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The propagation characteristics of Hermite non-uniformly correlated (HNUC) beams in axisym-
metric gradient-index (GRIN) fibers were investigated, revealing the existence of dual focal points
along the direction of optical transmission (z-axis) near 0.25L and 0.75L. To exploit this bifocal
property, tandem GRIN fibers were employed, with the dual foci positioned within the interstitial
gap between the serially connected fibers. Through systematic analysis of the intensity distribution
within the gap and the resulting radiation forces on Rayleigh particles, it was demonstrated that
the HNUC beam establishes two stable equilibrium points along the z-axis within the gap region,
both capable of three-dimensional optical trapping of Rayleigh particles. These findings suggest
potential applications in fiber-optic tweezers systems for creating longitudinally distributed mul-
tiple optical potential wells.
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optical trapping.

1. Introduction

Light field manipulation has continued to be a prominent research focus in optics. In
the spatial domain, it facilitates control not only over the amplitude distribution, phase
structure, and polarization properties of optical fields but also over their spatial coher-
ence for constructing structured light fields [1-3]. In recent years, through the design
of coherence structures based on non-negative definiteness conditions, partially co-
herent (PC) beams with tailored spatial coherence structures have been shown to ex-
hibit novel physical effects during propagation, including self-focusing, self-splitting,
self-shifting, and self-shaping etc. [4-7]. These unique characteristics offer significant
application potential in multiple domains, such as coherence-structured optical encryp-
tion, turbulence-resistant free-space optical communications, robust optical informa-
tion transfer, and optical particle trapping/manipulation [8-11]. Since the seminal work
by LAJUNEN et al. in 2011 that reported PC beams with non-uniform correlation (NUC)
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structures, extensive research has been conducted on various non-uniformly correlated
beams, including Hermite-, Laguerre-, and Lorentz-type non-uniform coherence struc-
tured beams [11-13]. Each mode of these beams incorporates a quadratic phase factor,
allowing for distinct focal positions for different modes. During propagation, different
modes achieve dominance at specific distances. Furthermore, the weighting function
in mode representation enables control over self-focusing properties, demonstrating
remarkable potential for applications in particle manipulation.

Optical tweezers employ optical forces generated by the interaction of focused la-
ser beams with microscopic particles, forming three-dimensional optical potential
wells that enable precise manipulation of micro/nanoscale objects, including trapping,
translation, and rotation [14-17]. Due to their high precision, non-contact operation,
and minimal invasiveness, optical tweezers have been widely applied in single-cell ma-
nipulation, nanoparticle assembly, micro-force measurement, and biosensing [18-21].
As application domains continue to expand, the demands on optical manipulation ca-
pabilities have grown increasingly diverse. In recent years, fiber-based optical twee-
zers have emerged as a promising alternative owing to their low cost, ease of
miniaturization and integration, as well as enhanced operational flexibility, which ex-
pands the movable range of trapped particles [22,23]. These advantages have facili-
tated significant applications in biochemical analysis and life sciences. Conventional
fiber optical tweezers rely on tapered fiber probes. However, fabricating such probes
remains technically challenging, and achieving precise control over the output optical
field proves difficult. As aresult, current fiber probes can generate only gradient optical
fields with relatively simple structures, thereby limiting their manipulation capabili-
ties. While applying the axisymmetric GRIN fiber to the fiber optic tweezers system,
complex and diverse output optical field gradients are achieved by modulating the op-
tical field structure of the incident beam.

In this study, the paper is organized as follows. Section 2 investigates the propa-
gation characteristics of HNUC beams in both single and cascaded GRIN fibers based
on the Collins integral formula. Section 3 employs the Rayleigh scattering theory to
analyze the radiation forces exerted by HNUC beams on Rayleigh dielectric particles
within the inter-fiber gap of tandem GRIN fiber configurations. Finally, the concluding
remarks are presented in Section 4.

