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1. General Information 
The aim of the project was to study a possibility of generating a homogeneous layer of plasma 
with high electron density in a gas, which could be used as an absorber of electromagnetic 
radiation. The theoretical background and analysis of the absorbing properties of plasma has 
been developed in [1].  As an example, significant RCS reduction can be obtained with a 
plasma of electron density at least 5 x 1012 cm-3 in helium with a background pressure at least 
50 Torr.  To study such a possibility by means of electrical discharges in gas, in particular 
inert gases with small recombination losses, a mathematical model of high frequency 
electrical discharges has been developed and implemented in FORTRAN computer codes. 
Numerical simulations and parametric study of the behaviour of gas discharge plasma under 
different conditions have been performed. It was found that parameters of the plasma 
(densities of charged particles, stability, energy dissipation, etc.) could be controlled by 
combining the parameters of the system (arrangement of electrodes, gas composition and 
pressure, shape and frequency of the applied voltage, level of pre-ionisation of the gas, etc.). 
The results obtained from the numerical simulations are presented in Secs. 2-5. 
 
2. Basic Processes in Gas Discharges 
A gas under normal conditions is a perfect insulator. If a low voltage U ~ 102 V is applied 
between parallel plate electrodes placed in the gas and separated on a distance S, a current      
I ~ 10-13 A can be registered. This current is observed as a consequence of a background 
ionisation due to cosmic rays, radiation of Earth, etc. But if the external field becomes high 
enough to accelerate charged particles, in particular electrons, at certain field they start to 
produce non-elastic collisions with neutral molecules (atoms). If the electron energy becomes 
higher than the ionisation potential of the gas, they create new electrons and positive ions 
according to the scheme 
 
              (1) 
 
Here e, A and A+ stand for the electron, atom and positive ion, respectively; ki is the rate 
constant of the process, cm3/s. The rate of the ionisation can be expressed as aeie Nnkdtdn = , 
where ne and Na are the densities of electrons and atoms, cm-3, and t is the time, s . Thus, the 
product aii Nk=ν  gives the ionisation frequency, i.e the number of ionising collisions per 
second. The number of ionisation acts per 1 cm of length, which an electron passes in the field 
is the ionisation coefficient Ew eiei µννα ==  ( Ew ee µ=  is the drift velocity of electrons, 
cm/s; eµ  is the mobility, cm2/(V s); and E is the electric field strength, V/cm). It is well known 
that the ionisation coefficient strongly (usually exponentially) depends on the electric field 

)( pEfp =α   (p is the gas pressure). The actual dependence is unique for each gas or gas 
mixture. If the ionisation rate is higher than the rate of losses of electrons, an electron 
avalanche forms. On the way to the anode the electrons are concentrated in the avalanche 
head. The tail of the avalanche is formed by the produced positive ions, which are much 
slower and move in the opposite direction - to the cathode. The number of electrons in the 
avalanche can be found as )exp()exp( 00 xntnn eiee αν == , where ne0 is the density of initial 
electrons, and x is the length of the avalanche. The metallic anode absorbs the electronic cloud 
reaching its surface, while secondary electrons are emitted by the positive ions from the 
cathode surface. Under certain conditions this process becomes self-sustained and leads to the 
phenomenon called Townsend’s (or silent) discharge. It should be noted that an electron 
avalanche could be considered as an initial stage of any kind of electrical discharges in gases. 

eeAAe ++→+ +  
ki 
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Recombination of electrons and ions is one of the most important processes, which controls 
losses of electrons in gas discharge plasma. In particular, this is only one mechanism of losses 
in inert gases if losses on the surfaces of electrodes or on the walls of a discharge chamber are 
excluded, and this can be arranged if the plasma is completely surrounded by a dielectric. 
Inert gases are of particular interest, because the recombination rates are much lower than in 
ordinary diatomic gases. The recombination involving monatomic ions is negligible. 
Nevertheless, there are several kinds of electron – ion recombination in inert gases, and the 
most effective are: 
 

(i) dissociative recombination, which happens in two steps – first, atomic ions convert 
to molecular ions (reactions of conversion) AAAAA +→++ ++

2 , and then the 
dissociation of the molecular ions takes place AAeA +→++ *

2  (A* stands for an 
exited atom); 

(ii) recombination in three-body collisions eAeeA +→+++ * . 
 
