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Synopsis 

Sheet plasmas have the advantage of producing thin films and functional surfaces 

by generating localized high-density and temperature gradient regions suitable for specific 

reactions. A stream of high energy electrons from a plasma cathode efficiently excites 

and/or ionizes atomic and molecular species which are confined in a linear magnetic field. 

An electron cyclotron resonance (ECR) sheet plasma device employing a 2.45 GHz 

microwave source and combination of permanent magnets and field coils was designed 

and operated. The combined field realized a linear magnetic field that sustained a 

rectilinear confinement of the plasma. 

In Chapter 1, a brief introduction is provided to give a short background on the 

current theoretical understanding of magnetized sheet plasma devices. Chapter 2 focuses 

on the device description and initial conditions of the generated plasma. The design of 

the whole system was explained. In addition, techniques for plasma diagnostics and 

analysis of the plasma discharge were described.

In Chapter 3, a more detailed description of the plasma discharge was carried out. 

Using Langmuir probe, the plasma was analysed to understand its behaviour relative to 

different operating parameters and vacuum conditions. ECR condition was achieved 

using the combined field from permanent magnets and field coils. The overall 

performance of the plasma operated at sub-ECR and ECR conditions were compared.  
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A localized heating was observed under high power operation which limits the 

device performance. A local gas injection was designed to supply gas directly to the 

cathode region. In Chapter 4, the device performance with the new gas inlet design was 

compared with that of the usual gas introduction directly to the main chamber. 

Particularly observed was the stable and longer  operation time in the “local gas injection” 

mode up to 3 kW microwave power. Plasma parameters were observed in Chapter 5 with 

consideration of the effect of the magnetic field. The effect of the applied magnetic field 

to the plasma profile using electron temperature, electron density, plasma potential, 

floating potential and ion saturation was described in more detail. Images of the plasma 

was used to support observation made from plasma parameters. Meanwhile, low 

frequency plasma instabilities were observed at high magnetic flux density and was 

briefly discussed. 

In Chapter 6, observation of high energy electrons in a hot cathode-type sheet 

plasma was presented. A plasma cathode excited a millimeters thick sheet plasma 

throughout a 92 cm long chamber in a 270 G linear static magnetic field. Electron energy 

probability functions measured for Ar plasmas by an electrostatic probe indicated the 

presence of high energy electrons in the produced plasma.  The high energy electron 

component occupied the substantial part of the electron energy distribution function at 

lower plasma operating pressure. Electrical bias voltage applied to the electrode 

terminating the plasma flow determined the plasma space potential. 
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Chapter 1 

Introduction 

1.1 Overview 

 

A weakly ionized plasma opens new ways to synthesize materials and modify surface 

structures [1]. Sheet plasmas have the advantage of producing thin films and functional 

surfaces by generating localized high-density and temperature gradient regions suitable 

for specific reactions. A stream of high energy electrons from a plasma cathode efficiently 

excites and/or ionizes atomic and molecular species which are confined in a linear 

magnetic field [2, 3]. The so called Uramoto-type sheet plasma device employs one of the 

simplest design to realize a sheet-shaped plasma by combining a linear magnetic field 

produced by electromagnets and a pair of dipole permanent magnets [4]. Because of the 

performance to create a thin plasma, the configuration was utilized among several 

research groups [5-7].

Since the original invention by Uramoto, sheet plasma devices have been developed 

to improve their performance specifically as H- ion sources.  Ando et al. attempted to 

increase high energy electron density in the plasma by employing reflex type cathodes [8], 

while Tonegawa added a gas supply system to realize a hydrogen flow across the plasma 

sheet [9]. Noguera and Ramos confirmed the effectiveness of Ar and Mg addition into their 
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sheet plasma for H- ion extraction [10,11]. Meanwhile, Noguera and Ramos also applied the 

same sheet plasma device for nitride coating [12]. They utilized efficient production of 

excited molecules in sheet plasma by high energy electrons to realize better plasma system 

for materials processing [13]. A major achievement of the process was that it did not 

require substrate heating to promote TiN coating of stainless steel. Mechanical tools 

requiring reinforced surface hardness such as drill bits, punchers and taps were surface 

coated utilizing the sheet plasma device.  

The development of coating systems of structure components is vital in addressing 

structural corrosions accelerated by environmental damages affecting the functionality of 

the subjected parts. In certain geographical regions where severe environmental 

conditions may occur, the application of surface coatings technology to certain materials 

could provide solutions to common wear and tear problems and material degradation of 

components exposed to environmental conditions such as high humidity, prolonged solar 

radiation, even ambient chemical reactions and unwanted biological processes. In regions 

where environmental factors play a huge role in material degradation like, the need for the 

adaption of surface coating technologies becomes relevant. With the growing number of 

climate-related concerns in the development of certain technologies, the need to enhance 

component parts and materials must be an integral part. 

This dissertation provides an account of the development and diagnostics of sheet 

plasma device systems. First, a 2.45 GHz microwave sheet plasma device that features 

several novel parts was operated and characterized. The system was designed to produce 

stable sheet-shaped plasma with high density and temperature gradient over a range of 

plasma input parameters The device design aims to resolve a number of plasma operation 

limitations encountered in such devices. Second, a duoplasmatron-type source sheet 

plasma device was operated to observe the emergence of more energetic electrons.
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1.2 Objectives and motivations 

Sheet plasmas have the advantage of being utilized in a number of surface 

processing applications due to the plasma discharge’s unique geometric configuration. A 

stream of dense plasma generated over an area is suitable for a variety of material surface 

processing and large area process applications. Some of the prospective applications 

include fabrication of functional thin films, coating protection and circuit board coatings, 

anti-adherent coatings, superhydrophobic coatings, self-cleaning and antimicrobial 

surfaces. 

Surface coatings and thin film synthesis require precise operation conditions 

according to specified surface technology applications. Despite existing surface processing 

technologies, certain limitations to full realization of sheet plasma application must be 

overcome. Surface structures fabrication and surface technologies require precise 

methodologies tailored to process specifications.  

