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We photophoretically trap spherical airborne particles using a single radially or azimuthally
polarized laser beam and show that the trapping efficiency is significantly higher for the radial
polarization. The demonstrated polarization sensitivity of the photophoretic force, which is caused
by polarization-dependent reflection from the particles, adds additional flexibility to the optical
C 2012 American Institute of
micromanipulation of light absorbing particles in gaseous media. V
Physics. [http://dx.doi.org/10.1063/1.4742137]

Optical manipulation of light absorbing particles in gaseous media is dominated by the photophoretic force,1,2
which results from uneven heating of the illuminated particles in the light field. This force is typically orders of magnitude larger than the force associated with light pressure.1,2
When the particle size is much greater than the mean free
path of the surrounding gas molecules (i.e., low Knudsen
number), a temperature gradient in the gas, created by the
particle, causes the gas to flow along the particle surface.3
The hydrodynamics of this gas motion determines the magnitude of the photophoretic force.
Despite the well known ability of the photophoretic
force to affect the motion of or levitate relatively large
(10 lm) and heavy (10 ng) absorbing particles in gases at a
light intensity as low as 1 W/cm2,2 studies on its use for optical tweezing have been sparse until recently. In fact, Ashkin in his seminal article on acceleration and trapping of
particles by radiation pressure deliberately worked with
transparent objects to minimize the effect of photophoresis.1
Such a prolonged neglect of the photophoretic force can be
explained by the fact that for strongly absorbing particles, it
is repulsive (i.e., positive photophoresis) and tends to push
them away from the regions of maximum light intensity,
thus precluding optical trapping and manipulation with
beams having a Gaussian intensity profile. The problem was
solved using light fields with complex intensity distributions,
which allow absorbing particles to be pulled into and then
trapped inside intensity minima.2,4–8 The trapped particles
can then be moved either together with the light field as a
whole or by changing the light field itself.7,8
The dependence of the photophoretic force on the characteristics of both the acted-upon particle, the surrounding gas
and the light field has been a subject of extensive studies.9–13
As far as the light field is concerned, only two of its major parameters, namely, the wavelength and the intensity distribution, have been discussed in the above context so far.11–13
In this letter, we show that the photophoretic force is
strongly affected by the polarization state of the driving light
field. We demonstrate this effect by measuring changes in
the efficiency of a photophoretic trap based on a cylindrical
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vector beam whose state of polarization can be varied while
keeping the intensity and other parameters unchanged. This
work extends and generalizes our previous experiments on
transport of spherical particles in air with two counterpropagating optical vortex beams having orthogonal linear
polarizations.14
The experiments which follow have been carried out in
ambient air with large hollow glass spheres 80–110 lm in diameter coated with carbon. In this very low Knudsen number
regime, the photophoretic force on a spherical particle
exposed to one-sided electromagnetic radiation can be
approximated by3,13,15
F ¼ 9l2a Pabs =4aqa T ðkp þ 2ka Þ;

(1)

where Pabs is the is the total power absorbed by the particle,
a and kp are the particle radius and thermal conductivity, la
and qa denote, respectively, the gas (i.e., air) viscosity and
density, and T stands for the average gas temperature near
the particle surface.
We performed our experiments in the optical levitation
geometry shown in Fig. 1(a). To levitate particles, we used
either a radially or azimuthally polarized continuous wave
532-nm laser beam with a doughnut intensity profile given
by16

 

Iðr; zÞ ¼ P r 2 =pw4 ðzÞ exp  r 2 =w2 ðzÞ :
(2)
In expression (2), P is the total power in the beam,
w(z) ¼ w0(1 þ z2k2/(4p2w04))1/2 is the radius of the maximum
intensity contour at a distance z-from the beam waist, w0
denotes w(0), k is the wavelength of light, and r is the radial
distance from the center axis of the beam. A detailed description of the method which allows one to synthesize radially or
azimuthally polarized beams by means of a uniaxial crystal
can be found elsewhere.16 Importantly, just by rotating the
second half-wave plate after the pinhole (see Fig. 1(a)), one
can change the polarization state of the beam, for instance,
from azimuthal to radial without affecting its intensity profile
whatsoever,17 as demonstrated in Fig. 1(b). Figure 1(c) shows
that the expression for w(z) accurately describes how the
radius of the generated beam changes with z and, therefore,
validates its use for the calculations that we present below.
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FIG. 2. The coordinate system used in the calculation of the photophoretic
force for a spherical particle trapped inside a radially or azimuthally polarized laser beam given by Eq. (2).

