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Optical trapping of large metallic particles in air
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In this paper, we introduce a horizontally oriented photophoretic “boat” trap that is capable of capturing
and self-loading the largest reported (radius >1 pwm) photophoreticaly trapped solid gold particles in air
for more than 1 h. Once trapped, particles are held stably, without hopping, even as the trap is modified
to scan axially or expanded to a larger size to increase the capture cross section. We theoretically present
and experimentally demonstrate each of these affordances.
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I. INTRODUCTION

Plasmonic particles exhibit unique properties, such as
strong and broad light-matter interactions, fluorescence,
and photocatalysis [1]. These attributes render them highly
effective in enhancing levitated optomechanical systems.
Owing to their strong interaction with light and high
densities, large solid-metallic particles offer solutions to
mitigate hopping issues and enhance the quality of optical-
trap displays [2]. These particles could also increase the
sensitivity of detection of airborne pathogens, improve
experiments on the catalysis of gaseous chemical reac-
tions [3], and bring plasmonic field enhancement to a host
of levitated optical systems. Moreover, systems involv-
ing trapped plasmonic particles can facilitate the obser-
vation of new physics by offering enhanced isolation
from the environment and extending their operation into
three-dimensional (3D) space [4]. However, it has proven
notoriously difficult to robustly trap large metallic parti-
cles in air. For large metallic particles exposed to laser
light, optical forces are mainly driven by positive pho-
tophoretic forces. Unlike smaller metallic nanoparticles,
the plasmonic absorption spectrum shifts to longer wave-
lengths and broadens [5,6], causing uneven heating on the
illuminated particle side. Due to the Soret effect, this cre-
ates a positive photophoretic force that pushes the particle
from hotter to colder regions, overpowering other forces.
Consequently, these particles are trapped at intensity min-
ima, unlike smaller or less-absorbent particles that can be
trapped at intensity maxima due to negative photophoretic
or gradient forces [7].

All known efforts to optically trap metallic particles
away from surfaces are shown in Fig. 1(a) [5,8-20].
We calculate the photophoretic force and extinction cross
section for each particle based on its reported size and
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material. The extinction cross section encompasses both
scattering and absorption, contributing to repulsion. The
data point size reflects the particle size, while red mark-
ers indicate air-trapped particles and blue markers indi-
cate water-trapped ones. The calculations assume spherical
shapes, though nonspherical shapes are expected to reduce
repulsive forces [5].

Several key observations can be made. First, larger
metallic particles experience greater repulsive radiation
and photophoretic forces, as anticipated. Second, pho-
tophoretic forces decrease when particles are in water.
Notably, all trapped metallic particles to date have oper-
ated in regimes in which attractive forces prevail or ther-
mal effects are negated, highlighting the need for new
air-trapping geometries for large metallic particles.

Further details reveal that metallic particles have been
trapped in both water and air using inverted optical tweez-
ers in the dipole regime [radius (R) <« wavelength] [5,8—
12]. Here, trapping relies on attractive gradient forces,
overshadowing repulsive scattering and thermal forces.
However, such methods can dramatically heat the parti-
cle surface beyond the melting point, limiting utility. In
the Mie regime (radius > wavelength), repulsive forces
may destabilize the particles. Reflective coatings can mit-
igate Soret effects [13,14]. Mie particles have also been
trapped in two dimensions (2D) or loosely in 3D with
engineered beams in water, with size limitations [15-20].
Trapping near extreme fields at surfaces has also been
reported [21]. For applications that require free-space axial
and radial movement (such as displays), new approaches to
air trapping of large metallic particles are needed.

We finally note that several previous experiments have
successfully trapped nonmetallic absorbing particles phot-
phoretically using optical beams with local intensity aber-
rations [22-25], leading to demonstrations of, e.g., 3D
volumetric displays [2]. The density of metallic particles
is much larger than that of nonmetallic particles (carbon,
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FIG. 1. (a) The illustrated contribution of this work, by com-
paring the calculated photophoretic force and extinction cross
section of published experimental optical trapping of metallic
particles in air and water. (b) The 3D boat-shaped intensity distri-
bution of the trap reported in this work. (c) This boat trap shows
a self-loading operation for metallic particles.

soot, black liquor), making trapping more difficult. At the
same time, photophoretic forces in similarly sized metal-
lic particles are 1-2 orders of magnitude larger, which
has the potential to mitigate or further complicate this
difficulty. The result of these differences is that, in our
experiments, the local trap sites created by speckle and
aberration that are capable of routinely trapping nonmetal-
lic particles (such as soot) have not been able to hold
the metallic particles. An alternative trapping method is
required.

