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We demonstrate a new principle of optical trapping and manipulation increasing more than 1000 times

the manipulation distance by harnessing strong thermal forces while suppressing their stochastic nature

with optical vortex beams. Our approach expands optical manipulation of particles into a gas media and

provides a full control over trapped particles, including the optical transport and pinpoint positioning of

�100 �m objects over a meter-scale distance with �10 �m accuracy.
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Introduction.—Since its discovery 40 years ago, the
ability to remotely control and move objects in space by
the radiation pressure of light provides a useful tool for
manipulating microscopic particles [1–3], living cells [4],
nanoparticles [5], and atoms [6,7], and is increasingly
employed in biology and physics [3,8]. However, the op-
eration of weak radiation pressure forces, such as a gra-
dient force in optical tweezers [2,4] and a scattering force
in optomechanics [9], is restricted to small spatial scale,
typically hundreds of microns. In contrast, thermal or
radiometric forces can be much stronger [10], and they
may extend a spatial scale of all-optical manipulation [11].
However, radiometric forces dominate for light-absorbing
particles interacting with surrounding media, and thus far
their stochastic nature prevent stable large-scale trapping
of particles and aerosols [3,12].

When a surface of an aerosol particle is heated nonun-
iformly by light, the surrounding gas molecules rebound
off the surface with different velocities creating an inte-
grated force on the particle. This effect was discovered by
Ehrenhaft [13] and is known as photophoresis [10,14]. A
rough comparison [15] of the radiation pressure force
exerted by a beam with power P, Fa ¼ P=c, and the
photophoretic force for particles with zero thermal con-
ductivity, Fpp ¼ P=3� [16], shows that for air at room

temperature the latter dominates by several orders of mag-
nitude, Fpp=Fa ¼ c=3� ffi 6� 105, where c is the speed of

light, and � is the molecular velocity.
A possibility to trap micron-sized particles in a vortex

beam by employing thermal photophoretic forces was
demonstrated in our recent studies [11,17] of millimeter-
long optical guiding of light-absorbing aerosols with a pair
of counter-propagating doughnutlike vortex beams. These
earlier experiments [11] paved a road to a novel idea of
utilizing the photophoretic force [18] for a reliable large-
scale transport of trapped particles. In this Letter we dem-
onstrate, for the first time to our knowledge, that the
optical-to-mechanical energy conversion due to photo-

phoretric forces can be specially tailored to trap and trans-
port macroparticles in air by using a slowly diverging
vortex beam. We achieve a stable transport of �100 �m
particles over the meter-scale distance, which is more than
1000 times larger than the scale of any previously reported
optical manipulation technique. Our approach is based on
the use of a doughnutlike vortex beam [see Fig. 1] which
allows us to hold light-absorbing particles in the center of
the beam while minimizing the effect of stochastic nature
of the thermal forces. We derived theoretical dependence
of the particles speed on the vortex beam parameters, the
particle size and thermal conductivity, and viscosity of the
gaseous media. The experimental study of the relation
between the particle velocity and its size is also presented.
Optical vortex pipeline.—We realize a giant optical

manipulation using a new class of extended optical traps

FIG. 1 (color online). Experimental setup of an optical trap-
ping system for long-range transport of aerosol particles. The
vortex beam is formed by the diffraction hologram DH; L1 and
L2 are collimators which control the beam parameters, and the
propagation direction is controlled by the moving mirror M.
Particle transport visualization is performed in the longitudinal
(microscope MO1) and transverse (microscope MO2) directions;
BS—beam splitter; T—glass target; NF—notch filter to cut off
the laser radiation;WL—white light source; and C—cuvette with
particles. The inset shows the intensity distribution inside the
vortex-induced pipeline. It varies from low [dark grey (blue)] to
high [grey (red)] values. The arrow shows the direction z of the
particles’ transport, the latter are represented by (yellow) balls.
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with optical vortex core. We term such trap the ‘‘op-
tical vortex pipeline’’ because the bright ring of light
intensity acts as a repelling ‘‘pipe wall’’ on particles
trapped in the dark region on axis, while the axial
component of thermal force pushes particles along the
pipeline [see inset in Fig. 1]. The length of the vor-
tex pipeline as well as the trapping area depend

on the light intensity distribution, Iðr; zÞ ¼
fjljjljþ1r2jlj exp½�jljr2=wðzÞ2�g=½jlj!�wðzÞ2ðjljþ1Þ�P and
are limited by the divergence of the beam due to diffrac-

tion. Here wðzÞ ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½1þ z2�2l2=ð4�2w4