2. Propagation characteristics of HNUC beams
in a GRIN fiber and cascaded GRIN fiber

For PC beams, the cross-spectral density (CSD) function is employed to characterize
the statistical properties of the beam in the spatial-frequency domain. At the source
plane (z = 0), the CSD function of a HNUC beam can be expressed as [13]
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where r; = (r,, 1)) and r, = (r,,, r,,) represent the spatial coordinate vectors, G is
a constant related to the incident power, w, denotes the transverse beam width, and
Lo(ry, Iy) represents the spatial coherence structure of the HNUC beam, which is ex-
pressed as

2 2 2
B (r3—r}) r;—rj
o(ry,ry) = Hzm(o)exp - . H,, 5(2) ()
0

where J, denotes the coherence length of the HNUC beam, and H,,, represents the
2m-order Hermite polynomial. When the beam order m = 0, the HNUC beam degen-
erates into the NUC beam.

The CSD function of the HNUC beam described previously can be derived through
correspondence with a non-negative definite kernel, a condition that is satisfied if the
function can be written in the following form

Wo(ry, 13) = [PV, v Vo(ry, v)dv (3)
where
p) = (a2 exp[— - j @
Vo(r,v) = exp[r—ZJ exp(—ikvr?) (5)
Wo

in which p(v) represents a weighting function, V(r, v) serves as the kernel function,
k=2m/A is the wavenumber, and 1 denotes the wavelength. By substituting Egs. (4)
and (5) into Eq. (3), the CSD function of HNUC beams can be obtained through
straightforward integration.

The propagation of the HNUC beam through single GRIN fiber and cascaded
GRIN fiber systems is considered, as illustrated in Fig. 1(a) and (b), respectively.
The ABCD transfer matrix relating the input plane (z = 0) to the output plane z in
Fig. 1(a) is given by

{Al Bl} _ | cos(Bz) ———Slr;iﬁz) (6)
G, Dy, —nyfsin(fz)  cos(pz)

where 4,, B}, C,, and D, denote the transfer matrix elements of the single GRIN fiber,
z represents the distance between the input plane and the target plane, n, denotes the
refractive-index of the symmetry axis (i.e., z-axis), and f is the distribution factor of
the refractive index of the GRIN fiber. Light propagation in a GRIN fiber exhibits pe-
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Fig. 1. Illustration of the propagation of a HNUC beam in a GRIN fiber (a) and cascaded GRIN fiber (b).

riodic behavior. The period length equals L/2, where L = 2n/f. The transfer matrix in
Fig. 1(b) can be written in the following form

4, B,
C, D, B
sin( fz3) sin( fz,)

_ {1 24} cos(fz,) o {1 22:| cos(fz;) 7

0 1 —nyBsin(fz;) cos(fzy) ! —nypBsin(pz;) cos(pfz;)
(7)
where 4,, B,, C,, and D, denote the transfer matrix elements of the cascaded GRIN fiber
systems, z; and z3 correspond to the lengths of the first and second GRIN fiber seg-
ments, respectively, while z, and z, represent the lengths of the GRIN fiber gaps.
We study the propagation of HNUC beams in a GRIN fiber with a radial distribution
of refractive index. To quantify this distribution, the refractive index profile of the
GRIN fiber follows a parabolic distribution, which can be expressed as

ny(1-B°p%),  p*<R;
n® = (®)
ng(1-B*RY),  p*2 Ry

where p = |p| denotes the radial distance from the z-axis to a point within the cross
-section, R represents the core radius of the GRIN fiber, and distribution factor
pr=(- n?/ n(z))/ R2, where n, is the refractive index at the fiber boundary.

