
 

 

 
Abstract—The present study is concerned with the absorption 

center of photophoresis within a micro-sized and spheroidal particle in 
a gaseous medium. A particle subjected to an intense light beam can 
absorb electromagnetic energy within the particle unevenly, which 
results in photophoretic force to drive the particle in motion. By 
evaluating the energy distribution systematically at various conditions, 
the study focuses on the effects of governing parameters, such as 
particle aspect ratio, size parameter, refractivity, and absorptivity, on 
the heat source function within the particle and their potential 
influences to the photophoresis.  
 

Keywords—photophoresis, spheroidal particle, aspect ratio, 
refractivity, absorptivity, heat source function  

I. INTRODUCTION 
N optical radiation fields, it has been well known that the 
particles suspended in a fluid medium will experience a net 
force to cause the so-called photophoresis phenomenon 

observed first by Ehrenhaft in 1917 [1]. A particle in a gaseous 
medium subjected to an intensive light beam absorbs and 
scatters light and then turns the absorbed electromagnetic 
energy into thermal energy within the particle [2, 3]. 
Asymmetric distribution of the heat energy then becomes 
driving force of the particle photophoretic motion. The 
photophoretic force is related to what is called heat source 
function (HSF) indicating the temperature distribution within 
the particle, and the strength and direction of the force is 
characterized by an index named asymmetry factor defined by 
integrating the HSF [4].  

One area of increasing interest is the photophoresis of 
non-spherical particles, since most particles have irregular and 
complex structures in a wide variety of application areas. 
 

Wen-Ken Li is with the Graduate School of Defense Science Studies, Chung 
Cheng Institute of Technology, National Defense University, Tahsi, Taoyuan 
33509, Taiwan, ROC. (corresponding author to provide phone: 
866-3-390-8102; e-mail: goken.lee@ gmail.com).  

Pei-Yuan Tzeng is with the Department of Mechatronics, Energy and 
Aerospace Engineering, Chung Cheng Institute of Technology, National 
Defense University, Tahsi, Taoyuan 33509, Taiwan, ROC (e-mail: 
pytzeng@ndu.edu.tw). 

Chyi-Yeou Soong is with the Department of Aerospace and Systems 
Engineering, Feng Chia University, Seatwen, Taichung 40724, Taiwan, ROC 
(e-mail: cysoong@fcu.edu.tw). 

Chung-Ho Liu is with the Department of Biomedical Engineering, Yuanpei 
University, Hsinchu 30015, Taiwan, ROC (e-mail: 
chungho@mail.ypu.edu.tw). 

Non-spherical particles are abundant in natural and artificial 
environments. Furthermore, our knowledge and understanding 
of how non-spherical particles scatter and absorb 
electromagnetic energy remains incomplete and in some 
respects unsatisfactory [5]. From an extensive literature survey 
on light scattering theory, however, it is found that only a few 
studies on spheroidal particles [6-9]. In fact, suspensions of 
non-spherical particles, such as spores and dust grains, are 
seem to be rather well approximated by spheroids [10]. 
Spheroidal particles have the important applications in various 
fields of science, such as the spheroid describe efficient the 
shape of raining drops [11] and many bacteria and micro-weeds 
have the spheroidal shapes [12]. Ou and Keh [13] studied 
photophoretic motion of spheroidal particles in gaseous media, 
but the physical mechanisms were not addressed thoroughly. 

To solve photophoresis problem it is necessary to decide the 
direction and the magnitude of the photophoretic force 
depending on the HSF within the particle. A number of studies 
have been performed on calculating the internal electric field 
within the particle for spheres [4, 14-20] and cylinders [21-25]. 
Relatively, less attention has been focused on spheroidal 
particles in the literature [26, 27].  

