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Photophoretic force due to the optically-induced thermal effect provides an effective way to manipulate
the light-absorbing particles suspended in ambient gases. However, how this force temporally responds
to the intensity modulation of the illumination light is unclear. Here, by vertically trapping a micron-
sized absorbing particle with a negative photophoretic force generated by a focused Gaussian beam, we
demonstrate that the temporal change in the photophoretic force in response to the intensity modulation is
remarkably slow (with a time constant up to approximately 1 s) due to the slow change in the particle’s
temperature. When the trapping beam is turned off for a few tens or hundreds of milliseconds, the trapped
particle is pulled up toward the light source by the remaining photophoretic force, whereas when the
intensity of the trapping beam is increased for a short duration, the particle is pushed off by the radiation
pressure. The instantaneous position of the trapped particles following the intensity modulation of the
trapping laser is tracked and theoretically modelled. The understanding of the temporal behavior of the
photophoretic force will be useful for the control of photophoretic-based optical pulling, transportation,

and manipulation of atmospheric particles.
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I. INTRODUCTION

When objects suspended in a gaseous environment are
illuminated by a light beam, two types of optically-induced
forces are generated. One is the optical force, also called
radiation pressure force, arising from direct momentum
transfer between photons and objects due to the absorption,
reflection, or scattering of the incident light, which has
been widely applied for trapping, manipulation, and tractor
of physical and biological particles [1—8]. The other is the
photophoretic force, originating from momentum transfer
between the surrounding gas molecules and hotter objects
[9-13], which can be several orders of magnitude larger
than the radiation force and gravitation force [14,15].
Photophoretic force has recently been applied for manip-
ulating absorbing aerosol particles [15—18], optical pulling
or pushing of airborne particles [19-22], and character-
ization of trapped aerosol particles [23—25]. Ultralong-
distance laser pushing and pulling of absorbing particles
have been demonstrated over one meter in air [14,20]. The
complete control of photophoretic-based optical pulling,
transportation, and manipulation of atmospheric particles
relies on the understanding of the temporal properties of
the force.
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Compared to the radiation pressure force Fgrp, the
temporal dependence of the photophoretic force Fpp on
the intensity change of illumination light is less under-
stood [9,10]. Radiation pressure can be expressed as
Frp=1(1+4R)/c, with [ the flux density, ¢ the speed of
light, and R the reflectivity [11]. When illumination light is
rapidly changed, Frp changes immediately following the
change in photon flux of the incident beam [1,2]. How-
ever, the temporal change in the photophoretic force Fpp
is unclear, because the change in the particle’s temperature
could be much slower than the change in light intensity,
whereas the temperature difference between the heated par-
ticles and the surrounding molecules results in Fpp [9—11].
Based on the variation in the surface temperature or in the
accommodation coefficient of the particles, two types of
photophoretic forces, F a7 and F a4, can be induced [9,10].
The first type of photophoretic force F a7 is caused by
inhomogeneous heating of the particle, leading to Far
pointing from the hot to the cold side and always parallel
to the light propagation direction. For weakly absorbing
particles, a negative F a7 force could be induced due to
the lens effect [10]. For highly absorbing particles with
a size larger than the wavelength, there is more absorp-
tion on the illuminated side, and therefore, a positive Far
force is usually induced pointing along the laser beam [10].
The second type of photophoretic force F »,, is induced by
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the difference in heat exchange between the gas molecules
and the particle surface even if the particle is heated
evenly, leading to a body-fixed F 5, force pointing from
the side of the higher to the side of the lower accommo-
dation coefficient [9,10]. It remains unclear to what degree
F Ay and F a7 might contribute, but they can coexist for
irregular particles. It was estimated that at atmospheric
pressure or below, the F o, force is dominant for micron-
sized particles with good heat conductivity [9,10], which
considerably reduces the temperature difference between
the illuminated side and the backside and thus reduces
the Far force. While most previous work used constant
light sources to generate Fpp under a thermal equilib-
rium condition [15-25], the temporal properties of Fpp
induced by power-modulated light has not been studied.
Recent works suggest that the dynamics induced by time-
varying photophoretic potentials is not trivial [22,26,27],
and therefore, the understanding of the temporal behav-
ior of the photophoretic force would be important to
the emerging topic of particles trapped in time-varying
potentials [26,27].

In this work, we experimentally demonstrate that the
temporal change in photophoretic force Fpp in response
to the intensity modulation can be remarkably slow due
to the slow change in the particle’s temperature. We use a
downward-focused Gaussian beam to trap a highly absorb-
ing particle, which induces a vertical component of Fpp
to balance the gravitation force Fz and radiation pressure
Frp. We show that when the trapping beam is turned off for
a few tens or hundreds of milliseconds, the particle is found
to be pulled up toward the light source by the remaining
Fpp. On the other hand, when the light intensity is sud-
denly increased for a short duration, the particle is pushed
downward by the rapidly increased radiation pressure. The
dynamic motion of the trapped particles exhibits the tem-
poral dependence of photophoretic force Fpp. Theoretical
modeling of the dynamic motion of the trapped particles
in response to the power modulation shows that the Fpp
force changes with a time constant up to approximately
1 s, much slower than that of radiation pressure.

