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Longitudinal optical trapping and manipulating Rayleigh particles by spatial
nonuniform coherence engineering
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Focused structured light fields with spatially nonuniform correlation can exhibit multiple focal points in
the longitudinal direction, which suggests that they are suitable for longitudinal optical trapping. Due to the
controllable nature of the longitudinal intensity distribution, this class of structured light fields not only can trap
two high-index particles simultaneously, but also can manipulate them in the longitudinal direction.
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I. INTRODUCTION

One half of the Nobel Prize in Physics 2018 was awarded
to Ashkin “for the optical tweezers and their application to
biological systems.” He performed the first demonstration of
the capture and manipulation of particles using the radiation
pressure of multiple laser beams in [1], and in [2] showed
with collaborators that it is possible to trap dielectric particles
using the radiation force from a single laser beam, a technique
known as optical tweezing. Optical traps and tweezers have
been extensively studied over the past half century since these
seminal works, and they have become a powerful tool for the
control and manipulation of a variety of small objects, such
as viruses, biological cells, neutral atoms, DNA molecules,
and dielectric particles [2-9]. While the principles of optical
traps are well understood, refinements of the technique are
still being actively investigated, including the use of structured
light fields [10-13]. In this paper a different optical microma-
nipulation approach is demonstrated using the characteristics
of a structured partially coherent light field.

Broadly speaking, a light field with a prescribed nontriv-
ial amplitude, phase, and polarization distribution is called
a structured light field. A Bessel beam is an example of a
beam with a structured amplitude distribution, which makes it
nondiffracting over extended propagation ranges; these beams
have been used to trap and manipulate particles in multi-
ple axial sites [14] and transport submicron particles over
a distance of hundreds of micrometers [15]. Optical vortex
beams are examples of beams with a structured phase that
have been applied in a range of applications, such as twisting
metal to create chirality in metal nanostructures [16]. Radially
polarized beams have structured polarization, and a focused
radially polarized double-ring-shaped beam has been used to
trap two types of particles with different refractive indices
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[17]. There are many other examples of using structured light
for trapping and micromanipulation [18-20].

In the study of structured light, spatial coherence has
emerged as a fourth intrinsic property of light fields that can be
optimized for particular tasks. Light beams with reduced spa-
tial coherence, referred to as partially coherent beams (PCBs),
have been shown to perform better in some applications when
compared to their coherent counterparts [21]. Optical trapping
is a leading application of structured light and it is reasonable
to believe that PCBs can play an important role in trapping,
as their propagation and focusing characteristics can be con-
trolled by the manipulation of spatial coherence. Aufién and
Nieto-Vesperinas established a theory of the averaged optical
force exerted by PCBs on a dipolar particle [22] and demon-
strated that the simplest type of PCBs, Gaussian Schell-model
beams, can produce exactly the same optical forces as a fully
coherent laser beam [23].

Applications of partial coherence have been historically
limited by the difficulty of designing tailored PCBs. However,
Gori and Santarsiero proposed a new method for designing
a wide variety of novel PCBs with prescribed correlation
structures [24]. It has also been shown that the focused in-
tensity distribution of a PCB can be affected dramatically by
its correlation structure in the source plane [25]. Because the
radiation forces of a light beam are directly related to the
focused intensity, the radiation forces of a PCB can therefore
be manipulated by tailoring the correlation structure, and it is a
natural progression to investigate the trapping effect of PCBs
with prescribed correlation structures. Over the past decade,
researchers have conducted notable research along these lines.
It has been shown that novel optical tweezers can be designed,
for instance, that trap two types of Rayleigh particles simulta-
neously and modulate the trapping area [17,26-28].

Although the aforementioned results have achieved some
novel trapping properties, they are restricted to the transverse
focal plane. These earlier investigations were limited by the
use of beams with a uniform correlation structure, such as
Gaussian Schell-model beams, leaving many possible states
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of spatial coherence unexplored. A distinct and broad class
of beams includes those with a spatially variant correlation
function, i.e., a nonuniformly correlated structure. The use
of nonuniformly correlated structures extends the control of
beams to include longitudinal effects as well as transverse,
which makes it possible to trap and manipulate particles lon-
gitudinally by adjusting the coherence of light beams.