0Þ�
q

is the vortex

ring radius, w0 ¼ wð0Þ is beam waist parameter, r is the
radial coordinate, z is longitudinal distance from the beam
waist, � is the wavelength of light, and l ¼ �1;�2; . . . is
the topological charge. Our apparatus, shown schemati-
cally in Fig. 1, uses a linearly polarized vortex beam with
topological charge l ¼ 1 generated from a cw laser of
wavelength � ¼ 532 nm by a single fork-type amplitude
diffraction hologram (DH). A collimated low-diverging
beam is formed and controlled by lens L1 ¼ 500 mm
and variable lens L2 ¼ 125–200 mm. By adjusting the
focal length of the lens L2 the beam waist is varied
between 150 and 620 �m. The movable mirror M con-
trolled the direction of the beam propagation for aiming
transported particles on the remote target T. The beam
splitter (BS), a white light source (WL), and a notch filter
(NF) are used for visualization of the particle transport in
the pipeline. The particles are placed in a rotating glass
cuvette (C) aligned coaxially with the vortex beam at the
left end of the optical pipeline. Rotating the cylinder or
tapping on it caused the particles to suspend in air.
Crossing the laser beam path leads to the particles being
trapped on the vortex axis and subsequently transferred
through the optical duct inside the optical pipeline formed
by the vortex ring. The particle transport is monitored by a
CCD1 camera [see Fig. 1]. The size of the transported
particles, both carbon agglomerates and coated glass
shells, is varied from 20 to 120 �m, with the mass from
subnanograms up to 50 ng. The maximum laser power
inside the trap is 1.5 W. Experiments on the targeted
remote deposition in Fig. 4 are performed by aiming the
vortex beam with mirrorM to a desired position on a glass
plate T and transporting a particle to this position.

Trapped particles.—In our proof-of-principle experi-
ments, we use two types of particles to demonstrate giant
optical manipulation in air. Both have high absorption of
laser light and very low bulk density. The first type of
particles [see Fig. 2] are agglomerates of carbon nano-
particles of 3 to 6 nm in diameter with complex internal
structure [19] produced by high-repetition-rate laser abla-
tion of graphite targets. This carbon nanofoam presents a
substance closest to the ideal black body, and thus it serves
as a suitable reference object for the studies of optical
transport of light-absorbing particles in air [11,17,20] ow-
ing to its low bulk density of the order of 0:01 g=cm3 and
low thermal conductivity and extremely low reflectivity,

�2� 10�6. The irregular shape of carbon nanofoam ag-
glomerates, however, present considerable challenges for
controlled manipulation as well as quantitative studies
[19,21].
The second type of particles are hollow glass micro-

spheres coated with a carbon layer to increase light ab-
sorption [see Fig. 3]. Spherical microshells were prepared
using commercially available microshells (3MTM

ScotchliteTM Glass Bubbles K1) with typical bulk density
of 0:125 g=cm3 and thermal conductivity
�0:047 Wm�1 K�1. The size distribution varies from
few microns to 150 �m, with average diameter 65 �m
(50% by volume). The microsphere wall thicknesses are
evaluated by measuring the walls of broken shells under
the electron microscope; their typical thickness varied
between 0.4 and 0:8 �m [see Figs. 3(a)–3(c)]. The typical
depth of coating layer of carbon is in the range of 150 to
200 nm. The advantage of using microspheres is the elimi-
nation of random body-fixed thermal forces as well as a
more accurate evaluation of their mass: a typical mass of a
100 �m shell is of order of 10�8 g. The glass microspheres
also serve as a model for a transport container, which could
be filled with gases, ultrapure materials, or biological
substances.
Photophoretic velocity.—The ideal spherical shape and

high surface quality of the shells should allow for a higher
degree of control and repeatability of measurements.
Figure 3(f) shows the dependence of average photopho-
retic velocity on the shell size measured in a 30 cm-long
section of the pipeline. As it was shown in [11,17] both,
longitudinal (Fz) and transfer (FR) components of thermal
force inside the vortex core [radius wðzÞ] acting upon a
particle with radius a (a � w) can be expressed as Fz ffi
�a4P=ð2w4Þ and FR ffi �4�a3RP=ð3w4Þ, R is a distance
of the particle from the vortex center, � is the photopho-
retic efficiency [17]. Photophoretic velocity [10] is defined
as the stationary velocity ~� reached by moving spherical
particle of radius a, under the action of constant photo-

