specifically, when o is small, the beam produces significant
focusing at a propagation distance of about 2, and deflection
‘oceurs after crossing this propagation distance. At this point,
the deflection angle decreases following 0. When o is large,
the focusing property of the beam at the propagation distance
of 2 is weakened, and a stable deflection state is presented.
The above characteristics indicate that o can significantly
regulate the beam's intensity distribution and affect its
deflection behavior, providing a feasible strategy for
realizing beam modulation.

‘The chirp factor ¢ is an important characteristic parameter
of Pearcey-Gaussian beams, and numerical simulations were
carried out to investigate its effect on the generation of
breathing solitons. Figs. 4(a)-4(d) demonstrate the spatial
evolution  diagrams  of ~Pearcey-Gaussian beams  in
photorefractive media with different chirp factors ¢ under the
conditions of = 4, & = 0.0005, a . The results show
that the soliton is deflected counterclockwise when ¢ < 0
[Figs. 4(2)4(b)], and in the clockwise direction when ¢ > 0

[Figs. 4()-4(d)], and the angle of the deflection increases
with the increase of | ¢ . In Fig. 4(e), the beam is focused here
at a propagation distance of about 2, and the peak intensity
can reach about 8. However, once it crosses 2, the peak
intensity decreases sharply and then shows periodic
fluctuations. In addition, the figure reveals that ¢ has no
significant effect on the oscillation period and peak intensity
of the soliton, indicating that the variation of ¢ mainly affects
the beam deflection rather than the intensity. In Fig. 4(f), the
overall dispersion of the beam under different chirp factor
parameters demonstrates the difference in the deflection
angle of the central peak for different ¢ values. The beam
collectively deflected with different _intensities at a
propagation distance of about 2, up to the propagation
distance of 3. After crossing this position, the beam recovers
and is deflected again. This deflection phenomenon provides
the possibility of directional beam modulation i optical
communication, i.c., by adjusting the chirp factor, precise
control of the beam deflection direction can be achieved,
which optimizes the optical device's beam propagation path.

The refractive coefficient / is a critical characteristic
parameter of Pearcey-Gaussian beams. Fig. 5 illustrates the
evolutionary properties of the Pearcey-Gaussian beam in four
different refractive coefficients £. As shown in Fig. 5(a)-(d).
the increase of  significantly enhances the peak intensity.
Correspondingly, the nonlinear effect in the center region
increases, the photorefractive medium has a more remarkable
ability to bind the Pearcey-Gaussian beam, and the beam
width decreases, which accelerates the breathing frequency
of the beam. Fig. S(¢) quantitatively demonstrates the
evolutionary trend of the peak intensity, where the beam
focuses when the propagation distance s about 2. At the same
time, the smaller § is, the higher the peak intensity is.
However, when the propagation distance crosses 2, the beam
is in a regular breathing state, at which time the smaller § is,
the smaller the peak intensity of the beam is. Fig. 5(f)
demonstrates the modulation effect of the refractive
coefficient on the soliton deflection angle, showing that a
larger f§ decreases the beam deflection angle and thus
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enhances the focusing characteristics of the beam. This
modulation effect of the refractive coefficient provides a
feasible strategy for the dynamic control of the soliton
behavior in the photorefractive medium, optimizing the
periodic evolution of the beam by adjusting / in practical
applications.

