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This study introduces the chirped-Pearcey—Laguerre—Gaussian space—time (CPLGST) wave packets and investigates
their propagation characteristics in linear dispersive media, uncovering diverse propagation regimes of the CPLGST wave
packets as the radial and angular mode numbers are tuned. Modulating the second-order chirp factor and dispersion co-
efficient allows for tailored manipulation of the envelope profile, evolution trajectory, and propagation dynamics of the
CPLGST wave packets. It further uncovers the dynamic balance regulation mechanism of the CPLGST wave packets,
which is mediated by the synergistic effect of the second-order chirp factor and dispersion coefficient, while also examining
the evolution characteristics and peak intensity variation laws of such wave packets under normal and anomalous dispersion
conditions. Additionally, this study explores the gradient and scattering force characteristics of the CPLGST wave packets,
thereby further exploring their potential applications in optical tweezers technology and microparticle manipulation.
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1. Introduction

In recent years, novel structured optical fields have
emerged as a prominent research focus in optics.!!"?!
Structured light plays a pivotal role in optical trapping
technology,>*' and also lays a theoretical and physical
foundation for investigating intense laser-induced molecular
dynamics. " In the field of biomedicine, it offers technical fea-
sibility for single-cell capture and multi-cell arrangement. [*!
Furthermore, high-dimensional structured light not only en-
ables ultra-high-speed and long-distance transmission in the
field of communication but also facilitates the construction
of high-dimensional quantum networks in quantum science,
thereby enhancing communication security and transmission

2671 As a paradigmatic class of structured beams,

efficiency. !
Laguerre—Gaussian (LG) beams have attracted extensive re-
search interest. In 1992, Allen and his colleagues first pro-
posed that LG beams possess quantifiable orbital angular mo-
mentum (OAM),[8! while elaborating on the specific con-
version mechanism between beam modes and angular mo-
mentum. This theoretical proposition was subsequently val-

idated through experimental investigations.®-1%]

Owing to
their inherent OAM, LG beams exert optical torques in op-
tical tweezers, inducing rotational or translational motion of
trapped particles,®!!l a property that confers on them sub-

stantial application potential in optical tweezers technology
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and micro-particle manipulation. 1 Subsequently, Airy

beams!!>:11 and Pearcey beams!!”-!#]

were successively pro-
posed, and research efforts have continued to advance to-
ward enhancing the self-focusing capabilities of these two
beam types.[!%23] Building on this foundation, a series of
derivative beams derived from Airy and Pearcey beams have
been developed,?4-2%] thereby further enriching the theoreti-
cal framework of emerging structured light fields.

Research on novel structured optical fields has expanded
beyond the traditional spatial domain into the temporal realm,
with extensive explorations conducted on space-time wave
packets (STWPs).[?7291 A series of innovative beam-based
wave packet studies has been reported successively, includ-

ing Airyprime complex-variable-function wave packets, ]

1311 and Airyprime—

symmetric Pearcey—Pearcey wave packets,
Laguerre-Gaussian wave packets.*?! In the context of struc-
tured light research, the application scope of STWPs in tra-
jectory control and dynamic manipulation has been contin-
uously extended. Notable examples include LG wave pack-
ets endowed with the capability of self-acceleration and self-
focusing along preset trajectories, >>) STWPs with arbitrarily
tailorable propagation trajectories,**! and Pearcey—Gaussian
wave packets realized through “fly-focus” technology,*>! all
of which exhibit distinct functional advantages in trajectory

manipulation. However, Pearcey-Laguerre—Gaussian spa-
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tiotemporal wave packets need to be further studied. To tackle
this research gap, we propose chirped-Pearcey—Laguerre—
Gaussian space—time wave packets (CPLGST), aiming to sys-
tematically investigate their spatiotemporal characteristics and
dispersion behaviors while exploring their potential in optical
trapping and particle manipulation.