This paper is organized as follows. In Sec. II, an exper-
imental scheme to measure the time dependence of the
photophoretic force, the experimental results, and discus-
sion are presented. In Sec. III, theoretical estimation of
the photophoretic F a7 and F o, forces, as well as grav-
itation force, radiation pressure force, and buoyant force
for micron-sized absorbing particles is presented. Based on
this, which of the forces (Far or Fa,) that are responsi-
ble for the particle levitation by the negative photophoretic
force is discussed. In Sec. IV, theoretical modeling of
experimental results is presented. In Sec. V, the potential
applications of the temporal behavior of the photophoretic
force for characterizing some physical properties of the
trapped particles by measuring their dynamic motions are
discussed. Section VI concludes the paper.

II. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental scheme to measure the time depen-
dence of a photophoretic force is shown in Fig. 1(a), in
which a highly absorbing micron-sized particle is trapped
by a downward-focused Gaussian beam. To hold the
particle in the trapping position, a negative Fpp force
must be induced by the downward laser beam such that
Fpp =F + Frp, where Fpp is Ehe vector sum of Fa, and
F a7 along the z axis (with Fpp = Fay + Far). Highly
absorbing particles of different sizes are used (Fig. 10
in Appendix A), including carbon spherical powders (of
sizes 2—12 um, Sigma-Aldrich), graphite powders (of
approximately 5 um, US Research Nanomaterials), carbon
nanopowder clusters (size <50 nm, Sigma-Aldrich), and
natural graphite nanopowders (of sizes 400—-1200 nm, US
Research Nanomaterials), respectively. It should be noted
that glassy carbon spheres have high thermal conductivity
(k, =119-165 W m~" K~!) [28] and the magnitude of F a7
is estimated to be much smaller than F 5, at atmospheric
pressure [see Fig. 5(b) in Sec. III]. The use of large-sized
particles (>4 pm) rules out the possibility that the induced
negative Fpp could be due to the F 51 force, because the
direction of the F'57 force can only point along the direc-
tion of light propagation for highly absorbing particles
with a size significantly larger than the wavelength [10].
Therefore, the negative component of F'pp is mainly dom-
inated by the F'5, force for highly absorbing micron-sized
particles, which balances the other forces acting on the
particles along the beam axis direction. The radiation pres-
sure force is an order of magnitude smaller than Fg and
the buoyant force is approximately 3 orders of magnitude
smaller than Fg, which can be neglected (see Sec. III).
When laser power is quickly turned off, Frp drops to zero
immediately. If the photophoretic force F'pp drops as fast
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FIG. 1. (a) An absorbing particle is vertically trapped by a

downward-focused Gaussian beam and is held by an upward
component of Fpp to balance the other downward forces. Power
switching in an incident laser causes dynamic motion of the
trapped particle. (b) Schematic setup for observing the dynamic
motion of a trapped particle with a high-speed camera. The
power of laser diode (LD) can be rapidly modulated with a rise
or fall time <1 us via a pulsed driving current. The inset shows
the image of a trapped particle.
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as Frp, one would expect that the trapped particle would
move down due to the action of Fg. However, if Fpp
decreases more slowly than F'rp and is retained for a short
period, the trapped particle would move upward first and
then drop down under the influence of the gravitation force
Fg. On the other hand, if a positive pulse is applied so
that the laser intensity is increased for a short duration,
the trapped particle will be pushed down by the increased
Frp if Fpp does not increase as fast as Frp. Therefore, by
measuring the dynamic motion of the trapped particle fol-
lowing a pulsed change in laser intensity, it is possible to
measure the time dependence of the photophoretic force
Fpp as well as the particle’s temperature.

A. Optical trapping by a negative photophoretic force

The experimental setup is shown in Fig. 1(b). A diode
laser (HL6545MG, 660 nm) is focused vertically by a lens
(f =50 mm) to form the trap [15,23]. The laser beam is
linearly polarized in the TEMy, mode and its power is
controlled by the driving current. An absorbing particle
in a cuvette is trapped near the focus of the laser beam.
The particle powders are placed on the bottom plate of
the cuvette together with a few mini steel bars kept at

atmospheric pressure (p = 760 Torr) and 20 °C. A magnet
is used to steer the steel bars, forcing the carbon parti-
cles to move on the bottom plate so that a few particles
may be pulled up by the laser beam to the trapping posi-
tion. The inset in Fig. 1(b) shows the image of a trapped
particle (approximately 3 mm below the focal position).
The power of the diode laser is modulated by a volt-
age pulse via a field-effect transistor (MOSFET) with a
rise or fall time less than 1 us. A high-speed video cam-
era (approximately 1000 frames/s) is used to record the
scattered light images or bright-field images (illuminated
by a light-emitting diode) of the trapped particle, from
which the particle’s positions at different times before and
after power modulation can be tracked. The axial speed
of the moving particle can be measured by the slope of
the position-time graph. A fast photodiode is also used to
detect the scattered light of the trapped particle from which
the transverse rotation frequency of the moving particle
can be determined [15].

The dependence of the trapping position of a particle
in the z axis on the incident power P is shown in Fig. 2(a).
The result shows that when the incident power is increased,
the trapped particle is pushed forward, and when the inci-
dent power is decreased, the trapped particle is pulled
toward the focal point. The experimental data of the dis-
placement (Az=z—z;) of the trapping position z of a
particle is shown in Fig. 2(a), in which z; is the location
where the particle is trapped when the laser power is P,
(=30.2 mW).