From the above literature review, it was found that the 
effects of optical properties of particles on the 
radiant-absorption in spheroidal particle photophoresis were 
not dealt with in details. The purpose of the research presented 
in this article is to discuss the calculation of the absorption 
center of photophoresis within radiation-absorbing spheroids in 
gaseous media. Then, a detailed parametric analysis is 
performed for further understanding of the underlying physical 
mechanisms. The results reveal that the increases in either 
particle size or absorptivity enhances the energy absorbed on 
the illuminated (leading) side and tends to generate positive 
photophoresis; while an increase in the particle refractivity 
enhances the HSF peak intensity. Moreover, by appropriately 
varying the governing parameters such as particle size and 
optical properties of particle, an enhancement in energy 
absorption of the leading surface and/or degradation of energy 
peak intensity on the trailing side, which tends to lead the 
particle motion from negative to positive photophoresis. 
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II. THEORETICAL BACKGROUND 
As shown in Fig. 1, an isotropic homogenous and prolate 

spheroid with a complex refractive index mp suspended in a 
gaseous fluid with the refractive index mg. The spheroid is 
irradiated by a linearly polarized plane electromagnetic wave 
incident normal to the z axis and an implicit time dependence of 
exp(-iωt) is assumed. The particle size parameter α is defined 
by 2 a   , where a  is the semimajor axis of the ellipse, 
and   is the wavelength of the incident wave. The shape of the 
spheroid is specified by the aspect ratio a/b of the semimajor 
axis a to the semiminor axis b. 

 

 
Fig. 1. Physical model of a prolate spheroid photophoresis 
 

The temperature distribution Tp inside the radiation 
-absorbing particle is governed by the Poisson-Boltzmann 
equation, 

2
p

p

QT
k

                     (1) 

where kp is the thermal conductivity of the particle, and Q the 
radiant-absorption heat generation function which can be 
related to the electric field E  within the particle. For a plane 
monochromatic incident light, Q  has the form [14, 28],   
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where np and κp, respectively, are the refractivity and 
absorptivity in the refractive index of particle, mp = np + κpi, I  
the intensity of the incident light, and 0E  the incident electric 
field strength. 

The T-matrix method is ideally suited for the computation of 
electromagnetic scattering by non-spherical particles [29-31]. 
The T-matrix solution begins with an expansion of the incident, 
scattered, and internal electrical fields in terms of the vector 
spherical harmonic functions basis N(1), M(1), N(3), and M(3) 
[32]. The HSF can be characterized by the magnitude of E 2, 
and the internal electrical field is expanded as [33]: 
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The internal field expansion coefficients cn and dn in the 
above equations are given by [34], 
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where I , J , K , and L  are the integrals which must be 
numerically evaluated over the surface of the particle and are 
defined as [35] 
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where 2k   , n  is the unit vector normal to the surface, 
and r is the position vector from an internal origin to the 
particle surface S . 

The vector components of the internal electric field within 
the particle and unit incident electric field amplitude can be 
express as [34]  
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where m is the refractive index of the spherical particle relative 
to the gaseous medium,  nJ m  is the spherical Bessel 

function of the first kind, and  1 cosl
nP   is the associated 

Legendre function.  

III. RESULTS AND DISCUSSION 
The photophoretic force stems from the internal energy 

absorbed by the particle, and thus the HSF within the particle 
plays a key role. The present calculation of HSF distribution 
within a spheroidal particle in gaseous media has been 
successfully verified as comparing with previous results for 
spherical particles assuming the aspect ratio 1a b   . 

A. Effects of Particle Shape and Size 
To address the physical mechanisms involved in the energy 

absorption and the photophoresis, the HSF characterizing heat 
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energy distribution is studied. Figure 2 presents the HSF 
distributions with changes in the shape of weakly spheroids by 
aspect ratios at the condition of size parameter α = 10 and  mp = 
1.5+ 0.05i. In the case of a/b = 1 shown in Fig. 2(a), the particle 
acts as a microlens and light is refracted on the shaded side of 
the particle. There is an evident absorption peak close to the 
back surface, which is beneficial to the occurrence of negative 
photophoresis. Increasing the particle aspect ratio to a/b = 1.5 
and 2, the HSF peak intensity is reduced distinctly as presented 
in Figs. 2(b) and (c). Further increasing the particle aspect ratio 
up to a/b = 3, in Fig. 2(d), the elongated shape degrades the 
intensity of the energy peak due to the weaker light refraction. 
A comparison of these energy distributions inside spheroids 
discloses the profound differences between these geometries. 