These processes have different rate constants (i.e. recombination frequencies) and each of 
them can dominate under certain conditions.  It should be noted that at the rather high 
densities required for radar absorption, the ions in inert gases are predominantly molecular 
ones, because the process AAAAA +→++ ++

2  is fast. The rate of single-electron-ion 
recombination is pee nndtdn β−=  (here β  is the recombination coefficient, cm3/s; np is the 

positive ion density, cm-3). The recombination coefficient can be expressed as dis
rk=β  and 

e
tr
r nk=β  for processes (i) and (ii), respectively, with the corresponding rate constants dis

rk , 
cm3/s and tr

rk , cm6/s. 
 
3. Mathematical Description of the Discharge Plasma 
If variations of the electric field between electrodes are slow in comparison with the time 
scale of the motion of electrons, they are able to reach equilibrium with the field at each time 
moment. The time of electronic relaxation in plasma usually is ~10-13–10-12 s, that 
corresponds to the frequency range f > 1012 Hz. Up to this limit, plasma can be considered as 
a continuous matter and it can be treated as a composite liquid consisting of electronic and 
ionic components. In this case, the development of a gas discharge can be modelled using 
equations of hydrodynamics, namely the continuity equations for densities of charged 
particles, which express the charge conservation law 
 

0=+
∂
∂ jdiv

t
rρ                               (2) 

 

Here ρ  is the charge density, and j
r

 is the vector of current density.  
Equation (2) is the consequence of the system of equations of mass balance for charged 
particles. In the case of inert gases the system of equations consists of continuity equations for 
the densities of electrons and positive ions: 
 

         
( )

( )









−=∇+⋅⋅∇+
∂

∂
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∂
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Here pe DD ,  are the diffusion coefficients for electrons and positive ions, respectively.  

The terms pepepepepe nDwn ,,,,, ∇+⋅=Γ
rr

 are the fluxes of charged particles consisting of the 
convective part (the first component) and the diffusive flux. The right-hand sides of the 
equations represent the sources of production (ionisation) and losses (recombination) of 
particles. All coefficients in equation (3) are dependent on electric field strength and the 
system of continuity equations should be coupled with Poisson’s equation for the distribution 
of the electric potential φ : 
 

                                        ( ) ( ) ( ) φρφεε ∇−=−−−=−=∇∇ zyxEnnne nep ,,;0                                 (4) 
 
Here E(x, y, z) is the distribution of electric field strength; e is the elementary charge; ε  is the 
relative permittivity of the media, and 0ε  = 8.854 10-14 F/cm is the dielectric constant.  
 
A set of boundary conditions for the equations above should be provided. The particular 
choice of boundary conditions depends on the problem and geometrical parameters of the 
domain. In the simplest case of two circular parallel plate electrodes a cylindrical symmetry 
can be used. This allows reducing the dimensionality of the problem to 2D (Figure 1) and the 
following boundary conditions can be used: 
 
 
 
 
 
 
 
 
 
 
 
The electrodes forming a discharge gap can be covered with solid dielectric layers in order to 
avoid losses of charges. Thus, the set of boundary conditions should be changed. This case is 
also considered below. 
 
 
 
 
 
 
 
 
 
 
 
 

      (a)        (b) 
 

Fig. 1. The physical (a) and the computational (b) domain. 
The boundary conditions are shown on the right. 

 

for particle densities               anode:    ne ( t, Sz , r)=0        (absorbing boundary) 
   np ( t, Sz , r)=0       (reflecting boundary) 

            cathode:    ne ( t, 0 , r)= γ  np (t, 0 , r) wp(t,0,r)/we(t,0,r) 
(γ  is the coefficient of secondary emission from the cathode due to positive ions impacts) 
 
for potential                     anode:      φ(t, Sz , r)= φa (t);     (Dirichlet b.c.) 
             cathode:     φ(t, 0 , r)= φc (t);       (Dirichlet b.c.) 
    symmetry axis:     ∂φ/∂r=0 ;                  (Neumann b.c.) 
   outer boundary:     ∂φ/∂r=0.                    (Neumann b.c.) 
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A solution of equations (3) and (4) is time dependent distributions of the densities of the 
particles and the electric field. Knowing these parameters several integral plasma properties 
could be obtained. The most important are: 
 

• electric current ( ) ∫ ∫∫ ∫ ∂
∂

⋅+⋅Γ−Γ⋅
−

=
r zr z S SS S

Lep
ca

drdz
t
EdrdzEeI

0 0
0

0 0

2
r

rrr
εε

φφ
π  , A (here the 

fist term is the conductive current and the second one is the displacement current; 
EL denotes the distribution of the Laplacian field); 

• electrostatic energy 
2

0 EP
r

εε=  , J/cm3; 

• Joule dissipation EjQ
rr

⋅=  , W/cm3 (here j
r

 is the current density, A/cm2); 
• conductivity of plasma Ej /=σ , S/cm. 

