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After experimental observations of ordered structures of dust particles in gas discharge 

plasma in 1994, such structures are frequently considered as a macroscopic physical model of 

strongly coupled Coulomb systems (SCCS) [1,2]. These structures can visually be observed, 

and using them, one can study the properties of SCCS on kinetic level. However, charge of 

dust particles in plasma is screened and not fixed depending on local conditions. Besides, it is 

responsible both for interaction with other particles (and consequently for the formation of a 

cluster) and for its levitation in electrical fields. So, varying the interaction potential, one 

changes the levitation conditions. 

We have proposed an alternative way for formation and investigation of Coulomb systems 

using a magnetic trap [3] for charged particles. The trap is based on the known possibility of 

the levitation of diamagnetic bodies in a nonuniform steady-state magnetic field [4]. We have 

experimentally and theoretically shown that such a trap for a cluster of charged diamagnetic 

particles can be created [3]. In this communication we present new results of our 

investigations. 

In a magnetic field, a macroparticle acquires magnetic moment M = χmB which in turn 

interacts with the nonuniform magnetic field; as a result, the macroparticle is acted upon by 

the effective force [5] 

 F = (χm/2)∇(B2), (1) 

where χ is the specific magnetic susceptibility of matter (for paramagnets, χ > 0; for 

diamagnets, χ < 0), and m is the mass of particle. It may be approximately assumed that 

particles are located in an external potential field,  

 U(r) = –(χm/2)B2(r). (2)  

In the absence of currents, a steady-state magnetic field is potential, B = –∇Φ, where Φ(r) is 

some function satisfying the Laplace equation, ΔΦ(r) = 0. Let the configuration of magnetic 

field be such that the (x,z)-plane is the plane of symmetry, and the (y,z)-plane is the plane of 

symmetry in view of inversion of polarity (axis z is directed upwards). If we put Φ(0,y,z) = 0, 
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then the function Φ(x,y,z) is an odd function of x and even one of y, and we can write the 

expansion 

 , (3) 

where cnm (n = 1, 3, 5, …; m = 0, 2, 4, …) are functions of z and depend on particular 

configuration of magnetic field. From the Laplace equation we get the relations  

,          ,         …  , (4) 

where . Thus, we can express all the coefficients cnm in terms of c1m. For the 

potential (2) we have obtain 

 (5) 

where , , ,  

, . A trap is formed by the magnetic force (1) and gravity 

one Fg = (0, 0, −mg) where g = 9.8 m/c2. From their balance −∇U + Fg = 0 we can find the 

point (x0, y0, z0) of a diamagnetic particle. We have x0 = 0, y0 = 0 and equation for z0: 

. (6) 

Conditions of stable levitation of a diamagnetic particle along x, y, and z axis at point (0, 0, z0) 

are respectively , , , where .  

For a cluster the point (0, 0, z0) is approximately the center of mass, and for each particle we 

can write equation 

, (7) 

where φ is the electrostatic potential generated by other particles. In the case of a large 

number N >> 1 of monodisperse particles which carry the same charge q, these particles may 

be approximately treated as a quasi-uniform structure in the form of an ellipsoid with an 

average charge density qN/V, where V is the volume of the structure. It follows from the 

Poisson equation that the mean density of particles is n = N/V = –Δφ/4πq = ΔU/4πq2 or 

, (8) 

where s = n–3 is the mean interparticle distance. 

We have consider in detail cluster consisting of two identical particles carried charge q. It is 

follows from symmetry that such a cluster should be placed in a horizontal plane, and particle 

coordinates x1 = −x2 = x, y1 = −y2 = y, z1 = z2 = z. Then from (7) we have a system of 

equations for x, y, and z: 
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, (9) 

, (10) 

. (11) 

The system can have solutions of three types: (I) x = 0, y ≠ 0; (II) x ≠ 0, y = 0; and (III) x ≠ 0, 

y ≠ 0 with corresponding conditions of stability. 

Sketch of experiment setup is presented in Fig. 1. 

Cylindrical grooves 20 mm in diameter are made in 

the upper part of pole tips on the side of smaller 

bases of truncated cones 20 mm in diameter, and the 

upper edges of end surfaces of the tips are rounded 

off. This shape of the pole tips of electromagnet 

makes for the configuration of magnetic field in the 

interpolar space, which provides a stable levitation 

of diamagnetic particles. Cross section of the top 

part of the interpolar space by plane (x,z) is shown 

in Fig. 2. The magnetic-field lines are shown by 

solid lines, and the equipotential lines by dashed 

lines. The gap between pole tips is 2l, and the radius 

of rounding-off of the edges is r. For z ≤ 0, magnetic 

field is uniform. 

We used graphite particles (χ ≈ –3.0⋅10–6 cm3/g) and observed clusters contained 2 to 7 

particles near 10−4 m in size. Description of experiments is given in paper [3].  

We have derived a rather simple calculation model. Assuming 

some configuration of magnetic field near the trap area, we 

have obtained an expression for the function Φ(x,y,z). 

Expanding it into a series in powers of x and y, we have found 

the coefficients c1m. Then using equations (4) we can obtain all 

the coefficients cnm. Position of the levitating particle z0 (or the 

center of mass of a cluster) is found from equation 

   (12) 

Fig. 1. Experimental setup: 
1, electromagnet winding; 2−4, lower, side, 
and upper magnetic circuits; 5, pole tips 
(magnetic flux concentrators); 6, probe for 
charging particles; 7, injection of particles; 8, 
CCD camera; 9, region of stable levitation; 
10, illumination of particles 

Fig. 2/ Cross section of 
interpole space by plane (x,z) 
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Fig. 5. Interparticle distance S for 2l = 2 mm, q 
= 106e (dashed curves) and 3∙106e (solid 
curves); cluster along y (thin lines, S = 2y) and 
x (thick curves, S = 2x) axis. 
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