 

 
Fig. 2. The heat source function for a spheroidal particle of size 
parameter α = 10 and  mp=1.5 + 0.05i. The values of the aspect ratios 
are (a) a/b = 1 (sphere); (b) a/b = 1.5; (c) a/b = 2; and (d) a/b = 3 
 

 
Fig. 3. The heat source function for a spheroidal particle of aspect ratio 
a/b = 2 and  mp=1.5 + 0.1i. The values of the particle size parameter 
are (a) α = 1; (b) α = 5; (c) α = 10; and (d) α = 20 

 
The effects of particles size on the heat source function 

characteristics for a spheroidal particle of aspect ratio a/b = 2 
and  mp=1.5 + 0.1i are shown in Fig. 3. At very small particle 

sizes, α = 0.5 in Fig. 3(a), the HSF within the spheroid seems a 
uniform distribution. With the particle size a little increases, as 
the case of α = 5 in Fig. 3(b), the particle acts as a microlens and 
light is focused on a region close to the shaded (trailing) surface, 
where a peak of the HSF appears leading to negative 
photophoresis. At increased size, α = 10, both illuminated and 
shaded sides contain the peaks of absorption tend to be 
balanced as shown in Fig. 3(c). Finally, for a large particle size, 
α = 20 in Fig. 3(d), the energy absorbed by the large area of the 
leading surface becomes remarkable and the HSF peak on the 
trailing side is negligible. In this situation, the heat distribution 
turns into positive photophoresis with the dominant light 
absorption of the particle dominant. 

. 

 
Fig. 4. Effects of particle refractivity on the heat source function for a 
spheroidal particle of aspect ratio a/b = 2, size parameter α = 10 and 
mp=np+0.1i with (a) np = 1.1; (b) np = 2.0; (c) np = 3.0; and (d) np = 4.0 
 

B. Effects of Particle Refractivity 
Figure 4 reveals the effects of particle refractivity on the 

HSF distribution for a spheroidal particle of aspect ratio a/b = 2 
and size parameter α = 10. At low particle refractivity, np = 1.1, 
the HSF is of low level and a little uniform for the weak 
absorption and refraction in Fig. 4(a). Enhancing particle 
refraction with np = 1.5, as shown in Fig. 4(b), an apparent HSF 
peak appears at the trailing side. Further increasing the particle 
refraction, i.e. np = 2.0 and 3.0 in Figs. 4(c) and 4(d), the HSF 
peak becomes more remarkable as well as moves toward the 
center of the particle. The movement of the peak location is a 
consequence of the increase in light refraction, which is defined 
as the ratio of the sin(angle of incidence) to sin(angle of 
refraction) by Snell's law. As np increases, the refracted ray 
approaches the center of the particle and the absorption peak 
also shifts to the center [25]. 

C. Effects of Particle Absorptivity 
Figure 5 illustrates the effects of particle absorptivity on HSF 

contours for spheroids of aspect ratio a/b = 2 and size parameter 
α = 10. In the case of non-absorbing particles κp = 0.0, the HSF 
peak stemmed from the light refraction onto the trailing part of 
the spheroid as shown in Fig. 5(a), which leads to a negative 
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photophoresis. Increasing the spheroid absorptivity to κp = 0.1, 
as shown in Fig. 5(b), enhances energy absorption of the 
illuminated leading surface and diminishes HSF peak located 
near the trailing surface of the spheroidal particle. As the 
particle absorptivity increases to κp = 0.2, the strength of the 
refraction peak is weakened obviously and the energy absorbed 
into the leading part of the particle becomes relatively dominant 
in Fig. 5(c). It means near the critical condition for the 
transition of negative-positive photophoresis. At further higher 
absorptivity, κp = 0.4 in Fig. 5(d), the HSF distribution reveals 
the most energy is absorbed by the leading surface and the HSF 
peak becomes almost vanished, which enables premature 
positive photophoresis. 

