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Abstract. This work is devoted to study of inductively coupled RF discharge within a metal chamber with 
a diameter of about 1 m and a length of about 2 m in argon gas (RF frequency is 5.28 MHz). The spatial 
distributions of electron temperature and density depending on the magnetic induction (from 0 to 0.2 T), 
plasma-forming gas pressure (0.1 − 10  mTorr) and RF power absorbed in the plasma are presented. For 
fixed gas pressure (6 mTorr) electron temperature decrease with increasing of magnetic field was found. 

1 Introduction 
Plasma separation method, proposed in [1] for spent 

nuclear fuel and radioactive wastes reprocessing, can to 
work in practice at about 1 m typical size of plasma 
volume, 0.1 − 0.2 T magnetic induction and about 1 𝑘𝑘𝑘𝑘 
electrical potential. The presence of buffer plasma with 
magnetized electrons allows creation conditions for 
compensation of space charge [2] and reproduction of 
necessary electric field profile providing efficient spatial 
separation of ion flows. This circumstance removes a 
limitation on ion current value and allows obtaining the 
reprocessing productivity attractive from industrial point 
of view. 

The paper is devoted to experiments with plasma 
generation in the presence of magnetic field in the 
volume limited by conductive walls. Conditions are 
observed where plasma separation method of elements 
can be realized (plasma density is about 1012 −
1013 cm−3, electron temperature is about units of eV) 
[3]. The properties of RF plasma source observed. Also 
the results of the measurements of argon plasma 
parameters (electron temperature and density) generated 
by the RF source are presented. 

2 Plasma source: features of generation 
conditions and construction 
The buffer plasma source for the SNF plasma separation 
method should satisfy a number of conditions: 

1. The density of a plasma forming gas should not 
exceed 1013 cm−3, otherwise collisions with separated 
ions become significant and their flows disintegrate and 
mix. On the other hand plasma density should be as high 
as possible, that increase productivity of the method. 

2. Electron energy 𝑇𝑇𝑒𝑒 of buffer plasma should not 
exceed the second ionization potential of  separated ions 
(≤ 10 eV). 

3. The buffer plasma should provide a reproduction 
of required profile of electrical potential for efficient 
separation process. The physical mechanism of creation 
of electrical potential in plasma with magnetized 
electrons can be described as follows: the electron 
mobility along magnetic field (𝐵𝐵0 ≈ 0.1 T) is several 
orders of magnitude higher than across it, therefore if a 
magnetic line of force lean by its ends on two electrodes 
immersed in plasma and biased at the same electrical 
potentials then this potential will be reproduced in a 
plasma volume. Thus a buffer plasma source should take 
into account a necessity of additional electrodes 
placement, which provide a potential of electric field. 

4. As one of the important purposes of this work is a 
creation of engineering and physical fundamentals for 
the technology of SNF plasma separation, a significant 
part of the chamber must be metallic. This requirement is 
dedicated by conditions of radiation loads, 
manufacturability and large dimensions of the operating 
volume (typical size is more than 1 m). 

According to the authors opinion, the most 
perspective is a helicon RF discharge [4], because it 
allows entering the energy into a plasma volume across a 
magnetic field, and at power up to 10 kV it is possible to 
generate plasma with density of about 1013 cm−3 in a 
large volume of 1 m3. The possibility of practical use of 
the helicon discharge for plasma generation in close 
experimental conditions was demonstrated in papers [5-
7]. 

Given the above configuration of plasma source for 
SNF plasma separation method was proposed and it is 
presented on the Fig. 1. The vacuum chamber 1 is a 
metallic cylinder with internal diameter of 86 cm and 
length of 220 cm. The chamber 2 is hermetically 
separated from vacuum chamber 1 by dielectric wall 
passing RF radiation and by water-cooled Faraday 
shield. In the chamber 2 the antenna for RF plasma 
pumping is located. On the end faces of the chamber 1 
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the electrodes able to provide electrical potentials into 
plasma are placed. The Helmholtz coils generate a 
magnetic field up to 0.2 T in the chamber 1. Operating 
frequency of RF generator is 5.28 MHz. A Rogowski 
coil is used for antenna current diagnostics. The power 
absorbed by a load is measured by directional couplers 
(sensors of incident and reflected waves). 

Plasma density and electron temperature were 
measured by RF compensated double probe with 
cylindrical shape of the tips, each 0,35 mm in diameter 
and 8 mm long. Linear motion feedthrough is used to 
move the probe from the top of the plasma to the axis. 
The probe was located in the area between magnetic 
coils (Fig. 1). 

