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We investigated the charged micron-sized particle separation by the alternating electric field in a linear quadrupole 
electrodynamic trap in open air under standard atmospheric temperature and pressure conditions (STP). In exper-
iments we varied the amplitude of the alternating voltage supplying the electrodynamic trap and used a mixture of 
charged glassy carbon and alumina particles. The carried out numerical simulations and experimental results showed 
the mutual influence of the amplitude and frequency of the supplied to the trap electrode voltage on the separation 
of the different sizes particles. The typical particle charges in simulations were approximately equal to experimentally 
measured values obtained in a corona discharge.
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INTRODUCTION

Separation of polydispersed powders into fractions is an 
important problem for different applications. Monodis-
persed powders are used, for example, in research of 
dusty plasma [1-3], in particle image velocimetry meth-
ods for determining the velocity of liquids and gases [4], 
in nanotechnology [5]. Monodisperse aerosols are used 
in studies of Coulomb clusters [6]. We can mention the 
most popular ways of the particle separation like cen-
trifuges [7], dielectrophoresis [8], photophoresis [9], 
optophoresis [10] or the self-organization of particles 
in the nodes of standing acoustic waves [11]. In mass 
spectrometry in vacuum conditions the linear quadru-
pole traps can be used as filter allowing only the ions 
of certain masses pass along the trap axis. There is a 
great interest for devices, in which a large number of 
charged particles of different masses can be separated. 
Electrodynamic Paul traps, which can provide levitation 
of charged particles up to hundreds of microns in size, 
look promising in this regard [12-15]. The confinement 
of particles in such traps substantially depends on the 
operating parameters [16-23]; therefore, by varying the 
frequency or the magnitude of the applied voltage, one 
can achieve confinement of particles of a certain type. 
The aim of this work is to study the spatial separation of 
charged micron-sized particles in open air under STP in 
a linear electrodynamic quadrupole trap. The carried out 
numerical simulations supported experimental results 
and showed the mutual influence of the amplitude and 
frequency of the supplied to the trap electrode voltage on 
the separation of particles of different sizes.

EXPERIMENTAL SETUP AND MATHEMATICAL 
DESCRIPTION OF THE PARTICLE DYNAMICS

The electrodynamic trap consists of four cylindrical elec-
trodes 1-4 (Fig. 1), which are supplied by an alternating 
electric potential U = Uαsin(ωt). In the linear quadrupole 
trap shown in Fig. 1, two additional electrodes 5 are lo-

cated on the axis of the trap, to which a constant electric 
potential is supplied to prevent particle escaping from the 
trap.

Figure 1: Scheme of a linear quadrupole electrodynamic 
trap: 1-4 is the trap electrodes, to which an alternating 

electric potential is applied, ensuring the particles  
confining in the radial direction; 5 is the end electrodes, 

to which a constant potential is applied, ensuring  
confining in the axial direction.

Mathematical simulation of the dynamics of a dust par-
ticle in a linear electrodynamic trap was carried out by 
numerically integrating the system of Newton equation:
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where Ψ is the electrode electric potential of the trap, k 
is the coefficient of proportionality in the Coulomb law, 
i,j=1,2…n, n is the number of particles. The electric po-
tential in the trap region was found by numerically solving 
the Laplace equation by the finite element method in the 
two-dimensional case. The computational domain was a 
circle with a diameter of one meter, the center of which 
coincided with the center of the trap. At the boundary of 
this region, the potential was set equal to zero. During 
the numerical integration of the equations of motion, the 
potential in a square region of 4 by 4 cm has been cal-
culated. The last term in the equation (1) expresses the 
interparticle interactions. As can be seen from equation 
(2), the mass and charge are essential characteristics of 
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a particle that have to influence on its dynamics in a trap. 
The drag force proportional to the size of the particle is 
also important as in test calculations, with a five-fold in-
crease in particle size at a constant mass, the particle 
ceased to be confined in the trap.
Qualitative explanation of the charged particle captur-
ing in trap is the following. If the charged particle is in 
a high-frequency electric field E sin(ωt), an effective 
force acting on it is directed towards decreasing the field 
strength [18]:

2
2

2 2
q

2m(ω ν )
= − ∇

+
F E (2)

where q and m is the particle charge and mass. In plas-
ma physics, this force is called the force of high-frequen-
cy pressure. It should be noted that expression (2) is true 
if the viscous friction force linearly acting on the particle 
depends on the particle velocity Ffr=−mνv. In our case, 
the Stokes law describing the motion of a particle is sat-
isfied Ffr=−3πμdv, ν=3πμd/m, where μ is the dynamic 
viscosity, d is the particle diameter). The force (2) coun-
teracts the force of gravity and ensures the levitation of 
the particle. It decreases with increasing frequency and 
ceases to confine the particle in the trap starting from a 
certain value. Since the confining force is proportional to 
q2/m, spatial separation of particles with different values 
of charge and mass can be expected. To verify this as-
sumption, a numerical experiment was carried out.

EXPERIMENTAL RESULTS

In our work, we carried out the following experiment. A 
mixture of two types of particles (glassy carbon with size 
d=15÷20 μm and density ρ=1.5 g/cm3 and aluminium 
oxide with d=50÷60 μm and ρ=3.99 g/cm3) was passed 
through a corona discharge, where they were charged 
and then injected into an electrodynamic trap operating 
at Ua=3 kV and ω=2π×ƒ rad/s, ƒ=50 Hz. Left panel on 
Fig. 2 shows a photograph of the mixture of particles 
confined in the trap at the specified parameters. One can 
see more and less bright dots representing aluminium 

oxide and glassy carbon particles respectively. When the 
voltage Ua decreases to 1.5 kV, aluminum oxide particles 
are deposited downward and only glassy carbon parti-
cles remain in the trap as shows right panel on Fig. 2. 
One can see, that two larger particles remain in the trap 
after voltage reduction. Perhaps it can be particles of alu-
minum oxide for some reason charged to a greater value 
or stuck together glassy carbon particles. Thus, separa-
tion of the mixture of particles of two different types has 
been achieved.
The most important particle parameters for its dynamics 
in an electrodynamic trap are charge and mass. Mea-
surements of the particle charge, after charging in a co-
rona discharge of positive and negative polarity, were 
carried out in one of our previous works [19]. The mea-
surement results are shown in Fig. 3 for the convenience 
of readers. The solid lines indicate the maximum charge 
that can receive particle in a unipolar medium in an elec-
tric field with a strength of 10 and 20 kV/cm.

Figure 2: Left panel: The mixture of charged particles of two types injected into the trap at Ua=3 kV and 
ω=2π×50 rad/s. Right panel: particles remaining in the trap when Ua decreases to 1.5 kV

Figure 3: Charges on Al2O3 particles obtained in the 
negative (asterisks) and in the positive (squares)  

corona discharge. The lines indicate the maximum 
charge that a particle can receive in a unipolar medium 

in a field with a strength of 10 and 20 kV/cm [19]
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NUMERICAL SIMULATION

Knowing the sizes, mass density and charges of parti-
cles captured by the trap, it is possible to carry out simu-
lations corresponding to experimental conditions. Using 
the data presented in Fig. 3, the following parameters 
were chosen for two groups of particles of different siz-
es. For group 1, representing particles of aluminum ox-
ide, the particle size d1 was 54 μm, and their expectation 
charge value qμ1

 was 2×106e, where e is the elementa-
ry charge. For group 2, representing particles of glassy 
carbon, d2=17μm and qμ2

=2.5×105e. Since the charge a 
particle receives in the corona discharge region depends 
on the field strength, the charges of particles moving 
along different trajectories may be different. To consider 
this fact, the particle charge was set by the normal dis-
tribution with median equal to expectation charge value. 
Assuming a spread in particle charges of 10% of the me-
dian value, the standard deviation was set at 1.0×105e 
for group 1 and 1.25×104e for group 2. The number of 
particles was 10 and 90 for groups 1 and 2 respectively. 
As initial conditions for numerical integration of the equa-
tions of motion, the particle coordinates have been ran-
domly assigned in horizontal and vertical directionin the 
range from -0.5 to 0.5 cm along the trap axis.
Fig. 4 shows the simulation results for particle groups 1 
and 2 representing by the dots and circles respectively. 
On the left panel of Fig. 4, one can see that at a voltage 
of 3 kV, both groups of particles are confined in the trap. 
When the voltage decreases to 1.6 kV, only one particle 
of group 1 with the highest charge remains in the trap 
(right panel on Fig. 4). With a further decrease in voltage, 
only particles of group 2 remain in the trap. Thus, we 