 

 
Fig. 5. Effects of particle absorptivity on the heat source function for a 
spheroidal particle of aspect ratio a/b = 2, size parameter α = 10 and 
mp=1.5 +κpi with (a) κp = 0.0; (b) κp = 0.1; (c) κp = 0.2; and (d) κp = 0.4 

 

IV. CONCLUDING REMARKS 
In the present work, a parametric analysis of energy 

absorption concerned with photophoresis of a micro-sized and 
spheroidal particle in gaseous media has been performed 
systematically. We have calculated the HSF distribution with 
the particle at various conditions of particle shape, size and 
optical properties of the particle. The present analysis 
demonstrates that the effects of the governing parameters have 
strong influences on the absorbed energy distribution. Based on 
the present analysis, the following conclusions can be drawn. 
(1)For a weakly spheroid, the particle acts as a microlens, 

which is beneficial to the occurrence of negative 
photophoresis. Increasing spheroidal particle aspect ratio 
significantly degrades the level of light refraction by the 
particle.  

(2)Both the increases in particle size and absorptivity enhance 
the energy absorbed on illuminated or leading side and 
positive photophoresis can be expected. 

(3)Increasing particle refractivity tends to enhance the ray 
refracted onto a certain spot area between the center and the 
trailing surface of the particle. 

ACKNOWLEDGMENT 
This study was supported by National Science Council of the 

Republic of China (Taiwan) through the grant NSC96-2221-E 
-264-002 and NSC-98-2221-E-035-068-MY3. 

REFERENCES   
[1] F. Ehrenhaft, "On the physics of millionths of centimeters," Phys. Z, vol. 

18, pp. 352-368, 1917. 
[2] C. Y. Soong, W. K. Li, C. H. Liu, and P. Y. Tzeng, "Theoretical analysis 

for photophoresis of a microscale hydrophobic particle in liquids," Optics 
Express, vol. 18, pp. 2168-2182, 2010. 

[3] C. Y. Soong, W. K. Li, C. H. Liu, and P. Y. Tzeng, "Effect of thermal 
stress slip on micro-particle photophoresis in gaseous media," Optics 
Letters, to be published, 2010. 

[4] W. Greene, R. Spjut, E. Bar-Ziv, A. Sarofim, and J. Longwell, 
"Photophoresis of irradiated spheres: absorption centers," Journal of the 
Optical Society of America B, vol. 2, pp. 998-1004, 1985. 

[5] M. Mishchenko, "Electromagnetic scattering by nonspherical particles: A 
tutorial review," Journal of Quantitative Spectroscopy and Radiative 
Transfer, vol. 110, pp. 808-832, 2009. 

[6] S. Asano and G. Yamamoto, "Light scattering by a spheroidal particle," 
Applied Optics, vol. 14, pp. 29-49, 1975. 

[7] S. Asano, "Light scattering properties of spheroidal particles," Applied 
Optics, vol. 18, pp. 712-723, 1979. 

[8] V. Kurtz and S. Salib, "Scattering and absorption of electromagnetic 
radiation by spheroidally shaped particles: computation of the scattering 
properties," The Journal of Imaging Science and Technology, vol. 37, pp. 
43-60, 1993. 

[9] N. Voshchinnikov and V. Farafonov, "Optical properties of spheroidal 
particles," Astrophysics and Space Science, vol. 204, pp. 19-86, 1993. 

[10] C. Bohren and D. Huffman, "Absorption and Scattering of Light by Small 
Particles," New York, 2004. 

[11] V. Ramaswamy and P. Chylek, "Shape of raindrops," Light Scattering by 
Irregularly Shaped Particles, pp. 55-61, 1980. 

[12] N. Voshchinnikov and H. Das, "Modelling interstellar extinction and 
polarization with spheroidal grains," Journal of Quantitative 
Spectroscopy and Radiative Transfer, vol. 109, pp. 1527-1535, 2008. 

[13] C. Ou and H. Keh, "Low-Knudsen-number photophoresis of aerosol 
spheroids," Journal of Colloid and Interface Science, vol. 282, pp. 69-79, 
2005. 