The focused laser is a Gaussian beam and the
intensity distribution in the particle’s position can be
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FIG. 2. (a) The position displacement of a trapped particle

(Particle 1) vs the incident laser power. The red curve shows
the theoretical fitting of the experimental data by Eq. (3) with
the parameter z; =3.0 mm at P; =30.2 mW,; (b) The PSD of
the Brownian motion of Particle 1 illuminated by the laser beam
with a constant power of 30.2 mW. The natural frequency of the
potential well and the rotation frequency of the particle’s circular
motion can be determined from the power spectrum. The corner
frequency can also be determined as marked by an arrow. The
insert shows the scattering intensity from the trapped particle,
which represents the rotation motion of the particle at a rotation
frequency of 5.0 kHz.

determined by
I
L= —Fz’
1 4 (z/zr)

where Ir = P/(mwy?) is the intensity at the focal point
(z=0) with a beam waist width of wy and zz = Twy>/A
is the Rayleigh range of the focused Gaussian beam. Since
the trapping positions of the particle are far away from the
focal point (such that z > zr), Eq. (1) can be simplified as

z = zp\/Ir /L. @

Assuming that the laser intensity /. at the position of the
trapped particle is kept the same when the incident power
is changed, the position displacement (Az=z—z;) of the
trapped particle can be calculated by

Az = z1(VIp/Ip1 — 1), (3)

where [r; is the intensity at the focal point when the
particle is trapped at z=z,.

The theoretical curve from Eq. (3) is drawn in Fig. 2(a)
(the red curve). We find that the position displacement
(Az=2z—2z)) of the trapped particle can be theoretically
very well fitted with the value z; =3.0 mm. This con-
sistency indicates that the laser intensity in the trapping
position tends to be the same when the incident power is
changed, although the axial trapping position is changed.
This finding suggests that when the incident power is
changed, the variation of the particle’s temperature (and
thus Fpp) may not change fast enough that the particle
is pushed away or pulled back by the change in radia-
tion pressure force, and the particle is thus moved to a

(M
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new position where the actual light intensity on the par-
ticle is nearly the same. The Brownian motion in the z axis
direction of the trapped particle is measured with a posi-
tion detector as shown in Fig. 2(b), from which the natural
frequency (approximately 340 Hz) of the potential well and
the corner frequency of the photophoretic trap can be deter-
mined [26], while the sharp peak at 5.0 kHz corresponds
to the rotation frequency of the trapped particle around the
optical axis [15].

B. Dynamic motion of the trapped particles following
laser intensity modulation

In order to measure the time dependence of a nega-
tive F'pp, a particle (a glassy carbon sphere with a size of
approximately 4 pum) is first trapped with a constant inten-
sity /¢ and then a low-intensity pulse is applied to modu-
late the laser power, followed by measuring the dynamic
motion of the trapped particle. Figures 3(a) and 3(b) show
that when the laser power is turned off, the particle is
found to move upward for approximately 50 um with a
nearly constant speed. When the laser intensity returns to
the original level, the particle is pushed back to the original
equilibrium position during a longer time interval. Since
Frp is quickly reduced during the low-intensity pulse and
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FIG. 3. (a) Sequential bright-field images of a trapped glassy
carbon sphere (with a size of approximately 4 um) following the
power switching of 100 ms. (b) The variation of the particle’s
position vs time. (c) Sequential images of a trapped micron-sized
cluster (with a size of approximately 6 um) of carbon nanopar-
ticles (Particle 1) undergoing the dynamic motion following the
power switching with a negative square pulse of 25 ms. (d) The
variation of the cluster’s position vs time. The blue curve shows
the change in light intensity and the inset shows the magni-
fied variation of the particle’s position after the application of
a negative square pulse (see Supplemental Video 1 [29]).
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Fg is unchanged, the upward motion of the particle at
a constant velocity indicates that the Fpp force remains
unchanged for a short time and thus, the particle’s tem-
perature in this interval remains nearly unchanged. When
the laser power is turned back up, the light intensity on
the up-shifted particle is higher than the intensity at the
trapping position, causing greater F'rp even the Fpp force
to remain the same. Therefore, the particle is pushed back
to the original trapping position when the incident power
is recovered after the low-intensity modulation pulse. A
similar dynamic motion is observed for a trapped micron-
sized cluster (with a size of approximately 6 um) of carbon
nanoparticles when the laser intensity is switched to a low
intensity (approximately 5% of [ for the observation of
the particle’s images), as shown in Figs. 3(c) and 3(d).
When the laser intensity is switched to a low intensity,
the particle is found to move upward for approximately
190 um with a nearly constant speed, suggesting that the
Fpp force remains unchanged for a short time.

More results on the dynamic motion of the trapped
particles following laser intensity modulation are shown
in Supplemental Videos, in which Supplemental Video 1
(recorded by scattering light images) shows the dynamic
motion of a trapped cluster of carbon nanoparticles when
the incident laser power is switched to a low level for a
square-pulse duration of 25 ms [29]; Supplemental Video
2 (recorded by shadow images) shows the dynamic motion
of a trapped particle when the incident laser power is
switched to a low level for a square-pulse duration of
25 ms [29]; Supplemental Video 3 shows the dynamic
motion of a trapped particle when the incident laser power
is switched to a high level for a square-pulse duration of
5 ms [29].