Based on the linear Schrodinger equation and the method
of separation of variables, this study constructs the CPLGST
wave packets via the integration of the time-domain chirped
The three-
dimensional propagation characteristics of the CPLGST wave

Pearcey and the spatial-domain LG beams.

packets are visualized through a comprehensive propagation
diagram, with the underlying mechanism governing how the
second-order chirp and dispersion coefficient influence the dis-
persion behavior of the wave packets being systematically un-
raveled. It is demonstrated that the second-order chirp factor
induces wave packet splitting, with the evolutionary process
of the wave packets from “envelope—split—envelope” compre-
hensively depicted. Furthermore, the effects of normal and
anomalous dispersion on the wave packets’ structure are ex-
plored, and the cooperative interaction mechanism of the dis-
persion coefficient and the second-order chirp factor on the
wave packets is clarified. Ultimately, the distribution charac-
teristics of the gradient force and scattering force under differ-
ent mode numbers are analyzed.

2. Theoretical formulation of the CPLGST

The propagation of the CPLGST wave packets can be ex-
pressed by the linear Schrédinger equation, and its normalized
form under the paraxial approximation condition is!3!-%]

ou 1 (9% 92 K 9%u

ETART: (a)(z+ay2)“_2oaT2:0’ M
where u(X,Y,Z,T) is the complex amplitude envelope, X =
x/w,Y =y/w are normalized coordinates (w is the waist of the
beam), and T =1 — é corresponds to the time in a reference
frame traveling with the group velocity v, of the wave. k =
won (@) /c represents the wave number, ¢ describes the speed
of light, n(@y) describes the index of refraction, @y represents
the centre frequency (wy = 2mc/A), A describes the central
wavelength of the wave packets, and k] = 9%k/d 7 represents
the influence of the group velocity dispersion (GVD). %] The
dispersion coefficient 8 is used to represent k.., and sign(f) =
+1/ —1 corresponds to normal/abnormal GVD. The propaga-
tion coordinate Z is normalized by the dispersion length Lg. In
the present study, we postulate that Ly = 73/ |B].37! Ty repre-
sents the initial pulse width of the CPLGST wave packets. We
decompose the CPLGST wave packets into a coupled form
of spatial Laguerre beams and time-domain chirped Pearcey

pulses using the separation of variables method:[31-33

w(X,Y,Z,T)=¥(X,Y,Z)O (Z,T). )

By substituting Eq. (2) into Eq. (1), we derive the following

two differential equations: 3%
.00 k! J*e
Y9z 2012 " )
oY 1 (9% 07

For Eq. (3), we use the chirped Pearcey pulse as the initial
condition. The incident field on the initial plane (Z = 0) is
expressed as

e (O,T) = Pe (T,T) e(O!T+iC1T+iC2T2). (5)

Here, the Pearcey function is defined as Pe(X,Y) =
[T exp (is* +1iXs +iYs?).22232) o represents the attenua-
tion factor (0 < a < 1), C; and C; are the first-order chirp fac-
tor and the second-order chirp factor, 7 denotes the temporal
scaling parameter for the Pearcey function, and we set 7 = 10.
¥(X,Y,0) represents the Laguerre—Gaussian beam that can be

defined as follows:[33-38!

[
¥(X,Y,0) = (\/2X2+2Y2) Lh(ax? +2r?)

x exp(—X% —Y? +il0), 6)

_ oy (0"
L, (x) = Z (m+0)!(n—m)'m!’

m=0

N

In the present context, n and / correspond to the radial mode
number and angular mode number, 8 = tan~! (Y /X).

We employ the step-by-step Fourier method to simulate
the propagation process and analyze ® (Z,T) and ¥(X,Y,T)
to investigate the characteristics of the CPLGST wave packets.
The gradient force and scattering force of the CPLGST wave

packets can be expressed by the following formula: 39—+
2mnyr? (2 -1
Fgard: T (nz_"_z VI(X7Y,Z), (®)
8mnyk*r® (n?—1
Fycat = 3c n2+2 I(X,Y7Z)e_z>, (9)
2
I(x,y,2) = chEOM. (10)