 
The coupled equations (3) and (4) with appropriate boundary conditions allow simulations of 
development of discharge plasma in different gases. This requires using kinetic coefficients 
and coefficients in source terms in equations (3) corresponding to a particular gas. In the 
project a He-plasma was considered, mainly because of low rate of electronic losses, and the 
following kinetic coefficients were used [2]: 

• Ionisation coefficient )/exp( pEBAp −⋅=α , cm-1.  
      The constants: A = 8 and B = 16 were used for pure helium , and A = 4.4, B = 12.5 
      for the mixture He + Ar (5%). The dependencies )( pEfp =α  are shown in  
      Figure 2. 
• Recombination coefficient scm /10;10 397 −−=β . 
• Drift velocities of electrons was calculated as scmpEwe /,/106.8 5 ⋅⋅−= , and for 

positive ions scmpEwe /,/1055.3 3 ⋅⋅= . 
• Diffusion coefficients: scmpDpD pe /,/1001.1,/102 225 ⋅=⋅=  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 2. Ionisation coefficients for pure He and He + Ar (5%) mixture (upper curve). 

1 pure He 
2 He + Ar 

1 

2 
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The multiparametric nature of the problem gives a great possibility of controlling internal 
plasma properties by means of changing external conditions. In general case the following 
parameters can be varied:  
 

• Inter-electrode distance Sz. 
• Configuration of electrodes. 
• Gas pressure p. 
• Gas composition (affects mainly ionisation coefficient α ). 
• Boundary conditions (solid dielectric covers, secondary emission, losses of 

particles through the boundaries, etc.). 
• Applied voltage caU φφ −=  (amplitude; frequency; potentials of different 

shapes, for example, sinusoidal (on the anode) + impulse (on the cathode), etc.). 
• Initial conditions (initial density of charges, a shape of the initial plasma spot) 
• Characteristics of the external circuit (resistance, capacitance, and inductance). 

 
The influence of several of them on discharge development was studied. 
 
4. Numerical techniques 
Solving a gas discharge problem is a challenging task. The system of continuity equations (3) 
is a stiff system (in the sense that different processes have significantly different time scales) 
and the equations become strongly non-linear when electric fields are high enough for 
ionisation. Another problem is short time steps and fine spatial grids needed for resolving 
steep gradients of densities of particles at the boundaries of moving plasma. This makes the 
problem to be very time consuming for computing and special algorithms are required.  
Currently, the flux-corrected transport algorithm [3] was used for solving the system of 
equations (3). When densities of particles were obtained for a current time step, the electric 
field distribution should be calculated from the Poisson’s equation (4). The equation (4) was 
represented in a discrete form using a finite-volume method and the resulting matrix problem 
was solved by an iterative method, in particular, the symmetric successive overrelaxation 
method [4] was employed for the present simulations. The new field distribution was used to 
compute new kinetic coefficients needed to perform the next time step in equations (3), and so 
on. The algorithm used for solving the problem is shown in Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

INPUT
reads input parameters

DRIVER

POISSON
solves field problem

TRANSPORT
solves continuity equations

POISSON

t < tout
Yes

OUTPUT
writes ne(z, r), np(z, r),
E(z, r), I(t), etc.

END

No

Fig. 3. Flowchart of the algorithm of solving the 
coupled equations (3) and (4). 
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5. The Results of the Plasma Modelling. 
On the first stage of the project, the discharge development in pure helium in a gap of 1 cm 
length with metallic electrodes was simulated. The voltage was a step function with the 
magnitude of 5 kV and it was applied at t = 0. The discharge was initiated by an initial plasma 
spot with the densities of the particles of 33

00 102 −⋅== cmnn pe  placed in the vicinity of the 
cathode. It was assumed that the discharge started from one single electron-ion pair, thus the 
volume of the spot was chosen equal to 33105 cm⋅ .  
Contour plots of electronic and ionic densities obtained for the avalanche phase of the 
discharge development are presented in Figures 4. The radial position r = 0 corresponds to the 
symmetry axis. The indexes on the colour bars are the values of )(log ,10 pen .  
As it can be seen from Fig. 4a, the avalanche head approaches the anode surface at ~120 ns 
after voltage application and the densities of the electrons and ions reach ~105 cm-3. At the 
same time, a radial expansion of the electronic cloud due to diffusion is observed. During the 
interaction with the anode surface (Fig. 4b), the electrons penetrate into the metal and they are 
lost for the discharge. The next generation of electrons emitted from the cathode due to 
secondary emission can be seen at t = 180 ns.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                  (a)                                                                      (b) 
 
 Fig. 4. Electron avalanche development (a) and its interaction with the anode  

surface (b). The cathode is located at z = 0 (lower boundary). 
 