 
Fig. 1. Experimental setup layout and geometric parameters for 
the estimation of the plasma density. 
 

For the estimation of antenna characteristics able to 
induce and maintain the helicon discharge with 
parameters required for plasma separation method 
(plasma density is up to 1013 cm−3, plasma volume is 
~1 m3, electron temperature is about units of eV) an 
approach [8] was used. Estimations were performed in 
approximation of cold collision-free plasma with direct 
antenna placement within the single volume of gas-
discharge chamber (GDC) (without chamber 2 and 
Faraday shield). All necessary parameters are shown in 
the Fig. 1. 

In order the antenna radiation penetrates the argon 
plasma in homogenous magnetic field it is necessary for 
frequency 𝑓𝑓 to be in range of: 

𝑓𝑓𝑐𝑐,𝑖𝑖 = 𝑒𝑒𝐵𝐵0
2𝜋𝜋𝑀𝑀𝐴𝐴𝐴𝐴

≪ 𝑓𝑓 ≪ 𝑓𝑓𝑐𝑐,𝑒𝑒 = 𝑒𝑒𝐵𝐵0
2𝜋𝜋𝑚𝑚𝑒𝑒

≪ 𝑓𝑓𝑝𝑝,𝑒𝑒 = 1
2𝜋𝜋 √𝑛𝑛𝑒𝑒𝑒𝑒2

𝑚𝑚𝑒𝑒𝜀𝜀0
,  

where 𝑒𝑒 is an elementary charge, 𝐵𝐵0 is a magnetic field 
induction; 𝑚𝑚𝑒𝑒 and 𝑀𝑀𝐴𝐴𝐴𝐴  are masses of electron and argon 
respectively; 𝑛𝑛𝑒𝑒 is an electron density (𝜀𝜀0 — vacuum 
permittivity). For 𝐵𝐵0 ≈ 0.1 T and 𝑛𝑛𝑒𝑒 = 1013 cm−3 
values of edge frequencies are 𝑓𝑓𝑐𝑐,𝑖𝑖 = 0.038 MHz,  𝑓𝑓𝑐𝑐,𝑒𝑒 =
2830 MHz, 𝑓𝑓𝑝𝑝,𝑒𝑒 = 28.5 GHz. Chosen by the technical 
considerations operating frequency 𝑓𝑓 = 5.28 MHz 
belongs to an obtained range. 

For helicon waves with the frequency 𝜔𝜔 and wave 
vector �⃗⃗�𝒌 (𝑘𝑘𝐴𝐴, 𝑘𝑘𝑧𝑧) spreading in unbound plasma with 
electron density 𝑛𝑛𝑒𝑒 at an angle of 𝜃𝜃 with respect to a 
magnetic field direction the dispersion relation is 

𝑘𝑘2

𝜔𝜔2 𝑐𝑐2⁄ =
𝜔𝜔𝑝𝑝𝑒𝑒

2

𝜔𝜔(𝜔𝜔𝑐𝑐𝑒𝑒 cos 𝜃𝜃 − 𝜔𝜔),  
𝑘𝑘2 = 𝑘𝑘𝑧𝑧

2 + 𝑘𝑘𝐴𝐴
2, 𝑘𝑘𝑧𝑧 = 𝑘𝑘 ⋅ cos 𝜃𝜃, 

and waves are described by the expression like 
𝐸𝐸, 𝐵𝐵~ exp 𝑗𝑗(𝜔𝜔𝜔𝜔 − 𝑘𝑘𝑧𝑧𝑧𝑧 − 𝑚𝑚𝑚𝑚), 

where 𝑚𝑚 is an azimuthal angle, 𝑚𝑚 is an azimuthal 
number (𝑚𝑚 = 0,±1,±2,…) and 𝑐𝑐 is a speed of light in 
vacuum. 

For the helicon wave with 𝑚𝑚 = 0 spreading in 
plasma cylinder with radius 𝑟𝑟0 minimal value of radial 
component 𝑘𝑘𝐴𝐴 of vector �⃗⃗�𝒌  is 𝑘𝑘𝐴𝐴,min = 3,83 𝑟𝑟0⁄  [8]. 

