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1.INTRODUCTION 

Bartels and Paschen developed the hollow cathode (HC) discharge by accident more than a century ago [1]. Hollow 
cathode discharges are commonly used in atomic spectroscopy , as UV generators, and in laser technology [2-4]. 

Since Thornton and Penfold's invention [5], inverted cylindrical magnets (ICM) with DC, pulsed or alternating current 
have been used. They are used to deposit thin films either on fibers and wires [6-8] or on objects of complex shapes 

[9, 10]. which gives satisfactory results in terms of deposition rate and thickness uniformity. A hollow cathode is a 
cylindrical tube that is open on both ends or closed on one end. Other designs, such as two flat electrodes placed 

close together, are also possible [11, 12]. Magnetron mist (MS) discharges are of interest from a fundamental and 

applied point of view [13,14]. MS discharges use a magnetic field to enhance the plasma density in front of the 
negatively biased cathode. The main application is the deposition of functional films composed of cathode spray 

material. Magnetron sputtering is one interesting method for thin-film deposition. In 1974 Chappins invented a 
magnetron to improve the spraying process [15]. Without the magnetron, the system was limited to low ionization, 

low sedimentation, unstable plasma etc., [16, 17]. These limitations are overcome by the magnetron as electrons can 

be trapped towards the cathode region and ionization increase [18]. Various configurations of magnetrons have been 
used such as flat, cylindrical, and shotgun designs [19]. A common aspect of all these configurations is the electron 

trapped in the presence of the electric cross magnetic field drift. The magnetron is an important unit responsible for 
the particle behavior in magnetron DCs. It is important to understand the particle behavior due to magnetrons in 

plasma [20,21]. In recent years, the study of magnetic field distribution and its effect on plasma parameters has 

gained importance to improve the quality of thin films [22] - field distribution in axial and radial positions causes 
changes in plasma parameters such as electron temperature and density [23,24]. EXB devices have recently been 

popular in a variety of aerospace and industrial applications, including electric propulsion, semiconductor processing, 
and plasma mass filtration[25-27]. External electric and magnetic fields can regulate the route of electrons and ions in 

EXB setups. The generation of a self-generated electric voltage in the plasma column is a fundamental feature of EXB 
devices[28-33]. A drift motion with magnetic drift is one of the causes of a self-generated electric potential, which 

involves complex physics such as long-wave instability and anomalous transport[34-38]. As a result, characterization 

of the devices requires a thorough understanding of the dipole electric field of the plasma column caused by 
externally applied elements. In this work, the influence of EXB drift wave instability in hollow magnetron sputtering 

parameters. 
 

EXPERIMENTAL SET UP 

A vacuum-compatible stainless steel chamber, aluminum target electrode, coil, pumping system, DC power supply, 
and other components make up the experimental setup. The stainless steel chamber is hollow cylindrical in shape, 

measuring 25 cm in diameter and 22 cm in length. This cylindrical chamber serves as one of two electrodes (the other 
being an external electrode) required for plasma generation. Along the vacuum chamber's vertical axis, a 3 cm 

diameter and 18 cm length aluminum rod was inserted in the middle. As an internal electrode, this rod-shaped 
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electrode is used. Figure 1 shows a schematic illustration of this cylindrical axial electrode layout. To prevent the loss 

of energetic electrons, limiters are linked to both ends of the inner electrode. The inner electrode (aluminum rod) 

serves as the positive electrode, while the outside electrode (chamber) serves as the negative electrode in an hollow 
magnetron discharge. Figure 1 also includes a schematic diagram of this setup. 

 
Figure 1.show The diagram of Inverted configuration in cylindrical magnetron sputtering 

 
The coil is designed to produce a consistent magnetic field inside the discharge vessel in a direction parallel to the 

central pole's longest axis, as illustrated in the figure (2).This figure shows that the magnetic field has maximum 

values in the central region. The size of this field increases as the file flow increases. Argon gas was used to create 
the plasma. For the plasma formation, The operational pressure (0.4 Torr)  was increased from the fundamental 

pressure inside the vacuum vessel, and argon gas was delivered through a gas dosing valve. To generate the plasma, 
a DC power source (3000 V, 1 A) was employed to bias the electrodes. 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
Figure 2. The calculated magnetic field behavior as a function of coil currents. 

