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In the paper we present a new approach for creation effective axially symmetric plasma 

optical tools for focusing and manipulating high-current beams of electrons and negative ions. 

This approach is based on fundamental plasma optical concept of magnetic insulation of 

electrons and non-magnetized positive ions providing creation of controlled uncompensated 

cloud of the space charge [1]. The axially symmetric electrostatic plasma optical lens is a well 

known and well developed tool where this concept is used successfully [2]. This provides 

control and focusing of high-current positive ion beams in a wide range of parameters. Here 

we present computer simulation results based on the PIC-model describing the application of 

an idea of magnetic isolation of electrons for the stable cloud of positive space charge 

generation by focusing onto axis the converging stream of heavy ions produced by circular 

accelerator with closed electron drift. The work presents the results of preliminary researches 

of potential distribution in non-compensated ion flow that converges onto axis of symmetry of 

the system. 

Theoretical considerations 

We assume that the beam of positively charged ions formed by the device converges onto 

the system center. Electrons are magnetized in the anode layer, thus their influence on ion 

dynamics can be neglected. The fast ions reach the system axis and accumulate in the region 

around it. As a result the cloud of positive space charge will be created at the axis. Maximum 

potential will be in the center on cylindrical axis. Ions are stored in the cylinder volume until 

their own space charge creates a critical electric field. This field forces ions to leave the 

volume and the system comes to dynamic equilibrium after some relaxation time (see Fig.1).  
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Fig. 1. Creation a positive space charge cloud  
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The ion flow coming through the cylindrical surface will be equal to ions streaming down 

from the axis and leaving the cylindrical volume under action of the Coulomb force of their 

own space charge. Therefore, the set of equations describing this process in the cylindrical 

coordinate system includes the Poisson (1), particles motion (2) and continuity law (3) 

equations: 

( ) 2 2(1/ ) 4 i ir r U r r U z q nπ∂ ∂ ∂ ∂ + ∂ ∂ = ,      (1) 
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( )out inV div j S j⋅ = ⋅         (3) 

Here Mi, qi, vi are ion mass, charge and velocity respectively, E – electric field: Er = –

/U r∂ ∂ , Ez= /U z−∂ ∂ , U – potential, B-magnetic field, ni – ion density, V –cylinder volume for 

this case, jin – current density at the boundary of current-collecting surface S of radius r and 

height h, and jout – the ion current density leaving the volume V. Knowing the space charge 

distribution we can determine the expulsive force acting on the particle on the boundary of 

space charge volume and calculate ions trajectories.  

∫∫ ρ=
VS

s dVdSE          (4) 

For simplicity let us assume for estimation that ions enter the volume through a cylindrical 

surface from the discharge gap with velocity v0 normal to cylindrical surface. Let us consider 

one-dimensional ion movement along the radial axis in a system without magnetic field as a 

first approximation. Solving Poisson equation we obtain estimation for electric field created 

by ion space charge: 

( )2 3
1 3( ) 4 3 9 2r in i iE U r r j q M rπ= − ∂ ∂ ≈         (5) 

Assume that ions are leaving the volume along the system symmetry axis due to the 

Coulomb force of their own space charge and substitute V=πr2·h, S=2 πrh in (3) we obtain:  

( 2)in outj r j z= ∂ ∂           (6) 

Consider that ions get off from the cylindrical volume of radius r, along z – axis, take into 

account (6) and neglecting r-coordinate obtain Poisson equation in form: 

2 2 8 2in i iU z j z r qU Mπ∂ ∂ ≅          (7) 

The solution of (7) has form: 

( )2 3 2( , ) inU r z j r z≈            (8) 

thus for space charge density one gets estimation: 
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( )2 3
/inj rρ ≈            (9) 

Substituting typical system parameters [3] we obtain estimation for particle density in a 

cloud  nimax~1010
сm-3. 

Numerical model and simulation results  

Equations (1)-(4) were solved numerically by PIC-method. Every time interval ∆t (real 

time is approximately 4·10-8 sec) N new particles of charge qi and mass Mi come to the volume 

considered. The magnitudes of N, ∆t, qi satisfy the relation: Nqi/∆t=jiS. Let us suppose that 

particles have energies from 0 to Emax and move with the angular distribution according to 

cosines law. Equation of motion (3) was solved both for “new” particles and for those that 

still left in the volume (time step ∆τ<<∆t). After time ∆t the distribution of the ion space 

charge was determined. The Poisson equation has been solved and potential electric  field 

U(r, z) calculated.  

We have considered in our simulations that ions Ar+ in the beam with total current 20 mA 

and energy distribution from 0 to 1 keV, move with angular distribution in the magnetic field 

similar to experimental. The results of calculations of the potential distribution, electric field 

are shown in Fig. 2. The particle density is shown in Fig.3.  

The calculated electric field (see Fig. 2b) is about 500 V/cm in maximums and could reach 

1 kV/cm. That simulation results are in qualitative agreement with experimental results [3,4]. 

The calculated ion density that could accumulate around system axis reaches 0.1·1010 to 

0.27·1011 cm-3 (see Fig. 3). It is in an agreement with our previous estimations. 

 

 

 

 
 

 

Fig. 2 Simulation results for Ar+ ion beam(I=20mA, energy 0-1keV): a)potential and b) electric field distribution 

 
Fig. 3. Particle density distribution 

a)                        b)   
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In Fig. 4 it is shown the potential distribution for different total ion beam current. We can 

see that with ions energy increasing, maximum value of potential does not change essentially. 

At the same time the spatial distribution shape changes markedly. Whereas maximum of 

potential for ion beam’s energy 0-1 keV (Fig.2a) is situated not in the axis, but in the coaxial 

region around the axis, the maximum for energy 0-3 keV (Fig. 4a) appears another higher 

peak onto the axis. With the beam current value growing, the value of the maximum potential 

increases (Fig. 4b). 

We described here simplified physical model. The real experimental conditions are more 

complicated. In part, we have to take into consideration the presence of electron component 

that can decrease the value of the positive space charge electric field. 

 

 

 

 

 

 

Conclusion 

The research described here has shown a principal possibility of creation of a positive 

space charge cloud for negative particles beam focusing. It was demonstrated that it is 

possible to create the space charge due to the electron magnetic insulation. Note that as it 

follows from simulation results, it is possible to reach focusing electric field about 600 V/cm. 

Such electric field strength is sufficient for creation of short-focus elements to be used in 

systems for manipulating intense beams of negative ions and electrons. The simulation results 

are in a good agreement with experimental results stated in [4]. 
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  a)                                b) 
Fig. 4. Potential distribution for beam energy 0-3 keV and current a) 20 mA and b) 40 mA 

37th EPS Conference on Plasma Physics P1.319