In this work we show the application of nonuniform
coherence engineering in optical tweezing to realize the lon-
gitudinal trapping and control of particles. These results help
fill the current gap in coherence modulation research, which
only manipulates particles in the transverse focal plane.

II. THEORETICAL MODELING

When incident light is scattered by a microparticle, an opti-
cal radiation force is produced by the exchange of momentum
between the photon and the microparticle. We assume that the
radius of the microparticle is much smaller than the wave-
length of the incident light, in which case the microparticle
can be treated as a simple point dipole and the Rayleigh
scattering model is applicable [29]. Based on this model,
the total radiation force acting on the dipole consists of two
contributions: the scattering force and the gradient force. The
former is proportional to the light intensity and is along the
direction of light propagation, which is given by
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where [ is the intensity of the light illuminating the particle; &,
is a unit vector along the beam propagation; c is the speed of
light in a vacuum; and « denotes the scattering cross section of
the Rayleigh particle o = 3wk*RO[(y* — 1)/(y* + 2)]?, with
k the wave number, R the radius of the particle, and y =
np/ng, with n, and n, the refractive index of the ambient
medium and the particle, respectively. For a beam of finite
size, there is also a transverse scattering component, but near
the beam axis this component will be small and we therefore
do not include it.
The gradient force is proportional to the gradient of the
square of the electric field and can be expressed as
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The gradient force is directed along the gradient of light in-
tensity and includes transverse and longitudinal components,
i.e., Fyrad x(y) and Fypaq ;. The latter component is parallel or an-
tiparallel to the scattering force and therefore the longitudinal
gradient force must be larger than the scattering force in order
to trap particles stably within the Rayleigh approximation.
From the expressions of the scattering force and gradient
force, we can see that both of them are dependent upon the
intensity distribution of the incident light. As noted above,
a change of the spatial correlation properties of the light
beam can therefore induce a change of the radiation force,
as structured light with unusual correlations can exhibit novel
intensity patterns [21]. In particular, structured light fields
with nonuniform correlations can exhibit propagation features
that are unachievable with uniform correlations. Such light
fields have a self-focusing property [30] and we have analyzed

and verified this self-focusing [31]. Thus, structured light
beams with nonuniform correlation are the perfect candidates
to achieve longitudinal trapping and manipulation.

Next we discuss the unique advantages of structured light
beams with nonuniform correlation in particle trapping and
manipulation. A number of nonuniformly correlated beams
have been studied in the past, such as a basic type of nonuni-
formly correlated beams and so-called Hermite nonuniformly
correlated beams, and their propagation characteristics are
well known [30,32]. In order to show that this nonuniformly
correlated class of beams universally has unique advantages,
we introduce another generalized set of higher-order two-
dimensional sources in this paper.

We assume that we have a statistically stationary random
scalar source. The second-order correlation properties of this
light field can be described using the cross-spectral density
(CSD) in the space-frequency domain. The CSD of the field at
the source plane is defined as a two-point correlation function
W(ry,ry) = (E*(r1)E(ry)). Here E(r) denotes a component
of the electric-field vector, the angular brackets indicate the
ensemble average, and the asterisk denotes the complex con-
jugate. For brevity, we will work at a single frequency and
omit the dependence on angular frequency in our expressions.
To be a mathematically genuine correlation function, the CSD
must correspond to a non-negative definite kernel, which can
be given as a superposition integral as [24]

W(r,r) = / p(W)H*(r1, v)H (r2, v)d*v, 3)

where H (r, v) is an arbitrary kernel and p(v) is a non-negative
weight function, with v = (v, v,) a two-dimensional vector
in Fourier space. In order to generate sources with a longitu-
dinal manipulation capability and self-focusing extraordinary
feature, we consider a kernel with a quadratic phase factor as

H(r,v) = t(r) exp[—ik(v, + v,)r’], 4)

where 7(r) = exp(—r?/ 4a)g) and wy is the beam width. Then
the weight function is set as a generalized higher-order form
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where § is a positive real constant and m is the mode order.