The development and diagnostics of magnetized plasma devices aim to improve 

the operation conditions of sheet plasma devices by studying the effect of employing novel 

device components. The study also aims to understand the plasma condition, such as 

plasma and operation parameters to determine the sheet plasma dimensions, in the 

produced sheet plasma for a given operation condition and derive optimization 

parameters and conditions for future industrial applications. As such, this research 

attempts to contribute to the development and understanding of sheet plasma devices for 

surface technology applications.
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1.3 Organization 

Beginning in Chapter 2, the section introduces some fundamental theory on plasma 

processes and related sheet plasma design and operation and an introductory theory on 

thin films and surface coating technology. Initial plasma operation conditions and 

diagnostic techniques involving Langmuir probe (LP), optical emission spectroscopy (OES) 

and plasma image analysis are briefly discussed. In Chapter 3, more detailed description of 

the device and operation parameters for stable plasma discharge are presented. In 

Chapter 4, the effect of adding a localized gas injection to feed gas in the quartz window 

region is discussed. Heating up of the cathode region leading to a damaged microwave 

window and its seals was observed and has been an issue in the initial device design. In 

this chapter, a modified microwave window design aims to rectify the residual heating  as 

a consequence of high microwave power operation. For Chapter 5, sheet plasma is 

characterized with respect to the applied magnetic field. Plasma profiles in terms of several 

plasma parameters are described from varying magnetic. Plasma instabilities observed 

during operation are briefly presented. In Chapter 6, observation of high energy electrons 

in a duoplasmatron cathode-type sheet plasma device is present. Investigation of the 

electron energy probability function reveals population of high energy electrons in the 

sheet plasma discharge as a result of applying voltage bias to the terminal walls. Finally, a 

summary of all the findings is presented in Chapter 7 with several recommendations for 

possible prospective research endeavors related to this study. 
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Chapter 2 

Design and Operation of a 2.45 GHz 

Microwave Sheet Plasma Device 

2.1 Introduction 

A large number of first generation plasma sources utilize the production mechanism 

of thermionically excited discharges involving hot cathodes (e. i. filaments) to extract 

electrons that are then accelerated across an applied potential. Energy transfers from the 

primary electrons are promoted via a series of inelastic collisions. To limit losses from 

electrons diffusing on confinement walls and device surfaces, magnetic fields are employed 

to contain the plasma as well as shape them to any desired profile or configuration. 

Trapping of the charged particles improves power efficiency by thermalizing the hot 

primary electrons with the colder secondary electrons by ionization.

One of the aims of magnetized plasma devices is to produce high electron density to 

around 1018 m-3 while minimizing the effects of any localized heating observed at high 

input powers over a period of stable operation. The high density region realizes rapid 

sputtering of target materials utilized for deposition of the sputtered material to form 

functional surface or film. While material coating and surface technology are poised 

towards large area production scales to minimize costs and optimize processes, 
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maintaining high purity and uniformity of the output remains a vital requirement. Thus, 

sheet plasmas for industrial applications must be developed with consideration of specific 

process requirements. 

Previous studies on sheet plasma devices involve employment of various plasma 

sources including DC discharges, radio frequency and microwave sources. In DC sources, 

the ease with which plasma is generated depends on the plasma extraction mechanism. 

Commonly, a major issue with plasma processing devices includes the observation of 

unwanted impurities from chamber parts such as cathode filament that are made of metals 

like tungsten. In addition, the lifetime of physical parts inside the process chamber requires 

that the inside be maintained to the same configuration over all processes. As filaments 

burn out at long operation, the need to replace these parts are an additional consideration 

when designing plasma sources.

In microwave plasma, ionization arises from the electrons’ response to time-

varying electric field. When a sufficient number of electrons are accelerated, discharge can 

be sustained. The application of microwave plasma for treatment of surfaces and bulk 

materials proves to be more effective than DC and RF plasmas due to production of more 

dense active plasma species [1]. In microwave discharges, electron temperature and 

number density are higher because of power coupling through radiation bypassing sheath 

losses[2]. Furthermore, plasma operation over a wider range of gas pressure is possible, 

which when combined with greater electron temperature provides the ability to produce 

higher fraction of ionization and dissociation [3]. 

This chapter presents the full device set-up of a 2.45 GHz microwave sheet-shaped 

plasma system. A basic plasma theory is given at first. System components are presented 

briefly after this section with a discussion of the magnetic field configuration. Experimental 

tools used to diagnose the system are also briefly mentioned.
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2.2 Sheet plasma system 

The general schematic of the microwave sheet plasma system is illustrated in 

Figure 2.1 while a photo of the actual device is shown in Figure 2.2. The system at the time 

of this report is housed in the Global Resource Management common room in Hochikan 

building at Doshisha University, Kyotanabe Campus. The device is composed of the 

following main part: stainless steel vacuum chamber, 2.45 GHz microwave source coupled 

to an EH tuner, copper waveguide, pancake coils coupled to a DC source, permanent 

magnets (not visible), vacuum pumps composed of a turbomolecular pump and dry scroll 

pump, full range pressure gauge and a water-cooled chiller.

Figure 2.1: Schematic diagram of the sheet plasma device system. 

Figure 2.2: Photo of the actual sheet plasma set up. 
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2.2.1 Vacuum chamber 

 

The main vacuum chamber is made of a standard stainless steel six-way crosses 

flange as shown in Figure 2.3. For clarity, a Cartesian coordinate is set at the center of the 

vacuum chamber as illustrated in Figure 2.3a). The tubular body has length of around 

30 cm and inner diameter of 14.7 cm. Each face fits a standard CF 203 stainless steel flange. 

The vacuum system is appended at the bottom flange. Another face is fitted with a full 

viewport, as seen in Figure 2.3b) to provide a lateral profile view of the plasma. An 

aluminum mesh is fitted to the viewport to shield the region from possible microwave 

leakage. 

a) 

b) 

Figure 2.3: a) Schematic of the chamber region with a reference coordinate axis 

with origin at the center the chamber, and b) the actual vacuum chamber with a 

large viewport.  
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2.2.2 Power supplies 

A 2.45 GHz (TE-MG3000) microwave power source from Tamaoki Electronics Co., 

Ltd., supplies the required electromagnetic radiation. It has a maximum power output of 

3 kW and is delivered to the chamber through a tapered copper waveguide and a 110 mm 

by 7 mm quartz glass window. It comes with an EH tuner which can be manipulated to 

minimize power reflection. For the electromagnetic coils, a Kikusui regulated DC power 

supply feeds the current of up to 15 A at 100 V maximum. 

 

2.2.3 Magnetic field sources 

The fundamental force of magnetism plays huge role in the overall behavior of 

ionized matter such as plasma. The control of shape and configuration of high-density 

plasmas are important in industries utilizing plasma technologies for materials fabrication 

and development of functional surfaces. The rectangular shape of sheet plasmas are 

produced by magnetic fields from current-carrying coils or permanent magnets 

strategically placed around the plasma-containing vacuum chambers. 

 

2.2.3.1 Magnetic coils 

Six magnetic coils, as shown in Figure 2.4, are employed for the magnetic 

confinement of the generated plasma forming into a sheet configuration. The coils consist 

of 3 mm diameter enamel-coated copper wires wound, to initially unknown number of 

turns, on a PVC frame and are electrically connected in series fed by a variable output 

power supply. In this study, the coil current is limited to 15 A to limit the heating up of the 

metal wires. A cooling fan is used to cool the coils at high coil current over long operation. 

