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A model of a non-equilibrium spherical microwave discharge is presented. Numerical 
experiments are carried out for the discharge in argon at atmospheric pressure. Results 
are presented the cha racteristics of the discharge depending on external parameters (the 
power and frequency of the applied electromagnetic field and the size of the discharge 
chamber). 

 

1. Introduction 
 

An interest to the study of the spherical microwave discharges arises from the various tech-
nological applications, as well as from the analogy between the spherical discharge and ball light-
ning, which (according to the hypothesis [1], [2]) is supported by the energy of the electromagnetic 
field. A spherical microwave discharge at atmosphere pressure has been studied in [3] -[6] in the 
framework of LTE approximation of the plasma. The present work is devoted to the modeling of a 
non-equilibrium spherical microwave discharge. For the construction of the model we bas ically 
follow the assumptions and methods, used in [3] and [4] for the modeling of non-equilibrium cy-
lindrical discharges. The model is derived on the basis of MHD equations in the framework of a 
two-temperature partial LTE approximation for the plasma and consider two cases: the state of 
ionization equilibrium and deviation from this state.  
 
2. Model and method of solution 
 

It is supposed that the axial symmetric electric dis-
charge is taking place inside a spherical chamber with a 
dielectric wall (fig. 1) and is supported by the energy of 
convergent electromagnetic waves with components 
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We assume that the processes are quasistationary. Max-
well’s distr ibution for the speeds of the particles and 
Bolzman’s  distribution for the excited levels are satisfied. 
The plasma is quasineutral and consists of electrons and 
heavy particles (atoms, ions). The movement of the gas has 
no significant influence on the characteristics of the dis-
charge. The energy of the electromagnetic field is absorbed 
basically by the electronic gas, and atoms and ions are 
heated up as a result of collisions with electrons.  

 
 
Note: This work has been presented at the Vth International Workshop on Microwave Dis charges: Fundamentals 

and Applications , Greifswald, Germany, July 08 -12, 2003. 
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Fig.1:  Scheme of spherical discharge.  
R  is the radius of discharge chamber. 
r , ϕ  and θ   are spherical coordinates. 
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Equations, used  to  describe  the  discharge  (and accordingly the problem), may conven-
tionally be separated to three parts: electrodynamic problem, the energy balance problem, and 
problem of calculation of the structure of plasma.  
 

2.1 Electrodynamic problem 
 

We consider Maxwell’s equations in the spherical coordinate system  
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Here 21 εεε ik −=  is the complex dielectric permeability, eνεσε 01 1−= , ωεσε 02 = , ω  the fre-
quency of the electromagnetic field, 0µ  and 0ε  the absolute magnetic and dielectric permeabil-

ity’s, eν  the collision frequency, σ  the electric conductivity. 
Introducing a scalar function ϕθθχ Hrr sin),( =  [3], we obtain from (1) the expressions for 

the components of the strength of the electric field rE  and θE , and an equation for χ . Using a 

separation of variables, we have a solution in the form of the sum of modes )()( 2
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Functions n1χ  and n2χ  are calculated by means of Hankel and Legendre functions 
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outside the area of discharge, and n1χ  is calculated numerically inside the area. The boundary con-
ditions, used for the solution, express the presence of an axial symmetry and a vanishing of the 
magnetic field in the center of the discharge. A value of the flow of Poynting vector gives us the 
relationship between nC  and the a pplied power appQ  by 

 
Fig.2:  Characteristics of the discharge at the center ( 0T , 0eT , 0E ) and at the border ( RE ) of the discharge 

chamber, reflection coefficient ρ  and dissipated power disQ  as functions of the power of the applied electromag-

netic field appQ .  R =1cm, ω =15GHz (model 0=en& ) 



 3

∑
∞

=






 +

+
=

1

20 )1(
12

2

n
n

e
app nn

n
C

k
Q π

ωµ
. 

The coefficients of the dissipated and reflected waves are determined from the ‘sewing’ of the 
components ϕH  and θE  of strengths of electric and magnetic fields at the wall of the discharge 

camera Rr = . The reflection coefficient is 22 |||| nnn CB=ρ . The first mode ( 1=n ) is used in 
calculations. 
 