The losses of electrons on metallic surfaces can be avoided by introducing dielectric barriers 
covering the electrodes. This leads to the opposite effect, namely to accumulation of particles 
on interfaces gas-dielectric and to formation of surface charges. A sketch of the system with 
dielectric covered electrodes is shown in Figure 5. Applying a voltage of high frequency, one 

 

140 ns 

160 ns 

180 ns 
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can produce an electrical discharge in the system. Such a discharge is called a “discharge 
controlled by dielectric barriers”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The surface charge densities 2,1σ , C/cm2 in the system can be calculated as  
 

           ( ) ( ) tdtrSStrSSetdtrStrSe
t

ep

t

ep ′′+Γ−′+Γ=′′Γ−′Γ= ∫∫
0

111
0

111 ),,(),,(,),,(),,( σσ . 

 
The influence of the barriers on discharge development is shown in Fig. 6. The simulations 
were done for pure helium with the parameters: S = 1 cm, S1 = S2 = 0.2 cm, p = 750 Torr, 

521 == εε , U = 4.6 kV, f = 1 MHz. Other conditions were the same as for the case with 
metallic electrodes. Time moments are indicated on the graphs (time of one period is 1 mcs). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 6. The densities of electrons and ions in the system with solid dielectric barriers. 

+ + +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +

_  _  _  _  _  _  _  _  _  _  _   _  _  _  _  _  _  _E 2

E 1

E

ε

ε

S 2

S1

Sz

r

σ2

σ1

 1

2

U

+ + +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +

_  _  _  _  _  _  _  _  _     _  _   _  _  _  _  _  _

ε  =1

Fig. 5. Electrodes with dielectric barriers . S1,2 and 2,1ε  are the thicknesses and  
            the dielectric permittivities of the materials of the barriers, respectively.  
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     Fig. 6. (continued) 
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The plots above show the evolution of the electron density and corresponding distributions of 
the ion density (lower row) during the positive half cycle of the applied voltage (the metallic 
anode is located at z = 1.4 cm). It is seen that when the avalanche approaches the surface of 
the positively charged dielectric barrier, a thin layer of the electrons is formed due to the 
radial expansion of charges and the density of electrons increases significantly. The ionic 
cloud is much broader due to low mobility of ions but radial diffusion is also observed. The 
layer of electrons becomes even thicker when polarity of the voltage is changing (graph for t 
= 0.5 mcs). During the negative half-cycle the electrons accumulated on the surface of the 
dielectric initiate a new avalanche propagating to the new anode (graphs for t = 0.6, 0.7, 0.8 
mcs). At the end of the cycle a surface charge is formed on another barrier, but now its 
thickness is much larger and it is more homogeneous in radial direction (t = 0.9, 1.0 mcs) 
because of the higher total number of electrons taking place in ionisation. During the 
following cycles the process repeats itself and the densities of electrons and ions grow, and 
are distributed more and more uniform. 
The observed homogenisation of the plasma allowed us to reduce the dimensionality of the 
problem and required computational time. The parameters of the discharge calculated using a 
1D model for 50 cycles of the applied voltage in pure helium at p = 450 Torr and U = 1.82 kV 
are presented in Fig. 7. As  can be seen, the amplitude of charge transported by the avalanche 
(graph (a)) remains practically constant in time. Accumulation of particles on the dielectric 
barriers produces increasing densities of surface charges (graph (b)), which distort the electric 
field and leads to its enhancement with time (graph (c)). Electrons generate more charges in a 
stronger field, which affect field intensity and so on. In practice, the possible consequence of 
this coupling is plasma instability known as a contraction [2], i.e. the discharge is observed in 
a filamentary form with high current density and high power losses. An increase of the power 
density is also obtained in the present calculations (graph (d)).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Discharge parameters for 50 cycles of the applied voltage ( f = 1 MHz) 
 

 

(a) (b) 

(c) (d) 

