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ABSTRACT 

A cylindrical dc coaxial glow discharge system with inner grid cathode was designed for ion confinement, and success- 
fully operated with low discharge current. The plasma is formed inside the cylindrical grid cathode. The discharge cur- 
rent-voltage characteristic curves and Paschen curve are obtained at different gas pressures. Langmuir probes are used 
to determine the electron temperature and the plasma density. The electron energy distribution functions indicated that, 
two groups of electrons, appear in radial interval from r = 12 mm up to r = 5 mm. One group of electrons with most 
probable energy around 1 eV appeared from r = 5 mm up to r = 0 mm. The electron temperature Te is increased with in- 
creasing the current and also with moving from the center toward the grid cathode. Poisson’s equation is used to calcu- 
late the plasma density at different radial positions. The plasma density measured by the single probe is around 1015 m–3. 
A comparison is obtained between calculated plasma density and that measured by Langmuir probes. Experimental and 
calculated results have the same profile. 
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1. Introduction 

Inertial electrostatic confinement (IEC), originally, was pro- 
posed by Farnsworth, the inventor of electronic televi- 
sion [1]. The cylindrical dc coaxial glow discharge sys- 
tem is used to give inertial electrostatic confinement for 
ions. A cylindrical grid cathode is put inside a cylindrical 
vacuum vessel (anode), when a low dc voltage is applied 
on the coaxial electrodes; the plasma is formed around 
the axis inside the grid cathode. In a negative grid dc coa- 
xial glow discharge, ions of the gas species are produced 
by electron-impact ionization. The ion beam is accelerated 
and passes through the grid cathode, forming a virtual anode 
which decelerates the ions to arrive at the center of the de- 
vice [2]. The ion beam collides with the neutral gas atoms 
after it passes the grid cathode, causing secondary electrons 
to be emitted. These secondary electrons enter the trapping 
region and cause sufficient ionization to maintain the dis- 
charge. Most of the discharge voltage causing the ion and 
electron acceleration is across the region near to the ca- 
thode [3]. Wendt et al. [4] reported that the impact of the 
ions on the cathode produces secondary electron emission 
and the electrons are accelerated towards the plasma and 
confined near the cathode.  

Inertial electrostatic confinement has been studied by 

Miley et al. [5], who studied the breakdown voltage cha- 
racteristics as a function of pressure-electrode separation 
(pd), using a spherical cathode grid mounted concentrically 
within a grounded spherical vacuum vessel, which served 
as the anode. Yamauchi et al. [2], using a pulsed discharge 
confirmed, by experimental measurements and simulation 
calculations, that a virtual anode is formed in the central 
part inside the grid cathode in a spherical glow discharge 
for a portable neutron source.  

Popov et al. [6] studied the electron energy distribution 
function and the temperature of the electron groups using 
a Langmuir single probe, in a dc discharge tube with co- 
axial electrodes, for argon plasma. They studied the rela- 
tion of gas pressure to both the electron groups’ tempera- 
tures and their concentrations. Gu and Miley [7] designed 
a pulsed spherical inertial electrostatic confinement sys- 
tem to focus and accelerate ions and electrons radially 
inward towards the center of a negatively biased, highly 
transparent spherical grid. The converging ions create a 
high-density plasma core where a high fusion rate occurs. 
In addition, under proper conditions, the ion and electron 
flows create a space charge induced double potential well 
(a negative potential well within a positive potential well). 
This structure traps high-energy ions within the virtual 
anode created by the double potential. 
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Most of studies on inertial electrostatic confinement were 
occurred by spherical discharge. The cylindrical discharge 
is different from planar discharge as well as from sphere- 
cal one, and it was lacked in inertial electrostatic confi- 
nement studies. In the present work, to study the cylin- 
drical dc coaxial glow discharge, authors carried out an ex- 
perimental device, diagnosed helium plasma. Authors des- 
cribed the positive ions motion during its converging from 
near the grid cathode up to the center of the device. Authors 
showed also in this work that, at different conditions and 
with using any technique, the plasma density have the 
same behavior, which is increased at the center. Also the 
electron temperature has the same behavior, which is al- 
ways decreasing at the center. 

