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Abstract

We observed the photophoresis of smoke particles in a small focal laser beam
under micro-gravity, exerted in an airplane, to avoid air convectional flow due
to buoyancy. We measured the motion of smoke particles and found that the
particles exhibit negative photophoresis under the suppression of the convection.
Based on the distribution of velocity of negative photophoresis, it is shown that
the photophoretic velocity is proportional to the laser power applied for the
particle. We discuss the mechanism in terms of the radiometric force.

1. Introduction

Transport phenomena have been attracting much interest not only from ba-
sic science but also from engineering and industry. Since the force applied to a
transported object can originate from many physical processes, there are various
forms of transport phenomena, such as electrophoresis, magnetophoresis, pho-
tophoresis and thermophoresis. In photophoresis, motion is induced by shining
light on particles, which was first described by Ehrenhaft in 1917 [1]. Since
photophoresis is observed for almost all types of particles [1, 2, 3, 4, 5, 6, 7]
unless they are completely transparent, it is expected that it can be applied
to particles that do not have either an electric charge or a magnetic quality
[8, 9, 10, 11].

Generally, photophoretic forces have two origins. One is called a scattering
force (radiation pressure force) which is derived from the exchange of momentum
between a photon and a scatterer [12]. The scattering force exerts pressure on a
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particle in the direction of the transferred momentum, which is in the direction
of light.

The other is called a radiometric force (photo-thermal force) which arises
from a surface-temperature-dependent reflection of ambient gas molecules [13,
14]. Under a kinetic boundary condition (Maxwell-type boundary condition),
a difference in temperature occurs between gas molecules impinging on a par-
ticle surface and those departing from the particle surface. This temperature
difference results in a deviation of the net pressure of the gas at the particle
surface.

Therefore, a gradient in surface temperature leads to a gradient in the gas
pressure at the particle surface, and thus, a photophoretic force arises in the
direction from the hot side to the cold side of the particle. Photophoresis induced
by radiometric force is very similar to thermophoresis. The difference is that in
photophoresis the original temperature gradient exists on the particle surface,
whereas in thermophoresis the ambient environment exhibits a temperature
gradient over the size of the particle [14, 15, 16].

Although, both the scattering force and the radiometric force work on a
photo-induced motion of a particle, the radiometric force usually dominates
photophoresis except for an ultra-high vacuum condition. [6] In the strato-
sphere and mesosphere where photophoresis is highlighted in conjunction with
the behavior of aerosol particles, the effect of the scattering force is negligible,
and photophoresis is mainly discussed in terms of the radiometric force [17].

In contrast to the scattering force, the radiometric force works either in
the direction of light travel (positive photophoresis) or toward the light-source
(negative photophoresis). This is because the heating power distribution caused
by light absorption depends on the size and refraction index of the particle
[18]. Since the scattering force always induces positive photophoresis, negative
photophoresis is considered to be evidence of the radiometric force.

Photophoresis induced by the radiometric force is useful for many applica-
tions. The negative motion also means that the radiometric force is greater
than scattering forces. Basically, the radiometric force increases under a higher
ambient air pressure. However, in an actual experiment, we have to take into
account another factor that disturbs photophoretic motion. Since a container is
more or less heated by light, natural convection due to buoyancy occurs in the
experimental system when the experiment is performed in a usual laboratory.
In experiments under natural atmospheric pressure, it is difficult to eliminate
the possibility that natural convection influences the direction and speed of
photophoresis.

In this Letter, we performed the experiment of the photophoresis of smoke
particles under micro-gravity by using an airplane. In one flight, we can measure
both the case of 1.0 g and 0.0 g. We observed convection of ambient air for the
result at 1.0 g and did not observe convection at 0.0 g. From the result at 0.0
g, we obtained the relationship between photophoretic force and light intensity.



2. Materials and methods

Figure 1 shows the experimental setup. We generated smoke particles by
burning a sandalwood incense stick (product name is “Hanafuzei” from Kameyama,
Japan). Main composite of a smoke particle is estimated as water and some
organic acid because it is generated from burning organic materials. The di-
ameter of the smoke particles was measured by dynamic light scattering with
a SGS-6000 (Otsuka Electronics, Japan) 2 min later after the generation. The
measured mean diameter was 0.784+0.20 pym. Just before the observation under
microgravity by 2 min, the smoke particles were generated in a syringe and
injected into a 10 mm cubic optically transparent cell. The laser-transmitting
sides of the cell were made of glass plates and the other sides were made of
acrylic plates.

The laser source was a frequency-doubled (532 nm) diode-pumped, solid-
state Nd:YVO, laser (Millennia, Spectra-Physics), which delivers a continuous
TEMyy beam. The output power is 5.0 W. In the present microgravity ex-
periment, the measurement time was limited to about 10 s. To take various
photophoretic intensities at once, we used a focal beam system. To make the
focal beam system, we used a lens with a focal length of 10 mm. The final beam
convergence angle was 7.0 degrees.