1 sigma1 
2 sigma2 1 

2 
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The main reason for the discharge instability is the unbalanced rates of production and losses 
of charged particles. The ionisation rate in pure helium plasma is much higher than the 
recombination rate peee nnEn βµα >> . The estimated time for recombination is 

snerec
3107 1010101~1 −− =⋅= βτ  and the influence of losses of charges due to 

recombination is negligible in the considered time window. The unbalanced rate of production 
and losses of charges lead to increase of the plasma density.  It is, however, difficult to 
compute accurately what the equilibrium density is, because the density loss and production 
rates are slow compared to the much faster time-scale for the electric discharge.  
There are different ways to establish a balance of charged particles in plasma. One of them is 
to introduce limited losses on the surfaces of the barriers (or on one barrier). In practice, this 
could be done by using materials with relatively high conductivity. In the simulations, we 
changed the boundary condition for electron density on the surface of one of the barriers and 
introduced an absorption coefficient, which was in the rage 0.2 – 0.3. At the same time, the 
discharge parameters were calculated for the mixture He + Ar (~5%) instead of pure helium. 
The dependence of the ionisation coefficient on electric field strength, shown in Fig. 2 (upper 
curve) was used. It is known that the so-called Penning ionisation takes place in the mixtures 
of He with other gases, in particular with Ar. This phenomenon occurs due to the differences 
in ionisation and excitation potentials of atoms of different gases. For example, the metastable 
atom  He* (23S1)  has excitation energy 19.82 eV which is higher then the ionisation potential 

eVi 8.15=ϕ of argon atoms. If such two particles collide, ionisation of the argon atom occurs 
even in a low field. Thus, the effective ionisation coefficient is higher for the mixture, than for 
the pure helium that is observed in Fig. 2. The discharge parameters obtained for the mixture 
at  p = 450 Torr, U = 2.06 kV, f = 1 MHz, are shown in Figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            Fig. 8. Discharge parameters for He + Ar mixture with limited losses of  
                                  electrons on the surface of one of the dielectric barriers  
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The discharge plasma stabilises after ~10 cycles of the applied voltage. The magnitude of 
transported charge (graph (a)) grows in time in order to compensate losses of electrons on the 
“partially transparent” barrier. The surface charge densities reach equilibrium and increase 
slowly with time (graph (b)). The maximum electric field strength, as well as the power 
density dissipated in the plasma (graphs (c) and (d)), become practically constant at                 
t > 10 mcs. This behaviour corresponds to the steady oscillating discharge current shown in 
Figure 9. The transients at t < 10 mcs are also clearly seen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Fig. 9. Evolution of the discharge current with time. 
 
The computed distributions of densities of electrons and ions corresponding to the end of 
several cycles of the applied voltage (when the voltage is equal to zero), are presented in 
Figure 10. The densities of charges also reach steady state after approximately 10 cycles of 
the voltage. It is seen that the layer of electrons is formed (curves 1, 2 and 3), and since it was 
created, the thickness and the density of electrons within this layer does not change much 
(curves 4 and 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Profiles of electron (solid lines) and ion (dashed lines) densities. 
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Simple animations showing evolution of the electron density, the ion density and the electric 
field strength can be seen by running the avi-files attached to the report (important – movies 
could be seen with Windows Media Player or similar software). 
 
Another way of obtaining stable discharge plasma is to use modulated voltages. For example, 
a combination of impulses and sinusoidal potentials applied to different electrodes can give 
promising results. In the simulations, the parameters were similar to the previous case, only 
the voltage was different. The impulse potential had the amplitude of 2.9 kV and the decay 
time ~3 mcs, and the sinusoidal ( f = 1 MHz) potential had the amplitude of 1.6 kV. The 
resulting voltage shape is shown in Figure 11a. The idea here was to generate the discharge by 
the impulse of the high amplitude and then to keep it stable using comparatively low voltage 
needed just to compensate losses of particles and power losses. The resulting discharge 
current (graph (b)) shows some transients at the beginning of the process and it reaches steady 
state afterwards. The transported charge and surface charge densities (graphs (c) and (d)) have 
similar behaviour as in the previous case (compare with Fig. 8a and 8b) excluding the initial 
stage of plasma formation. The maximum electric field strength (Fig. 11e) and the power 
density (Fig. 11f) reach steady state after 15-20 cycles and their magnitudes at t > 20 mcs are 
more than two times less in comparison with the case, when only the sinusoidal voltage was 
applied (Fig. 8c and 8d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Fig. 11. Computed parameters of the discharge when combined voltage was  