Within the framework of the Collins formula and under the paraxial approxima-
tion [24], the CSD function of the HNUC beam propagating through an ABCD optical
system can be expressed as
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where p; = (py, p1,) and p, = (pay, pa),) correspond to the position vectors in the out-
put plane, while 4, B, and D denote the transfer matrix elements of the optical system.
The CSD function of the HNUC beam in the output plane could be calculated by
substituting Egs. (1) and (2) into Eq. (9). However, the presence of higher-order terms
renders the integration of Eq. (9) analytically intractable. Therefore, by substituting
Egs. (3)—(5) into Eq. (9) and performing the necessary integration, the expression for
the CSD function of the HNUC beam via an ABCD optical system turns out to be

WPy, p22) = [POIP(py, b v, 2)dv (10)

where P(p,, p,, v, z) is defined as
1\ . ikD
P(pp p29 v, Z) = (ﬁ_) J-J-J.J. V()(rlz V) V()(r2> V)exp[_ﬁ(p% - Pg):|

ikA ik
X €xp {_—Z—B—(rf - r%) + 'E—(r] P Iy Pz)} d2r1 dzrz
(11)

by substituting Eq. (5) into Eq. (11), after integrating over r,(r|, ry,) and ry(ry,, 15,),
P(py, py, v, 2) is obtained as

Gy’ ikD k*p? k%p3
PPy Py v, 2) = ﬁexp[—z_@%_l’%) exp| - ———— — ——
MM, i"B z 4B°M, 4B°M,
(12)
in which
-1 ikA4 I ikA
e ) e

Based on the relation /(p, z) = W(p, p, z) between the intensity /(p, z) and the
CSD function W (p, p, z) at any point of the output plane, the expression for the inten-
sity distribution of the HNUC beam in a single GRIN fiber is derived by substituting
Egs. (6), (12), and (13) into Eq. (10), yielding
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an k2 2 k2 2
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Similarly, the expression for the intensity distribution in cascaded GRIN fibers is de-
rived by substituting Egs. (6), (12), and (13) into Eq. (10), resulting in

G.m? 2.2 2.2
10.2) = [pr)—2—— exp[— e e Jdv (15)
1M2/1 32 4BZM1 4BZM2

These expressions are used to study the propagation properties of HNUC beams in sin-
gle and cascaded GRIN fiber systems through detailed numerical calculations. The pa-
rameters values employed in calculations are P=1W, A=632.8 nm, n,=1.49,
= 1.45, wy, = 200/k, and 6, = 200/k, unless otherwise stated in the text.
The intensity distribution of the HNUC beam in the GRIN fiber for different values
of the beam order is given in Fig. 2. The white line indicates the axial intensity distri-
bution (along the z-axis). From the figure, it can be seen the process of periodic focusing

11
8 x10 5
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0 0.25L 0.5L 0.75L L

Fig. 2. Intensity distribution for different beam order m along the x-z plane within a GRIN fiber with
a parabolic refractive-index, (a) m =0, (b) m =1, (¢) m = 2, and (d) m = 3.
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and reconstruction of the HNUC beam, which is a property given to the beam by the
GRIN fiber with a parabolic refractive-index. For beam order m = 0, the HNUC beam
propagation characteristics resemble those of perfect vortex and Lommel beams in the
GRIN fiber [25,26], exhibiting focal points at 0.25L and 0.75L. For the beam order
m >0, the HNUC beam has two focal points (intensity maxima) at approximately
0.25L and 0.75L along the z-axis. This indicates that the HNUC beam undergoes the
process of focusing, divergence and refocusing within a short distance near 0.25 L and
0.75 L during its interaction with the GRIN fiber, which may be due to the strong self
-focusing property of the HNUC beam in this case. Furthermore, increasing the beam
order enhances both the peak intensity and the separation between the two focal points
near 0.25L and 0.75L.