2. Experimental Setup 

Figure 1 shows a schematic drawing of the cylindrical dc 
coaxial glow discharge device. The device consists of two 
hollow coaxial cylinders made of stainless steel. The inner 
electrode is a grid cathode 90% transparency, 0.1 m in 
length and 0.04 m in diameter. The outer electrode is the 
anode and forms the vacuum vessel of length 0.15 m and 
diameter 0.05 m. The two cylindrical electrodes are isolated 
from each other by two glass discs.  

Pure helium gas is used as the working gas and its pre- 
ssure (p) is varied from 1 to 6 mbar, and the gas pressure 
measured using a dial gauge model Edwards capsule gauge 
CG16. The discharge current is varied between 10 and 20 
mA. The device is operated using 1000 V stabilized dc 
power supply. The cylindrical glow discharge device is 
fixed in the horizontal position, and the obtained plasma 
is formed at the axis inside the grid cathode. The single 
and double cylindrical Langmuir probes, made of Tung- 
sten wire, are used to determine the plasma parameters. 
Each probe has a radius of 0.14 mm and 3 mm in length. 
The distance between the two probes in the double probe 
is 2 mm. The probes are immersed into the plasma and can 
be moved radially from the grid cathode (r = 20 mm) up 
to the axis (r = 0). 

3. Results and Discussion 

3.1. Plasma Potential and Electric Field  
Structures 

In the solid parallel plates and even solid coaxial glow 
discharges, plasma is formed between the two electrodes. 
This work deals with the case of cylindrical coaxial grid 
cathode glow discharge, which is different from the solid 
electrodes glow discharge [8], where the distance between 
the coaxial electrodes is less than the mean free path of the 
charged particles, so the plasma is formed at the axis in- 
side the inner grid cathode. When an external dc voltage 
is applied between the cylindrical transparent grid cath-
ode and cylindrical vacuum chamber (anode), the ion beam  

will be accelerated toward the grid, crosses through it and 
moves in the radial direction toward the center, forming a 
central virtual anode with high ion density. This virtual 
anode decelerates ions to reach the center by reflecting 
some of the ions toward its injection position [2]. The 
electrical characteristics of the virtual anode cylindrical 
glow discharge for Helium gas are measured. The forma- 
tion of a bright plasma core inside the grid cathode and 
continuous radiation are observed. Source of the light emis- 
sion was expected to be from excitation collisions between 
the ion beam and the neutral gas atoms. 

Figure 2 shows the I-V characteristic curves for He dis- 
charge at different gas pressure with constant anode-cathode 
separation (d = 5 mm). The current essentially remained 
zero below the breakdown voltage VB. After breakdown 
the current increased as the discharge voltage increased. 
Also, it is clear from these curves that, VB decreased when 
the gas pressure was increased. A plot of VB versus pd (p 
is the gas pressure and d is the separation distance between 
the two electrodes) is shown in Figure 3. When the gas 
pressure increased, the mean free path is decreased and 
more neutral atoms are available for more collisions, then  
 

 

Figure 1. Schematic drawing of the experimental setup. 
 

 

Figure 2. I-V characteristic curve of the dc coaxial cylindri- 
cal glow discharge for helium at different values of gas pres- 
sures. 
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Figure 3. Paschen curve (the relation between the breakdown 
voltages as a function of pd) for helium discharge. 
 
lower breakdown voltages are required. This was typical 
to the region on the left hand side of the Paschen curve. 

The plasma potential has been calculated from the zero- 
crossing point of the second derivative of the single probe 
I-V characteristic curves [9]. Figure 4(a) shows sample 
of the I-V curves of the single electric probe, at radial po- 
sition 2.5 mm and constant helium pressure for constant 
discharge current, while Figure 4(b) gives the first and se- 
cond derivatives of the previous curve. Figure 5 shows 
radial distribution of the plasma potential from the grid to 
the axis, at gas pressure of 3 mbar for 10 and 20 mA dis- 
charge currents. The electric field distribution as a func- 
tion of radial position is shown in Figure 6, for the same 
conditions of discharge currents and gas pressure. After 
the ion beam starts to collide neutral gas atoms producing 
large number of secondary electrons and positive ions. A 
virtual anode is formed and decelerates these ions to reach 
the axis, means their kinetic energy is decreased and hence 
the potential increased as the probe moves from r = 12 mm 
inward toward the plasma core until reaching its maxi- 
mum value at location of the virtual anode [2], i.e. at 2 mm 
and 8 mm, for discharge currents 10 and 20 mA respect- 
tively (right hand side in Figure 5). When ions pass the 
virtual anode location they move direct toward the center 
and their kinetic energy is increased hence the potential 
is decreased. The rate of decrease of the potential for dis- 
charge current 10 mA is too small, because the velocity 
of ions moved toward the center is less than that for 20 
mA discharge current. Presence of the virtual anode causes 
an electric field opposite to the original electric field so it 
called reversal field [10]. The effect of the reversal field 
increased as the probe moves from r = 12 mm directed to 
the plasma core (see the increase in the negative direc- 
tion of the electric field in Figure 6). Then the reversal 
field is decreased with further movement inward until 
reaching the location of the virtual anode, where the total 
electric field is zero, and then it increases until reaching 
the center at r = 0 as shown in Figure 6. 