 

3. THEORETICAL DESCRIPTION OF PLASMA PARAMETERS 
The electric field in the radial direction can be calculated according to the cylindrical coordinate as [39,40]:  
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where Vab, a, and b are the potential between two the electrodes, radius of the inner cylinder, and radius of the 

outer cylinder, respectively. 
 The presence of magnetic field in magnetron device will generate Lorentz force. This force causes a circular motion 

of the electrons and ions with cyclotron frequency that is calculate by using the equation [41]: 

𝜔𝑐 =
|𝑞𝐵|

𝑚⁄                                                                       (2) 
In the magnetron configuration, the magnetic field (in the Z direction (Bz)) is perpendicular to the electric field (in the 

r direction(Er)), and the drift velocity of EXB is in the azimuthal direction. We can calculate from equation:  

( ) )3(
z

r
EXB

B

E
v =  

 



European Scholar Journal (ESJ) 
__________________________________________________________________________ 

3 | P a g e 

the electron temperature (Te) is The most crucial component used for describing a plasmas state. Te can be calculated 

according to the method of the Boltzmann diagram as follows [42,43]: 

ln (
𝐼𝑧𝜆𝐾𝑖,𝑧

𝑔𝐾,𝑍𝐴𝐾𝑖,𝑍

) =  −
1

𝑘𝐵𝑇𝑒

𝐸𝑘,𝑧 +  ln (
ℎ𝑐𝐿𝑛𝑍

4𝜋𝑃𝑍

)                           (4) 

Where where Z, h, c, kB, EkZ, gkZ, PZ, and IZ are represent the species-related ionization state, plank constant, speed 

of light, constant of Boltzmann, the top energy level's energy k, higher energy level degeneration k, in the ionization 
step Z reflects the species partition function, and the integrated optical intensity of a species in the ionization stage Z, 

respectively. Anyway, if the left-hand side amount of Equation (3) is plotted for several transformations against the 

higher-level energy of the species in the Z ionization phase, then the equation produces a line diagram. As a result, 
the slope of the line graph represents Te in eV. Also, using a stark expansion relationship to calculate the electron 

number density assuming that the stark expansion is the dominant effect [44] : 

𝑛𝑒𝑐𝑚−3 = [
Δ𝜆

2𝜔𝑠(𝜆𝐷𝑇𝑒)
] 𝑁𝑟                                                            (5) 

where ωs represent the Stark expansion parameter , Δλ represents the full width at half maximum of the line , while 

Nr represents the reference electron number density, which is equal to 1016 cm-3 for neutral atoms and 1017 cm-3 for 
singly charged ions.  

When a plasma is subjected to a local potential, the oppositely charged particles organize to confine the electric field 

(E). The potential resulting from the thermal oscillation of highly mobile electrons is shielded to a distance called the 
Debye length (λD). The Debye length in the plasma can be obtained by equality the kinetic energy of the thermal 

electrons with resulting electrostatic potential as follows [45]: 

𝜆𝐷 = √
𝜀0𝑘𝐵𝑇𝑒

𝑒2𝑛𝑒

                                                            (6) 

Where kB is Boltzmann's constant  , ε0 is the permittivity of free space, e is the electronic charge , Te is the electron 
temperature and ne the electron number density.  

 

4. RESULTS AND DISCUSSION 
4.1 Glow discharge structure 

The device works on the basis of a luminous discharge between the electrodes. When a steady current is provided in 
this device, the plasma produces an argon discharge corona. Between the two electrodes, a voltage of around 2.4 kV 

is applied. As a result of this applied voltage, an electric field is generated and causes an electrical failure in the argon 
gas. When the displayed magnetic field (which is generated from a magnetic coil) is applied tangentially to the electric 

field while maintaining a glow discharge between the electrodes and the gas pressure used to generate the plasma in 

this device is (0.4 Tor) and the range of magnetic field values (coil current) The user is 2, 4, 6 and 8 amps. The 
presence of the electric and magnetic fields together in the magnetron traps electrons near the surface of the cathode 