[14] P. Dusel, M. Kerker, and D. Cooke, "Distribution of absorption centers 
within irradiated spheres," Journal of the Optical Society of America, vol. 
69, pp. 55-59, 1979. 

[15] A. Pluchino, "Photophoretic force on particles for low Knudsen number," 
Applied Optics, vol. 22, pp. 103-106, 1983. 

[16] C. Dobson and J. Lewis, "Survey of the Mie problem source function," 
Journal of the Optical Society of America A, vol. 6, pp. 463-466, 1989. 

[17] A. Tuntomo, C. Tien, and S. Park, "Internal distribution of radiant 
absorption in a spherical particle," Journal of Heat Transfer (Transactions 
of the ASME), 1991. 

[18] Y. Xu, B. Gustafson, F. Giovane, J. Blum, and S. Tehranian, "Calculation 
of the heat-source function in photophoresis of aggregated spheres," 
Physical Review E, vol. 60, pp. 2347-2365, 1999. 

[19] G. Kattawar, C. Li, P. Zhai, and P. Yang, "Electric and magnetic energy 
density distributions inside and outside dielectric particles illuminated by 
a plane electromagnetic wave," Optics Express, vol. 13, pp. 4554-4559, 
2005. 

[20] W. Li, C. Liu, C. Soong, and P. Tzeng, "Parametric analysis of energy 
absorption in micro-particle photophoresis in absorbing gaseous media," 
Denfence Science Journal, vol. 60, 2010. 

[21] J. Owen, R. Chang, and P. Barber, "Internal electric field distributions of a 
dielectric cylinder at resonance wavelengths," Optics Letters, vol. 6, pp. 
540-542, 1981. 

[22] D. Benincasa, P. Barber, J. Zhang, W. Hsieh, and R. Chang, "Spatial 
distribution of the internal and near-field intensities of large cylindrical 
and spherical scatterers," Applied Optics, vol. 26, pp. 1348-1356, 1987. 

[23] J. Barton, "Electromagnetic-field calculations for irregularly shaped, 
layered cylindrical particles with focused illumination," Applied Optics, 
vol. 36, pp. 1312-1319, 1997. 

World Academy of Science, Engineering and Technology
International Journal of Electrical and Computer Engineering

 Vol:4, No:5, 2010 

806International Scholarly and Scientific Research & Innovation 4(5) 2010 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 E
le

ct
ri

ca
l a

nd
 C

om
pu

te
r 

E
ng

in
ee

ri
ng

 V
ol

:4
, N

o:
5,

 2
01

0 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/4
13

5.
pd

f



 

 

[24] M. Venkatapathi and E. Hirleman, "Effect of beam size parameters on 
internal fields in an infinite cylinder irradiated by an elliptical Gaussian 
beam," Journal of the Optical Society of America A, vol. 24, pp. 
3366-3370, 2007. 

[25] C. Liu, C. Soong, W. Li, and P. Tzeng, "Internal electric field distribution 
within a micro-cylinder-shaped particle suspended in an absorbing 
gaseous medium," Journal of Quantitative Spectroscopy and Radiative 
Transfer, vol. 111, pp. 481-493, 2010. 

[26] J. Barton, "Internal and near-surface electromagnetic fields for a 
spheroidal particle with arbitrary illumination," Applied Optics, vol. 34, 
pp. 5542-5551, 1995. 

[27] L. Astafyeva and V. Babenko, "Interaction of electromagnetic radiation 
with silicate spheroidal aerosol particles," Journal of Quantitative 
Spectroscopy and Radiative Transfer, vol. 88, pp. 9-15, 2004. 

[28] D. Mackowski, "Photophoresis of aerosol particles in the free molecular 
and slip-flow regimes," International Journal of Heat and Mass Transfer, 
vol. 32, pp. 843-854, 1989. 

[29] P. Waterman, "Matrix formulation of electromagnetic scattering," 
Proceedings of the IEEE, vol. 53, pp. 805-812, 1965. 