This work demonstrates for the first time the trap-
ping of large gold particles in air without proximity to
a surface. Solid gold particles have demonstrated trap
lifetimes in excess of 1 h. Our trap design builds on
previous work demonstrating arbitrary acousto-optic con-
trol of optical-trapping beams [26,27] and a resulting 3D
morphology that allows for near-solid-state axial and lat-
eral translation [28]. Our design also has an unexpected
and convenient photophoretic (rather than gravitational)
self-loading phenomenon not previously reported and the
ability to dynamically change the trapping potential and
location [Fig. 1(a)]. This enables, simultaneously, a large
capture cross section and a singular stable-trap locus with
an overall action reminiscent of loading within a mechan-
ical pencil. The dynamic nature of the trap also allows
for adjustment of the absolute location of the self-loading
terminus—providing a possible solution to the challenge
of variability in other self-loading systems [29]. These

particles used in this experiment have been obtained com-
mercially. Their mean diameter is 1.16 pm (standard
deviation 0.512 pm and diameter sphericity of 0.94). To
explain the underlying physics of our trap, we present a
theoretical model of the dynamical trap in terms of all rel-
evant optical forces. Using our model, we calculate the
trapping potential in the transverse and propagation planes
and show the self-loading operation. Our theory is in good
agreement with experimental observations.

II. TRAP DESIGN

To achieve a 3D photophoretic trap for metallic parti-
cles, we form a dynamic repulsive energy well by rapidly
scanning a focused laser along a parabolic path in the y-
z plane (transverse plane), as depicted in Fig. 1(b). If the
scan rate exceeds the diffusional motion of the particle, the
particle senses a quasistatic repulsive intensity distribution.
Details on achieving uniform side walls can be found in the
Supplemental Material [30].

It is straightforward to see that the scanning laser forms a
parabolic well in the transverse plane. What is less obvious
but crucial is how it also creates a deep trapping poten-
tial along the x axis (propagation direction). As illustrated
in Fig. 1(b), the quasistatic electric field has two nearly
parallel diverging Gaussian beams, the intensity of which
resembles a boat shape. The intensity peaks along the x
axis are due to the overlap of these beams at two points:
the stern and the bow of the “boat.” We call these conver-
gence points, and they repel particles to the center of the
boat. Although the electric field is x-axis symmetric, the
photophoretic force is not, as the laser illuminates the par-
ticle from one side. Interestingly, due to beam divergence,
the opposite side of the particle can be preferentially illu-
minated at the positive convergence point. This enables a
single laser to push a particle in the —x direction, despite
propagating in the +x direction. This also implies that the
potential minimum of the trap will be near this positive
convergence point. The superposition of all beams results
in a 3D boat-shaped potential, shown in Fig. 1(c).

The intensity in the transverse plane at time ¢ may
be expressed as z; () = (2/d) ny (f) —d, where —d<
¥r () < d is the tuning parameter that controls the size of
the potential trap in both the transverse and axial planes.
The dynamic intensity is
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where w(x) = wp/1 + (x/Jq})2 is the beam width, wy =
’fﬁ is the beam waist, NA is the numerical aperture,
Xg = Iq)w%/Z is the Rayleigh length, and p;, is the laser
power; the focal point of the laser beam is located at the
x = 0 plane. To create a uniform intensity, the speed of the
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scanner is adjusted to be constant along the parabolic path,
as described in the Supplemental Material [30].

Particles are trapped inside the dark region of the boat by
repulsion from the surrounding intensity barrier. The trap is
adiabatic and its volume can be adjusted using the parame-
ter d, controlled by the radio frequency of the acousto-optic
modulators (AOMs). The dimensions of the boat—width

W = 2d, depth H = 2d, and length L = (kowo),/y? — w}

[where y1 = /d/2(wp + R)]—are specified in Fig. S1 of
the Supplemental Material [30]. Both the width and the
height depend solely on d, while the length also depends on
the NA. Increasing d expands the volume of the boat and a
higher NA compresses it axially. A larger boat holds more
particles, while a smaller one offers a deeper potential.