C. Temporal dependence of the photophoretic force

The experimental results above clearly demonstrate that
the temporal change in the photophoretic force Fpp (the
sum of the Fa, and Fr forces) in response to the
intensity modulation is remarkably slow, which could
be due to the slow change in the particle’s tempera-
ture. A semi-empirical expression for the F'p, force is
given by Rohatschek [9] for spherical particles whose sur-
face is divided into two hemispheres with two different
accommodation coefficients «; and a:

1 1 Ao

R R @

FAoz

Here, ¢ is the mean speed of the molecules, p is the
pressure, p* is the characteristic pressure, Ao = a1 —oy,
a = (a; + a2)/2, and H denotes the net energy flux trans-
ferred by the surrounding molecules. The ratio of the
gas mean free path A to particle diameter is defined
as the Knudsen number K,. H can be written as
Hcont =4maKy (T, — Tp) in the continuum-flow regime
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(K, < 1) and H gee = 4 a*h(T;—T)) in the free-molecular
regime (K, > 1) [9,11]. Here, K, is the thermal conduc-
tivity of the surrounding gas, 4 is the convection heat
transfer coefficient in still gas, a is the radius of the par-
ticle, and 7y and T are the temperatures of the particle’s
surface and the gas molecules, respectively. Consequently,
the Aa force can be expressed by F'aq = k3(Ts—Tp), with
a parameter k3.

The rate of change of the particle’s heat energy can be
written as

g

E =—-H— Eemi + Eabs + AI, (5)

where Q = mcy(Ts—T)), cy is the specific heat of the par-
ticles, A1 is the power of the light absorbed by the particle
with the absorption cross section 4 and the incident irradi-
ance [ at the particle’s position, and E.p; and E s are the
emitted- and absorbed-energy fluxes due to thermal radi-
ation, respectively. Except for very low pressures, the net
radiation flux E i — Eqaps i negligibly small compared to
H [9,10]. Accordingly, Eq. (5) can be rewritten as

d
E(TS_TO)z_kl(Ts_T0)+k2AI> (6)

where k| =4maK,/(mcy) or ki =4mwa*h/(mcy) for the
continuum-flow and the free-molecular regime, respec-
tively, and &, = 1/(mcy).

Most of the previous theoretical and experimental work
considered thermal equilibrium with a constant light inten-
sity [9-25], such that H=A[ from Eq. (5). Therefore, both
the Aa and AT forces in steady state are directly pro-
portional to the light intensity [9—12]. However, Eq. (6)
indicates that the time constant of the change in the par-
ticle’s temperature as well as the F 5, force is 7| = 1/k;.
When the illumination light is turned off (/=0), they
decay exponentially, Ty—Ty= ATy exp(—kit), and thus
Froa=k3(Ts—T0) =Faao exp(—kit), where AT, and
F Aq 0 are the temperature difference and the photophoretic
force (since F a7 is much smaller than F 5, for the trapped
particle, see Sec. III) in steady state before the change of
intensity, respectively. For a micron-sized spherical par-
ticle or an irregular aggregate of nanoparticles, the value
of the time constant kl_1 has not been measured. By
modeling the dynamic motion of the trapped particle fol-
lowing a pulsed change in laser intensity, it is possible
to measure the time constant of the change in the pho-
tophoretic force F'pp as well as in the particle’s temperature
(see Sec. 1V).

ITII. THEORETICAL ESTIMATION OF THE
PHOTOPHORETIC Fxr AND F,, FORCES

Wurm and Kraus [12] were the first to use a downward
convergent laser beam to levitate micron-sized graphite

aggregates (consisting of smaller flakes), which perform
negative photophoresis. The question of which of the
forces, F a7 or Fay, is responsible for the particle levi-
tation remains under debate [9—-11,18]. Wurm and Kraus
suggested that a negative F'Ar force might arise for large
complex aggregates if directed light can penetrate through
pores into a deeper layer of the aggregate, but cannot run
away such that the backside could be hotter than the sur-
face facing the illumination light [10,12], although they
did not exclude the F'», force being responsible for the
particle lift for a low inclination of the laser beam. This
explanation with a negative F o7 force is contradictory to
the Rubinowitz model of radiometric force [30]. Accord-
ing to the Rubinowitz model, a big agglomerate should
perform positive photophoresis and not negative. The AT
force is always longitudinal (either positive or negative),
determined by the light beam because it is caused by
inhomogeneous heating of the particle [10]. For weakly
absorbing particles (such as glass spheres coated with a
thin Au film [19]), the maximum absorption may be at
the backside due to the lens effect, which leads to the
backside being hotter than the surface facing the illumi-
nation light. Therefore, a negative F o7 force could be
generated for weakly absorbing particles. If the particle
size is comparable to the wavelength of the light (with
a size parameter 2w a/A = 0.5-5 or diameter 2a < 0.8 um
for A=0.5 um), even strongly absorbing particles (with
a refractive index m = 1.95-0.66i for carbon spheres) act
with structured absorption and may perform negative pho-
tophoresis [31,32]. However, for strongly absorbing par-
ticles (such as graphite and carbon particles) that have a
size much larger than the wavelength, there will always
be more absorption on the illuminated side, and therefore,
only a positive photophoretic F' 57 force is possible. For the
micron-sized carbon spheres, graphite powders, or aggre-
gates of carbon nanoparticles 2—10 pum in diameter, which
are used in our experiments, it is more likely that the Far
force is positive. In particular, for glassy carbon spheres
(2—12 pum) and natural graphite powders (approximately
5 pum), there are no pores for the light to penetrate into the
deeper layer of the particle. Therefore, Wurm and Kraus’s
suggestion of a negative F a7 force due to pore structures
for large complex nanopowder aggregates does not seem
likely to apply for the absorbing solid particles used in our
experiment.