B. Interaction of symmetric Pearcey-Gaussian beams in
photorefractive media

Fig. 6 demonstrates the in-phase and anti-phase
interactions of a symmetric Pearcey-Gaussian beam with the
trailing tail in front and the trailing tail in the photorefractive
medium for different refractive coefficients £. The two beams
are in-phase and anti-phase. In the in-phase propagation, the
spacing between the two beams is small. When the
interaction of the nonlinear focusing effect and the diffraction
effect of the photorefractive medium reaches equilibrium, an
attractive force arises between the beams, leading to the
aggregation of the beams and shedding of a bundle of
breathing solitons, i.¢., the main flap forms a single soliton in
the bound state [Fig. 6(al)]. As the § value gradually
increases, the period of the breathing soliton shortens, and its
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width narrows [Figs. 6(a2)-6(a4)]. In the case of anti-phase
propagation, repulsive forces are generated between the
beams, forming a pair of breathing solitons linearly deflected
in opposite directions at gradually increasing distances [}
6(b1)]. When the value of § gradually increases, the repulsive
force is weakened, the deflection angle of the breathing
soliton decreases, the distance between the two beams of
breathing solitons decreases, the width decreases, and the
respiration period is shortened [Fig. 6(b2) - (b4)]. The results
show that f has a key role in the two-beam interaction, and its
magnitude directly determines the breathing dynamics and
‘width of the soliton and the degree of attraction or repulsion
between the beams. In the case of in-phase transmission, the
larger the refractive coefficient, the shorter the breathing
period, and the narrower the width. In anti-phase
transmission, the refractive coefficient can control the change
of repulsive force between the breathing soliton pairs; the
larger the refractive cocfficient, the smaller the deflection
angle, and the smaller the repulsive force. Therefore, by
adjusting the refractive coefficient, the interaction mode of
the beam can be effectively controlled in the photorefractive
‘medium, which provides a theoretical bass for realizing the
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transmission control of multiple beams.

Fig. 7 demonstrates the interaction of two
Pearcey-Gaussian beams in the photorefractive medium at
different chirp factors ¢ for both in-phase and anti-phase.
When positive and negative Pearcey-Gaussian beams are
propagated in the same phase in the photorefractive medium,
anatractive force is generated between the beams when ¢ =0
and the beam spacing is small. When the attractive force is
balanced with the photorefractive effect, a beam of breathing
solitons is shed [Figs. 7(al)-7(a2)l. When ¢ # 0, the
equilibrium  between the  attractive force and the
photorefractive effect is broken due to the introduction of the
chirp factor deflection effect, and the breathing soliton
‘undergoes folding [Figs. 7(a3)-7(a4)]. The results show that
the chirp factor ¢ can control the production of an odd number
of breathing solitons for positive and negative
Pearcey-Gaussian beams propagated in the same phase. In
anti-phase propagation, when ¢ = 0, a repulsive force is
gencrated between the beams, forming a pair of breathing
solitons linearly deflected in opposite directions with
‘gradually increasing distance [Fig. 7(b2)]. When ¢ < 0, the
breathing soliton shed by the positive Pearcey-Gaussian light
on the right is deflected in the counterclockwise direction,
and the breathing soliton shed by the anti- Pearcey-Gaussian
light on the left is deflected in the opposite direction,
resulting in a decrease in the distance between the pairs of
breathing solitons [Fig. 7(b1)]. When ¢ > 0, the respiratory
soliton shed by the positive Pearcey-Gaussian light on the
right is deflected in the clockwise direction, while the
respiratory soliton shed by the anti- Pearcey-Gaussian light
on the left is again deflected in the opposite direction, leading
to an increase in the distance between respiratory soliton
pairs [Figs. 7(b3)-7(b4)]. It follows that the chirp factor can
control the variation of the repulsive force between the
breathing solitons when the double Pierce-Gaussian beam is
transmitted in antiphase in the photorefractive medium, ie.,
the chirp factor can control the distance between the
breathing soliton pairs. When ¢<0, the distance gradually
decreases; when ¢>>0, the distance gradually increases. The
phenomenon indicates that the directional - quantitative

regulation of beam solitons can be realized by adjusting the
chirp factor. This behavior has potential application to beam
transmission in optical communication, i.c., by controlling
the chirp factor, the number of beams and interaction modes
can be changed, thus realizing the precise control of beams.