 
(a) 

 
(b) 

Figure 4. (a) The I-V characteristic curve of the single elec-
tric probe at radial position 2.5 mm at constant pressure 3 
mbar for discharge current 20 mA; (b) The first and second 
derivatives for curve in Figure 4(a). 
 

 
Figure 5. The plasma potential as a function of the radial 
position for two different discharge currents 10 and 20 mA 
at constant helium pressure 3 mbar. 
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Figure 6. The radial electric field distribution of the dc cy-
lindrical glow discharge with grid cathode for two different 
discharge currents and constant helium pressure 3 mbar. 

3.2. The Electron Energy Distribution Function 
Measurements 

The electron energy distribution function can be determined 
from the I-V curve of the single electric probe using the 
relation [11]: 

 
2
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2 2
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d ImV

2e dv

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          (1) 

where m is the electron mass, A is the probe surface area, 
Vp is the probe potential with respect to the plasma po- 
tential and  2 2d I dve p  is the second derivative of the 
electron probe current with respect to the probe potential. 
For the Maxwillian energy distribution the following re- 
lation is valid [12] 
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Thus, the Maxwillian energy distribution is given by 
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where k is the Boltzmann constant and Te is the electron 
temperature. 

The electron energy distribution function is determined 
using Equation (1) at different radial positions from r = 12 
mm to r = 0 mm (center of the system). Figure 7 shows 
the electron energy distribution function at radial positions 
r = 7.5 mm and r = 10 mm, measured from the center un-
der gas pressure of 3 mbar and for two discharge currents 
(a) I = 10 mA and (b) I = 20 mA. From Figure 7 there are 
two peaks with different energies, are obtained which con-
firm existence of two groups of electrons (one with low 
energy and the other has high energy) at the radial posi-
tions 7.5 and 10 mm. The source of the high energy group 
may be due to the large number of ionizing collisions, oc-
curred between the neutral gas atoms and the accelerated  

 
(a) 

 
(b) 

Figure 7. The electron energy distribution function for the 
dc coaxial cylindrical glow discharge at two radial positions 
7.5 mm and 10 mm, with constant helium pressure 3 mbar for 
two constant discharge currents (a) 10 mA and (b) 20 mA. 
 
ions which pass through the grid cathode toward the center. 
These collisions produce secondary electrons which gain 
energy from the strong electric field near the cathode, and 
represent the high energy group [10].  

The low energy group of electrons may be formed due 
to the high energy group electrons which repelled by the 
grid cathode and accelerated inward by the virtual anode. 
These electrons moving rapidly toward the center of the 
system, making many of inelastic collisions with the neu- 
tral gas atoms, loosing most of their energy for collisions 
forming the low energy group. The presence of the two 
groups of electrons is confirmed theoretically by [10] and 
obtained experimentally by [13].  

Figure 8 shows the electron energy distribution func- 
tion at radial positions r = 0, 2.5 and 5 mm, under the same 
pressure 3 mbar for the same discharge currents. One peak 
found in all curves of Figure 8, indicates that there is one 
group of electrons in these radial positions, and the dis- 
tribution of this group is found to be Maxwellian. The Max- 
wellian distribution is tested by a comparison between the  
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(a) 

 
(b) 

Figure 8. The electron energy distribution function for the dc 
coaxial cylindrical glow discharge at different radial positions 
0, 2.5 and 5 mm, with constant helium pressure 3 mbar for 
two constant discharge currents (a) 10 mA and (b) 20 mA. 
 