A. Thermal conductivity parallel to the surface or
perpendicular to the surface

The magnitude of the photophoretic F 57 force is highly
dependent on the thermal conductivity k&, of the parti-
cles [9—11], see below in Eq. (8). The glassy carbon spher-
ical powder (sizes of 2—12 pum) used in this experiment
is made of glasslike carbon and has high thermal con-
ductivity, high temperature resistance, and hardness [33].
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FIG. 4. In-plane thermal conductivity k; and through-plane
thermal conductivity k; of spherical surface (a) and planer sur-
face (b).

From the vendor’s specifications [28], the density is
pp =2.2 g/em® and the thermal conductivity of the glassy
carbon spherical powder is k, = 119-165 W/(m K), which
is significantly higher than the “normal” thermal conduc-
tivity (k,=6.3 Wm~! K~!) of natural graphite that is for
the through-the-thickness heat conduction [33]. The high
thermal conductivity of glassy carbon spheres is proba-
bly due to the fast heat transfer parallel to the surface
(with in-plane thermal conductivity %;), rather than the
slow heat conduction perpendicular to the surface through
the thickness of the carbon material (with the through-
plane thermal conductivity k;), as shown in Fig. 4. It is well
known that crystalline graphite has a thermal conductiv-
ity of 1200 W/(m K) parallel to the layer planes, but has
a low thermal conductivity of approximately 6 W/(mK)
perpendicular to the layer plane [11]. It has been demon-
strated that a natural graphite sheet (with 0.25-0.5 mm
thickness) has asymmetrical thermal conductivities with
k; = 140-500 W/(m K) and k; =3-10 W/(m K), which has
been widely applied for heat spreaders [33]. The good
thermal conductivity k; parallel to the spherical surface
considerably reduces the temperature difference between
the illuminated side and the backside of the particle, and
thus reduces the value of the F'5 1 force.

B. Calculation of photophoretic F 57 and F ,, forces,
gravitation force, radiation pressure force, and
buoyant force for micron-sized glassy carbon spheres

A semi-empirical expression for photophoretic force is
given by Rohatschek, in which under a thermal equilibrium
condition, both the F' 5, and F 57 forces are functions of gas
pressure p given by [9,11]

F 1 1 A« 27 ) 7
0= - —Ta zZ),
MU e+ ) @

and
2 o a2J1

= ——1(2), )]
P /Pmax + Pmax/P 2 kp

Far

where k, is the thermal conductivity of a particle of
radius a, o is the average of two accommodation coef-
ficients for two hemispheres of a spherical particle, Ax
is the difference of the accommodation coefficients, J; is
the asymmetry parameter of the particle for light absorp-
tion (J1=0.5 for opaque particles, J; has the oppo-
site sign if the absorption is mainly at the backside
for negative photophoresis), and p* is a characteristic
pressure:
1

p* = —~3mken, )
2a
2 *
Pmax =4/ =P - (10)
o

D denotes a constant determined entirely by the state of the

gas,
p="1 /2. (11)
2V 37,

G= =2 (12)

where ¢ is the mean speed of the gas molecules, « is
a thermal creep coefficient, 0.9 <« < 1.14 [9], R is the
universal gas constant, M is the molar mass, 7 is the
temperature of the gas, and 1 is the dynamic viscosity of
the gas.

For micron-sized particles, the particle size is much
larger than the gas mean free path of A =66 nm at
standard conditions (p =760 Torr, Ty =20°C [11], and
p* =517 Torr for d=4 pm) and the continuum-flow
regime is valid at a high pressure (p > p*). From Egs. (7)
and (8), the ratio of the F'a, and F a7 forces is inversely
proportional to the pressure [9]. The particular pressure (at
which the F 5, and F a7 forces become equal) increases
with thermal conductivity &, of the particle. For good ther-
mal conductors, this pressure is far beyond 10° Pa. This
means that for atmospheric pressure or below, practically
only the F'», force is dominant [10]. Here, we estimate
the values of Fa, and Far forces for glassy carbon
spherical particles with the light intensity at the trapping
position.

For the incident laser power of P=30.2 mW, wave-
length A =0.66 um, and beam size of Dy=2.6 mm
focused by a lens of f= 50 mm, the beam waist width at
the focal point is wy = 2fA/(w Dy)~8.0 um. The intensity
at the focal point (z=0) is [r = P/(7w}) ~ 15 kW/cm?.
The Rayleigh range is zzx = 7wj/A ~ 0.3 mm. The light
intensity at the trapping position of z=2 or 3 mm and
is given by /=330 W/cm? or 150 W/cm? calculated by
Iz = IF/[1+(Z/ZR)2].