Fig. § illustrates the interaction of two Pearcey-Gaussian
beams in the photorefractive medium at different spacings B
in both in-phase and antiphase. In the in-phase transmission
[Fig. 8(al)@4)], when the spacing is small, the beams
produce strong attraction and form narrow breathing solitons,
and the width of the breathing solitons reaches a minimum at
B=2. Subsequently, the spacing is further increased, which
makes the attraction between the beams gradually weaken,
and the width of the breathing soliton gradually increases.
That s, centered on B =2, the period of the breathing soliton
is shortened when the value of |B| gradually decreases. In
anti-phase transmission [Fig. §(b1)- (b)), the repulsive force
between the beams and the nonlinear effect combine to form
a pair of gradually separated breathing solitons linearly
deflected in opposite directions [Fig. 8(b2)]. With B =2 as
the center of symmetry, when the value of |B] is small, the
deflection angle is also small; as the spacing increases, the
repulsive force is enhanced, and the soliton deflection angle
increases. In particular, the beams in Fig. 8(bd) are first
attracted upon interaction and then repel cach other after
elastic collisions, mainly due to the larger spacing. The
results show that during in-phase transmission, centered at B
=2, the larger the value of |B), the longer the period and the
wider the width of the breathing soliton. In anti-phase
transmission, with B =2 as the center of symmetry, the larger
the value of |B|, the larger the deflection angle of the
breathing soliton. This phenomenon suggests that 5 not only.
controls the breathing period and width among the solitons
but also affects the deflection behavior of the solitons,
providing the possibility of realizing precise control of the
beam transmission characteristics by adjusting the beam
spacing.

IV. CoxcLusioN

This study numerically investigates the propagation
dynamics of Pearcey-Gaussian beams in photorefractive
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media. The results show that the truncation factor of the
Pearcey-Gaussian beam can regulate the distribution of its
light field intensity during propagation in photorefractive
media, and a more significant truncation factor o
significantly reduces the parabolic energy and concentrates it
in the central peak region. The chirp factor determines the
soliton deflection_direction: clockwise for ¢ > 0 and
counterclockwise for ¢ < 0. The refractive coefficient
significantly affects space solitons’ breathing period and
deflection behavior. More significant refractive coefficients
enhance the binding effect of the photorefractive medium,
which produces higher-frequency breathing cycles and
reduces the soliton's deflection angle during the beam's
propagation. In the symmetric Pearcey-Gaussian beams with
the trailing tail in the front and the trailing tail in the back, the
refractive coefficient can effectively  control the
characteristics of the soliton in both in-phase and anti-phase
‘propagation. In in-phase propagation, the larger the refractive
coefficient is, the shorter the breathing period and the
narrower the width of the breathing soliton; in anti-phase
propagation, the larger the refractive coefficient is, the
smaller the repulsive force between the solitons and the
smaller the deflection angle. In addition, the chirp factor can
change the number of solitons during in-phase propagation,
while the number remains constant during anti-phase
‘propagation. The solitons' period, width, and deflection angle
can be further controlled by adjusting the beam spacing B.
For in-phase propagation, centered on B = 2, the larger the
value of B, the longer the period and the wider the width of
the breathing soliton; for in-phase propagation, centered on B
=2, the larger the value of |B], the larger the deflection angle
of the breathing soliton. These findings not only deepen the
‘understanding of nonlinear beam dynamics in photorefractive
media but also open avenues for practical applications. By
precisely tuning the refractive coefficient and chirp factor,
our results suggest a novel strategy for multi-beam
manipulation in optical communication systems. For instance,
adjusting f could enable dynamic control of soliton binding
strength and transmission stability, while modulating ¢ may
facilitate directional beam steering or signal routing. Such
capabilities hold potential for optimizing high-speed data
transmission, designing reconfigurable photonic devices, or
developing_advanced all-optical switching  architectures.
Future studies could explore experimental validations of
these theoretical predictions and further integrate
parameter-tuning mechanisms into practical optical setups.
These findings provide a solid theoretical foundation for
applying photorefractive media in the field of all-optical
control and provide an important reference for studying the
propagation dynamics of special light beams in complex
media and the development of applications.
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