The r represents the radius of the nanoparticle, n = n;/n, is
the relative refractive index, where n; represents the refrac-
tive index of the particle, and n; is the refractive index of the
surrounding medium. V represents the gradient operator, &
is the permittivity of the free space, and the intensity 7 (x,y,z)
is the light intensity of the CPLGST wave packets. In this
article, we set A =532 nm, w =1 mm, @ = 0.2, Tp = 1 ps,
np = 1.592, and n, = 1. Unless otherwise specified, the value
of Bis2x 1072,

It should be emphasized that the paraxial approximation
and linear Schrédinger model adopted in this study are only

valid within moderate parameter regimes. The theoretical
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framework may break down under several extreme conditions,
including wave packets carrying excessively high mode orders
or large topological charges, dispersion values far exceeding
the range employed in the present work, and ultrashort pulses
with an ultrabroad spectral bandwidth. Since all parameters in
this study are constrained within a reasonable and valid range,
the above limiting effects are negligible, thus guaranteeing the
reliability and accuracy of the theoretical analysis.

3. Results and discussion

To investigate the effect of the radial mode number on the
propagation characteristics of the CPLGST wave packets, we
fixed a single angular mode number and systematically charac-
terized the evolution behavior of the CPLGST wave packets at
different positions throughout their propagation. As shown by
the two-dimensional propagation characteristics in Fig. 1, the
beam exhibits highly concentrated spatial intensity during the
initial propagation stage. In the X—Z plane, the constructive
interference of multiple radial modes with tailored phase re-
lations effectively inhibits near-field diffraction-induced beam
broadening. The beam maintains uniform, equidistant fringes,
accompanied by negligible phase distortion and energy migra-
tion. This observation further confirms the near-field prop-
agation invariance of the CPLGST wave packets. Only af-
ter propagating a certain distance does the beam intensity
undergo non-uniform decay. Diffusion starts from the edge
of the light spot, and the well-defined boundaries gradually
fade. This demonstrates that the accumulated phase differ-
ence among radial modes breaks the coherent superposition
required for propagation invariance, which eventually induces

~ 0

0 0
X 2 T X 2 0

-2
30 2-
0 0

energy divergence and intensity attenuation. A comparison
of Figs. 1(A) and 1(B) reveals that a greater radial mode
number corresponds to a more dispersed radial energy dis-
tribution. This dispersion arises because higher-order radial
modes introduce additional high-order spatial frequency com-
ponents in the transverse plane, thereby broadening the ra-
dial intensity distribution and reducing the central energy con-
centration. For comparative purposes, we further present the
three-dimensional spatiotemporal intensity distributions of the
CPLGST wave packets at different propagation positions in
Figs. 1(al)-1(a3) and 1(b1)-1(b3). The CPLGST wave pack-
ets assume an overall concentric circular ring envelope. In
the X-Y plane projection, intensity is most concentrated at
the spatial center and diminishes radially outward. A lateral
comparison of Figs. 1(al)-1(a3) shows that the central enve-
lope of the CPLGST wave packets compresses, the intensity
of the CPLGST wave packets attenuates, and the concentric
ring structure of the CPLGST wave packets expands to cover a
broader morphological evolution. A vertical comparison of the
CPLGST wave packets with different radial mode numbers, as
depicted in Figs. 1(al)-1(a3) and 1(b1)-1(b3), clearly demon-
strates that a greater radial mode number yields more concen-
tric rings and a wider spatial coverage. In summary, reducing
the radial mode number can enhance the energy concentration
of the CPLGST wave packets, significantly improving their fo-
cusing characteristics while also enabling propagation invari-
ance over a specific morphological evolution. The CPLGST
wave packets achieve a longer propagation-invariant distance
of 5-7.5Ly, superior to the 3—4 L4 of standard Laguerre—
Gaussian wave packets, and avoid the random broadening of
Airy wave packets for more stable propagation. [+?]

x107
3

(b2) (b3)

! |
| |
I |
! !
| |
' '