In Figure 2.5, given an applied coil current, I (flow of current shown in red arrow), the field 
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induced in the chamber is graphically represented by the black lines with arrows moving 

across and within the loops of coils. The linear magnetic field through the loops is 

responsible for the rectangular shape of the plasma discharge. Here, the magnetic field is 

described in terms of the magnetic flux density, B and is calculated and compared with the 

measurements. A Hall probe coupled to a Lakeshore Model 460 3-channel gauss meter 

measures the field along the y-axis.  

Consider a current-containing circular loop with radius, R, similar to a single loop 

in the field coils in Figure 2.6. An axis is defined in the space containing the field coils for 

Figure 2.4: Six pancake coils employed in the sheet plasma device. 

Figure 2.5 : Graphic illustration of magnetic field lines due to the six pancake coils. 
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clarity. From Biot-Savart law, the strength of the field �⃗�  of a wire coil at any point along the 

y axis is given by the equation, 

𝑑𝐵𝑦 =
𝜇𝑜𝐼𝑑𝐿

4𝜋

𝑅

(𝑦2+𝑅2)3/2
                                                              (2.1) 

Integrating over the entire coil gives the total flux density from the coil at a given point, 

𝐵𝑦 =
𝜇𝑜𝐼

4𝜋

2𝜋𝑅2

(𝑦2+𝑅2)
3
2⁄
                                                                  (2.2) 

 

The derived equation in (2.2) can be used to calculate B at any point on the y-axis, 

which is set to be the central horizontal axis in the vacuum chamber, to derive the total 

Figure 2.6: Magnetic flux density from a current carrying wire. 

y
1
=131.5 

y
2
=201.5 

y
3
=271.5 

Figure 2.7: Schematic diagram of the magnetic coils’ relative position. 
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contribution of all the field coils. The estimation is done by considering the coil as a thin 

wire where all of the windings are concentrated in the center of the coils for simplicity. 

Before calculating B along the y-axis, first, the positions of the six coils are defined 

with respect to the center of each pair of coils as shown in the Figure 2.7. Using these 

positions and equation (2.2), the total field at any point z along the y-axis is given by (2.3). 

The total current, I, is equivalent to Ni where N is the total number of turns of each coil and 

i is the applied current in the coils. Using the “thin wire approximation”, the coil radius is 

set at 0.135 m. For this study, the actual total number of turns for each coil is unknown. As 

such, all the coils are assumed to have the same number of wire turns, N. 

𝐵𝑦 =
𝜇𝑜𝐼

2

{
 

 
𝑟2

[[𝑟2+(𝑦+𝑦1)
2]]

3
2

+
𝑟2

[𝑟2+(𝑦+𝑦2)
2]
3
2

+
𝑟2

[𝑟2+(𝑦+𝑦3)
2]
3
2

+

𝑟2

[𝑟2+(𝑦−𝑦)2]
3
2

+
𝑟2

[𝑟2+(𝑦−𝑦2)
2]
3
2

+
𝑟2

[𝑟2+(𝑦−𝑦3)
2]
3
2 }
 

 

                          (2.3) 

The above expression is used to approximate the magnetic flux density along the y-

axis. Considering an input current of 6 A, the calculated field are plotted in Figure 2.8 along 

with the actual measurements. The induced field is symmetric with respect to the 

horizontal axis. By is maximum along the center coil of each set of three implying stronger 

magnetic field at this region. For the calculated By, the number of turns of each coil was 

initially set at 200 based from the approximation gathered from the coils’ geometry. 

However, the calculated and observed field differ by around 20 G. This suggests higher 

total number of turns for each coil. 

The determination of the estimated total number of turns in a coil can be done by 

employing chi-squared (χ2) test. It is used to determine the minimum difference between 

the expected values and the observed values. By taking the chi-squared values of each point 

on the calculated and actual measurement and plotting their values for different number 

of turns, the number of turns that achieves the minimum value of chi-squared can be 
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determined, from Figure 2.9, that when N=246, χ2 is minimized. This value can be used to 

estimate the magnetic flux density along the y-axis. The accuracy of N can be confirmed by 

considering a different coil configuration and comparing the calculated and measured 

values of By. 

Figure 2.8: At 6 A coil current, comparison between the calculated and measured 

total magnetic flux density along the center horizontal axis of the magnetic field coils 

when the number of coil turns is set at N=200. 

Figure 2.9: χ2 versus number of turns, N. 
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To confirm this approximation, the magnetic coils were moved farther apart as 

illustrated in Figure 2.10. From the original set-up, the two coils closest to the center were 

maintained to the same position while the other two pairs were moved farther away from 

the vertical center. Using this coil configuration, the calculated and the measured field 

using the approximated number of turns of each coil were compared. The plot in Figure 

2.10 of the calculated and the measured B confirms that the estimation of the number of 

turns arrives at a fairly close approximation. Thus, this confirms that the number of wire 

turns is about 246.  

 

Figure 2.11 shows plot of calculation of B for varying coil currents. The plot shows 

a general increase in flux density as the current is increased. Within the area of interest in 

the vacuum chamber, as shown in the graph’s background, the field is minimum at the 

B (G) 

Figure 2.10: Magnetic flux density comparison of the calculated and measured 

values at 6 A coil current when the coils are oriented accordingly. 
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center, y=0. Note that the profile agrees with the graphical illustration of the field  in 

Figure 2.5.

 

 

  

2.2.3.2 Permanent magnets 

Figure 2.12 shows the actual permanent magnets installed on the copper waveguide 

in the cathode region. The addition of the permanent magnets, together with the field coils, 

are intended to generate a localized electron cyclotron resonance (ECR) condition inside 

the vacuum chamber near the quartz window. Each neodymium permanent magnets has 

dimensions 12 cm by 1.2 cm by 0.5 cm. Based on manufacturer’s specification, each magnet 

has surface magnetic flux density of 2530 G. Due to the high intrinsic strength of the 

magnets, a frame made of aluminum encases the permanent magnets to the configuration 

Figure 2.11: Magnetic flux density calculation at varying coil current. 
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shown in Figure 2.12. The sets of permanent magnets are installed and tilted at 45 degree 

angle towards the central vertical axis of the chamber as illustrated in Figure 2.13. A 

stopper on top of the waveguide compensates for the asymmetrical shape of the medial 

cross-section of the copper waveguide and positions the magnets symmetrically with 

respect to the horizontal center of the chamber. 

Figure 2.12: Details of the permanent magnets installed on the copper 

waveguide. 

Figure 2.13: Details of the tapered copper waveguide with the installed magnets. 
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In Figure 2.14, the measured magnetic flux density emanating from the permanent 

magnets, depicted in Figure 2.13, along the central horizontal axis inside the chamber is 

shown. The plot of B shows strong field when approaching the quartz glass window surface 

and decays rapidly towards the center of the chamber where it is almost zero. The 

combination of the permanent magnets and the field coils generate field across the 

chamber where the maximum B is always observed in the vacuum-face of the quartz glass 

window. The generation of a local electron cyclotron resonance (ECR) region is achieved a 

few mm from the quartz window. 