For a trapped glassy carbon spherical particle with a
diameter d=4 um, the mass is m=7.37 x 107'* kg.
The gravitation force is F3=0.722 pN. The buoyant
force at atmospheric pressure (p =760 Torr at 20 °C) is
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FIG. 5. Photophoretic Fay and F,, forces as functions
of pressure for various particle sizes. (a) Thermal conduc-
tivity k, =6.3 W/(mK) for amorphous graphite particles; (b)
k, =120 W/(m K) for glassy carbon spherical particles. The fol-
lowing parameters are used for the calculation: 7= 150 W/cm?,
pp=22x10* kg/m®, @ = 0.7, Aa =0.1, J; = 0.5, viscosity of
airn=1.8 x 107 Pas, and k = 1.14.

Fp=4 x 10~* pN, which is 3 orders of magnitude smaller
than Fs and thus can be neglected because the density
of the air is much less than the density of the solid car-
bon particles [18]. The radiation pressure force acting on
the sphere is Frp = (a®)l/c=0.062 pN=0.086 F; for
I=150 W/cm?, which is an order of magnitude smaller
than Fg. As calculated by Egs. (7) and (8), Fig. 5 shows
the values of the For and Fa, forces as a function of
pressure for various particle sizes with k, = 6.3 W/(mK)
and k, =120 W/(mK) illuminated by a light intensity of
150 W/cm?, respectively. For 4-um glassy carbon spheres
(k, =120 Wm~' K~!) at p =760 Torr, F ro/Fg=3.1, but
Fa7/F=0.23, indicating that the F o7 force is an order
of magnitude smaller than the F», force. This indicates
that the F o7 force alone is not sufficient to lift the sphere.
When the pressure is decreased, the ratio of the F 5, force
over the F' o7 force increases. Similar results are valid for
d=2 pm and 6 um particles. Therefore, these results
are consistent with the previous statement that the Fa,
force is practically dominant for micron-sized glassy car-
bon spheres due to their good conductivity at atmospheric
pressure or below [10].

IV. MODELING DYNAMIC MOTION AND TIME
DEPENDENCE OF THE PHOTOPHORETIC
FORCE

To model the dynamic motion of the trapped particle, we
express the equation of motion in the z direction as follows:

mz +yz= Fpp — Frp — Fg+ F: ()
=ks(Ty = Ty) — Al Je = mg + F,(),  (13)
where y = 6 na is Stokes’ drag constant, 7 is the viscosity

of air, a is the radius of a particle assuming it is a sphere,
m is the mass, c is the speed of light, the first term in the
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FIG. 6. (a) Experimental data of the position variation of a

trapped particle (with a size of approximately 6 um) in the z
axis direction vs time after the application of a low-intensity
square pulse of 25 ms (above) and a high-intensity square pulse
of 5 ms (below). (b) Theoretical modeling of a particle’s dis-
placement with a low-intensity square pulse (above) and a high-
intensity square pulse (below). The simulation parameter for k;
is approximately 1 s7!.

right side is F'p4, the second term is the radiation pres-
sure force, the third term is the gravity force, and F¢(f) is
the random force for Brownian motion. Since the range
of dynamic motion due to intensity modulation is much
larger than that of the Brownian motion, F(f) is very small
compared with the other forces and can be neglected. In
Egs. (6) and (13), the intensity /(z,?) is the function of posi-
tion z (due to focusing of the Gaussian beam) and time ¢
(due to power modulation). When illuminated with a con-
stant intensity, Egs. (6) and (13) reach a steady state such
that Fpp = Fg+FRrp, and the particle undergoes a circular
motion [15]. When the laser intensity is switched to a low
level, the radiation pressure Frp is reduced immediately
and the particle undergoes a vertical upward motion (Sup-
plemental Video 1), indicating that the F'», force is likely
aligned with the upright direction under the action of the
gravitation force Fg.

Numerical simulation of Egs. (6) and (13) can lead
to a comparison between the experiment and theoretical
modeling of the dynamic motion of the trapped parti-
cle. Figure 6(a) shows experimental data of the displace-
ment of a trapped particle (with a size of approximately
6 pum) when a low-intensity square pulse or a high-
intensity square pulse is applied, while the low-intensity
level is approximately 5% of Iy and the high-intensity
level is approximately 2/y. Supplemental Video 2 (bright-
field image) and Supplemental Video 3 (scattering light
image) show the dynamic motions of this particle after the
application of the low-intensity and high-intensity pulses,
respectively. As predicted, a high-intensity square pulse
causes the particle to be pushed downward, whereas a
low-intensity square pulse causes the particle to be pulled
upward. Figure 6(b) shows the numerical simulation of the
particle’s displacement with similar low-intensity or high-
intensity pulse modulations and with a simulation param-
eter k;~1 s~1. The theoretical calculations are consistent
with the experimental results.
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The temperature change of microparticles determines
the time dependence of the F'pp force. The results in Figs. 3
and 6(a) show that F», and the particle’s temperature
undergo no observable change during a short interval (25
ms for a trapped cluster of carbon nanopowders and 100
ms for a trapped glassy carbon sphere) of the intensity
modulation. In order to find how long it will take for the
particle’s temperature to have a significant change after the
power modulation, we extended the duration of the low-
intensity square pulse to 100250 ms and expect to observe
anonlinear change in the particle’s displacement due to the
decrease in F'p, when the laser power is turned off for a
longer interval.