(in the region of the strong electric current field). Electrons follow helical paths around magnetic field lines, so they 
undergo further ionizing collisions with the gaseous neutral near the target's surface. The ions from these collisions 

lead to a high sedimentation rate. This also means that the plasma can be maintained at low pressure. Figure 3 

shows images of the effect of the magnetic current coil on the normal flare regions at a constant pressure of 0.4 Tor 
in a cylindrical hollow-cathode magnetron device. The discharge regions occurring within the cylindrical cavity, 

according to this configuration, can carry currents of the order of several amperes at a cathode drop of several 
hundred volts and in a reasonably cold carrier gas. A significant decrease in the anode was also observed in this 

configuration. In addition, the cathode has a larger surface area than the anode. Within the hollow cathode, the 
regions are arranged in a circular pattern. The term "hollow cathode" refers to a low pressure that can be maintained 

in a vacuum in the presence of a strong magnetic field; Gas is pumped through a hot incandescent cathode cylinder. 

Simply put, the gas is ionized and heated very effectively in the cathode region, and the resulting plasma flows from 
there along the magnetic field to the anode, where a significant part of it is recombined. The presence of electrostatic 

and magnetic fields has been used to produce a very intense and uniform plasma near the target surface. 
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Figure 3. Photographs of  glow discharge for different coil currents at constant pressure of 0.4 Torr in inverted 

cylindrical magnetron device. 
4.2 Investigation of the properties of plasma in the natural glow discharge region: 
   4.2.1 Basic parameters of the magnetron 

the effect of magnetic field strength on the plasma parameters of the hollow magnetron sputtering in the normal glow 

discharge region will be discussed in this section. When the current is constant it produces a normal glow discharge. 
Between two coaxial cylindrical electrodes, a continuous voltage of around 2.4 kV is delivered. A plasma discharge is 

created as a result of the external voltage, a space charge is created and then the potential of the electrodes 
decreases. The magnetic field (which is generated by passing a constant current in the solenoid) is positioned 

tangential to the direction of the electric field. Figure 4 shows the discharge voltage as a function of the coil current 

for different pressures. It is quite clear from this figure that the discharge voltage decreases with increasing gas 
pressure for all values of coil current. This result is due to the increase in the discharge current as the gas pressure of 

the stator coil current increases. Therefore, the discharge voltage decreases as the gas pressure increases for all coil 
currents. In addition, it is noted that at constant pressure, the discharge voltage decreases with increasing coil current 

up to about 6 A, and then the discharge voltage increases. This behavior can be explained as follows: When the coil 
current is less than 6A, the presence of the magnetic field perpendicular to the electric field increases the path length 

of the electrons ensuring a sufficiently high ionization rate. Thus, ions are formed and most of these ions are 

accelerated towards the cathode, causing the atoms of the cathode material to spray out and the secondary electrons 
to be emitted. These secondary electrons enter the trapping region and cause sufficient ionization to sustain the 

discharge. Therefore, the discharge current increases and therefore the discharge voltage decreases. This happens for 
coil currents less than 6A. When the coil current is more than 6A, the magnetic field strength becomes so strong 

compared to the applied voltage, that the electrons cannot reach the positive pole. Therefore, the probability of 

electrons colliding with neutral atoms to cause ion bombardment of the cathode will decrease. The discharge current 
decreases and the discharge voltage increases 

 
  

 

 
 

 
 

 
 

 

 
 

 
 

 

 
   

Figure 4. The variation of discharge voltage as a function of coil current for different pressures. 
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The electric field is calculated using equation (1). It can be shown that the electric field in cylindrical coordinates 

varies with different radial positions (the irregular field). By taking the empirical data for the discharge voltage at a 

pressure of 0.4 Torr. From figure (4) and the value of the constants a and b as 12.5 cm and 1.5 cm respectively. 
Figure 5 shows the variation of the electric field (Er) as a function of the coil current at different radial positions. From 

this figure, Many features can be noted from both figures that the electric field has a value reduced with increased of 
radial positions from inner cylinder 

 

 
 

  
 

 
 

 

 
 

 
 

 

                            
 

 
Figure 5. Radial electric filed as a function of coil current for different radial positions from cathode surface at 

pressure 0.4 Torr. 
The cyclotron frequency is calculated using equation (2) and taking the values of electron and argon ion masses as 
9.1 × 10-31 kg and 6.62 × 10-26 kg respectively and the experimental data for the magnetic field from Fig. (2). The 

axial behavior of electron and ion frequencies along the Z direction was plotted as a function of different coil currents 
as shown in Figures (6) and (7) 

 

 
Figure 6. The axial behavior of electrons cyclotron frequency. 