Maxwellian distribution function, calculated using Equa- 
tion (3), and the experimental electron energy distribution 
function for the same discharge currents at two different 
radial positions (a) r = 0 mm and (b) r = 5 mm, under the 
same pressure 3 mbar as shown in Figure 9. An agree-
ment between the measured and calculated electron en-
ergy distribution functions has been obtained, indicating 
the formation of one group of electrons, and indicating 
also the presence of the Maxwellian distribution for all 
electrons in radial interval from r = 5 mm to r = 0 mm. 

3.3. Electron Temperature and Plasma Density 

The electron temperature for helium dc coaxial cylindri- 
cal glow discharge is calculated using the single probe at 
different radial positions by multiplying the most pro- 
bable energy Em by two, according to the following equa- 
tion [14]: 

e mk T =2E                 (4) 

where K is the Boltzmann constant, Te is the electron 
temperature and Em is the most probable energy for the  

 
(a) 

 
(b) 

Figure 9. A comparison between the Maxwellian distribu-
tion function with the experimental electron energy distri-
bution function for two discharge currents 10 and 20 mA at 
two radial positions (a) r = 0 mm and (b) r = 5 mm. Symbols 
represent experimental results while solid lines represent Max- 
wellian results. The helium-pressure is constant at 3 mbar. 
 
electrons, which can be obtained from the peaks of the elec- 
tron energy distribution function curves. The most prob- 
able energies for low energy group in radial interval from 
r = 12 mm to r = 5 mm, and the Maxwellian group of elec- 
trons in radial interval from r = 5 mm to r = 0 mm, are 
varied in the range from 1.3 eV to 0.8 eV for 10 mA dis-
charge current. They also varied from 1.5 eV to 0.88 eV 
for discharge current 20 mA. So the radial electron tem-
peratures Te from near the grid cathode (r = 12 mm) to 
the center (r = 0 mm) under constant helium pressure 3 
mbar are varied from  2.6 eV to 1.6 eV, for 10 mA dis-
charge current, while they are varied from 3 eV to 1.76 
eV for discharge current of 20 mA. The most probable 
energies for the high energy group are varied from 6 eV 
to 8 eV, for the same two discharge currents at all radial 
positions in radial interval from r = 12 mm to r = 5 mm. 

The electron temperature Te is obtained also by the 
double probe at different radial positions from the grid 
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cathode up to the axis. The electron temperature values mea- 
sured by the double probe are fair agreed with that meas- 
ured by the single probe. Figure 10 shows a comparison 
between the electron temperature measurements, obtained 
by the single and double probes, as a function of the ra- 
dial positions with constant helium pressure 3 mbar, for 
two different discharge currents (a) 10 mA and (b) 20 mA. 
The agreement between the single and double probe mea- 
surements may be due to the fact that, the Te measured by 
the single probe represents the energy of the low energy 
group of electrons. The density of this low energy group 
is high and it is the source of the measured current by the 
double probe. It is noticed from Figure 10 that the electron 
temperature has the lowest value at the center (r = 0) and 
increased with moving radially away toward the edge of 
the grid. This may be because the electron density is in- 
creased at the center and hence, the collision frequency 
for the electrons and the neutral atoms at the center is 
larger than that at the grid. This results in decrement in 
the electron temperature with moving toward the center. 
The electron temperature increased also with the increase 
of the discharge current may be because the increment of 
the discharge current leads to increase in the discharge 
voltage which causes an increase in the electric field and 
hence, the electron energy gained by the electric field is 
increased. 

The ion density can be determined by the ion satura- 
tion current method that depends mainly on the values of 
the ion saturation current and the electron temperature, 
which obtained using the I-V characteristic of the single 
probe. The ion part of the single probe characteristic is 
frequently used in determination of the plasma density, 
according to the following equation [15]: 

1 2

e
i i

i

2K T
n

m

 
 
 

I =0.4 A e            (5) 

where Ii is the ion saturation current, A is the probe sur- 
face area, mi is the helium ion mass, ni is the plasma ion 
density and Te is the electron temperature. The ion satu- 
ration current is obtained from the extrapolation of the 
ion part of the single probe I-V curves toward the probe 
current axis. The ion density is measured by the single 
probe using Equation (5), for helium dc coaxial cylindri- 
cal glow discharge at constant pressure, and is found to 
vary from the grid to the center in the range of 2.3  1015 
m–3 to 7.8  1015 m–3 for discharge current 10 mA and 
varied from 5  1015 m–3 to 5.3  1015 m–3 for discharge 
current 20 mA. 