PRðs;pÞ ðzÞ ¼ pa2

ð p=2
0

FIG. 1. Optical levitation setup for measuring the polarization sensitivity of
the photophoretic force. (a) The c-cut calcite crystal (CR) converts a circularly polarized single-charge vortex beam into a superposition of the radially
and azimuthally polarized beam (see inset). The polarity and handedness of
the vortex must be of opposite signs. The pinhole (P) selects either the azimuthal or radial polarization. The polarization state of the beam after P is
varied using the system of two half-wave plates (k/2). The lens (L) forms
the trapping beam with w0  27 lm. The cuvette (C) protects the trapped
particles from air flows. The power meter (PM) measures the total power in
the beam. The trapped particles are observed with a CCD camera under
bright field white light (WL) illumination. (b) The intensity profile for the
radial (blue line) and azimuthal (red crosses) polarizations at z ¼ 40 mm and
also shows the corresponding intensity distributions recorded after an analyzing polarizer whose transmission axis is denoted by arrow. (c) The trapping beam after L can be accurately described by Eq. (2).

As discussed in Ref. 13, the photophoretic force for a
doughnut-like laser mode has both a longitudinal and transverse component. The transverse component traps the particle inside the beam laterally, whereas the longitudinal
component Fz in our experiments counterbalances the gravitational force Fg ¼ mgez, where m is the particle’s mass, g
is the free fall acceleration, and ez is the unit vector in the
z-direction. Both the buoyancy force (i.e., 4pa3qa/3) and the
force associated with radiation pressure (i.e., Pabs/c, where
c is the speed of light) are roughly two orders of magnitude
smaller than Fg.18 Therefore, when the particle is stabilized
inside the trap, one can simply write Fz þ Fg ¼ 0.
If the spherical particles to be levitated are very large
(i.e., a  50 lm) compared to the wavelength of light (i.e.,
k ¼ 532 nm), the incident beam may be thought to consist of
separate rays of light which pursue their own paths.19 For a
particle trapped on the axis of a cylindrically symmetric
beam, the place of incidence of a ray is characterized only
by its distance r ¼ a sin h from the axis, where h is the angle
between the incident ray and the surface (Fig. 2). Rays hitting the surface of an absorbing particle are partially
reflected and partially absorbed. We assume that the absorption occurs entirely on the illuminated surface within a thin
skin layer (see caption to Fig. 3). The absorbed power Pabs in
this case can be approximated by the difference between the
power intercepted by the particle’s geometrical cross section
Pin(z) ¼ P(1  exp(a2/w(z)2)(1 þ a2/w(z)2) and the power
contained in the reflected light. If the particle is trapped
exactly at the axis of the beam (Fig. 2), the latter is given
by19

Iðh; zÞR2s;p ðhÞd sin2 h;

(3)

where I(h,z) is described by Eq. (2) and Rs,p stand for the
Fresnel reflection coefficients for the incident light beam
whose electric vector is perpendicular (s-polarized) or parallel (p-polarized) to the plane of incidence.20 For a spherical
particle centered in the trap, the electric field of an azimuthally polarized beam is always perpendicular to the plane of
incidence (s-polarization), whereas the electric field of a
radially polarized beam always lies in the plane of incidence
(p-polarization). The polarization dependence of the photophoretic force for these two limiting cases becomes especially simple:


Fzðs;pÞ ðzÞ ¼ 9l2a Pin ðzÞ  PRðs;pÞ ðzÞ ez =4aqa T ðkp þ 2ka Þ:
(4)
Particles are launched into the levitation setup from the top
at z  200 mm with a paintbrush. At this position, the beam