2.2 Energy balance problem 
 

The equations of energy balance for electrons and heavy particles in the vector form [3], [4] are 
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( ) ( ) 0=−+∇∇ TTBT eeaλ ,                                                                           (3) 

Here T is the temperature, λ  the heat conductivity, 2

2
1

EQE σ= , where **
θθ EEEEE rr +=  

(‘ ∗ ’ denotes a complex conjugate), tam vvv
rrr

+= , eamam nDv ln∇−=
r

, 2/ln eamt TDv ∇−=
r

 are the ve-
locities of ambipolar and thermal diffusion, amD  a coefficient of ambipolar diffusion, IU  the ioni-

zation potential, 23 knB eeeea νδ=  the coefficient of interaction between electron and heavy parti-
cles, aee mm2=δ , m  and n  are the mass and concentration of particles, k the Bolzman’s con-
stant, aie ,,  denote electrons, ions, and atoms. 

Equations (2), (3), after rewriting them in spherical coordinate system and averaging over 
the angle θ , are solved with the boundary conditions 0)0( =′eT , 0)0( =′T , 0)( =′ RTe , RTRT =)(  

with KTR 300= .  
 

2.3 Problem of structure of plasma 
 

The structure of the plasma is derived from the continuity equation for the electrons [3], 
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Equations (4) and (5) are complemented by the condition of quasineutrality, the equations of state 
and Dalton’s law ie nn ≈ , kTnnkTnp aiee )( ++= . Here IK  and rK  are ionization and recombina-
tion coefficients, and p  the value of pressure. Equation (4), after rewriting it in spherical coordi-
nates and averaging over the angle θ , is solved with boundary conditions 0)0( =en , 

aReReam mkTRnrnD π2)())(( −=′ . 
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The plasma coefficients are determined as functions of Te, T, p and concentrations of parti-
cles  [3]. 

 
2.4 Ionization equilibrium model 
 

If we assume that the processes of ionization in the plasma are compensated by processes of 
recombination ( 0=en& ), the problem is simplified essentially. In this case, we do not need the equa-
tion of continuity (4), the left term of the (2) vanishes, and (5) turns to the Saha equation [3].  

 
3. Results 

Calculations show that the char-
acteristics of the spherical discharge 
are close to the results, presented in 
[3] and [4] for cylindrical discharges.  

The plasma of a spherical mi-
crowave discharge in argon at atmos-
pheric pressure is essentially non-
equilibrium. At R=1cm and 
ω =15GHz, and sufficiently small 
power appQ  essentially constant ra-

dial distributions of T  and eT  are 
realized, and the temperature of 
heavy particles is close to 

KTR 300= , the plasma is almost 
transparent for ele ctromagnetic 
waves (fig. 2). With the increase the 

appQ , the profiles of eT , en , and the 

distribution of Joule’s heat transfer get strongly expressed peaks at the wall of the chamber. The 
values E  and en , and the difference between eT  at T decreases in the axis region and increases at 
the peripheries (fig.2). The area of dissipation of the applied power shifts to the periphery of the 

 
Fig.3:  Characteristics of the discharge at the center ( 0T , 0eT , 0E ) and at the border ( RE ) of the discharge 

chamber, reflection coefficient ρ  and dissipated power disQ  as functions of the frequency ω  of the applied electro-

magnetic field. R =1cm, appQ =10 kW (model 0=en& ) 

 
Fig.4:  Profiles of temperatures T  and eT , concentrations en  and 

an , and E  in the case of 0=en& (solid lines) and 0≠en&  (dotted 

line).         1=R cm, ω =15GHz, appQ =20kW. 
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discharge. Like in the case of a cylindrical microwave discharge [3], the area of "hot" electrons, 
which intensively dissipate the energy of the applied electromagnetic field and shield its penetra-
tion in the axis zone, is realized at the periphery. With the increase of ω  or R , the dissipation of 
the electric field in the plasma grows, and the characteristics of the discharge change qualitatively 
resemble with the increase of appQ  (fig. 3). Comparing the models, corresponding to 0=en&  and 

0≠en& , show that in the case of deviation of the state of ionization equilibrium, the density of elec-

trons en , strength of electric field E and a difference between eT  and T  are smaller near the center 
of discharge, and bigger near the wall of chamber (fig.4). 
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