Also, the ion density is measured by the double probe 
at different radial positions at the same conditions of pre- 
ssure and discharge currents. Values of plasma density mea- 
sured by the double probe are varied from 2  1016 m–3 
near the grid to 4.3  1016 m–3 at the center, for discharge  

 
(a) 

 
(b) 

Figure 10. A comparison between the electron temperature 
measured by the single probe and that by the double probe 
as a function of the radial position, at constant pressure 3 
mbar for two discharge currents, (a) 10 mA and (b) 20 mA. 
 
current 10 mA, and varied from 1.6  1016 m–3 near the 
grid to 4.1  1016 m–3 at the center, for 20 mA discharge 
current. 

Poisson equation in cylindrical coordinates is used to 
calculate the plasma ion density. The square potential 
gradient 2V  in cylindrical coordinates (r,  and z) is 
given by [16] 

θ

2 2
2

2 2 2

1 V 1 V V
V= r

r r r r zθ

             


θ

    (6) 

because of the symmetry, there is no change occurred for 
the electric potential in  coordinate from 0 to 2π and so 
in z coordinate from 0 to 0.1 m (length of the grid cath- 
ode). This means the potential changes only with varying 
the radial position which is represented by the coordinate 
r. So V θ  and   V z   are cancelled and hence Equa- 
tions (6) can be rewritten as: 

2 1 V
V= r   

r r r
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  
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But Poisson equation is given by: 

2

ο

V=
2

ρ

ε                  (8) 

where εo is permittivity of the vacuum and ρ is the vol-
ume charge density which is defined by ρ = Q/v. The to- 
tal charge Q is given by (N e), where N is the difference 
between the total number of ions and electrons inside the 
system and e is the elementary charge. So ρ= N e/v, but 
[(N/v) = n] hence ρ = n e, where n is the difference be- 
tween ion density and electron density (n = ni – ne). Then 
Equation (8) is rewritten as: 
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From Equations (7) and (9), we can write 
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The plasma electron density ne can be estimated from 
the I-V curves of the single probe according to the fol- 
lowing equation [17] 

 1 2

e ek T 2πmοI A e n         (11) 

where Io, A, e, ne, K, Te and m are the electron current at 
local plasma potential, probe area, elementary charge, elec- 
tron density, Boltzmann’s constant, electron temperature 
and the electron mass respectively. From Equations (5) 
and (11), the ratio between the ion density and the electron 
density ni/ne is given by 

 1 2

im 4πmi i

e ο

n I

n 0.4 I
          (12) 

By knowledge of the ion saturation current Ii and the 
electron current at local plasma potential Io, which can be 
estimated from the I-V curves of the single probe, the ra- 
tio ni/ne can be calculated. The experimental results showed 
that the average of the ratio between the ion density and 
the electron density at different radial positions is around 
to 14 and 20 for discharge currents 10 and 20 mA respec- 
tively as shown in Table 1. This means that, in our work, 
the ion density is larger than the electron density, at dif- 
ferent radial positions inside the grid cathode, by 14 times 
for discharge current 10 mA and 20 times for 20 mA dis- 
charge current. 

So by approximation we can neglect ne and rewrite 
Equation (10) as 
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i 2
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e r rr

ε   
      

       (13) 

Equation (13) gives the ion density by knowledge first 
and second derivatives of the plasma potential with re- 
spect to radial position which carried out using the radial 
potential distribution curves shown in Figure 5. 

The ion density calculated by Poisson equation using 
Equation (13) was varied from 5  1013 m–3 near the grid 
to 6  1014 m–3 at the center, at discharge current of 10 
mA and varied from 4  1013 m–3 near the grid to 3  1014 

m–3 at the center, at discharge current of 20 mA. Figure 
11 shows a comparison between values of the ion density  

 
Table 1. The average of the ratio between the ion density 
and the electron density at different radial positions. 