To exploit the bifocal distribution near 0.25 L and 0.75 L along the propagation axis,
a cascaded GRIN fiber configuration (Fig. 1(b)) is employed, positioning the bifocal
region between the two GRIN fiber segments. The intensity distribution of the
HNUC beam in the gap of the cascaded GRIN fiber is given in Fig. 3, with the beam

(a) m=1

(b) m=1

0.0

Fig. 3. Intensity distribution of the HNUC beam in the gap of the cascaded GRIN fiber, (a) and (b) m =1,
(c)and (d) m =2.
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order m = 1 in Figs. (a) and (b), the beam order m = 2 in Figs. (c¢) and (d), z, region in
the cascaded GRIN fiber (Fig. 1(b)) in Figs. (a) and (c), and z, region in the cascaded
GRIN fiber in Figs. (b) and (d). The system parameters are set as z; = L/5, z, = L/10,
zy=3L/8, and z, = L/10. From the figures, it can be seen that the bifocal point distri-
bution persists in the gap regions along the direction of beam propagation, with the
rear focus intensity being lower than the front focus, and the peak intensity in z, region
exceeding that in z, region. Compared with Fig. 2, the cascaded GRIN fiber configu-
ration yields higher intensity maxima when focusing HNUC beams of the same order.

3. Radiation forces exerted by HNUC beams

When light interacts with a microparticle and becomes scattered, momentum exchange
takes place between photons and the particle, resulting in optical radiation pressure.
Under the assumption that the dielectric particle radius is significantly smaller than
the incident light wavelength (ay, << 1), the system can be described by the Rayleigh
scattering regime, where the particle is approximated as a point dipole.

According to the Rayleigh scattering theory, the gradient force Fg,,4 scales with
the electric field intensity gradient, expressed as [27,28]

1 2
Foog = TRe(a)V|E(px, Py z)| (16)

where |E(p,, Py z)|2 = 21(p,, py» 2)/(n,80¢), 1(p,. p,, z) corresponds to the in-
tensity of the HNUC beam in the target plane, n,, is the host medium refractive index,
&y represents the vacuum permittivity, and c is the speed of light in vacuum. The real
part of the particle polarizability, Re(a), is given by
o« = % (17)
1l —iagk™/(6me)

where o, = 4me ai( &, — &)/ (&, + 2¢,), withe, and &, denote the relative permit-
tivities of the particle and the host medium, respectively. The permittivity-refractive
index relation is given by ¢; = nf (where i = p or m). The scattering force Fg,; is pro-
portional to the light intensity values and is along the z-direction (the direction of light
propagation), which can be expressed in the following form [27,28]

n
FScat =€ cmCScatI(px’py’Z) (18)

where e_ is a unit vector along the beam propagation direction, and Cy,, = kgla|*/(6mel)
denotes the scattering cross-section of the Rayleigh particle. Substitution of Eq. (15)
into Egs. (16) and (18) enables the calculation of the gradient and scattering forces on
a Rayleigh dielectric particle exerted by an HNUC beam in the gap region of cascaded
GRIN fibers. The gradient force F,,q includes the transverse gradient force Fg,q
(FGrag,y) along the p,-p, plane, as well as the longitudinal gradient force Fg,,4 . along
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the z-direction. It can be found that the direction of the longitudinal gradient force
F(paq, - and the direction of the scattering force Fg,, are both along the z-axis, so the
sum of longitudinal gradient force and scattering force, i.e., Fg,q . T Fgeqt» re€presents
the resultant force along the z-axis, referred to as the longitudinal radiation force.

The variations of the radiation forces exerted by the focused HNUC beam on the
Rayleigh particles in the z, region are depicted in Fig. 4, where m =2, n,, = 1, n,=1.592
(i.e., glass), ap = 30 nm, with all other calculation parameters consistent with those in
Fig. 3. Figure 4(a) illustrates the transverse gradient force Fg,,q , at the front focus and
back focus cross-sections. Figure 4(b) depicts the longitudinal gradient force Fg,q .-
Figure 4(c) presents the scattering force Fg_,,. Figure 4(d) demonstrates the sum of lon-
gitudinal gradient force and scattering force Fg,,q, + Fg, along the z-axis. The force
sign convention is defined as follows: positive the transverse gradient force F,,q . cor-
responds to +p, direction, while negative values indicate —p, direction; similarly, the
longitudinal gradient force Fg,,q . > 0 denotes +z direction and Fg,,4 , < 0 indicates
—z direction.

