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ABSTRACT 
We proposed two principles based on the laser manipulation technique for collecting MOX fuel particles floating in 

air. While Principle A was based on the acceleration of the MOX particles due to the radiation pressure of a visible laser 
light, Principle B was based on the gradient forces exerted on the particles when an infrared laser light was incident. 
Principle A was experimentally verified using MnO2 particles. Numerical results also showed the possibility of 
collecting MOX fuel particles based on both the principles. 

INTRODUCTION 

An efficient tool for manipulating MOX fuel particles 
remotely seems to have a lot of applications in the MOX 
fuel fabrication plant. It will enable simplification of 
equipment for handling MOX fuel particles and reduce 
secondary wastes and personnel exposures, which seems 
to be one of the important factors for public acceptance of 
the MOX industry. On the other hand, laser manipulation 
is known as a powerful tool for manipulating remotely 
microscopic objects including dielectric or metallic 
particles, liquid droplets, and biological cells. It utilizes 
radiation pressure of a laser light and enables acceleration 
of the objects in the direction of the propagation of an 
incident beam.  

We have continued theoretical and experimental 
studies on laser manipulation of nuclear fuel particles, 
such as UO2, PuO2 and ThO2 [1]. In this paper, we 
investigate the applicability of the collection of MOX 
particles floating in air using radiation pressure of a 
laser light; some preliminary results are shown. This 
technique will be useful for removal and confinement of 
MOX fuel particles being transported by air current or 
dispersed in a cell box. First, we propose two types of 
principles for collecting MOX fuel particles. Second, we 
show some experimental results. Third, we show 
numerical results of radiation pressure exerted on 
submicrometer-sized UO2 particles using Generalized 
Lorentz-Mie theory (GLMT). Because optical constants 
of UO2 are similar to those of MOX fuel particles, it 
seems that calculation results obtained hold for MOX 
fuel particles. 

PRINCIPLES OF COLLECTING MOX 
FUEL PARTICLES USING RADIATION 
PRESSURE  

Light carries momentum of M=nmP/c, where nm is the 
refractive index of the surrounding medium, P is the beam 
power, and c is the speed of light in free space. So when a 
light is incident on an object, its momentum change due to 
the reflection, the refraction, and the absorption results in 
forces acting on the object. This is called radiation 
pressure. We proposed two principles for collecting MOX 
fuel particles. 

Principle A  

When a single ray is incident on highly reflective or 
absorbing particles, such as MOX fuel particles, they are 
accelerated in the direction of the ray due to the repulsive 
force. By irradiating a focused visible laser light at MOX 
fuel particles floating in air, it is, therefore, possible to 
push the particles forward and to collect them in the focus 
region. This principle is schematically shown in Fig.1. 

Principle B 

It is also reported that, when a laser light is incident 
on transparent particles, they are simultaneously 
accelerated in the direction of the light and drawn into the 
beam axis [2]. The absorption coefficients of UO2 and 
PuO2 are very low in the infrared region. Therefore it 
seems possible to draw floating MOX particles into beam 
axis and to collect them at a point on the axis using a CO2 
laser light. This principle is schematically shown in Fig.2. 
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FIGURE 1. Principle A 
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FIGURE 2. Principle B 

EXPERIMENT 

We performed experiments in order to verify 
Principle A. Figure 3 shows a simplified diagram of the 
experimental setup. TEM00-mode beam from a continuous 
wave Ar+ laser (λ=488 nm) is introduced into an optical 
microscope after being expanded to fill a back aperture of 
an objective lens (Olympus Co. Ltd., Model Plan ×4, 
NA=0.1 working distance = 22 mm). The beam is focused 
by an objective lens and used to illuminate particles. The 
images of the particles are viewed with a charge coupled 
device (CCD) camera and a TV monitor.  

In our experiment, MnO2 particles were used as 
sample, because MnO2 is oxide that is not transparent in 
the visible region, as are UO2 and PuO2. Typical diameter 
of the MnO2 particles is several hundreds nanometers. A 
few of the particles (~0.01g) were put in the area of ~100 
mm2 on a glass plate that was fixed on the stage of the 
microscope. To break the strong bond between the 
particles and the plate, the acoustic vibration was applied 
by a cylindrical piezoelectric ceramics [3]. The focus of 
the beam was set below the surface of the plate. Applying 
the vibration, a large number of particles left the plate and 

levitated. The incident laser light of P=~80 mW was 
irradiated on the levitated particles. 
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FIGURE 3. Experimental setup 

MnO2 particles collected on the plate are shown in 
Fig.4. The incident beam was irradiated for 10 seconds 
perpendicularly to the plane of the photograph. The 
aggregation of collected MnO2 particles is indicated by 
the arrow. It was formed around the beam axis on the 
plate and was not observed without the beam irradiation, 
which means that the particles were collected by radiation 
pressure. The collected particles were not diffused due to 
the air convection resulting from the light absorption of 
the particles. This result verifies the principle of laser 
collection of MOX fuel particles described in the previous 
section. 

 

FIGURE 4. Photo of collected particles in the focus region 

NUMERICAL ANALYSIS 

Among some models for calculating radiation pressure 
exerted on particles, a geometrical optics model [4, 5] has 
been widely used. However it is valid only when the particle 
diameter is much larger than the wavelength of an incident 
laser light. For submicrometer-sized particles, one can use 
the Generalized Lorentz-Mie theory (GLMT) [6, 7]. 