III. THEORETICAL CALCULATION OF
TRAPPING FORCES

We model the boat trap by calculating all relevant opti-
cal and thermal forces and their corresponding energy
potentials. The effect of Langevin forces, including Brow-
nian motion, is considered by comparing the depth of the
potential traps with thermal energy k7. Here, we neglect
the drag force, as it is small compared to the optical and
thermal forces. The details of the calculations are shown in
the Supplemental Material [30].

In the transverse plane, we calculate the total forces
(optical and photophoretic forces) and the potential trap
onthelinez = (2/d) y2 —d + (wo + R). This path follows
the 1/ intensity point of the Gaussian beams relative to
the y-z plane, offset by the radius of the particle, In Figs.
2(a) and 2(b), the total force in the y and z directions
and the transverse potential trap are shown as a function
of angle @ at x = 0. Since the y component of the total
force is an odd function of 6, where it is negative for
0 <6 < /2 and positive for — /2 < 8 < 0, the particle
is continuously pulled into the trap region in the y direc-
tion. In contrast, the z component of the total force is an
even function of @ and its values are positive. This means
that the particle experiences repulsive forces in the z direc-
tion that overcome gravity. The vector map of the total
force in the transverse plane is shown in the Supplemen-
tal Material [30]. The potential energy of the trap at point

p=(y,z)is

_— = Y 4 ’ ’
U(P):_f Ftot‘dp:_f (Fy‘l‘EFzy)dJ’- (2)

oo oo

The potential U(p) is depicted in Fig. 2(b), showing a
symmetric trap in the transverse plane with a minimum at
6 =0 (y = 0). To counteract Brownian motion, the trap
depth Uy, is 5500kgT (10 times the thermal energy),
ensuring stability. Similar calculations for successive x
values yield a 3D potential U(x, y, z).
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FIG. 2. (a) The y and z components of the total force and (b)

the potential trap in the transverse plane. (c) The total force and
(d) the potential trap in the longitudinal direction. The simulation
parameters are chosen as follows: A = 532 nm, pj, = 10 mW,
NA =0.15,w=5kHz R =1 pm, and d = 5 pm. The optical
forces are found by numerically calculating the Maxwell stress
tensor using Eq. S4 in the Supplemental Material [30] (from Ref.
[31]) and the photophoretic force is calculated using Eq. S7 in
the Supplemental Material [30] (from Ref. [32]).

In the axial direction, we evaluate the potential along
a path at z = w(x) + R, aligned with the 1/¢? intensity of
the Gaussian beams and offset by the particle radius. To
reduce the computational load, we focus on nearby elec-
tric field regions. The beam size vastly exceeds the particle
size (wg >> R), allowing us to approximate the field as
the sum of three discrete beams, detailed in Fig. S1 of
the Supplemental Material [30]. Their focal points are at
0,y1,—d +wo + R), (0,0,—d), and (0, —y1,—d + wo +
R), converging at x = +13 pm.

Then, the potential energy of the trap at point (x,z) is

x 2 ’
Ux) = _f (Fx—l—&x—F)dx’. 3)

oo 2 o) ©

In Figs. 2(c) and 2(d), we illustrate the axial force and
the potential trap. For x < 0, the force is positive, indi-
cating repulsion toward the focus. For x > 0, the force
initially remains positive but turns negative near the posi-
tive convergence point. This negative force in the 9 pm <
x < 15 pm region leads to particle trapping. The resulting
potential is asymmetric, centered near x = 9 pm, and has
sufficient depth (Unin = 350000k37) and potential barrier
(Uese = 1000kpT) to counter Brownian motion, ensuring
stable trapping. Combined with the transverse potentials
shown in Figs. 2(b) and 2(d), the equilibrium lies near the
positive convergence point near the “center bow” of the
boat.
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IV. EXPERIMENTAL DEMONSTRATION