Figure 4: Stimulation of particle behavior in the electrodynamic trap. Left panel: The mixture of charged particles of two 
types at Ua=3 kV and ω=2π×50 rad/s Right panel: particles remaining in the trap when Ua was decreased to 1.5 kV

obtained a correspondence between the experiment and 
the simulation and validated our mathematical model.
Using numerical simulations, we have also analyzed the 
possibility of separating particles by varying the frequen-
cy of the supply voltage. For clarity, it was decided to 
simulate particles of the same density, the diameter of 
which differs by two times. In group 1 ten particles of the 
size 40 μm had charge of 106 e, while in group 2 ninety 
particles were twice smaller (20 μm) with charge of 3×105 

e. The mass density for both groups was 3.99 g/cm3. The
amplitude of the alternating voltage at the electrodes of
the trap Ua was 2.5 kV. Fig. 5 shows the results of simula-
tions performed at four frequencies: 42, 50, 150 and 190
Hz. At the frequency of 42 Hz (Fig. 5a), smaller particles
with a large value of q2/m are too strangly affected by
the force of the alternating electric field and therefore fly
away in different directions. Thus, only larger particles
remain confined in the trap. As the frequency increases
to 50 Hz, both types of particles are confined in the trap,
but there is a space gap between them and this situation
remains to a frequency about of 140 Hz. Fig. 5c shows
the result of calculation at frequency of 150 Hz. At this
frequency, the force acting on the larger particles is in-
sufficient to ensure their levitation and only smaller parti-
cles remain confined in the trap. With a further increase
in frequency, small particles also cease to confine and
fall out. It should be noted that the separation of particles
by varying the frequency looks more preferable than by
varying the voltage, since the voltage required for only
particles with a lower value q2/m to remain in the trap can
be greater than the breakdown voltage.

Roman Syrovatka, et al. - Microparticle separation in a linear paul trap

566Istraživanja i projektovanja za privredu ISSN 1451-4117 
Journal of Applied Engineering Science  Vol. 19, No. 3, 2021



a) ƒ = 42Hz b) ƒ = 50Hz

c) ƒ = 150Hz d) ƒ = 190Hz

Figure 5: Particle separation and the dynamic behavior of a mixture of two types of particles in the electrodynamic 
trap at different frequencies of the applied voltage. Circles indicate particles of group 1 with lower q2/m values, dots 

indicate groups 2 (higher q2/m)

DISCUSSION

Since the mass of a particle is proportional to its vol-
ume, the parameter q2/m will be different for particles 
of different sizes and one can expect the particle sep-
aration in an electrodynamic trap. For mixtures with a 
discrete size distribution function (as in Fig. 5), we can 
expect the presence of a spatial gap between different 
particles. It is also possible to ensure that only one sort 
of particles remain in the trap at varying the frequency. 

For polydisperse powders with a continuous distribution 
function one can expect a gradual increase in the particle 
size in the dust structure from top to bottom.
Making use of the corona discharge for particle charging 
has the following peculiarities affected the efficiency of 
particle separations. In a corona discharge, the charge 
for particles larger than one micron is determined mainly 
by the field charging mechanism. In this case, while the 
particle has not yet acquired a limiting charge, there exist 
force lines of the electric field crossing its surface. Ions 
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moving along these force lines reach the particle surface 
and charge it. In the case of such charging, the maximum 
possible charge is determined by the surface area of the 
particle. It should be noted that for particles less than 0.1 
μm, the charge is completely determined by the diffusion 
mechanism. In this case, the charge is proportional to the 
linear particle size and the difference in q2/m for particles 
of different sizes will be even more significant.

SUMMARY

It was shown experimentally and numerically that sep-
aration of micron-sized particles charged in corona dis-
charge with different sizes occurs in the linear electrody-
namic trap due to the different values of q2/m for particles 
of different sizes. By varying the voltage or frequency 
of the supply voltage, it is possible to achieve that only 
particles with a larger or smaller value of q2/m remain in 
the trap. It is more conveniently to ensure particles sep-
aration by varying the frequency.
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