[30] P. Waterman, "Symmetry, unitarity, and geometry in electromagnetic 
scattering," Physical Review D, vol. 3, pp. 825-839, 1971. 

[31] P. Waterman, "Matrix methods in potential theory and electromagnetic 
scattering," Journal of Applied Physics, vol. 50, p. 4550, 1979. 

[32] W. Chien and T. Szkopek, "Multiple-multipole simulation of optical 
nearfields in discrete metal nanosphere assemblies," Optics Express, vol. 
16, pp. 1820-1835, 2008. 

[33] J. Stratton, "Electromagnetic Theory," NY London. McGraw-Hill Book 
Company, 1941. 

[34] P. Barber and S. Hill, Light Scattering by Particles: Computational 
Methods, World Scientific Pub Co Inc, 1990. 

[35] L. W. Li, Z. C. Li, T. S. Yeo, and M. S. Leong, "Extinction cross sections 
of realistic raindrops: Data-bank established using T-Matrix method and 
nonlinear fitting technique," Journal of Electromagnetic Waves and 
Applications, vol. 16, pp. 1021-1039, 2002. 

 
Mr. Wen-Ken Li received his Master Degree from Chung-Cheng Institute of 
Technology, National Defense University, Taiwan, ROC, in 2003. Now, he is a 
PhD student at Chung-Cheng Institute of Technology, National Defense 
University. He has worked on light scattering, optofluidics, multi-physics 
interfacial phenomena, etc. 
 
Dr. Pei-Yuan Tzeng received his Master degree in Aeronautics and 
Astronautics from Stanford University and PhD degree in Aerospace 
Engineering from the University of Michigan, in 1977 and 1985 respectively. 
He worked at the Department of Aeronautical Engineering, Chung Cheng 
Institute of Technology, Taiwan, ROC since 1973. Currently, he is Professor 
affiliated with the Department of Mechatronic, Energy and Aerospace 
Engineering, National Defense University, Taiwan, ROC. Professor Tzeng’s 
research areas include DSMC modeling of rarefied gas flow and heat transfer in 
micro/nano systems, optofluidics, computational gas dynamics in propulsion 
systems, turbulence modeling, etc. 
 
Dr. Chyi-Yeou Soong received his doctoral degree in Power Mechanical 
Engineering from National Tsing Hua University, Taiwan, ROC, in 1991. He 
worked at the Department of Aeronautical Engineering, Chung Cheng Institute 
of Technology until he transferred to Feng Chia University (FCU) in 2001. 
Currently, he is FCU Distinguished Professor affiliated with the Department of 
Aerospace and Systems Engineering. Professor Soong received honors of 
ASME Fellow and AIAA Associate Fellow in 2008 and 2000, respectively. His 
research areas include transport and interfacial phenomena in 
micro/nanofluidics, optofluidics, transport phenomena in energy systems, 
nonlinear dynamics and chaos control, unmanned micro/mini air vehicles, 
bio-flapping flight, thermofluids in rotating systems, etc. 
 
Dr. Chung-Ho Liu received his doctoral degree in Aeronautical Engineering 
from Imperial College, U.K., in 1995. He worked at the Department of 
Aeronautical Engineering, Chung Cheng Institute of Technology until he 
transferred to Yuanpei University in 2003. Currently, he is the Dean of the 
College of Biomedical Science and Technology. His research areas include 
haemodynamic simulation of aneurysm coiling, transport phenomena in 
microfluidics, optofluidics, numerical simulation of annual reverse-flow gas 
turbine combustor, transport phenomena in wind energy systems, vortex 
method and its applications. 

 
 
 

World Academy of Science, Engineering and Technology
International Journal of Electrical and Computer Engineering

 Vol:4, No:5, 2010 

807International Scholarly and Scientific Research & Innovation 4(5) 2010 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 E
le

ct
ri

ca
l a

nd
 C

om
pu

te
r 

E
ng

in
ee

ri
ng

 V
ol

:4
, N

o:
5,

 2
01

0 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/4
13

5.
pd

f