 
Figure 7. The axial behavior of ions cyclotron frequency. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

-15 -10 -5 0 5 10 15

El
e

ct
ro

n
 c

yc
lt

ro
n

 f
re

q
u

an
cy

 
*1

0
^1

2
 (

H
Z)

Z(cm)

I=2 Amp

I=4 Amp

I=6 Amp

I=8 Amp

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

-15 -10 -5 0 5 10 15Io
n

 c
yc

le
tr

o
n

 f
re

q
u

an
cy

 *
1

0
^7

 
H

Z

Z(cm)

I=2 Amp

I= 4 Amp

I=6 Amp

I= 8 Amp

  



European Scholar Journal (ESJ) 
__________________________________________________________________________ 

6 | P a g e 

Figures (6) and (7) show that the cyclotron frequencies of the electrons have greater values than the cyclotron ion 

frequencies because the mass of the electron is less than the mass of the ion , and decreases towards the ends of the 

cathode in the magnetron configuration. 
Using Equation (3) according to the values of the electric field (Fig. (5)) and magnetic field strength (Fig. (2)), the 

axial profile of the drift velocity E × B at different radial positions of the inner cylinder is plotted as a hollow cylindrical 
magnetron configuration in Fig. (8 ), and it is indicated from the figure that vExB is very high in the central region near 

the inner cylinder and lowers towards the ends of the inner cylinder. One can also note that the drift velocity E×B is 

maximum near the surface inner cylinder which corresponds to the plasma envelope region and is compressed away 
from the inner cylinder in the radial direction due to the transition that occurs from the envelope to the pre-field 

region. The significant increase in the drift velocity in the shell region is due to the energy gain of electrons from the 
electric field of the strong shell at different rates. 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

Figure 8. The axial behavior of EXB drift velocity in azimuthal direction versus coil current for different radial positions. 
4.3 I-V characteristics  

The I (current) - V (voltage) characteristics of the discharge were measured, in an inverted magnetron configuration. 
It operates in an Ar environment at a pressure of 0.4 Tor, , as well as in four distinct axial magnetic fields ranging 

from 2 to 8 amperes. The relationship between the discharge current and the discharge voltage is discovered in 
hollow magnetron discharge under a constant magnetic field and operating pressure. Figure (9) shows the 

characteristic I-V curve of the inverted configuration. The discharge voltage increases with increasing magnetic field 

strength (coil current), but the discharge voltage is nearly constant with increasing discharge current, demonstrating a 
higher level of electron trapping in the discharge. Because the electrons in an inverse magnetron discharge are 

coupled with an externally applied magnetic field, radial scattering reduces the rate of electron loss. Moreover, Due to 
the increased surface area of the cathode, secondary electron emission is also quite high in the hollow magnetron 

discharge. 

 
 

 
 

 

 
 

 
 

 
 

 

 
Figure 9. Current–voltage characteristics for the hollow magnetron sputtering . 
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4.4 Emission spectra of plasma in magnetized hollow cathode  

Figure (10) shows the emission spectra of the inverted configuration electrodes in the wavelength region 320-740 nm 

at a constant argon gas pressure. The spectra show seven emission peaks of neutral argon (ArI) at wavelengths 
546.71600, 557.25410, 617.94190, 659.61130, 677.99260, 703.02510, 735.08140 nm and four ionic emission lines of 

argon (Ar II) at wavelengths (361.18130 ,405.76750 ,427.75280 ,470.23160 nm). according to the spectra, with  
Increasing the coil current the strength of all peaks in the ArI and ArII lines increases In ArI, the light emission 

intensity is much lower than the light emission intensity in ArII The intensity of all peaks increases with the increase in 

the coil current from 2 to 4 A The probability of collision between electrons and atoms the gas increases due to the 
increase in the density of the number of electrons, which increases with the increase in the current of the coil, 

allowing the electrons to obtain sufficient excitation energy.  
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
Figure 10. Optical emission spectra of Ar plasma for inverted magnetron sputtering at various coil current. 