Experiments have been performed to validate the the-
oretical predictions of the previous section and demon-
strate the advantages of the proposed boat-shaped trap. A
top view of the experimental setup is shown in Fig. 3.
A linearly polarized Gaussian beam derived from a cw
coherent laser source (Verdi-V10, A =532 nm) passes
through a pair of AOMs. The AOMs are driven by a Rigol
DG4202 arbitrary waveform generator with a voltage-
controlled oscillator (VCO) and amplifiers. The incoming
light passing through AOM1 is diffracted, where the zero-
order (solid line) and first-order (dashed line) diffracted
beams have the highest diffraction efficiency. The zero-
order beam is an undeflected point beam and the first-order
beam scans space in the z direction [inset (a)]. These beams
then pass through AOM2, where they are again diffracted
into beams 1, 2, 3, and 4 [inset (b)]. Beams 1 and 4, respec-
tively, scan space in the y and z directions. Beam 3 is a
point and beam 2 scans space with a parabolic path. An
iris is then used to pass only beam 2, the transverse and
axial profiles of which are shown in inset (c). Two sets
of relay lenses, (L1,L2) and (L3, Ls), optically superim-
pose and collimate the beams so that they share a common
origin of angular deflection. A white-light source (WLS)
provides background illumination for the images of the
particles at the CCD2 camera. The 50% beam splitter (BS)
combines laser light with white light. The notch filter (NF)
cuts the laser radiation, and the microscope objective (MO)
focuses the boat trap on the trap site. The CCD1 camera
visualizes the dynamics of the trapped particle in the axial
plane (side view) and CCD2 visualizes it in the transverse
plane (front view). To create the nonuniform intensity dis-
tribution, the radio frequency of AOMI1 is twice the radio
frequency of AOM2, and for the uniform distribution, the
radio frequencies of both AOMs are equal, with a relative
phase shift. The instantaneous power of the scanning beam
is 1 W but the particle experiences a 10-mW averaged

AOM1 Ly Ly AOM2 Ls
Laser @ 2 El
y ¥y
7 @ / ) -
2l x ges| ®
2 1 2
4 |z

power at each point over the parabolic path. The trapping
region is enclosed by a 2 x 1 cm? glass tube to reduce the
airflow around the trap site. Particle loading is performed
by releasing particles from the top of the glass tube into the
trapping region, where they are observed using CCD1 and
CCD2. For example, the trapped gold particles are visual-
ized by CCD1 and CCD2 in insets (d) and (e), respectively.
(We note that, from the perspective of CCD?2, the solid gold
particles had poor visibility when trapped. Therefore, for
illustration purposes, a large gold-coated microsphere has
been used in this image.)

Our trap system provides full control over the dynamics
of the trapped particle, including self-loading, modulation,
and translation. In Fig, 4(a) and Video 1, we show the
self-loading operation of particles into the trapping region,
resulting in a trapped particle near the positive conver-
gence point as predicted by our theoretical analysis. The
laser is scanned at a rate of 2 kHz in the uniform dis-
tribution setting and the tuning parameter is chosen to
be d = 50 pwm. The trapping region, where the potential
energy well can capture particles, is indicated by the yel-
low oval. The position of a single particle that is eventually
trapped is indicated at different time steps x(f) with red
arrows. When the particle enters the trapping region, it
is guided to a single stable-trap point as shown by the
three frames #, f2, and #3. This trapping behavior agrees
with our theoretical calculations, which predict that in the
transverse plane, the particles are confined near the axis
of symmetry and in the axial plane they are pushed from
the left side of the boat trap toward the right side of the
boat trap before becoming trapped to the right of the focal
plane.

The numerical computation of the photophoretic force is
computationally intensive due to the interplay of electro-
magnetic absorption and heat-transfer equations (see the
Supplemental Material [30]). For instance, calculating the
temperature distribution for a single particle location has

[
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FIG. 3. The schematic diagram of the experimental setup from a top view. The dynamic boat-shaped intensity is created by a pair
of AOMs, where the first AOM scans light in the z direction [inset (a)] and the second AOM in the y direction [inset (b)], resulting
in a boat-shaped trap [inset (c)]. Two sets of relay lenses, (L, L,) and (L3, Ls), optically superimpose and collimate the beams so that
they share a common origin of angular deflection. The CCDI1 [inset (e)] and CCD?2 [inset (d)] cameras visualize the dynamics of the
trapped particle in side and front views. The yellow circle in inset (d) is an annotation added at the time of image capture, showing
where we have estimated the focal point of the beam. The iris is used to pass the boat-shaped beam and the notch filter (NF) protects
the camera.
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d =50 pm

FIG. 4. (a) The self-loading operation for uniform intensity
distribution at 2 kHz and d = 50 pm. (b) The modulation
operation by changing d from 50 pm to 100 pm.

required a mesh with 204 747 points and has taken 9 h
on an eight-core Intel 17-10875H CPU. To mitigate this,
we have numerically focused on a trap with d = 5 pm.
Our calculations accurately predict stable points for vary-
ing d. For d = 50 m, the positive convergence point
is at x = 106 pm, aligning well with experimental mea-
surements of x = 102 um. The images are cropped and
contrast enhanced for clarity.