FIG. 2. Carbon particles used for the giant transport and ma-
nipulation. (a) Structure of trapped carbon particles by scanning
electron microscopy. (b) Measured time of flight t for four
different particles in the 1.5 m-long optical vortex pipeline.
The average photophoretic speed h�i and its variation during
transport is h�2i ¼ 8:1� 0:4 mm=s for the particle marked (A),
11:7� 0:6 mm=s (B), 13:7� 0:7 mm=s (C), and 21:8�
0:7 mm=s (D). (c) Optical microscope images of particles de-
posited on the substrate after the measurements in (b).
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phoretic force ~Fz, and in equilibrium with the viscous drag

of the medium, ~Fz þ ~S ¼ 0, here ~S ¼ �6��a ~� is the
Stokes’ drag force and � is the medium viscosity; � ¼
1:73� 10�5 N sm�2 for air at room temperature. As can
be seen in Fig. 1, the profile of a vortex beam changes
considerably along the trap because of diffraction spread-

ing; thus, the photophoretic force ~FzðzÞ dependence [17] on
propagation distance z cannot be neglected. It follows that,
in general, the transport speed in the vortex pipeline, � ¼
j ~�j, depends on the particle’s axial position z. This depen-
dence is usually small in our experiments with the variation
of speed comparable with measurement’s accuracy; thus,
speed variation cannot be reliably resolved. Therefore, we
adopt the following procedure to estimate characteristic
photophoretic speed from the measurements of the parti-
cles’ time of flight, tðzÞ depicted in Fig. 2(b) and 3(f). For a
randomly chosen interval (z1, z2) within optical vortex
pipeline of the length L, 0 � z1 � z � z2 � L, we esti-
mate the average speed, �n ¼ ðz2 � z1Þ=½tðz2Þ � tðz1Þ�;
here index n is the number of random realization, n ¼
1; . . . ; N. The average photophoretic speed h�i and its
variation in the pipeline are then calculated as the mean
and standard deviation of the vector ~�n, and the conver-
gence is usually achieved for N > 100. Strictly speaking,
the average on the interval (0, L) is equivalent to the ratio
of the mean square speed, h�2i, to the average speed, �� ¼
L=½tðLÞ � tð0Þ�, i.e., L�1

R
L
0 �dz ¼ h�2i= ��. We neglect the

difference, h�i ffi h�2i= ��, because the averaging on the
same z intervals allows us to compare different particles
moving in the same ‘‘effective potential’’ produced by the
vortex beam variation, as well as estimate the correspond-
ing variation of the photophoretic speed together with
measurement errors [see error bars in Fig. 3(f)].
Furthermore, here we assume the regime of adiabatic
following, i.e., photophoretic speed varies along the

beam as � ¼ FzðzÞ=6��a, here Fz ¼ j ~Fzj. Our averaging
approach allows us to recover the dependence of photo-
phoretic speed on particle size [22],

h�i ffi L�1
Z L

0
�dz ¼

Z L

0

FðzÞ
6��a

dz

L
¼ �0

�
a

w0

�
3
; (1)

where

�0 ¼ �P

12��w0L

Z L

0

dz

ð1þ z2=z20Þ2
: (2)

This function is used in Fig. 3(f) for numerical least-
squares fit (solid curve) of experimental data with a fitting
parameter �0.

We compare the experimental data with our theoretical
estimate, which predicts a cubic growth of the velocity
with particle radius. Although the growth of velocity with
particle size is evident, the deviation of experimental data
from the fitting curve in Fig. 3(f) is significant (see dashed
curves). We believe that the internal structure of particles
(and associated variation in mass) explains wide margins
of measured photophoretic speed in Fig. 3(f).