Then, according to Eq. (3), we obtain

2 2

ri+r
W (ri,ry) = exp (— 14w22)u(r1,r2), (6)
0

with the spectral degree of coherence given by
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Here § = /28/k? is the spatial coherence length and L?
denotes the Laguerre polynomial of mode orders m and 0.
We see that the above correlation function is an inhomoge-
neous function with Laguerre form. Therefore, we label this
class of PCBs as Laguerre nonuniformly correlated (LNUC)
beams. We infer from our earlier work [31] that such beams
will also display self-focusing features and consequently also
longitudinal manipulation capability; this is due to the fact that
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the individual modes H (r, v) of the beams possess a quadratic
phase factor, which causes them to converge or diverge.

The propagation of a paraxial beam through an ABCD
optical system can be handled by the extended Collins formula
[33]

W(p,, py) = f W (r1, )G (r1, p))G(r2, py)d*r1d’ra, (8)

where G(r, p) = -z exp(5ar> — &r . p 4+ %2 p?) is the sys-

tem propagator and p; and p, are the transverse spatial
position vectors in the output plane. The quantities A, B, C,
and D are the elements of a transfer matrix for the optical
system. We insert the LNUC beam model into Eq. (8) and
interchange the orders of the integrals to obtain

W(py, p,) = f p()P(py, ps, v)d*v, )
with
P(py, py, v)

= / H*(ry, v)H(ry, )G (r1, p,)G(r2, po)d*rid°r,.
(10)

We can analyze the intensity evolution of such beams by using
the diagonal elements of the CSD, i.e., S(p) = W (p, p).

We now consider the case when a LNUC beam is focused
by a thin lens of focal distance f. The transfer matrix of the
system can be expressed as

2+ f
)

A B\ (1 z+4f L0y (-

c p)=\o 1 )\ 1J7\-
an
where z represents the axial distance from the focal plane to
the output plane. Therefore, z < 0, z > 0, and z = 0 indicate
that the output plane is located in front of, behind, and in
the focal plane, respectively. In the following simulations, the
focal distance of the thin lens is f = lcm, while the power and
the beam width of the incident LNUC beams are set as 50 mW
and 1 cm, respectively. The coherence length and mode order

are tunable parameters and will be given in each figure that
follows.

S

III. NUMERICAL RESULTS

Figure 1(a) shows isosurface plots of the propagation of
focused LNUC beams for m = 1 and § = 1 cm. We clearly
observe self-focusing and the positions of the minimum spot
size, i.e., the real foci, appear in front of and behind the
geometric focus (z = 0). For convenience, the wavelength is
taken to be that of common HeNe-type laser diodes, A =
632.8 nm; the results presented here are qualitatively similar
for other wavelengths.

Figures 1(b) and 1(c) show how the on-axis intensity de-
pends on the coherence length and mode order of focused
LNUC beams on propagation. One clearly observes that there
are two real foci which are displaced from the geometric
focus. Furthermore, the initial beam parameters, coherence
length, and mode order all affect the position of the real foci
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FIG. 1. (a) Isointensity plot and (b) and (c) on-axis intensity evo-
lution of focused LNUC beams for different (b) coherence lengths
and (c¢) mode orders.

and degree of focus. The positions of the real foci are further
away from the geometric focus with decreasing coherence and
increasing mode order, which means adjusting the initial beam
parameters of the generated beams will manipulate the lon-
gitudinal intensity distribution, making it possible to achieve
longitudinal particle trapping and manipulation.

We next consider the longitudinal gradient force on par-
ticles produced by focused LNUC beams. We choose two
types of Rayleigh particles with refractive indices n, = 1.59
(i.e., glass spheres) and n, = 1 (i.e., air bubbles), with radii of
R = 50 nm. The ambient medium for both particles is water
with refractive index n, = 1.33. The other parameters are set
the same as before.

Figure 2 shows the distributions of the scattering
force Ficai:, longitudinal gradient force Fyaq., longitudinal
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FIG. 2. Different radiant forces on two types of Rayleigh par-
ticles. The values y > 1 and y < 1 represent high- and low-index
particles, respectively.
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FIG. 3. (a) Longitudinal and (b) transverse gradient forces on the
high-refractive-index Rayleigh particles for different states of spatial
coherence.

resultant force Fies; = Fycar; + Frad z» and transverse gradient
force Fgraq, of them acting on the high- (y > 1) and low-
(y < 1) refractive-index Rayleigh particles by focused LNUC
beams, with fixed initial beam parameters (m =1 and § =
1 cm). From Fig. 2(a) we can see that the distribution of the
scattering force of both Rayleigh particles is similar to the
intensity distribution on propagation, as the scattering force
is proportional to the intensity, as shown in Eq. (1).