T X = 20 T

Fig. 1. (A) and (B) are the numerical side views of the propagation of the CPLGST wave packets, while (al)—(a3) and (b1)—(b3) are the
spatiotemporal transmission maps at different propagation positions. C; = 0.5, C, = 0.5, Z = 2.5Lq in (al) and (b1), Z = 5Lq in (a2) and (b2),
Z ="7.5L4in (a3) and (b3),n=2,1=01n (A) and (al)—(a3), and n = 3,/ =0 in (B) and (b1)—(b3).
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0
X 2 0 T

0
X 2 0 T

Fig. 2. (al)—(a4) are the transverse intensity patterns, (b1)—(b4) are the phase distributions under the corresponding parameters, and (c1)—(c4)
are the corresponding wave packets of CPLGST. The parameters are as follows: Z =5L4, C; =0.6,C, =0.6,n =2,/ =01in (al)—(cl),n=2,
[ =1in (a2)—(c2),n=3,1=0in (a3)—(c3),and n =3, [ = 1 in (a4)—(c4).

Subsequently, we systematically characterize the initial
optical fields, phase distribution, and the CPLGST wave pack-
ets of configurations with distinct radial and angular modes.
The initial
optical field exhibits a concentric circular structure with a

We first assess the impact of the radial mode.

bright central region and dark outer rings, and the number
of outer dark rings increases with the radial mode number.
As illustrated in Fig. 2(a3), the radial optical field exhibits
a more densely layered ring-shaped distribution than that in
Fig. 1(al), with each ring also possessing a more compact
width. The notable increase in radial spatial filling of the op-
tical field clearly indicates that the radial mode number is the
key parameter determining the number of radial rings within
the field. We then vary the angular mode number to study
its effects on the optical field. The originally compact cen-
tral bright spot gradually expands into a closed central bright
ring. Additionally, direct comparison reveals that the central
bright spot in Fig. 2(a2) is brighter than that in Fig. 2(al).
Furthermore, a direct comparison of Figs. 2(cl) and 2(c2)
reveals that increasing angular mode number strengthens the
helical structural characteristics of the CPLGST wave pack-
ets. This enhancement leads to a more distinct helical direc-
tion, a more uniform pitch, and a significant elongation of the
CPLGST wave packets’ envelope along the time dimension.
This variation reveals that the angular mode number is closely
related to the optical field OAM. Increasing the angular mode
number yields a higher OAM and a sharper spiral phase gra-
dient, which strengthens the wave packets’ spiral configura-
tion and spatiotemporal coupling behavior during propagation.
There exists a fixed phase difference A@ = arctan (Y /X) be-
tween Laguerre modes corresponding to different radial and
azimuthal mode numbers. Their interference directly modu-
lates the number and intensity distribution of the bright rings
of the wave packets, and the uniformity of the phase differ-
ence ensures the integrity of the spatial structure after the
wave packets are formed by interference, with no extraneous

bright rings and thus no degradation of the wave packet qual-
ity. In contrast, the spatiotemporal coupled evolution is dom-
inated by the synergistic effect of the second-order chirp fac-
tor and the dispersion coefficient, whose numerical matching
regulates the phase coupling strength in the spatiotemporal do-
main and further determines the evolution trajectory and mor-
phology of the wave packets. Regarding the structural transi-
tion stability of the wave packets during the switching of ra-
dial and azimuthal mode numbers, Fig. 2 intuitively illustrates
this issue, and other key parameters were fixed during mode
switching to avoid introducing additional effects. The phase
modulation depth is directly related to the azimuthal mode
number / and the phase term i/0. Within the same modula-
tion scheme, quantitative variation of / only changes the phase
rotation rate without destroying the consistency of the phase
modulation depth, thus guaranteeing the stable evolution of
the wave packets’ structure under different mode numbers.
By cross-comparing the initial optical fields and the CPLGST
wave packets under different mode parameters, we establish
that the radial and angular mode numbers synergistically reg-
ulate the initial optical field structure and the evolution char-
acteristics of the CPLGST wave packets. Jointly, these two
parameters provide a critical foundation for mode-based mod-
ulation of the CPLGST wave packets. This foundational sup-
port enables precise regulation of the radial annular parameters
and the helical structures of the angular CPLGST wave pack-
ets, which in turn enables the targeted utilization of these wave
packets in optical manipulation and information transmission
applications.