      applied to the gas gap. 
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6. Summary of numerical simulations 
Efficient 1D and 2D computer codes for gas discharge plasma simulations have been 
developed.  The parameters of the discharge plasma obtained from the simulations are not 
very far from the required parameters, although the densities are somewhat lower than 
required. Because of the low recombination rates in helium plasmas, it is not easy to obtain 
very accurate values of the steady-state density. This uncertainty is aggravated by the not-so-
well-known values of recombination coefficients and the possible losses of electrons on 
dielectric surfaces, which can be strongly influenced by the choice of materials. The analysis 
of the processes taking place in the plasma has shown that there are several ways, which can 
be used to control discharge properties. 
 
7.  Theoretical estimates 
Because of the rather slow time-scale for recombination in inert gases, it was difficult to 
establish the equilibrium between ionisation and recombination accurately in the full time-
simulations.  Certain conclusions can, however, be drawn with simpler models.  For instance, 
one can easily find the electric field strength at which recombination and ionisation balance.  
This is obtained by ignoring the left-hand sides in Eq. (3), i.e., 
 

Using the approximation )/5.12exp(4.4 pEp −=α , cm-1, β = 1.3 x 10-9 cm3/s and we =     
8.6 x 105 E/p, then the electric field is determined by the transcendental 
equation =− )/5.12exp( pEE  3.4 x 10-16 ne.  Figure 12 shows the power consumption per 
square meter from a 1 cm thick layer of plasma generated under such DC conditions, as a 
function of plasma density for different gas pressures.  Given that efficient radar absorption 
would require a plasma density of at least 5 x 1011 cm-3 and 50 Torr gas pressure, the power 
requirement is quite high.  This is of course only an estimate, and it may be possible to 
generate the plasma more efficiently in an AC discharge where the ionisation is made 
predominantly in short pulses of rather high electric field, which makes the ionisation process  

 
 

Fig. 12. Estimations of power consumption. 

peee nnwn ⋅⋅=⋅⋅ βα v
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more efficient.  Nevertheless, it gives a clear indication that plasmas of the desired type 
require rather high power for generation, several tens of kW/m2 for a 1 cm plasma layer.  We 
would also point to reference [5], where plasmas of high density ne = 1012 cm-3 were 
generated in so-called capillary discharges at power densities of 1.5 MW/m3, or 15 kW/m for a 
1 cm plasma layer.  
It is also possible to give an absolute lower bound for the power consumption by considering 
that the generation of a single electron costs a minimum energy about 80 eV.  If we use a low 
estimate of the recombination rate β = 1.3 x 10-9 cm3/s and a density of 1012 cm-3 of molecular 
helium ions, the minimum power consumption is 15 kW/m3 or 150 W/m2 for a 1 cm plasma 
layer.  This suggests that if the discharge can be optimised so that the ionisation is made 
during short pulses of rather strong electric field the power consumption can be reduced.  
However, according to [2] the recombination rate is not very well determined and can be as 
much as 20 times higher. 
 
8.  Conclusions 
As established in [1] a plasma layer of at least 1 cm thickness and electron density 1012 cm-3 
with background helium pressure of at least 50 Torr would give significant reduction of the 
radar cross section.  Here we have explored the possibilities of generating such plasmas by 
numerical simulations and obtained estimates for the power consumption.  The numerical 
simulations strongly suggest that it should be possible to generate the desired type of plasmas.  
Also published articles, such as [5], give such indications.  However, one problem is the 
rather high power consumption that is expected for a sufficiently dense plasma.  Because of 
poorly known recombination coefficients, and difficulties of accurately computing the slow 
process of recombination in the presence of faster effects, it has not been possible to give a 
very accurate number for the power consumption.  However, estimates point to a few tens of 
kW/m2 for a 1 cm thick layer, which is also consistent with the results of [5].  In order to 
obtain more conclusive results, an experimental test would be necessary. 
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Appendix 

 
 
 
 
 
 

Experimentally obtained discharge plasma 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.
5 

cm

τexp = 0.3 s; measured ne ~ 1012 cm-3

 

Discharge parameters and conditions: 
air at  p = 750 Torr; U = 15 kV, positive DC; discharge current is I = 10 -3 A; gas velocity 
w = 10 cm/s; sectionalised electrodes were used, i.e. the number of electrodes can vary as 
well as the distance between them. 
Photo courtesy of Dr. I. Bozhko, Institute of Electrodynamics, Kiev, Ukraine 