We confirm from Fig. 2(b) that the values of the longitudi-
nal gradient force can equal zero at several positions, which
indicates that Rayleigh particles can be trapped around these
zero points; however, such trapping depends on the relative
value of the scattering force. Fortunately, comparing Figs. 2(a)
and 2(b), we find the scattering force is negligible compared
to the longitudinal gradient force.

The resultant of the longitudinal gradient force and scat-
tering force is illustrated in Fig. 2(c), and we clearly find that
there are multiple equilibrium points which could be used to
trap particles. Furthermore, for a positive force, the direction
of the longitudinal gradient force is along the +z direction and
for a negative force it is along the —z direction. This means the
low-refractive-index particles can be longitudinally trapped at
the position O (i.e., geometric focus) and the high-refractive-
index particles will be pushed from position O to positions
A and A’ and will eventually be longitudinally stable in such
positions.

In order to demonstrate stable trapping in three dimen-
sions, we must analyze the behavior of the radiation force
in the transverse plane at the equilibrium points. As LNUC
beams are circularly symmetric, we select the transverse gra-
dient force in the x direction as representative of the general
case. We find from Fig. 2(d) that, depending on the value of
the radiant force, the transverse gradient force acting on the
high-refractive-index Rayleigh particles pushes the particles
inward (to optical axis). However, the transverse gradient
force acting on the low-refractive-index Rayleigh particles
pulls the particles outward (away from optical axis). There-
fore, when the LNUC beams impinge on a collection of
two types of particles, such beams will transversely disperse
the low-refractive-index ones, screen out the high-refractive-
index ones, and pull them out of the collection, stabilizing
them at the equilibrium points away from the geometric focus.

Figure 3(a) shows how the longitudinal resultant radiation
forces, acting on the high-refractive-index Rayleigh particles,
depend on the coherence length. It is found that the positions
of the equilibrium points, except for the geometric focus, are
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FIG. 4. (a) Longitudinal and (b) transverse gradient forces on the
high-refractive-index Rayleigh particles for different mode orders.

related to the coherence of LNUC beams and the equilibrium
points move away from the geometric focus as the coherence
is decreased. This means that such beams can be used to
trap the high-refractive-index Rayleigh particles first and then
longitudinally move them away from or close to the geometric
focus by adjusting the coherence of the incident beams. Since
the coherence is continuously adjustable, the longitudinal po-
sition of the equilibrium points can be precisely manipulated.
Furthermore, we find that the longitudinal trapping area for
LNUC beams with low coherence is wider than that for the
high coherence beam.

In addition, the amplitude of the radiation force decreases
with decreasing coherence. This means that there is a trade-off
between the position, range, and stability of trapping. Once
the radiant force is reduced to a value that cannot overcome
Brownian motion caused by the ambient thermal fluctuations,
the particles can no longer be trapped stably. The comparison
between the radiant force and Brownian force will be dis-
cussed in detail momentarily. Figure 3(b) shows the transverse
gradient force acting on the high-refractive-index Rayleigh
particles at stable equilibrium points (A, B, and C). We con-
firm from this result that the particles are pushed inward in the
transverse plane, from which they can be stably trapped in the
transverse plane. Therefore, combined with the conclusions
from Fig. 3, it indicates that high-refractive-index Rayleigh
particles can be stably trapped in the equilibrium points in
three dimensions at locations other than the geometric focus.

The mode order is another important tunable parameter
of LNUC beams that can be used to modulate the beam
properties. Figure 4 shows the resultant radiation forces acting
on high-refractive-index Rayleigh particles by focused LNUC
beams with different mode order. The other parameters used
are the same as those above. We confirm that the effect of
increasing mode order is similar to that of decreasing the
coherence of such beams. Increasing the LNUC mode order
by one order, the equilibrium points will span a significant
longitudinal distance, allowing for rough adjustment of posi-
tion. Therefore, combined with fine-tuning of coherence, we
can adjust the initial coherence length and mode order of such
beams, making more flexible trapping and manipulation of
particles.