In Fig. 3, we uncover the effect of the second-order
chirp factor on the propagation dynamics of the CPLGST
wave packets by tuning this parameter systematically. As the
second-order chirp factor increases, the spatial position of the
CPLGST wave packets shifts gradually from right to left, ac-
companied by a distinctive splitting phenomenon. When the
second-order chirp factor is approximately 0.8, as depicted
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in Figs. 3(a2) and 3(b2), the CPLGST wave packets initially
adopt a concentric circular structure in the spatiotemporal do-
main that then undergoes dynamic evolution during propaga-
tion, ultimately splitting into two spatially isolated and nearly
symmetric sub-wave packet units. The physical origin of this
phenomenon lies in the critical equilibrium established be-
tween the second-order chirp factor and GVD. At this thresh-
old, the frequency component separation induced by GVD ex-
actly overcomes the confinement of the pulse envelope, giving
rise to the CPLGST wave packets splitting. When the second-
order chirp factor takes smaller values, frequency components
remain confined by the pulse envelope, leading merely to triv-
ial pulse broadening instead of the characteristic CPLGST
wave packets splitting. Conversely, for an excessively great
chirp factor, the dispersion-driven separation cannot match the
rate of envelope contraction, and the CPLGST wave pack-
ets re-converge into a concentric circular configuration. Thus
the CPLGST wave packets also exhibit self-healing proper-
ties. Moreover, a cross-comparison of Figs. 3(al)-3(a3) and
3(b1)-3(b3) shows that propagation distance modulates the
spatiotemporal evolution of the CPLGST wave packets when
the second-order chirp factor is held fixed. As propagation
distance increases, energy initially concentrated in the central
region disperses progressively, leading to a flatter CPLGST
wave packet profile and more uniform energy distribution
across the spatial domain. We combine the propagation char-
acteristics of linear dispersive media with the requirements for
controllable wave packet evolution to determine their effec-
tive regulation ranges: the second-order chirp factor must sat-
isfy 0 < G < 1.5. If G <0, the wave packets exhibit no chirp
modulation effect and cannot be triggered to undergo splitting.

If G, > 1.5, the spectral components undergo irreversible sep-
aration due to excessive chirping, and the wave packets lose
the controllable evolution properties of self-convergence and
self-repair. The dispersion coefficient is chosen on the order
of 1072°-10724, If the dispersion coefficient f is too small,
the dispersion effect becomes negligible and cannot synergis-
tically interact with the chirp factor. If it is too large, disper-
sion dominates the wave packet evolution; the regulatory ef-
fect of chirp is masked, and the wave packets undergo irregu-
lar broadening. In practical experiments, the modulation error
of the second-order chirp factor should be controlled within
+0.05. This precision threshold is determined by the thresh-
old condition for wave packet splitting: in this study, C; ~ 0.8
corresponds to the critical value for wave packet splitting. If
the modulation error exceeds +0.05, the critical condition will
be directly violated, leading to incomplete splitting or prema-
ture convergence of the wave packets, thereby destroying the
controllability of the evolution trajectory. This study focuses
on the characteristics of CPLGST wave packets in linear dis-
persive media, with the selected light intensity / < 107 W/m?,
and all modulation parameters lying within the linear optical
regime. The nonlinear polarization effect of the medium can
thus be neglected, so that no nonlinear distortion of the wave
packets occurs. To conclude, the second-order chirp factor and
propagation distance synergistically govern the spatiotemporal
evolution of the CPLGST wave packets, with a dynamic bal-
ance existing between the chirp factor and GVD throughout
this process. This result furnishes a critical theoretical frame-
work for the precise control of the CPLGST wave packet evo-
lution behavior.

I O

Fig. 3. (al)-(a3) and (b1)—(b3) The CPLGST wave packets under the control of different second-order chirp factors. The parameters are as
follows: n=2,1=0, C; =0. (al)—(a3) are the CPLGST wave packets corresponding to Z = 2.5L4. (b1)—(b3) correspond to Z = 5L.