We measured the radiation power with a power meter (PM-345, Neoarc
Japan) at each point. We used a microscope CCD camera (VH-Z75, Keyence,
Japan) to observe the particles by light scattering. The video images were
recorded on a digital video recorder (DSR-11, SONY, Japan).

All of the experimental systems were installed in an airplane (Mitsubishi
MU-300, operated by Diamond Air Service Co., Japan). By taking a parabolic
flight-path with the airplane, we achieved a micro-gravity condition. The micro-
gravity condition was maintained for about 10 s and the residual gravity was
maintained at less than 0.01 g (g is the standard acceleration due to on Earth,
9.8 ms~2). A microgravity environment can be used to avoid thermal convection
of an ambient gas caused by heating of the experimental system [19, 20, 21].
The air conditions were regulated at 293+3 K and 0.9 atm.

In our experiment, a nearly Gaussian beam TEMgyy mode was generated.
While the optical fiber may disturb the beam profiles to a certain degree, the
spatial profile of the light intensity of the mixed mode focal beam can be de-
scribed by the following equation [22, 23]:

I(h,z) = Plocal (h2> (1)

wo?(z) o?(z)
o(z) = /WE + {tan(Oroca)2}2, (2)

where h is the axis normal to the optical axis, z is taken along the optical axis
with z = 0 as the focal point, Py, is the total laser power of the focal beam,
W is a constant of the minimum focal spot, and 6s.¢a is the convergence angle.
We measured Piyear = 0.26 W when the output power of the laser head was set
as 5.0 W.




3. Results

Figure 2 shows CCD camera images near the focal point. Figure 2(a) shows
snapshots of the focal beam with a time resolution of 1/30 s. The bright spots,
which indicate smoke particles, are seen to concentrate on the center line. In
fact, smoke particles are present throughout the entire experimental cell, but
only particles that are irradiated by the laser beams are seen in the figure by
scattering light. The actual beam power profiles can be estimated from the
scattering intensity.

Figure 2(b) shows time-accumulated images of the scattering light intensity.
By fitting the intensity profiles in Figure 2(b) with Eqgs. (1) and (2), we eval-
uated the experimental parameters characterizing that characterized the focal
beams; Wy = 0.10 mm, and 8ca1 = 7.0 degrees.

Figures 3(a) (at 1.0 g) and (b) (at 0.0 g) is spatiotemporal plots of the light
axis of the focal beam and the spatial distributions of photophoretic velocities.
In each figure, the irradiated light comes from the left. Most of the particles
move toward the light source. The effect of radiometric force is very sensitive to
the size of the particle. In Figure 3, it is found that small fraction of particles
exhibit no motion or positive photophoresis, being attributed to other kinds of
“dust” particles or object with large size difference from usual smoke particles.
Here we will pay our attention on the large fraction of the particles, showing
negative photophoresis, for which the radiometric force is clearly dominant. At
1.0 g, owing to the existence of air convection, the distribution was deviated
from the symmetry with respect to the focal point, z = 0. On the other hand,
in the system at 0.0 g, we successfully measured the photophoretic velocity
distribution by diminishing the effect of air convection.

4. Discussion

Since the scattering force always induces positive photophoresis, the presence
of negative photophoresis is regarded as the actual evidence that the dominant
force is the radiometric force [10]. Orr and Keng [24], Tong [16] and Lin [6]
associated their experimental observations of negative photophoresis with the
radiometric force, based on the fact that photophoretic force decreases with a
decrease in atmospheric pressure.

In our experiment, the pressure was not low, being on the order of the
atmospheric pressure on earth. As seen in Figure 3, the photophoretic motion
was disturbed by thermal convection in air under 1.0 g. On the other hand,
effect due to convective flow was not seen under 0.0 g.

Figure 4(a) shows the averages and standard deviations of the velocities
based on the lower panels in Figure 3(b). The solid curve shows the estimated
light intensity at each point calculated from Eq. (1). The velocities show a
symmetric profile, which suggests that inertia does not have much of an effect,
and that the velocity data are very close to their respective stationary values.
Since the light intensity is different at each point, the position-dependent veloc-
ity distribution gives a relation between the velocity and light intensity. Figure



4(b) is a log-log plot of the average velocity of smoke particles versus light inten-
sity. The relationship between the negative velocity —u and the light intensity
I shows a scaling relation over a wide range of light intensity.

Based on the results shown in Figure 4, the relationship between pho-
tophoretic velocity and light intensity is deduced to be up, /I = —4.0x1071%  m3/J.
As the Reynolds number of this system is very low (Re ~ 1073), the particle
inertia is negligible for a video frame of 1/30 s. Thus, the photophoretic veloc-
ity only follows the photophoretic force. From Stokes’ law, we can describe the
photophoretic force as

th = 67TVR0’LLph, (3)

where v is the viscosity of air and Ry is the radius of the particle. If we use
the values v = 1.82 x 107° Pa-s [25] and Ry = 3.9 x 1077 m, we obtain
Fon/I=-54x10"2 m-s.