Figures 7(a) and 7(b) show the position of a glassy
carbon sphere and a cluster of carbon nanopowders as
a function of time after the low-intensity modulation,
respectively, with theoretical fitting. In the first period
(approximately 40 ms), the velocity of the particle is
nearly constant, consistent with Figs. 3 and 6(a). In
the late period, the velocity of the particle declines
slightly, indicating the magnitude of the F' 5, force slightly
decreases.

Ignoring the random force F¢(f) and the light inten-
sity of the low-intensity square pulse, we can obtain the
particle’s position and velocity in the z axis as a function
of time from Eqs. (6) and (13) under a large viscosity con-
dition where m/y is much smaller than the time interval of
measurement:

1 m
2= —Fagou(l - =5 (19)
14 14
1 —t/t mg
V= —Fpgoe " — —, (15)
Y 14
a b
@ — (b), . [
/ 100}
/
T 40t/ £ 75
3 /. 3
3 20} - S
i 25 10m
% 50 100 150 200 250 20 40 60 80 100
Time (ms) Time (ms)
FIG.7. (a) The position of a trapped glassy carbon sphere (open

circles) vs time when the laser power is switched off for 250 ms.
The blue dashed line is a line with the slope equal to the average
velocity in the first period. The red solid curve is the theoretical
fitting with 7| equal to 0.1 s. The inset is the image of the trapped
particle. (b) The position of a trapped cluster of carbon nanopow-
ders (open circles) vs time when the laser power is switched off
for 100 ms. The blue dashed line is a line with the slope equal to
the average velocity in the first period. The red solid curve is the
theoretical fitting with 7, equal to 0.5 s. The inset is the image of
the trapped cluster.

where 7| = 1/k; is the time constant of temperature change
of the trapped particle and F'a, 0 is the magnitude of the
F a force before intensity modulation. The experimental
data fit very well with Eq. (14), as shown in a red curve
in Fig. 7, with the parameter 7, equal to 0.5 and 0.1 s for
the nanopowder cluster and for the glassy carbon sphere,
respectively. Due to the nonsymmetry between the upward
and downward motions during a square-pulse modulation,
we also find that the trapping position of the particle may
vary with the modulation frequency with the same average
power (see Fig. 11 in Appendix B).

V. CHARACTERIZING THE PROPERTIES OF
TRAPPED PARTICLES BY MEASURING THEIR
DYNAMIC MOTION FOLLOWING THE
SWITCHING OF LASER POWER

Since the photophoretic force Fa, is dependent on
the properties of particles and ambient gases, we may
obtain some physical properties of the trapped particles
by measuring their dynamic behaviors under the power
modulation.

According to Eq. (15), the ratios of the F'5, force and
gravitation force to the drag constant, F'aq/y and mg/y,
satisfy the following relationship at t = 0:

_ FAot,O N mg
2

vp = (16)
1% 1%

where vy is the average velocity of the particle in the first
approximately 20 milliseconds after the power is switched
off, during which the particle nearly moves at a con-
stant speed. By extending the duration of the low-intensity
square pulse to 500 ms, we can measure the position curve
of a trapped glassy carbon sphere as the function of time,
as shown in Fig. 8. The experimental data can be very

70
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0 100 200 300 400 500

Time (ms)

FIG. 8. The position of a trapped glassy carbon sphere (open
circles) vs time when the laser power is switched off for 500 ms.
The red solid curve is the theoretical fitting with , approxi-
mately equal to 0.1 s. The inset is the image of the trapped
particle.
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well fitted by Eq. (14) as the red curve in Fig. 8 with the
following parameters:

"& _ 0.18 mm/s, (17)
Y

Fe

220 — 1.19 mm/s, (18)
7, = 101.5 ms, (19)

where 7 is the time constant of temperature change of the
glassy carbon sphere with vy = 1.01 mm/s. From Eq. (17),
we obtain m/y =1.84 x 107> s for the trapped glassy car-
bon sphere, which represents the ratio of the mass to the
drag constant of the particle in air. Due to the small size
of the particles, these quantities are difficult to be directly
measured. Our experiment provides a potential approach
to determine these physical quantities for particles
in air.

We may compare the measured value of m/y with the
value determined by another method developed by Bera
et al. [25]. Following their approach, the motion of the
trapped particle in the axial direction is detected by a
position-sensitive detector at a constant laser power of
30.2 mW. We analyze the data in the frequency domain by
determining the power spectral density (PSD) of the Brow-
nian motion and the result is shown in Fig. 9. The PSD is
given by [25]

2UesT Q2T
k(92— w?)’ 4+ w2

S(w) = p* (20)

Here, 8% is the conversion factor of the detector from
voltage to actual displacement, kg is the Boltzmann con-
stant, 7 is the temperature, k is the stiffness, and € and

10° 4.6 KHz

1 10 100 1000
Frequency (Hz)

10000

FIG. 9. The PSD of the Brownian motion of a trapped glassy
carbon sphere illuminated by the laser beam with a constant
power of 30.2 mW. The natural frequency of the potential well
(approximately 4.6 kHz) can be determined from the power
spectrum.