FIG. 3. Polarization-sensitive photophoresis. A hollow sphere 110 lm in diameter is trapped with the azimuthally polarized beam (strong scattering)
and radially polarized beam (weak scattering) at z ¼ 40 mm. The light
absorbing carbon coating is 200 nm thick based on SEM-assisted measurements which were performed on several crushed spheres of similar size.4
Such a coating transmits less than 10% of the refracted light. The sphere’s
mass is estimated at 27 ng by measuring its terminal settling velocity and
applying Stoke’s law. The graph shows the measured (symbols) and calculated (lines) dependencies of the trapping efficiency for the sphere. The
dashed line represents the situation when the sphere is considered an ideal
black body, and therefore, no light is reflected from its surface. The simulations are based on kp ¼ 0.17 W m1 K1, la ¼ 1.85  105 N s m2,
qa ¼ 1.29 kg m3, ka ¼ 0.026 W m1 K1, T ¼ 300 K, and the complex refractive index of the carbon coating n0 ¼ 1.7 þ 0.5i.21
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is wide enough for the particles to be easily placed into its
dark center. By doing so, the particles are trapped laterally
while falling towards the beam waist where the growing photophoretic force decelerates and finally stops them. A stable
position of the particle exists at different powers. For a constant P, any changes introduced into the beam that affect the
particle’s stable position (i.e., the z-coordinate) indicate that
the trapping efficiency of the setup has been either increased
(z increases) or decreased (z decreases).
By switching from the azimuthal to radial polarization,
we momentarily increase Fz by increasing Pabs and make the
trapped particle move along the beam where the light intensity is lower. This motion will cease when the condition
Fz þ Fg ¼ 0 is reinstated in a new stable position with a vertical position zrad. Conversely, if the polarization is switched
from radial to azimuthal, the particle will find a position
closer to the beam waist zaz where the intensity is higher. If
needed, the particle can be kept in the same position, provided that the laser power is adjusted accordingly in order to
compensate for the introduced polarization-related changes
in the trapping efficiency. By setting the angle between the
fast axes of the two half-wave plates (Fig. 1(a)) somewhere
between 0 and p/4, we generate a spirally polarized beam,
i.e., a linear superposition of a cylindrically symmetric radial
polarization and a cylindrically symmetric azimuthal polarization, and stabilize the particle in an intermediate position
zaz < zsp < zrad.
These results are quantified in Fig. 3. We consistently
observe a 20%–30% difference in the power P required to
keep the trapped particle in the same position when we
switch from the azimuthal to radial polarization. The effect
is especially clear at low P when the destabilizing convective
air flows inside the cuvette caused by the laser heating
become weaker. The percentage (or relative) difference,
which is solely caused by the dependence of Rs,p on the optical constants of the trapped particle, increases with the magnitude of the real part n and the imaginary part v of the
refractive index n0 of the light absorbing coating. On the
other hand, the absolute difference in P depends on all the
parameters in Eq. (4). Exact values of the optical and thermal
parameters n0 and kp are not available in our case and are,
therefore, considered fitting parameters (see captions to Fig.
3). The value of n0 that we use in our analysis is typical of
light-absorbing, carbonaceous substances (e.g., soot, black
carbon), whereas kp is lower than a typical value of carbon
thin films and glass. This is not an unexpected result since
the thermal conductivity of a thin-walled spherical shell can
be assumed to be equal to that of the surrounding air.22
The observed polarization sensitivity of photophoresis is
expected to be a universal phenomenon. The photophoretic
force depends on the distribution of the radiant energy
absorption inside the particle,9,10 which, in its turn, is
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affected by the polarization-dependent reflection from the
particle surface. For large particles (i.e., a  k), the latter is
governed by the Fresnel formulae that preserve their dependence on polarization of the incident light for any material.
The polarization sensitivity of the trapping efficiency is
strongly affected by the shape of the levitated objects. We
have observed that the trapping efficiency of an agglomerate
of the spheres can in fact be highest for any state of polarization depending on the exact configuration of the agglomerate.
An analysis of photophoresis of particles with complex forms
of the boundary surfaces goes beyond the scope of this paper.
In conclusion, we have observed the dependence of the
photophoretic force on the light polarization and also demonstrated that a semi-quantitative theoretical analysis of this
effect is possible for large and strongly absorbing spherical
particles. The effect becomes very pronounced when the
polarization matches the particle’s geometry. For spherical
particles, it is a cylindrically symmetric radial or azimuthal
polarization. This implies that by tuning the polarization
state one can selectively affect the photophoretic force acting
on different types of particles.
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