Under the framework of Chernyak and Beresnev [26], the photophoretic force
is calculated as
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where [ is an irradiated light intensity, J; is an asymmetry factor, E is an
electric field, |Eg| is the incident electric field strength, z = %" is a radial

distance normalized by diameter of the particle, m is the mass of the ambient gas
molecule, T; is the temperature of the ambient gas, k is the Bolzmann constant,
ag is a thermal accommodation coeflicient for energy on the surface of the
particle, s, is a thermal conductivity of the particle, xg is a thermal conductivity
of the gas, Kn is the Knudsen number, and [ is the mean free path of the gas.
According to our experimental condition, we adopt J; = 2.5 x 1073, which is
calculated by a refractive index of cigarette smoke n = 1.45 — 0.0013¢ [27] into
equations of Ref. [28], m = 2.3x1072¢ kg for nitrogen, k = 1.3x1072% J/K, T, =
293K, ag =1, kp, = 0.56 W/(m - K) for water [25], K, = 0.024 W/(m - K)
for air [25], and [ = 7.27 x 1078 m for air at 0.9 atm [29]. Thus, we obtain
Fon/I = —3.8x1072% m-s. This force is much smaller than our experimental
results. Because a slip condition is applied on the surface of a photophoretic
particle, the drag force does not necessarily obey the Stokes’ law. Moreover,



a temperature distribution would change between the conditions at rest and
in a steady motion. Using the theory [30] based on the slightly rarefied gas
dynamics, we obtain a relationship between the photophoretic velocity and the
light intensity as u,,/I = —1.2x1071% m?3/J. Taking into the rough estimation
of the parameters, this value is compatible with the experimental result.

There is a chance that an internal motion of a particle affects the temper-
ature gradient.Here, we consider the effect of rotational Brownian motion of
a particle. The average angular velocity of the particle for a Brownian par-
ticle is estimated as /18kT/(mpa3) ~ 6.8 x 1073 rad/s. On the other hand,
the thermal diffusivity of water normalized by the diameter of the particle is
2.3 x 10°s~!. The thermal diffusivity of air normalized by the diameter of the
particle is 3.6 x 107s™'. Thermal diffusion is much faster than the rotational
Brownian motion, and thus, the effect of Brownian motion would be negligi-
ble. Recently, it was predicted [30] based on a theoretical argument that the
photophoresis of a fluid particle shows a complex behavior because of a convec-
tional flow in the particle. The convectional flow is expected to dominate the
temperature distribution when the diameter is larger than submicrometer scale.
Further experiments in microgravity are expected to contribute to the discovery
and confirmation of such new mechanics.

Scattering force for the smoke particle is roughly estimated as

Fy. 51 —exp (2rRoRe(n)Im(n)/Auc)
~ TR}

7 ; =74x107% m-s, (10)

where ;i = 47 x 107 is magnetic permeability and ¢ = 3.0 x 10® m s~! is light
speed. By increasing ambient gas pressure, scattering force takes a constant
value while radiometric force highly depends on the pressure. In the present
experimental condition, the scattering force is actually negligible. On earth at
1 ¢ environment, air convection is also increased and disturbs the manipula-
tion. In the present study, we have made it clear that this disturbance does
not occur in a microgravity environment. A better understanding of negative
photophoresis should contribute to manipulations in microgravity, such as in a
chemical laboratory in a Space Station.

5. Concluding remarks

We observed the negative photophoresis of smoke particles from a burned
stick of incense in air at 0.9 atm. The results at 1.0 g showed convective flow and
this flow affected to the velocities of particles. This caused the difficulty to map
the spatial distribution of velocity in the relationship between photophoretic
velocity and irradiated light intensity. On the contrary, the results at 0.0 g did
not exhibit the disturbance by convective flow and we could map the spatial dis-
tribution of photophoretic velocities into a relationship between photophoretic
velocity and irradiated light intensity. The linear relationship thus experimen-
tally obtained is consistent with the theoretical expectation. The results are
consistent with the theoretical estimate.
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Figure 1: Schematic illustration of the experimental setup. The experiments were performed
in an airplane.
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Figure 2: CCD camera images of smoke irradiated by a laser beam from the left side. (a)
Snapshot with a time resolution of 1/30 s and (b) time-accumulation image for a period of 10
S.
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Figure 3: Spatio-temporal plots along the light axis (above), and the photophoretic velocity
distributions of smoke particles (below). (a) is the experiment at 1.0 g in level flight and (b)
is at 0.0 g on a parabolic path. As for the velocity maps in the lower panels, we eliminated a
small number of particles exhibiting no apparent motion or positive photophoresis.
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Figure 4: (a) Spatial distribution of the photophoretic velocities at 0.0 g along the optical
axis together with the standard deviations as vertical bars. The light intensity distribution,
1(z), is also shown as a solid curve. (b) Log-log plot of negative photophoretic velocities —u
(the value of w itself is negative) versus light intensity I. The solid line is the fitting line to
the velocities.
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