Various ftrapping parameters can be adiabatically
adjusted for real-time 3D control of the particle position
and velocity. The trap volume depends on the tuning-
voltage range of the VCO and parameter d, which also
affects the trapping-region dimensions H and L. In Fig.
4(b) and Video 1, the trap volume increases as d changes
from 50 pm to 100 pwm, altering the z and x coordinates
of the trapping point. Experimental observations confirm
that increasing d extends the distance from the trap to the
focal point. In addition, the translation operation is dis-
cussed in the Supplemental Material [30]. In the translation
operation, the trap volume remains constant but it moves
longitudinally to a desired location. In this scenario, the

(Temporal skip to demonstrate stability over time)
Speed: 2x

Trap Point

@&

—
Trap Length for (d = 50 pm)

VIDEO 1. Particle self-loading and translation.

height of the trap point remains unchanged and only the
position of the trap point is adjusted along the longitudinal
direction.

The trap lifetimes as a function of the scan rate for
1-pm solid gold particles are shown in the Supplemental
Material [30]. As shown in Fig. S3(b) of the Supplemental
Material [30], the trap lifetimes exceed 1 h at the scan rate
of 20 kHz. The trap lifetime is correlated with the scan rate.
To better understand the effect of the scanning rate on the
trapping, we have conducted an experiment using 30-pwm
gold and carbon-coated microparticles (see Fig. S4 in the
Supplemental Material [30]). For each scan rate, we have
recorded the repeated experiment several hundred times,
with lifetimes capped above 100 s. The dashed red lines
indicate the average lifetimes. The normalized trap life-
time increases as the scan rate increases from 0.1 kHz to
20 kHz. However, due to chirping, it gradually decreases
as the scan rate increases to 100 kHz (for more details, see
the Supplemental Material [30]).

V. DISCUSSION

A discussion of the utility of the resulting boat trap
follows.

This work presents a boat-trap design for enhanced
particle control in optical-trapping systems. The boat
trap offers self-loading capabilities, precise modulation,
and translation, addressing shortcomings of existing pho-
tophoretic traps that often exhibit arbitrary particle distri-
bution and spontaneous hopping [22-25]. The deep poten-
tial well of this trap ensures stable particle positioning with
minimal oscillations.

The self-loading mechanism of the boat trap overcomes
the typical challenges of loading particles into optical traps
in air. Unlike liquid environments, air-based traps lack
buoyancy and present gravitational complications. Obviat-
ing the need for interventions such as differential pumping,
precooling, and feedback systems to enhance trapping effi-
ciency [33], this trap provides a larger capturing domain
and photophoretic particle guidance, simplifying the load-
ing process. Additionally, dynamic trap adjustment allows
fine tuning of the self-loading terminus, making it adapt-
able to potential loading variability.

Photophoresis enables single-axis particle manipula-
tion, resembling the concept of a tractor beam. This
distinguishes it from Paul, Penning, electrophoretic, and
acoustophoretic traps, which require multiaxis fields. This
single-axis requirement enables long-distance manipula-
tion without external interference, making the trap ideal
for hop-free free-space volumetric displays and for pre-
cision pointing and placement applications such as the
aerial colocation of levitated nitrogen-vacancy- (N-V)
center nanodiamonds and gold particles to study plas-
monic field enhancement or nanoscale thermal radia-
tion [34].
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VI. CONCLUSIONS

This work demonstrates the successful optical trapping
of large metallic particles using a method based on positive
photophoretic forces. The boat trap ensures a predictable
trap location and high trapping probability. Its dynamic
nature enables axial scanning and an increased particle trap
count. These advancements offer enhanced particle illumi-
nation and control, paving the way for improved image
quality in optical-trap displays and new investigations into
light-matter interactions.
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