High-accuracy manipulation.—The ability of absorbing
particles to be guided along the vortex core in a stable and
controlled manner can be employed further for high-
accuracy manipulation of particles in three dimensions.
Figure 4(a) shows a schematic of controlled guidance of
particles by the optical vortex pipeline and their remote
targeted deposition. The control over the particle path is
achieved by tilting the vortex beam with the entrance
mirror located at the distance of 0.5 m away from the target
[see experimental scheme in Figs. 1 and 4(a)]. The accu-
racy of positioning is largely determined by the laser beam
pointing stability, and we could reliably pinpoint each
particle within �10 �m from the target point in the trans-
verse plane on the substrate—the equivalent angular accu-
racy of delivery is �2� 10�5 [Figs. 4(b) and 4(c)].
Furthermore, by varying the beam diameter we can select
the size of transported and deposited particles [11], be-
cause the latter is limited from above by the vortex beam
waist. Such a targeted calibration can be seen in the letter

FIG. 3 (color online). Hollow glass microspheres used in giant
trap experiments. (a)–(c) Scanning electron microscopy images
of trapped single microsphere; (b) same sphere broken to mea-
sure shell thickness; (c) magnified edge of the broken shell
showing the carbon coating layer �180 nm and the glass shell
thickness �400 nm. (d),(e) The snapshots in longitudinal and
transverse cross sections, respectively, of the particle with char-
acteristic size a ¼ 35 �m, moving in the vortex pipeline; the
vortex ring radius in (d),(e) is w ¼ 125 �m. (f) Average speed
h�i (markers) of microspheres versus particle radius a in the
optical pipeline of length L ¼ 30 cm, with vortex beam waist
w0 ¼ 75 �m and power P ¼ 0:8 W. Solid curve: least-squares
fit to experimental data, h�i ¼ �0ða=w0Þ3, with �0 ¼
14:8� 1:3 cm=s; for comparison, dashed curves show the
same function with parameter �0 ¼ 27 and 7 cm/s.
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‘‘A’’ in Fig. 4(b), where the diameter of deposited shell
varies from 60 �m (bottom) to 100 �m (top) by varying
the waist diameter from 150 �m to 250 �m.

The giant optical manipulation technique would not be
complete without the possibility of a three-dimensional
dynamic control of particles in real time, in addition to
targeted giant transport in Fig. 4. The remote transverse
manipulation of particles in air was achieved by using low-
reflecting glass plate (reflectivity 7%) as a target [see the
inset in Fig. 4(a)]. The converging and reflected parts of the
same beam illuminate the particle from the opposite sides
and create a stable three-dimensional trap, causing the
particle to stop before reaching the plate T and allowing
the particle to move in the transverse plane by tilting the
beam with mirror M. We demonstrate such steering, and
show transverse motion of a particle remotely controlled
by the mirror located 0.5 m away from the particle [23].

The manipulations of absorbing particles over large
distances with laser beams open up diverse practical ap-
plications. Specifically, it can be applied for touch-free
transport of containers (vesicles) holding gases, ultrapure
or dangerous substances, viruses, or living cells. The dual
beam optical pipeline, in particular, allows us to move such
a container in opposite directions, accelerate it up to sev-

eral centimeters per second, or to stop and hold it anywhere
in the pipeline, as we demonstrate in experiments. The
method is well suited to a wide range of light-absorbing
materials and ambient gases or liquids, and thus it can be
applied in experimental studies of various airborne [12,24]
or colloidal [4,25] particles, including atmospheric aero-
sols [26], as well as in experimental modeling of dusty
plasmas [27] and interstellar dust [28].
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FIG. 4 (color online). Remote manipulation of particles using
the optical vortex pipeline. (a) Principle of operation for targeted
delivery of particles. Inset explains the method of stopping the
particle before the target T using balance of forces between the
main beam [light grey (green) arrows] and the beam reflected
from the substrate [grey (red) arrows]. (b) Example of the remote
deposition of glass microspheres; the letters ‘‘ANU’’ stands for
the Australian National University, and the positioning accuracy
is�10 �m over the distance of 0.5 m. (c) Transverse stability of
static trapping; solid (red) line encircles the area of particle lo-
calization; the radius of the sphere a ¼ 50 �m. Dashed (green)
line shows the vortex ring (intensity maximum) with radius w ¼
236 �m; white lines show the transverse displacement of the
particle R ¼ 61 �m from vortex axis due to gravitation.
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