Another set of weaker permanent magnets is installed in the terminal wall, opposite 

flange to the microwave window, to enhance the expansion of the sheet plasma across the 

entire drift axis. However, in this report, the effect of such feature to the behavior of the 

plasma has not been investigated.

 

Figure 2.14: Measured magnetic flux density along the central horizontal axis of the 

chamber from the permanent magnets. 
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2.2.4 Cut-off frequency 

The wave propagation in a magnetized plasma is governed by the following three 

Maxwell’s equations: 

 𝛁 × 𝐄 = −
∂𝐁

∂t
 (2.4) 

 

 𝛁 ∙ 𝐄 =
ρ

ϵo
 (2.5) 

 

 𝛁 × 𝐇 =  𝐣 + ϵo
∂𝐄

∂t
 (2.6) 

 

From (2.4), 

 𝛁 × (𝛁 × 𝐄) = −
∂

∂t
𝛁 × 𝐁 (2.7) 

In vacuum, j = 0 and given that 𝐁 = μo𝐇,  

 𝛁(𝛁 ∙ 𝐄) − 𝛁𝟐𝐄 = −μoϵo
∂2𝐄

∂t2
 (2.8) 

Since 𝛁(𝛁 ∙ 𝐄) = 0 

 
∂2𝐄

∂t2
= −

1

μoϵo
∇𝟐𝐄 = 𝐜𝟐∇𝟐𝐄 (2.9) 

where c =
1

√μoϵo
, corresponding to the light speed. 

In plasma, j = −𝑒𝑛𝑒𝑣𝑒 , again, from (2.4) 

 𝛁 × (𝛁 × 𝐄) = −
∂

∂t
𝛁 × 𝐁 (2.10) 

 

 𝛁 × (𝛁 × 𝐄) = −μo
∂

∂t
(𝐣 + ϵo

∂𝐄

∂t
) (2.11) 
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 𝛁 × (𝛁 × 𝐄) = −μo𝑒𝑛𝑒
∂𝑣𝑒
∂t

− μoϵo
∂2𝐄

∂t2
 (2.12) 

From the equation of motion, 

 𝑚𝑒

∂𝑣𝑒
∂t

= −𝑒𝐄 (2.13) 

 

 −𝛁𝟐𝐄 = −
𝑒2𝑛𝑒
𝑚𝑒

μ𝑜𝐄 − μoϵo
∂2𝐄

∂t2
 (2.14) 

The solution must be in the form, 

 𝐄 = 𝐄𝒐e
𝑖(𝒌∙𝒓−𝜔𝑡) (2.15) 

where 𝒌 represents the wave number vector. 

 −𝛁𝟐𝐄 = 𝒌𝟐𝐄 (2.16) 

 

 
∂2𝐄

∂t2
= −𝜔2𝐄 (2.17) 

Returning from (2.9), it simplifies to, 

 
∂2𝐄

∂t2
= 𝑐2𝛁𝟐𝐄 (2.18) 

Using (2.16) and (2.17), (2.18) transforms to 

 −𝜔2𝑬 = 𝑐𝟐(−𝑘2)𝑬 (2.19) 

which then reduces to, 

 𝑐 =
𝜔

𝑘
 (2.20) 

 

 −𝜵2𝑬 = −
𝑒2𝑛𝑒
𝑚𝑒

𝜇𝑜𝑬 − 𝜇𝑜𝜖𝑜
𝜕2𝑬

𝜕𝑡2
 (2.21) 

From (2.16) 

 −𝑘2𝑬 = −𝜇𝑜𝜖𝑜 (
𝑒2𝑛𝑒
𝜖𝑜𝑚𝑒

𝑬 − 𝜔2)𝑬 (2.22) 
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 𝑘2 = −
1

𝑐𝟐
∙ 𝜔2 (1 −

𝑒2𝑛𝑒
𝜖𝑜𝑚𝑒𝜔2

) (2.23) 

 

Assigning the parameter the character 𝜔𝑝𝑒 , corresponding to the plasma frequency 

 𝜔𝑝𝑒 =
𝑒2𝑛𝑒
𝜖𝑜𝑚𝑒

 (2.24) 

 

 𝑘2 = −
1

𝑐𝟐
∙ 𝜔2 (1 −

𝜔𝑝𝑒
2

𝜔2
) (2.25) 

Rearranging (2.25) yields 

 
𝜔2

𝑘2
= −

𝑐𝟐

(1 −
𝜔𝑝𝑒
𝜔2

)
 (2.26) 

Setting the photon velocity, 𝑣𝑝ℎ𝑜𝑡𝑜𝑛 , 

 
𝑣𝑝ℎ𝑜𝑡𝑜𝑛 =

𝜔

𝑘
= −

𝑐

√1 −
𝜔𝑝𝑒2

𝜔2

 
(2.27) 

This implies that the cut-off frequency is at 𝜔 = 𝜔𝑝𝑒. In magnetized plasma, waves with 

𝜔 > 𝜔𝑝𝑒  could not propagate across the plasma and are reflected by the medium.

 

2.2.5 Tapered copper waveguide 

A copper waveguide was designed to fit, on one side, a standard rectangular 

waveguide from the microwave source and a 110 mm by 7 mm microwave window. The 

waveguide has straight vertical walls with 109 mm width while the bottom wall tapers 

towards the smaller microwave inlet. The opening on the microwave side has rectangular 

dimension of 54.6 mm (width) 7 mm (height). The vacuum side is fitted with a water-

cooled copper coil to lower the temperature in this region. However, effective cooling is 
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largely limited on the waveguide material due to inadequate conduction with the 

microwave inlet flange body.

 

2.2.6 Vacuum system 

The plasma chamber is evacuated down to below 5×10-5 Pa pressure by a 260 l/s 

turbomolecular pump (TMP) that is coupled to an oil-free scroll vacuum pump. A compact 

FullRangeTM gauge measures the chamber pressure positioned underneath the main 

chamber near the vacuum pump outlet. 

During evacuation, the TMP is maintained at 60,000 revolutions per minute (rpm). 

A typical evacuation time is around 90 minutes for pre-evacuated system while longer 

evacuation times are necessary when the chamber was exposed to the atmospheric 

environment before operation. During plasma production, the rotation speed of the TMP 

is reduced to 23,000 rpm to lower the rate of gas evacuation during plasma operation. Gas 

is initially introduced though one of the perpendicular faces of the six-way cross chamber 

(opposite the view port), perpendicular to the direction of the microwave inlet flange. 