The projection of vector 𝑘𝑘𝑧𝑧 on the direction of vector 
�⃗⃗�𝑩 0 of magnetic induction is connected with the length of 
antenna 𝑑𝑑𝐴𝐴 (Fig. 1) as follows: 

𝑘𝑘𝑧𝑧 = 𝜋𝜋(2𝑙𝑙 + 1)/𝑑𝑑𝐴𝐴, 𝑙𝑙 = 0,1,2,3, … . 
For electron density 𝑛𝑛𝑒𝑒 in a cylindrical area with 

radius 𝑟𝑟0 = 25 cm corresponding to the helicon wave 
with frequency of 𝑓𝑓 = 5.28 MHz and to the lowest value 
of wave vector induced by the antenna with length of 
𝑑𝑑𝐴𝐴 = 0.2 m we have (𝜇𝜇0 — vacuum permeability): 

𝑛𝑛𝑒𝑒 = 𝑘𝑘min 𝑘𝑘𝑧𝑧,min 𝐵𝐵0
𝑒𝑒𝜇𝜇0 ⋅ 2𝜋𝜋𝑓𝑓 ≈ 5 ⋅ 1012 cm−3. 

Thus such antenna can be used for a plasma source 
for realization of SNF plasma separation method. 

Required power for RF pumping can be estimated 
from the relation [4]: 

𝑃𝑃 ≈ 3500 ⋅ (𝑟𝑟02
𝑑𝑑𝐴𝐴

) ⋅ 𝑛𝑛𝑒𝑒[cm−3]
1013[cm−3] [W]. 

That gives 𝑃𝑃 ≈ 55 kW for plasma density 𝑛𝑛𝑒𝑒 =
1012 cm−3. 

Let us analyze electric field distribution occurring in 
the GDC before the breakdown and plasma formation 
(Fig. 1). In this case there are three components of 
electric field can be specified: 

1. Electric field occurring due to the potential 
difference between antenna and GDC wall (points 𝐴𝐴 and 
𝐶𝐶 Fig. 2). The magnitude of field 𝐸𝐸1,max  can be 
estimated as a ratio of antenna voltage 𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎 to a distance 
ℎ between antenna and GDC wall. For ℎ ≈ 0.16 m we 
have 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎−𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤 ≈ 𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎/ℎ ≈ 7𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎.  

2. Electric field occurring due to the potential 
difference between nearby antenna turns (points 𝐴𝐴 and 𝐵𝐵 
Fig. 2). In this case the magnitude of field 𝐸𝐸2,max  can 
be estimated as a ratio of potential differences between 
the closest points on different antenna turns (in our case 
this value is about 𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎/2) to a distance between turns. 
For 𝑑𝑑 = 0.1 m we have 𝐸𝐸𝑎𝑎𝑡𝑡𝐴𝐴𝑎𝑎 ≈ 𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎/2𝑑𝑑 ≈ 5𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎. 

3. Vortex electric field magnitude near the antenna is 
estimated as 𝐸𝐸𝑣𝑣𝑣𝑣𝐴𝐴𝑎𝑎 ≈ 𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎/2𝜋𝜋𝑅𝑅𝐴𝐴. . For 𝑅𝑅𝐴𝐴 = 0.3 m we 
have 𝐸𝐸𝑣𝑣𝑣𝑣𝐴𝐴𝑎𝑎 ≈ 0.5𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎. 

Given analysis shows that in the case of direct 
antenna placement within the single volume of GDC 
filed intensities in the central part of GDC will be more 
than an order of magnitude lower than field intensities 
near walls. Therefore the initial breakdown and 
emerging discharge plasma as well will be concentrated 
near the walls and the main part of the operating volume, 
where plasma presence is necessary, will be free of it. 
This conclusion is also proved by results of preliminary 
experiments (Fig. 2). 
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Fig. 2. Typicall discharge with direct antenna placement within 
the single volume (without chamber 2 and Faraday shield) 
(𝑃𝑃 ≈ 1.5 kW, 𝑝𝑝 = 9 mTorr (Ar), 𝐵𝐵0 = 0.14 T). 

 
To solve the problem the following actions were 

taken. Firstly, the antenna was placed in a separate 
volume hermetically isolated by dielectric divider 
(chamber 2). This volume is filled by air at atmospheric 
pressure that provides better electrical resistivity than in 
the main part of the chamber [9] and prevents a 
breakdown development between the antenna and the 
chamber. Secondly the Faraday shield made of 
conductive slits parallel to the magnetic lines was used 
[10-12]. The presence of the shield minimizes a 
capacitive coupling between the antenna and the plasma 
and increase the proportion of power transferred to the 
plasma through the inductive channel [13]. For inductive 
plasma a higher and more homogeneous electron density 
at relatively low electron temperature is typical [14] in 
contrast with capacitive plasma. Besides that inductive 
decoupling of plasma volume and antennas tract leads to 
a stabilization of the discharge and impedance of 
antennas tract as well [15] that allows efficiently 
calculate and perform adjusting independently of 
discharge parameters. It should be noted that Faraday 
shield also partially protects the dielectric divider 
surface, facing the plasma, from ion bombardment. 