As illustrated in Figs. 4(a)—(d), it can be observed that the direction of the trans-
verse gradient forces Fg,q , points to p, = 0 um at both the front focus and back focus
cross-sections, indicating that in both focal planes, the transverse gradient force drives
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Fig. 4. Radiation forces on Rayleigh particles from the HNUC beam in the z, region, (a) Fgq x> (0) Fgraq 2
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the particle toward the focus. The direction of longitudinal gradient force Fg,,4 , points
to z, = 15.14 um (the front focal point) and z, = 32.21 pm (the back focal point),
demonstrating in the z-axis direction, the longitudinal gradient force drives the parti-
cles towards these two points. In addition, the scattering force is numerically smaller
than the longitudinal gradient force, i.e., the longitudinal gradient force is able to over-
come the forward scattering force, indicating that the particles can be stably captured
along the z-axis. Therefore, both the front and back focuses can capture Rayleigh par-
ticles stably in three dimensions in the z, region.

The radiation force of the HNUC beam on the Rayleigh particles in the z, region
is given in Fig. 5, and the calculated parameters are the same as those in Figs. 3 and 4.
From the figure, it can be seen that the HNUC beam has two stable equilibrium points
distributed along the z-axis in the z, region, both of which can capture the Rayleigh
particles in three dimensions. Compared with the z, region in Fig. 4, the difference in
the magnitude of the radiation force between the front and back foci is much larger,
and the radiation force at the front focus is about twice as large as that at the back focus
in the z, region.

The trapping stability is discussed next. For three-dimensional stable optical trap-
ping to be achieved, three conditions must be satisfied simultaneously: (1) Stable con-
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Fig. 5. Radiation forces of the HNUC beam on Rayleigh particles in the z, region, (a) Fgaq y» (b) Fgrad s
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finement in the transverse plane, which is met as the transverse gradient force fulfills
this requirement, as evidenced in Figs. 4(a) and 5(a). (2) Stable trapping along the
z-axial direction, which requires that the longitudinal gradient force overcomes the
scattering force. This condition is satisfied, as shown in Figs. 4(d) and 5(d), where
the longitudinal gradient force exceeds the scattering force. (3) Both the transverse and
longitudinal gradient forces must be sufficient to overcome the influence of Brownian
motion. The Brownian force is defined as Fiy = (1215 ayk,T)"? [29], where 5 denotes
the viscosity of the ambient medium, with a value of # = 7.977 x 10™* Pa-s for water
at a temperature 7= 300 K, and &, is the Boltzmann constant. The calculation shows
that the Brownian force is equal to 1.9355 x 107> pN, which is significantly smaller
than both the transverse and longitudinal gradient forces. Therefore, three-dimensional
stable trapping of Rayleigh particles by the HNUC beam can be achieved at these stable
equilibrium points.

4. Conclusions

In this paper, we investigate the propagation characteristics of HNUC beams in both
single and cascaded GRIN fibers based on the Collins integral formula and Rayleigh
scattering theory, with particular focus on the radiation forces exerted on Rayleigh par-
ticles within the inter-fiber gap of tandem GRIN fiber configurations. The results reveal
that HNUC beams exhibit periodic focusing and reconstruction in GRIN fibers,
demonstrating dual focal points along the z-axis at approximately 0.25 L and 0.75 L po-
sitions. To exploit this bifocal property, a cascaded GRIN fiber system was designed
to position both foci within the inter-fiber gap. Notably, two axial intensity maxima
are maintained in the gap region, where the anterior focal point exhibiting greater peak
intensity than the posterior focal point. Theoretical analysis confirms that HNUC
beams can achieve three-dimensional stable trapping of Rayleigh particles at both ax-
ially separated focal positions. These findings suggest potential applications in fiber-
based optical tweezers systems, particularly for scenarios requiring multiple trapping
zones along the optical axis. The demonstrated ability to maintain dual trapping po-
tentials within an engineered fiber gap could enable novel manipulation schemes in
microfluidics and biophotonics applications.
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