 

Figure 2.15: Details of the tapered copper waveguide. 
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2.3 Cooling system 

A MTC-1500 Thermo Cool chiller water-cools the microwave source and the copper 

waveguide face confronting the cathode region as well as the opposite terminal wall 

containing the permanent magnets via a leak-free water line. The chiller is kept running 

during plasma operation and is maintained at 13 oC. In addition, a cooling fan air-cools the 

magnetic coils and its surroundings during high current applications on the field coils. 

 

2.4 Electrostatic probe 

The ease of application and the wealth of information that can be known on the 

plasma condition makes Langmuir probe diagnostics a very popular tool for plasma 

characterization. However, as a physical probe is immersed in the plasma, careful design 

consideration must be given to limit the amount of interaction of the probe tip’s surface 

with the surrounding plasma.  

Typically, a protrusion of wire of known material and dimension immersed in 

plasma collects information in the form of a current-voltage trace. In this study, a source 

measure unit was utilized to supply the potential bias on the probe as well as records the 

measured current. After each voltage sweep, an I-V characteristics is generated and stored 

in a portable drive to be migrated to a personal computer for subsequent analysis and 

interpretation. 

 

2.4.1 Langmuir probe theory 

In plasma, the immersion of a probe creates a phenomenon on its surface wherein 

an electron or ion rich layer, called “sheath”, is formed. As such, quasineutrality (ne=ni) 
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does not hold in the plasma-surface boundary while the relatively high concentration of 

negative or positive charge can induce high electric fields in the region of the probe, to 

eventually repel (or attract) charged species resulting in erroneous data.

 

2.4.2 Langmuir probe design 

The cylindrical probe for this study consists of a 0.6 mm diameter tungsten wire 

enveloped in an alumina tube that leaves a 2 mm exposed end tip of the wire. A grounded 

copper tube electrostatically shields the probe signal line from ambient noise. A larger 

alumina tube shields the copper tube and its contents from plasma irradiation and the 

probe signal noise from electromagnetic irradiation in the chamber. A BNC connector links 

the probe to a Yokogawa model GS610 source measure unit which provides the necessary 

voltage sweep and digitally records the I-V curve.  

 

2.4.3 I-V characteristics 

In the Langmuir probe analysis, it is assumed that (i) the probe dimension is large 

enough when compared with the Debye length, (ii) ions in the plasma emanate from great 

Figure 2.16: a. Schematic diagram of the Langmuir probe cross-section and b. actual 

image of the single probe. 
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distance with negligible energy and (iii) the probe dimension is small enough relative to 

the collision mean free path of the plasma

A typical current-voltage characteristics is shown in Figure 2.17. The curve may be 

divided into three regions according to the probe bias from left to right. From left, as the 

applied potential (Vprobe) is increased, the probe attracts positive plasma species and repels 

electrons. This creates a positive sheath around the probe until it reaches an equilibrium. 

The left most part of the curve is termed ion saturation where the collected current is called 

the ion saturation current (Isati)and is achieved only when the applied voltage is negative 

enough to incur a saturated level. As the bias moves towards the less negative region, the 

ion current decreases until no current is measured. The probe bias corresponding to zero 

current is called the floating potential (VF). When Vprobe  is at the Vplasma, there is no plasma 

sheath and the surface of the probe collects the incident ions and electrons. Vplasma is 

generally positive because electrons tend to escape towards the chamber walls faster than 

ions, which leaves the plasma with a net positive space charge. The electron temperature 

Te is taken from the slope of a linear fit from the transition region between VF and Vplasma . 

Figure 2.17: a. A sample I-V trace measured by a Langmuir probe. 
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From Te and Isati, electron density, ne, can be derived. Moreover, by plotting another linear 

fit from the Vprobe>Vplasma region, the value of Vplasma is determined. 

 

 

2.5 Optical emission spectroscopy 

Optical emission spectroscopy (OES) is a vital tool in plasma diagnostics as it 

enables the determination of plasma composition as well as the plasmas electrical 

properties like electron density and its energy distribution function. From plasma 

collisions, particles are excited to higher energy state and then relaxes to a lower state. 

During this relaxation, the photons of light is emitted which can be collected and analyzed. 

The amount of energy encrypted in these photon emission is equal to the difference in 

energy states of the jump from higher state to lower state. The plasma composition can be 

described by the relation: 

𝜆 =
ℎ𝑐

𝐸𝑝−𝐸𝑘
                                                                          (2.28) 

where h is the Planck’s constant, c is the speed of light and Ep and Ek are the higher and 

lower energy states, respectively. Since the energy transition is characteristic of particle 

species, plasma composition can be determined from this.

An Ocean Optics 2000+ optical emission spectrometer coupled to an optical fiber 

was used to observe the emission spectra from the plasma in the visible light range from 

300 nm to 950 nm. It has a spectral resolution of 0.38 nm. The device is connected to a 

personal computer to display and record the actual emission spectra.  
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Optical lenses were also used to converge the plasma in cases where very small and 

specific areas of the plasma needs to be observed. In addition, a variable neutral density 

filter was used in cases where saturation in the intensity emission plots were observed.  

 

2.6 Plasma observation through a view port 

Depending on which region of the plasma discharge is observed, a viewport is 

installed to a face of the main chamber to capture images and spectra of the plasma. During 

plasma production, an RF Explorer Handheld Spectrum Analyzer detects any microwave 

leaks from the viewports. No significant amount of frequency from the microwave was 

detected where the frequency detected goes beyond the threshold value for safe operation.
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Chapter 3 

Discharge Optimization in an ECR 

Sheet-Shaped Plasma 

In this study, electron cyclotron resonance (ECR) condition is realized by employing a 

combination of permanent magnets and field coils. The combined fields produce a linear 

magnetic field that sustained a rectilinear confinement of the plasma. The ECR condition 

effectively lowered the plasma ignition power to below 500 W and minimum plasma 

sustaining power, the lowest power that can produce a stable plasma before it extinguishes, 

to 94 W. The condition also extends the low power ignition to lower gas pressures. At low 

ignition power, plasma density is greatest along the 0.7-0.3 Pa pressure range. Stable 

plasma operation at input microwave power of up to 3 kW was achieved without 

overheating in the quartz window region with the aid of a gas feed mechanism on the 

quartz window. 

 

3.1 Introduction 

To realize a sheet-shaped plasma profile, a linear magnetic field is arranged such 

that electrons produced in the ionizing region are guided along the field line of force. 