3 The experiment 
With the help of RF plasma sources presented in 
previous section, plasma generation in different 
conditions were carried out. 

Argon was used as a plasma forming gas and its 
pressure was in range of 2 − 6 mTorr. Stable operation 
of RF discharge was obtained at magnetic induction of 
0 − 0.12 T. The photo of typical obtained discharge is 
shown on the Fig. 3. 

On the Fig. 4(a) the obtained distributions of electron 
temperature 𝑇𝑇𝑒𝑒 and density 𝑛𝑛𝑒𝑒 at magnetic induction 
𝐵𝐵0 = 0.026 T and the buffer gas pressure 𝑝𝑝 =
5.9 mTorr are shown. Electron temperature in this 
regime changes non monotonically and has a local 
maximum at 𝑟𝑟 = 5 cm of from the discharge axis where 
its value reaches ~9 eV. Closer to the chamber periphery 
𝑇𝑇𝑒𝑒 decreases to the value of 4 eV. Electron density 𝑛𝑛𝑒𝑒 is 
also distributed non monotonically on radius and has a 
fall in the region of 𝑇𝑇𝑒𝑒 peak, where it is equal to 1.7 ⋅
1011 cm−3. On the discharge axis a density oscillations 

were observed that probably connected with instability 
of RF discharge at specified experiment parameters. 

 
Fig. 3. Typicall discharge with Faraday shield (𝑃𝑃 ≈ 1 kW, 
𝑝𝑝 = 5.9 mTorr (Ar), 𝐵𝐵0 = 0.026 T. Spots in the center are the 
diagnostic elements in front of the glass). 

 
Fig. 4. Plasma density and electron temperature profiles of RF 
discharge at mentioned parameters (a-c) and 𝑃𝑃 ≈ 1 kW. 
 

Electron temperature and density profiles were also 
measured at higher magnetic induction 𝐵𝐵0 = 0.066 T 
and the same argon pressure 𝑝𝑝 = 5.9 mTorr (Fig. 4(b)). 
The graphs show that increase of magnetic field causes a 
smoothing of electron temperature profile. The average 
value of 𝑇𝑇𝑒𝑒 in this regime decreases from the center to 
the periphery from 6 to 4 eV. Radial profile of electron 
density has a local maximum of 1.2 ⋅ 1012 cm−3 at 
𝑟𝑟 = 5 cm from the discharge axis and density decreases 
farther on radius. At 𝑟𝑟 = 20 cm from the axis density 
falls to a value of about 1.2 ⋅ 1010 cm−3. 

Electron temperature and density profiles at the same 
magnetic field 𝐵𝐵0 = 0.066 T but at a lower argon 
pressure 𝑝𝑝 = 2.4 mTorr are presented on the Fig. 4(c). 
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The decrease of the buffer gas pressure in contrast with 
previous regime leads to a non monotonically 
distribution of electron temperature along the radius of 
the chamber. The temperature has a local maximum of 
~9 eV at 𝑟𝑟 = 5 cm from the discharge axis. At the 
remaining points it stays in range of 4 − 6 eV. The shape 
of plasma density distribution is not changed but the 
ratio of maximum density at 𝑟𝑟 = 5 cm to a density on 
the axis is altered. If at the argon pressure of 5.9 mTorr 
the ratio is 2 then at the pressure of 2.4 mTorr it already 
becomes 3. 

 

 
Fig. 5. The dependencies of electron temperature and density 
on magnetic field in the center of the chamber at the buffer gas 
pressure 𝑝𝑝 = 5.9 mTorr. 
 

In presence of RF plasma electrical potential on the 
chamber axis depending on magnetic field was measured 
by the method of floating probe [16]. Argon pressure 
was 6 mTorr. The measurement results are shown 
on the Fig. 6. 

 
Fig. 6. Plasma potential versus magnetic field on the axis of the 
chamber. 

Obtained relation demonstrating the transition of 
electrical potential through zero point can be explained 
in the following way. With the increase of magnetic field 
from 0 to 0.02 T electrons become more magnetized and 
accumulate on the axis, and ions recombine mainly on 
the wall, due to this processes the potential on the axis 
take negative values. Further increase of magnetic 
induction leads to partial ion magnetization and 
electrical potential becomes more compensated. 
 
The study was supported by a grant of the Russian Science 
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