Dispersion constitutes a critical factor governing the mor-
phological evolution of the CPLGST wave packets; to uncover
its regulatory mechanism, we systematically studied the im-

pact of dispersion on the propagation characteristics of the

CPLGST wave packets in Fig. 4. Under normal dispersion
conditions, as depicted in Figs. 4(al) and 4(bl), the heli-
cal structure of the CPLGST wave packets exhibits enhanced
compactness, with the projected light spot remaining highly
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concentrated. Contrastingly, under anomalous dispersion con-
ditions, as shown in Fig. 4(a2) and 4(b2), the helical structure
of the CPLGST wave packets stretches longitudinally along
the time axis and diffuses spatially, leading to the formation
of periodic striped projections. Physically, normal dispersion
enforces an ordered temporal arrangement of the frequency
components of the CPLGST wave packets, where the heli-
cal “rotation direction” aligns with the dispersion orientation
to preserve structural stability. A vertical comparison reveals
that the dispersion strength at 8 = 6 x 1072 is higher than
that at 8 = 2 x 107%; accordingly, the helical structures in
Figs. 4(al) and 4(a2) are more compact and have more con-
centrated energy than those in Figs. 4(bl) and 4(b2). Interest-
ingly, low-frequency components of the CPLGST wave pack-
ets propagate ahead of high-frequency components under nor-
mal dispersion conditions. As dispersion strength increases,
cumulative dispersion effects allow high-frequency compo-
nents to overtake low-frequency ones, which triggers a rever-
sal in the propagation direction of the wave packets. This phe-
nomenon indicates that when the dispersion-induced group ve-
locity difference accumulates to a critical threshold, the rela-
tive propagation sequence of different frequency components
reverses, ultimately altering the macroscopic propagation di-
rection of the wave packet. This mechanism provides a new
physical degree of freedom for the dynamic manipulation and
regulation of spatiotemporal wave packets. Collectively, these
results demonstrate that both the normal or anomalous disper-
sion and its magnitude synergistically modulate the spatial ar-
chitecture, extension degree, and propagation direction of the
CPLGST wave packets. This insight further enables the tai-
lored selection of dispersive materials to achieve desired beam
broadening or compression, thereby furnishing a novel frame-

work for the temporal control of optical beams.

-2

2

~ 0

-2

I 0

Fig. 4.
CPLGST wave packets at Z=>5Lq. C; =0,C, =05, n=2,1=0, B, =

(al)—(a2) and (b1)—(b2) Space—time transmission diagrams of the

251072, B =-2x1075, By =6x 1072, and B = —6x 1072,

By harnessing the intensity side view within the X-T
plane, we delineate the propagation dynamics of the CPLGST
wave packets modulated by the synergistic interplay of disper-
sion and the second-order chirp factor. A systematic analy-
sis of the results from Fig. 5 reveals that the propagation di-
rection of the CPLGST wave packets is immediately deter-
mined by the product of the dispersion factor and the second-
order chirp factor. When the product of the dispersion fac-
tor and the second-order chirp factor is negative, as shown in
Figs. 5(b) and 5(c), CPLGST wave packets propagate in the
positive direction along the T-axis. They exhibit an elongated,
periodic spatiotemporal distribution, with their light intensity
stretched into dense oscillatory stripes in the time dimension.
In contrast, when the product is positive, as demonstrated in
Figs. 5(a) and 5(d), the propagation direction of the wave pack-
ets reverses. In turn, the wave packets take on a compact, spa-
tially confined distribution with high-intensity, tightly focused
peaks emerging within limited spatiotemporal domains. Re-
markably, under anomalous dispersion conditions with a neg-
ative second-order chirp factor, the peak light intensity of the
CPLGST wave packets increases significantly, while this trend
is completely reversed under normal dispersion conditions.
These observations confirm that the second-order chirp fac-
tor and dispersion factor jointly modulate the temporal evolu-
tion of the CPLGST optical pulses via synergistic interactions
between their sign characteristics and numerical coupling.
This regulatory mechanism not only governs the propagation
direction and spatiotemporal distribution morphology of the
CPLGST wave packets but also affects the degree of light
intensity concentration, thereby providing critical theoretical
support for the development of high-power laser pulse genera-
tion applications.!*3] Unlike conventional Laguerre—Gaussian,
Airy, and Pearcey-based wave packets with monotonically at-
tenuated peak intensity, the CPLGST wave packets feature
lower attenuation and realizable directional intensity enhance-

ment via chirp—dispersion coupling. 44!