Among different modes of excitation, microwave-based electron cyclotron resonance 
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(ECR) enables excitation at lower gas pressure and lower input power while also 

eliminating high temperature cathodes that introduce impurities into the plasma, thereby, 

providing greater degrees of freedom on plasma processing parameters. Several 

techniques may be applied to produce the desired field. Yoshida and Kajinishi [1] employed 

two coils fed by current of up to 210 A to produce a field equivalent to 1300 G along the 

discharge chamber and injected a 2.45 GHz microwave power through a quartz glass 

window. Large current to maintain the magnetic field produce considerable heat which is 

not ideal for long operations. Morishita et al. [2] employed a set of permanent magnets to 

produce cusp field near the cathode. While a uniform sheet plasma of 20 cm drift length is 

produced, the fix flux density due to the permanent magnets limits the resulting field 

profile. Noguera and Ramos [3], and Ramos, et al. [4] employed a sheet plasma device with 

the magnetic field structure similar to the original Uramoto-type sheet to form TiN films 

for hard coatings applications. Impurity emissions from the plasma cathode often restrict 

usage of this type of device for any plasma process that forbids introduction of trace 

impurities. 

In this chapter, we investigate the production of sheet-shaped plasma sustained in 

a moderate intensity magnetic field using a 2.45 GHz microwave source. A localized ECR 

condition is realized through combining the linear magnetic field produced by a set of coils 

and a pair of permanent magnets. The discharge conditions satisfying ECR and that with 

the field intensity for sub-ECR conditions are reported.

3.2 Device set-up 

Figure 3.1 illustrates the device set-up with the defined coordinates. Three sets of 

identical pan-cake coils that are electrically connected in series produce a linear magnetic 
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field with weak magnetic mirrors inside the vacuum chamber. The field strength produced 

by the coils can be adjusted by controlling the current applied on the coils from a DC source 

that can provide up to 15 A current. Higher current output was not used to limit the heat 

produced by the coils over longer period(>1 hour). Figure 3.2 shows the measured field 

contribution of the coils along the y-axis inside the chamber starting from the plasma-

facing side of the quartz glass. At 15 A, the field is maximum (430 G) at the quarts window. 

To realize resonance condition satisfying ECR at B = 875 G, the field is enhanced by the Nd-

Fe magnets in the region around the quartz microwave window. These permanent magnets 

generate cusp field along the y-axis with a maximum flux density of 480 G at the quartz 

window. When combined with the field coils (at 15 A), the total field generates the 

intensity corresponding to an ECR region just several millimeters from the quartz window 

along the axis of the linear magnetic field. The magnetic flux density profiles of the total 

Figure 3.1: Cross-section of the sheet plasma device using permanent magnets and 

field coils to produce a line cusp field. The inset shows details of the quartz 
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field from the permanent magnets and the field coils along the chamber axis is also shown 

in Figure 3.2. 

  

 

Figure 3.3 a) shows the initial microwave inlet flange design. During plasma 

generation, localized heating was observed in the quartz glass region despite fitting a 

water-cooling system on the outer face of the flange. A substantial heating was observed at 

non-ECR conditions. When the microwave power exceeds 1.5 kW, the microwave inlet 

region considerably heated up to eventually burn the high temperature O-ring seal and 

damaged the quartz glass. To resolve this overheating problem, a gas inlet feature is 

incorporated into the flange design as shown as shown in Figure 3.3 b). The gas inlet 

structure supplies neutral gas in the vicinity of quartz window surface to enhance 

recombination to aid in cooling down the temperature and density of the local plasma in 

touch with the window surface realizing the condition similar to a gas divertor [5]. This 

configuration can sustain plasma excited with up to 3 kW microwave power without 

damaging the seals and the quartz window for several minutes. The cooling mechanism 

enables full range of possible microwave power available during this investigation. 

Figure 3.2: Magnetic flux density profile along the downstream central axis inside 

the chamber. The coil current is 15 A. 



3.3 Results and discussion 

33 

A. R. B GINES|Physics and Engineering of Sheet Plasma Devices 
 
 

 

3.3 Results and discussion 

3.3.1 Ignition and extinction power 

In Figure 3.4, the ignition and extinction powers as functions of gas pressure in the 

three different magnetic field geometries are shown. The microwave power was slowly 

increased until a stable discharge is initiated to record the ignition microwave power at 

the corresponding Ar pressure condition. When only the magnetic field from the field coils 

(FC) are present, ignition occurs at 330 W in the high-pressure range at 15 A current on FC 

equivalent to a maximum field of 430 G at the quartz window. The required power remains 

constant down to 3 Pa pressure before it starts to increase exponentially up to 1200 W at 

1.3 Pa. When the Nd-Fe permanent magnets (PM) are installed in the microwave inlet 

region, they provide a maximum magnetic field flux of 480 G at the quartz glass surface. 

With only the PM inducing the magnetic field, the minimum microwave power required to 

commence a discharge is about 480 W and the power remains constant down to 1.5 Pa. A 

dip in the ignition power plot occurs at 0.7-0.3 Pa only to increase again up to 900 W at 

150 mPa.  When the fields from the permanent magnets and the coils are combined to 

Figure 3.3: Microwave inlet flange designs. a) Simple flange with quartz glass 

window, and  b) similar flange as [a)] with gas introduction inlet. 
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achieve ECR condition near the inlet of the quartz microwave inlet region, ignition occurs 

around 190 W at high pressure and slowly increases only up to 430 W even further down 

to pressures less than 5 mPa.  At the lowest observable pressure, when the plasma glow 

does not propagate across the chamber and is limited at the surface of the quartz glass, the 

plot is terminated. The extinction power, or the minimum power required to sustain the 

plasma is 240 W with coils, 188 W with magnets and only 90 W at ECR. The extinction 

power remains constant for each of the conditions above and is represented by the three 

horizontal lines in Figure 3.4. 

 

The dependence of the ignition and extinction powers to the strength of the 

combined fields below 875 G is illustrated in Figure 3.5. The DC source of the coils was 

controlled to set the maximum field less than 875 G. At 4 A, the total field at the vacuum 

side of the quartz window surface is 600 G. The ignition power profile follows a similar 

behavior as when only the permanent magnets are present. This trend continues up to 12 A 

Figure 3.4 a.) Ignition (Ig) and extinction (Ex) powers at varying Ar pressure from 

different field geometries, namely, field coils (FC), permanent magnets (PM), and 

combination (PM+FC), b.) and comparison between the different gas introduction 

modes. 

b.) a.) 
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(820 G max.) with improved ignition towards the lower pressure range. A dip in the 0.3-

0.7 Pa range is also present with a significant increase towards lower pressure. Close to 

the ECR condition at B = 860 G, there is a considerable improvement in ignition towards 

lower pressure down to 30 mPa at only 670 W. The extinction power remains constant at 

188 W in all of the field intensities below ECR and is also shown in Fig. 3.5. 

 

From the low pressure region in sub-ECR condition involving permanent magnets, 

a decrease in the ignition power as the pressure is increased accounts for the decrease in 

the particle’s mean free path inside the chamber as more gas is introduced into the system. 

As such, an increase in collision frequency promotes more efficient ionization until a 

minimum ignition power is attained at 0.4 – 0.7 Pa. At pressure greater than at the 

minimum breakdown, the ignition power is higher but remains invariable. At this point, 

the electron temperature decreases due to further increase in collision frequency. 