Discharge 
Current 

Id = 10 mA Id = 20 mA 

R (mm) 0 2.5 5 7.5 10 12 0 2.5 5 7.5 10 12

ni/ne 17 15 13 16 12 13 20 22 18 19 21 18

 

 
(a) 

 
(b) 

Figure 11. A comparison between the plasma ion density, 
calculated using Poisson equation, and that measured using 
the single and double probes at constant helium pressure 3 
mbar for two different discharge currents (a) 10 mA and (b) 
20 mA, as a function of radial position. 
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calculated using Poisson equation, with that measured by 
the single and double probes, as a function of radial posi- 
tion, at the same gas pressure 3 mbar for the same dis- 
charge currents (a) 10 mA and (b) 20 mA. The radial dis- 
tribution of the ion density obtained by the three methods 
has the same profile, where the ion density increases as 
moving from the grid cathode directed inward until it 
reaches a certain point, then it decreases slightly with mov- 
ing toward the center and finally it is increased gradually 
until reaches the center of the system at r = 0. This be- 
havior can be explained as the ions which generated by 
the discharge, move toward the cathode and pass the grid 
toward the center under the effect of the electric field. 
Since the mobility of ions is low comparing with electrons, 
so they spend long time before they reach the center. Since 
the electric field at the grid cathode is higher than other 
regions, consequently ion velocity near the grid cathode 
is higher than that at other regions. Hence the ion density 
is small at the grid cathode and it increases with moving 
toward the center. When the virtual anode is formed, it 
causes recirculation for some of positive ions toward the 
grid cathode and decelerates more of ions to converge at 
the center; hence ion density is slightly decreased. After 
that ions are converged at the center from all directions, 
so the ion density is increased again until it reaches the 
center at r = 0 [2,7]. 

It is noticed from Figure 11 that values of ion density 
calculated using Poisson equation are different from and 
less than that obtained using the single and double probes. 
This related to Poisson equation gives the ion density with 
neglecting the term of electron density. It is known ear- 
lier that, the ion density is larger than the electron density 
at low pressures [18-20]. Also values of the ion density 
obtained using the single probe is less than that obtained 
by the double probe. This related to both single and dou- 
ble probe theories depend on the collisions between posi- 
tive ions with the neutrals, within the sheath around the 
probe. In the single probe the scattering of ions due to col- 
lisions with the neutrals, leads to a decrease in the posi- 
tive-ion current, means a decrease in the ion density, and 
this is not occurred in the double probe. So the single probe 
measurements must be different from and less than that 
obtained using the double probe [9]. 

4. Conclusions 

A cylindrical dc coaxial glow discharge system with inner 
grid cathode was designed for ion confinement, and suc- 
cessfully operated with low discharge current. Pure helium 
gas was used as the working gas. The positive ions will 
move rapidly toward the grid cathode passing through it 
inward directed to the center, and the plasma was formed 
inside the inner grid cathode. A virtual anode is formed 
near the cylindrical center by the convergence of ions. The 
I-V characteristic curves and Paschen curve of the dis- 

charge were studied in pressure range of 1 - 6 mbar. Re- 
sults confirmed that with increasing the gas pressure, the 
discharge current increased (at constant discharge voltage), 
and the breakdown voltage was decreased. The electric po- 
tential and electric field distributions were obtained radially. 
The magnitude of the potential increased with decreasing 
radial position until reaching its maximum value behind 
the grid, then it decreased with moving up to the axis. 
The virtual anode caused a reversal field which was op- 
posite to the original one. So the location of the virtual an- 
ode is obtained from the zero point on the electric field 
distribution curves. 

Results of the electron energy distribution function 
were shown that, within radial interval from near the grid 
cathode (r = 12 mm) until r = 5 mm, two groups of elec- 
trons were found and their energy distribution was non- 
Maxwellian. A single group of electrons with Maxwel- 
lian distribution was detected, in the radial interval from 
r = 5 mm to r = 0 mm. Fair agreement was obtained be-
tween the electron temperature Te measurements esti-
mated by the single and double probes, from r = 12 mm 
to r = 0 mm, under constant helium pressure 3 mbar, for 
two discharge currents 10 and 20 mA. The electron tem-
perature Te increased with increasing the radial position 
toward the grid, and also increased with increasing the 
discharge current.  

The plasma ion density was measured experimentally 
by the single and double probes and compared with that 
calculated from Poisson equation, for the same conditions. 
Plasma ion density measured by the single probe were va- 
ried radially and was less than that measured by the double 
probe, and larger than that calculated from Poisson equa- 
tion within an order of magnitude. Experimental results 
and calculated values have the same profile, where plasma 
density was increased with moving inward until reaching 
the virtual anode location, then it was decreased slightly 
with moving toward inside. Finally it was increased gra- 
dually until reaches the center of the system. 
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