0
0 30 -20 0 30

-20

Fig. 5. (a)-(d) The side view of the space—time intensity of the CPLGST
wave packets in the dimension of time at Z=5L4. n=2,1=2,C; =0,
Cy =07,C_=-07,B,=2x10"%,and B_ = —2x 1072,
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Fig. 6. (al)—(bl) and (a2)—(b2) are the gradient forces, and (c1)—(c2) are the scattering forces of different parameters of the CPLGST wave
packets. C; =0.5,C, =0.5,1=11in (al)~(cl),n=1,2,3. n=21in (a2)—(c2), [ =0, 1, 2.

Finally, we demonstrate the characteristics of the gradi-
ent force and scattering force of the CPLGST beam under dif-
ferent parameter conditions. When the angular mode num-
ber is held constant, the amplitude of the gradient force rises
markedly and its fluctuation frequency accelerates with the
increase of the radial mode number, showing an asymmet-
ric distribution along the Y-direction and a symmetric distri-
bution along the X-direction, as depicted in Figs. 6(al) and
6(b1). Meanwhile, a greater radial mode number elevates the
peak intensity of the scattering force, increases the number of
peak points in its spatial distribution, and enhances the promi-
nence of energy concentration and spatial oscillation charac-
teristics, enabling the light field to exert multi-point directional
thrust on particles, as shown in Fig. 6(cl). As illustrated in
Figs. 6(a2) and 6(b2), when the radial mode number is fixed,
the vibrational structure of the gradient force grows increas-
ingly complex with rising angular mode number, manifested
by more oscillations of the fluctuation curve and a greater
number of local extreme points. However, it exhibits no sym-
metric structure in either the X or Y directions. Compared
with Fig. 6(cl), the scattering force peaks in Fig. 6(c2) un-
dergo more significant changes with the variation of the angu-
lar mode number, with greater fluctuations in peak intensity
and more pronounced spatial shifts of peak positions while
maintaining an overall symmetric distribution. In summary,
the gradient force displays a positive-negative alternating os-
cillatory distribution in both the X and Y directions, reflecting
the bidirectional traction-repulsion gradient effect of the light
field on particles in two-dimensional space, while the scatter-
ing force is dominated by positive peaks corresponding to the
directional scattering thrust exerted by the light field on parti-
cles. Although the gradient force of the CPLGST wave pack-
ets exhibits an oscillatory distribution with alternating positive
and negative values, the positive gradient-force regions form a
regular multi-focal potential well structure rather than irregu-
lar mechanical oscillations, while the negative gradient-force
regions act as potential barriers that enable fixed-point trap-