Popov et al. [6] observed in their 2.45 GHz microwave plasma device that a 

reduction in the minimum ignition power occurs when the magnetic flux density is set to 

be greater than 430 G to which they attribute to the transition from an underdense plasma 

Figure 3.5: Ignition and extinction powers at varying Ar pressure relative to field 

strength. 
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mode below 430 G to overdense plasma mode at 430-440 G. It is argued that the transition 

arise from the abrupt increase of the microwave power absorption in the resonance on the 

second gyrotron harmonic, ω=2ωce [7, 8]. The observed transition to lower power with 

respect to the flux density corresponds to the same range of minimum power occurrence 

observed from B>430 G. The dip starting from B>430 G manifests this transition towards 

the minimum power at 188 W in ECR.

 

3.3.2 Pressure dependence of plasma density 

 

Langmuir probe measurement obtained at the center of the chamber at x=0, y=0, 

around 17.5 cm from the quartz window surface along the plasma downstream, provides 

the ion saturation current, Isati, of the Ar plasma observed at -75 V probe bias. Fig.3 6 shows 

the plot of Isati relative to Ar gas pressure at fixed 1 kW microwave power. The current is 

highest at 0.4-0.9 Pa pressure range and decreases beyond this range in both direction. An 

estimate of the ionization mean free path, λmfp, reveals the behavior of Isati relative to gas 

Figure 3.6: Ion saturation current (Isati) at varying pressure along the vacuum 

chamber’s central axis. 
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pressure. The mean free path is the inverse of the product of cross section, σ, and number 

density, n, or λmfp=1/σn. At 0.5 Pa gas pressure, n for argon is around 1.33 × 1014cm−3 

while an approximate value of the ionization cross section  𝜎 = 2.5 × 10−16cm2  from 

AMDIS database [9] for a reaction [Ar + e  Ar+ +2e] is used. From here, λmfp is around 

30 cm and is comparable to the device dimension. The total distance from the quartz glass 

surface to the opposite chamber wall is around 30.5 cm. At lower pressure, particles diffuse 

towards the chamber wall while recombination is favored at higher pressure. 

 

3.3.3 Sheet plasma profile dependence on magnetic field 

A movable stage allows for a 50 mm range of linear vertical motion of the probe tip 

along the x-axis to determine the axial profile of the plasma. Langmuir probe scans were 

performed along the plasma width at 3 mm distance for each scan. Ion saturation currents 

(Isati), electron temperatures (Te), and electron densities (ne) were derived from the I-V 

curve and are plotted in Fig. 3.7. Density distribution of the plasma particles and electron 

temperature depict the sheet plasma thickness and its behavior in the presence of varying 

linear magnetic field. The plasma was maintained by 2 kW microwave power at 0.5 Pa 

while field measurements were obtained at the center of the chamber along the probe scan 

direction at x = 0. Starting at lower field (13 A equivalent to 265 G), the axial profiles of the 

Isati and ne behave similarly and form a gradual gradient peaking at x = 0. An increase in the 

field strength (14 G for every 1 A increase in coil current) slightly elevates the gradient 

while maintaining the same axial profile. When the current is set at 15 A, the field at x = 0 

is 293 G while an ECR condition is achieved near the quartz window. The ion saturation 

and electron density magnitudes form steeper gradient with greater magnitude increase 

along the center of the plasma sheet achieving electron density ~1018 m-3. The electron 
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temperature axial profile shows high energy electrons populating the center of the plasma. 

The field strength did not affect the electron temperature largely because the present 

treatment to determine the electron temperature uses the low temperature Maxwell 

component. The ECR condition enhanced the ionization while the increase of magnetic 

field in sub-ECR condition did not improve sheet plasma thickness.  

 

Figure 3.7: Axial profiles of ion saturation current (Isati), electron temperature (Te) 

and of electron density (ne) relative to   magnetic field strength along the x-axis. 

The indicated fields were measured at position x = 0.  



3.3 Results and discussion 

39 

A. R. B GINES|Physics and Engineering of Sheet Plasma Devices 
 
 

Previously reported sheet plasma thicknesses were defined in terms of ion Larmor 

radius [10, 11] where the sheet thickness is described as approximately twice the mean ion 

Larmor radius. Gyrating ions move relative to guiding centers that lie in the vicinity of the 

sheet plasma midplane. Taking the condition at a pressure of 0.5 Pa and magnetic flux 

density B=293 G, the ion Larmor radius, ri, is approximately 7 mm when the ion 

temperature is considered to be around 0.1 eV. In the meantime, ri can be 38 mm if we 

assume ri is determined from ion acoustic velocity for 3 eV electron temperature. When 

compared to the half width half maximum of the plot of the radial profile of ion saturation 

current, the plasma thickness is around 34 mm. Figure 3.8 shows the sheet plasma at the 

same condition when viewed from the top (Top view) and on its side (Side view). The 

second image reveals the plasma thickness based from the observed plasma glow along the 

midplane. As reference, the circular profile at the center of the image has a 37 mm diameter. 

This implies that the plasma has a thickness less than this value which is comparable to the 

estimate of its full width half maximum value at around 34 mm. Clearly, the observed 

Figure 3.8: Images of the sheet plasma illustrating the sheet plasma when viewed 

from the top (Top view) and the sheet thickness along the horizontal center of the 

chamber viewed on its side (Side view). 

Top view

Side view
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plasma thickness is less than twice the expected plasma thickness when compared with 

the calculated ion Larmor radius.  

 

3.3.4 Sheet plasma profile in the presence of varying magnetic field 

The effect of the applied magnetic field on the plasma profile is derived from the 

collected I-V trace for a 1.0 kW plasma discharge. The plasma profile from the plasma 

parameters, namely, ion saturation current (Isati), electron temperature (Te), electron 

density (ne), floating potential (VF) and plasma potential (Vplasma),  are derived from the I-V 

trace.  

Figure 3.9 shows the ion saturation current (Isati ) profile for varied coil current. It 

increases as the coil current is increased up to 15 A. The profile is maximum above the 

plasma center. The upper half of the plasma sheet registered higher Isati. As the magnetic 

field is increased, the gradient profile becomes more evident especially at ECR. 

 

In Figure 3.10, the plot of the electron temperature profile is shown for different coil 

Figure 3.9: Ion saturation current  (I
sati 

) axial profile of the plasma at varying 

magnetic coil current. 
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current along the central vertical axis. Near the center, Te increases due to the increasing 

magnetic field. The transitions at probe positions -12 mm and 18 mm where the electron 

temperature is almost constant. As the probe tip moves away from the center, the Te 

decreases. In addition, beyond the transition point, Te profile with increasing coil current 

reverses, meaning, electrons have lower energy at higher coil current. As the magnetic field 

strength is increased, the confinement effect for higher energy electrons manifests more 

clearly as evident from the saturated region between -9 mm to 21 mm. The electrons have, 

generally, lower energies than the electrons at higher field flux density.  