I" are defined as Q% =k/m and I' = y/m, respectively. The
PSD data can be theoretically fitted with Eq. (20) by
taking the fitting parameters as 2kzTB%/k=4 x 107> s2,
Q=900 s'/2, and y/m=>54000 s~!, as shown with
the red curve in Fig. 9. This leads to a value of
m/y =1.85x 107 s, which is very close to the value
determined by the dynamic motion following power mod-
ulation. Given the known values of the viscosity of air and
the sizes of the particles, the mass of the trapped particles
can be determined [25]. For the glassy carbon particle with
d =2 pm and air viscosity n = 1.8 x 107> Pa's, the mass of
the particle is determined as m = 6.3 x 10~ kg, which is
slightly smaller than the theoretical value of9.2 x 10~!° kg
assuming the sphere’s bulk density is 2.2 g/cm?. It should
be noted that the effective density of the micro-sized
particles might be less than the density of the bulk material.

In addition, from the fitting parameters of our approach,
we may also determine the magnitude of the photophoretic
force in the scale of the gravity of the trapped particles,
Fago = 6.6 mg, and its time constant 7, for the temper-
ature change. To the best of our knowledge, this is the
first direct characterization of photophoretic force and its
temporal property.

VI. CONCLUSIONS

In conclusion, we demonstrate that the time dependence
of an optically-induced photophoretic force on absorbing
particles by a power-modulated laser can be very slow
due to the slow change in the particle’s temperature. A
theoretical model is developed to calculate the tempera-
ture and the dynamic motion of the trapped particle, and
explain the experimental observations of the particle’s
position in response to the power modulation. The ulti-
mate mechanism of a negative photophoretic force is the
difference in the thermal accommodation coefficient on the
top (laser illuminated) and bottom sides of the particles.
Although the photophoretic force under constant illumina-
tion is well understood, how this force temporally responds
to the fast change in light intensity is unclear and has
rarely been studied. We report here the long time scale
of the effect, which is of the order of seconds. Our work
will be of interest for applications of particle manipula-
tions including the control of photophoretic-based optical
pulling and the transportation of atmospheric particles.
We also demonstrate that some physical properties of the
trapped light-absorbing particles (such as mass, temper-
ature change, or gas viscosity) can be characterized by
measuring their dynamic motion following the switching
of laser power.
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APPENDIX A: MATERIALS OF
LIGHT-ABSORBING PARTICES USED IN THE
TRAPPING EXPERIMENT

The light-absorbing particles of different sizes used in
this experiment are made of carbon materials: (1) glassy
carbon spherical powders (sizes of 2—12 pum, Sigma-
Aldrich, item no.: 484164-10G); (2) carbon nanopow-
der clusters (size <50 nm, Sigma-Aldrich, item no.:
633100-25G); (3) natural graphite powders (size approx-
imately 5 pum, US Research Nanomaterials, item no.:
US1158M); and (4) natural graphite nanopowders (sizes
of 400—1200 nm, US Research Nanomaterials, item no.:
US1058). Figure 10 shows the images of these particles
observed with a microscope. Because of strong absorp-
tion in the visible wavelengths (400700 nm), all these
micro-sized particles appear dark under the microscope.

APPENDIX B: DEPENDENCE OF THE TRAPPING
POSITION ON THE MODULATION FREQUENCY
OF A POWER-MODULATED LASER BEAM

The inset in Fig. 11(b) shows the positions of a particle
trapped by power-modulated laser beams with frequencies
equal to 100 kHz and 100 Hz, respectively. It can clearly be
seen that the particle is pushed away with low-modulation

¢
-
[ a ad m

FIG. 10. Microscopic images of light-absorbing particles used
in the experiment. (a) Glassy carbon spherical powders (sizes
2—12 pm); (b) Carbon nanopowder (size <50 nm) clusters; (c)
Natural graphite powders (size of approximately 5 um); (d)
Natural graphite nanopowders (sizes of 400—1200 nm).
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FIG. 11. (a) The intensity of the trapping beam is modulated
by a square function with a frequency equal to 100 Hz or
100 kHz. (b) The position shift of the trapped particle at dif-
ferent modulation frequencies of the square-function modulated
beam. The inset shows the images of the particle trapped by a
power-modulated beam with frequencies of 100 Hz and 100 kHz,
respectively. It can clearly be seen that the particle is pushed
away under the modulated light with a low frequency.

frequency. A given particle tends to have two stable loca-
tions with high- and low-frequency modulations. Under a
high-modulation frequency (>50 kHz), the particle’s trap-
ping position is the same as that with the cw irradiation of
the same average power, since the particle cannot follow
such a high modulation frequency to move its position due
to air viscosity. However, under low-modulation frequency
(<100 Hz), the particle tends to move to the position irra-
diated by the cw laser beam with twice the power. To
understand this result, it should be noted that one cycle
of the square-modulation light consists of a half cycle with
zero intensity and a half cycle with twice the average inten-
sity /o, see Fig. 11(a). During the half cycle of 2/, the
particle is pushed forward by the radiation pressure. Dur-
ing the half cycle with zero intensity, the particle is pulled
back. However, the displacement in the latter process is
much slower than that in the former process. After multi-
ple cycles, the particle is pushed closer to the position of
the particle trapped by the cw laser beam with twice the
power.
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