ping of micro-nano particles; the scattering force presents a
directional peak distribution and forms a dynamic mechanical
equilibrium with the gradient force, which effectively coun-
teracts the particle escape tendency without inducing trapping
instability. Meanwhile, the CPLGST wave packets are com-
posed of coupled Laguerre modes and chirped Pearcey pulses,
whose spatial and temporal coherence is guaranteed by the
fixed relationship between the phase term /6 and the chirp
phase, so that the mechanical field distribution maintains reg-
ular coherence without spurious force peaks, further ensuring
the stability of particle trapping. The intrinsic mechanism un-
derlying the regulation of optical force characteristics by the
radial and azimuthal mode numbers lies in the modulation of
the optical field intensity and phase distribution. These field
properties are directly mapped to quantitative changes in the
mechanical response via the optical force formula. Specifi-
cally, increasing the radial mode number raises the number of
spatial rings of the Laguerre mode and enhances the radial os-
cillation frequency of the optical field intensity. This directly
increases the fluctuation frequency of the gradient force and
the number of scattering force peaks. On the other hand, in-
creasing the azimuthal mode number distorts the spiral phase
distribution of the optical field and breaks its spatial symme-
try. As a result, the gradient force loses its symmetrical struc-
ture in the X and Y directions and exhibits more local ex-
trema, while the scattering force peaks undergo obvious spa-
tial shifts and intensity fluctuations. Notably, this evolutionary
law can be rigorously verified through quantitative derivation
from the optical intensity distribution and the optical force for-
mula, rather than being only a phenomenological description.
Compared with the traditional Laguerre beam trapping tech-
nique, the CPLGST wave packets show significant advantages
in optical force manipulation: traditional Laguerre beams can
only form a single gradient-force potential well and realize the
trapping and rotational manipulation of a single particle with
a single manipulation dimension, whereas the multi-peak op-
tical force distribution of the CPLGST wave packets forms an
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ordered array of multi-focal potential wells, enabling simul-
taneous fixed-point trapping and multi-dimensional coopera-
tive manipulation of multiple particles, and the number, dis-
tribution and intensity of the optical force potential wells can
be precisely tailored by flexibly adjusting the radial and az-
imuthal mode numbers and the second-order chirp factor to
meet the manipulation requirements of micro-nano particles
with different sizes and arrangements. In addition, the optical
force field of the CPLGST wave packets can be dynamically
tuned through the synergistic control of dispersion and chirp,
while the optical force field of traditional Laguerre beams is
statically distributed, resulting in much lower manipulation
flexibility. This result provides a critical design basis for re-
alizing precise capture and multi-dimensional manipulation of
micro-nano particles, and can be further extended to applica-
tions such as medical cell sorting and optical tweezers tech-
nology. The CPLGST wave packets outperform conventional
Laguerre—Gaussian and Pearcey-based wave packets in optical
force efficiency. Their multi-peak optical force distribution en-
ables multi-dimensional particle manipulation and overcomes
the limitation of single-particle manipulation. 43

4. Conclusion

In conclusion, the CPLGST wave packets investigated in
this study exhibit superior propagation characteristics in linear
dispersive media. Our findings demonstrate that with the az-
imuthal mode number held constant, an increase in the radial
mode number results in a more dispersed radial energy dis-
tribution of the CPLGST wave packets, a greater number of
concentric rings, and an expanded spatial coverage. In con-
trast, when the radial mode number is fixed, an increase in
the azimuthal mode number converts the central bright spot
into a closed bright ring while reinforcing the spiral archi-
tecture of the CPLGST wave packets. Moreover, tuning the
second-order chirp factor and dispersion parameters can elicit
pronounced spatial displacement and splitting behaviors of the
wave packets. Notably, this study reveals that the temporal and
intensity evolution characteristics of the CPLGST wave pack-
ets are synergistically modulated by the second-order chirp
factor and the dispersion coefficient, while the propagation
direction of these wave packets is determined by the sign
of the product of these two parameters. A positive product
corresponds to propagation in the negative T-axis direction,
whereas a negative product corresponds to propagation in the
positive T-axis direction. Specifically, under anomalous dis-
persion conditions, the peak intensity of the CPLGST wave
packets with a negative second-order chirp factor increases
significantly, whereas under normal dispersion conditions, the
peak intensity of those with a positive second-order chirp fac-
tor rises markedly. This offers a robust framework for high-
power laser pulse compression. In terms of mechanical prop-

erties, the gradient and scattering forces of the CPLGST beams
exhibit multi-peak and structurally complex oscillatory char-
acteristics. This unique mechanical force distribution opens
up new avenues for microparticle and nanoparticle manipu-
lation as well as the optimization of optical tweezers tech-
nology. Taken together, these distinctive properties of the
CPLGST wave packets provide important theoretical support
and promising application potential for technological innova-
tions in fields such as optical communications and precision
manufacturing.
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