We plot a detailed evolution of the position of the equi-
librium point versus the coherence length for different mode
orders in Fig. 5. The equilibrium points for trapping high-
refractive-index particles will move away from the geometric
focus as the coherence decreases and/or mode order in-
creases. We find from this figure that the coherence can be
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FIG. 5. Position of the equilibrium points versus the coherence
length for different mode orders.

used for precision manipulation of the positions of the equi-
librium points and the mode order can be used for rough
manipulation. Therefore, users can determine for themselves
which coherence length and mode order provide optimal re-
sults for their application from this figure.

Particles typically undergo Brownian motion due to ther-
mal fluctuations of the ambient medium. Therefore, the
Brownian force is another factor in the stability of optical
traps. However, as long as the radiation force is appreciably
larger than the Brownian force, the Brownian motion of the
particles can be ignored. The magnitude of Brownian force
can be obtained as |Fz| = (127«kRkT)'/? according to the
fluctuation-dissipation theorem of Einstein [34], where « de-
notes the viscosity of the ambient medium (x = 7.977 x 10~*
Pas for water at the temperature 7 = 300 K) and «p denotes
the Boltzmann constant. In our case, the radius of the particle
R = 50 nm and the Brownian force Fz = 2.5 x 1073 pN.

In Fig. 6 we compare the Brownian force with the vari-
ous radiation forces as a function of coherence length, with
mode order m = 1. In this figure, |Fyraqx|max represents the
maximum transverse gradient force and |Ficy|max represents
the maximum longitudinal scattering force. Referring back to
Fig. 4, |Fres1—plmax and [Fresj—y|max represent the maximum
resultant forces at the large peak to the left of the geometric
focus and the small valley to the left of the geometric focus,
respectively, while |Fes —plmax and |Fes r—y|max represent the
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FIG. 6. Variations of Brownian force and radiation forces with
coherent length with beam order m = 1.

maximum resultant forces at the small peak to the right of
the geometric focus and the large valley to the right of the
geometric focus, respectively.

It can be seen that the resultant forces are significantly
larger than the Brownian force over a range of coherence val-
ues. When the coherence length of the beam is approximately
2 cm, the small peak and valley near the geometric focus
disappear, removing the two longitudinal stable points near
the ideal focus. It should be noted that even in such a case,
and also the case when the coherence becomes lower than
the critical value of 0.5 cm, the particles will still be coarsely
trapped between the large left peak and large right valley in
Fig. 4. This low coherence critical value is only for the initial
beam power (50 mW) discussed in this paper. Therefore, users
who use such structured light beams with low coherence for
an application can increase the initial power of the incident
beam as needed to overcome the Brownian motion.

IV. CONCLUSION

From the results shown above, we conclude that LNUC
beams achieve longitudinal trapping and manipulation of
Rayleigh particles. Furthermore, adjusting the coherence and
mode order of LNUC beams allows fine and coarse control
over the longitudinal position of particles.

It is worthwhile to say a few words about the physics that
leads such beams to have their unusual trapping and manip-
ulation properties. Equation (3) expresses the cross-spectral
density as an integral over mutually incoherent modes of a
beam. For the case of LNUC beams, as well as similar beams,
Eq. (4) shows that each mode possesses a quadratic phase
factor exp[—ik(vy + vy 2], which causes them to individually
converge and diverge at different focal distances dictated by
the values of v, and v,. Under the action of a focusing lens,
these converging modes and diverging modes are focused on
locations in front of and behind the geometric focus. The
weighting function (5) determines which modes dominate and
thus affects the position of the real foci. Therefore, adjusting
the coherence (in effect, the shape of the weighting func-
tion) is a way to control which modes dominate in achieving
longitudinally particle manipulation. It is worth noting that
more complicated choices of weighting function may result
in a more complex mode distribution, leading to even more
sophisticated particle trapping and manipulation. In practice,
these beams could be synthesized by using a pseudomode
sampling superposition method [31,35], weighting them as
different weight functions.
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