 

 

Because GLMT is based on the wave optics, it is applicable 
in principle for spheres of any size. The details of the 
GLMT are described in refs. 6 and 7. In our calculations, 
we employed the first-order approximation [8] for the 
description of electromagnetic fields of an incident TEM00-
mode laser beam. This approximation is valid when an 
incident beam is not extremely focused [9]. We performed 
numerical calculations in order to verify both the principles 
described in Section 2.  

For the both cases, we calculated radiation pressure 
exerted on UO2 particles. Because the refractive index of 
UO2 is similar to that of PuO2, the following results will 
hold for MOX fuel particles.  

We assumed the following conditions for calculation. 
The diameter of UO2 particles was 1 µm. Their shape was 
assumed to be spherical. The diameter of the beam before 
entering a focusing lens was 10 mm. The focal length of 
the lens f was 100 mm. 

For simplicity, the incident beam was assumed to be 
circularly polarized, so that we can use a two-dimensional 
coordinate system, as shown in Fig. 5, to determine the 
relative position of the center of the particle (y0,z0) to the 
center of the beam waist O. The beam propagates along 
the z axis. Fy and Fz are y component and z component of 
radiation pressure exerted on the particle, respectively. 
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FIGURE 5. Geometry for calculations of radiation 
pressure exerted on UO2 particles using generalized 

Lorentz-Mie theory 

Principle A 

The wavelength λ and the power P of an incident 
TEM00-mode visible laser light were 515 nm and 10 W, 
respectively. The complex refractive index of UO2 is 2.51-
0.076i [10] at λ=515 nm, where i is the imaginary unit. 
Under these conditions, the beam waist diameter was 
calculated to be 76.4 µm that was much larger than the 
particle, so that only a small part of the incident beam was 
irradiated at the particles. It should be noted here that 
radiation pressure exerted on particles is proportional to P.  

Figure 6 shows Fz as a function of the particle 
position. It is observed that Fz is always positive, which 
means that UO2 particles are pushed in the positive z 

direction. It has a maximum value when the particle center 
is located on the beam axis, where the beam intensity is 
maximum, and decreases as the distance between the 
beam axis and the particle, |y0|, increases. Near the focus 
region, the magnitude of Fz is remarkably large for y0=0 
because of the small beam diameter and the high laser 
intensity and decreases sharply as the |y0| increases. On the 
contrary, for small z0 where the particle is near the 
focusing lens, Fz decreases gradually as |y0| increases 
because of the large beam diameter.  

 

FIGURE 6. Fz as a function of the particle position  
in the case of Principle A 

Figure 7 shows Fy as a function of y0. Fy is naturally 
zero at y0=0, and it is positive for y0<0 and negative for 
y0>0, which means that UO2 particles are pulled into the 
beam axis. In addition, |Fy| is symmetric with respect to 
the beam. As shown in Fig.7, |Fy| has a maximum value at 
the certain point located off the beam axis. Beyond this 
point, it decreases monotonically as |y0| increases.  

 

FIGURE 7. Fy as a function of the particle position in the 
case of Principle A 

According to the results shown in Figs. 6 and 7, UO2 
particles can be simultaneously pushed in the direction of 
the propagation of the incident beam and pulled into the 
beam axis. This indicates the possibility of the laser 
collection of MOX fuel particles based on Principle A. 



 

 

For z0>0, Fy is positive for y0>0 and negative for y0<0 
(results not shown). When a visible light is used, it is, 
therefore impossible to collect MOX fuel particles based 
on Principle B. 
Principle B 

The wavelength λ and the power P of an incident 
TEM00-mode visible laser light are 10.6 µm and 10 kW, 
respectively. The complex refractive index of UO2 is 
2.23-0.0044i at λ=10.6 µm.  

Figure 8 shows Fz as a function of the particle 
position. As in the case where a visible laser light is 
incident, Fz is always positive and UO2 particles are 
pushed in the positive z direction.  

 

FIGURE 8: Fz as a function of the particle position in the 
case of Principle B 

Figures 9 and 10 show respectively Fy as a function 
of y0 for z0<0 (converging region) and z0>0 (diverging 
region). It is noted here that UO2 particles are pulled into 
the beam axis not only for z0<0 but also for z0>0. This 
indicates the possibility of collecting MOX fuel particles 
based on Principle B.  

Though the power of CO2 laser light was assumed 
1000 times higher than that of the visible laser light, the 
calculated forces were not largely different.  

In the present study, we proposed two principles 
based on the laser manipulation technique for collecting 
MOX fuel particles floating in air. While Principle A is 
based on the acceleration of the MOX particles due to the 
radiation pressure of a visible laser light, Principle B is 
based on the gradient forces exerted on the particles when 
an infrared laser light is incident. Principle A was 
experimentally verified using MnO2 particles. Moreover 
we calculated radiation pressure exerted on UO2 particles 
using generalized Lorentz-Mie theory. Numerical results 
showed that UO2 particles were simultaneously pushed 
forward and pulled into the beam axis for both the 
principles. It seems, therefore, possible to collect MOX 
particles based on these principle because optical 
constants of PuO2 are similar to those of UO2, though an 
incident laser beam with high intensity is required 
especially for Principle B.  

 

FIGURE 9: Fz as a function of the particle position for 
z0<0 in the case of Principle B 

 

FIGURE 10: Fz as a function of the particle position for 
z0>0 in the case of Principle B 
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