 

4.4 Plasma parameters of hollow magnetron sputtering  
Electron temperature is the most important parameter of the plasma that is used to describe the state of the plasma  

.A variety of plasma excitation and ionization processes are controlled by the electron temperature (Te). Assume the 
plasma is at local thermodynamic equilibrium  and the number of excited atoms follows the Boltzmann distribution to 

compute Te. Using the data in the table(1), the method of Boltzmann plot was used to calculate the value of  Te 

(equation (4)). 
 

Table 1.Ar I standard lines are used to calculate electron temperature, and their characteristics. [45] 
ion 𝐄𝐣(𝐞𝐕) 𝐄𝐢(𝐞𝐕) 𝐀𝐣𝐢𝐠𝐢 𝛌(𝐧𝐦) 

ArI 15.3620414 13.09487256 610×38 546.71600 

ArI 15.31916801 13.09487256   610×4.6 557.25410 

ArI 15.30807770 13.30222747   6×100.2 617.94190 

ArI 14.95485204 13.07571571   6×100.11 659.61130 

ArI 15.30807770 13.47988682   610×0.363 677.99260 

ArI 14.83881100 13.07571571   610×13.4 703.02510 

ArI 15.0140655 13.32785705 610×1.2 735.08140 
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Figures (11) show the Boltzmann diagram approach to hollow magnetron atomization using specific argon atomic 

lines (ArI) at the positions under investigation at different gas pressures. 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

Figure 11. the Boltzmann diagram approach to hollow magnetron electrodes using selected atomic argon (ArI) lines at 
a different coil current. 

One of the most reliable techniques for determining electron number density (ne) is the use of atomic spectroscopy 

lines emitted from the plasma. Equation (5) can be used to calculate the electron number density, which is called the 
Stark expansion effect. The FWHM (full width at half maximum) values were used to calculate the electron number 

density using the Stark effect depending on the measured standard values for this line (Nr = 1016cm−3) [46]. The 
effect of coil current on the behavior of electron number density and electron temperature is shown in Figure (12) in 

the hollow magnetron sputtering device . The curve showed an increase in the value of both the electron number 

density and the electron temperature with increase of the coil current from 2 Amp to 8 Amp. This behavior can be 
explained as; with increasing of coil current the plasma confinement was increased which cause to make more 

inelastic collisions between plasma particles with neutral atoms in the region near from inner electrode surface and 
this make increasing of electron number density . 

 
 

 
 
 

 

Figure 12. The contrast of ne and Te in hollow magnetron sputtering as a function of coil current 
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Figure 13. the variation of 𝛌𝐃 against the coil current in hollow magnetron sputtering. 

 
The Debye length (𝛌D) was also calculated using equation (6) and exhibit in figure (13), from figure showed that the 

Debye length increases with increasing coil current in the hollow magnetron sputtering. The density of electrons is 
large, so the Debye length is also large. 

 
5.CONCLUSIONS  

The plasma parameters of the formation of the hollow cylindrical magnetron are described in more detail. The 

magnetic field generated by magnetron production can control the trajectory of ions and electrons in the plasma. The 
magnetic field distribution has a great influence on the properties of the plasma and the sedimentation rate at various 

axial and radial positions. The contrast of the discharge regions of the normal glow with the coil currents in a hollow 
cylindrical magnetron was studied and the discharge properties were examined using spectroscopic measurements of 

the plasma generated inside the chamber. According to the axial profile of the magnetic field, the axial profile of the 
drift velocity E × B and cyclotron frequency has a minimum value in the central region of the anode electrode and 

becomes maximum at the ends of the anode electrode in a hollow configuration. Electron temperature and electron 

number density are found to increase with increasing coil current but wavelength decreases with increasing coil 
current in hollow cylindrical magnetron. 
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