The axial profile of the sheet plasma relative to electron density is shown in 

Figure 3.11. It is also maximum at around 6 mm and decreases on both direction similar to 

Isati profile. At 15 A, the profile shows a significant increase, corresponding to the presence 

of an ECR condition.  

The floating potential signifies the zero-current value along the probe tip. The plot 

in Figure 3.12 shows the trendline at varying coil current. Moving upward, the floating 

potential minimizes at 12 mm and slightly increases again along the top portion of the 

sheet thickness. The minimum corresponds to the region with the energetic electrons 

Figure 3.10: Electron temperature (T
e 
) axial profile of the plasma at varying magnetic 

coil current. 
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corresponding to faster arrival of the electrons as the voltage is swept from negative to 

positive. 

The plot of the plasma potential profile is shown in Figure 3.13. At periphery of the 

plasma thickness, the plasma potential is very positive. This corresponds to higher 

presence of positive plasma species. As we move towards the center, the plasma potential 

Figure 3.12: Floating potential (V
F 

) axial profile of the plasma at varying magnetic 

coil current. 

Figure 3.11: Electron density (n
e 
) axial profile of the plasma at varying magnetic 

coil current. 
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becomes almost zero especially at high coil current. At maximum coil current, the Vplasma 

minimizes at the center. From the lower coil current range, the plasma potential increases 

gradually to higher current. After 8 A, the plasma potential increases by almost a 2 V 

magnitude. 

 

3.3.5 Pressure dependence of sheet plasma profile 

The pressure of the sheet plasma can be operated at three orders of magnitude 

range. To attain optimized condition, it is important to determine the behavior of the 

plasma across a stable pressure range. The plasma performance of the device was analyzed 

in terms of the Isati at different argon pressures. Figure 3.14 shows the plasma from the side 

viewport at varying gas pressure at 1.0 kW while the coil current is set at 15 A. Plasma 

cathode is on the left side of the images. At 0.1 Pa, the sheet appears more dispersed but 

transforms to a thinner sheet towards the higher pressure range. At 1.0 Pa, an early onset 

of plasma detachment can be observed on the right side.  

Figure 3.13: Plasma potential (V
plasma 

) axial profile of the plasma at varying magnetic 

coil current. 
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In Figure 3.15, a plot of the Isati taken from the vertical axis of the center of the 

chamber at different gas pressure The plot shows a twin peak, which is typical at this input 

power. A dip at the center of the sheet was present. A dip occurs at zero. 0.5 Pa shows the 

highest Isati value at the center. 

 

 

Figure 3.14: Images of the Ar sheet plasma taken from the side viewport at varying 

pressure. 

Figure 3.15: Ion saturation current (Isati )profile of the sheet plasma thickness at 

varying pressure. 
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3.3.6 Microwave power dependence of sheet plasma profile 

Ion saturation current measured across the sheet plasma was taken during 

operation at different microwave input powers and is shown in Figure 3.16. The dip initially 

observed at the center at 1 kW disappeared at higher power. At higher power, the centers 

were replaced by higher Isati values. Photos of the sheet plasma is also shown in Figure 3.15. 

The intensity of the plasma glow increased at higher power. 

 

3.3.7 Comparison of field coil configuration 

The applied current in the magnetic field coils generates a linear magnetic field that 

is directed towards the opposite of the microwave window.  Reversing the polarity of the 

coil reverses the direction of the applied field. In Figure 3.16, a plot of the ion saturation 

current at normal coil polarity and in the case when the current is reversed. The 

Figure 3.16: Ion saturation current (I
sati

 )profile of the sheet plasma thickness at 

varying pressure. 
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appearance of the plasmas are also shown. The reverse polarity resulted in lower Isati across 

the sheet thickness. It also remained almost constant. The image shows a thinner sheet 

produced along the center. The intensity appears intense but could probably due to the 

integration of the brightness along the viewing line.  

3.4 Conclusion  

A new sheet plasma device employing a combination of field coils and permanent 

magnets has been designed and operated. The design includes a gas feed system that cools 

the quartz window surface allowing plasma operation at microwave power up 3 kW 

without damaging the quartz glass microwave inlet structure. The field strength raises the 

plasma density while ECR condition significantly enhances plasma production to attain 

Figure 3.17: Comparison of the plasma at different coil polarities.  
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electron density to 1018 m-3 range. The electron temperature of the bulk plasma remains 

independent of the magnetic field strength.  
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Chapter 4 

Local Gas Injection Type Dielectric 

Window 

The emission lines of hydrogen plasma are investigated to study the effect of using the gas 

feed as cooling mechanism for the microwave inlet region in a sheet plasma device. The 

spectra were observed for different gas introduction modes with spatial dependence 

across the quartz window region. Observation of molecular assisted recombination (MAR) 

when gas is introduced in the quartz surface in a dominantly ionizing plasma condition 

determines effectivity of the cooling mechanism.  

 

4.1 Introduction 

Molecular assisted recombination (MAR), as a mechanism for heat flux reduction, 

was experimentally observed in plasma divertor condition from hydrogen gas puffing to 

helium plasma [1]. In most studies, MAR is usually observed in the edge of magnetic 

confinement devices. Observation of MAR in the ionizing region to explain heat reduction 

in the microwave window was conducted. In the cathode region, heat is 

generated ,sometimes excessively, due to plasma confinement effects brought by 

magnetic-mirror which occur at maximum in this region. 
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In the present set-up the microwave inlet region was observed to generate 

excessive heat when operated at higher microwave input power. In fact, in the first 

generation design of the microwave window flange, the high temperature rubber O-ring 

and the quartz window were damaged from high power operation beyond 1.5 kW. In 

excess of heat, a part of the quartz window melted while the rubber O-ring totally burnt up. 

An image of the quartz window is shown in Figure 4.1 highlighting the vacuum side of the 

window. It can be seen that the heat concentrated on the rubber O-ring-glass-quartz-

interface. Black soot can be observed around the rubber seal in contact with the glass 

window. Eventually, the pressure of the chamber was not maintained by the vacuum seal 

and terminated the plasma generation.

 

4.2 Methodology 

Gas is initially introduced into the main chamber through an inlet flange 

perpendicular to the plasma drift, along the z-axis. Plasma is generated, mainly, in the 

vicinity of the quartz window which creates considerable heating onto the plasma-facing 

components. The part of the copper waveguide that is parallel to the quartz window is 

Figure 4.1: Image of the burnt quartz window and rubber O-ring seal. 
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fitted with a water-cooling coil to quench the constant heating plasma is turned on. 

However, at microwave powers exceeding 1.5 kW, the rubber O-ring burned which melted 

parts of the quartz glass eventually altering the vacuum condition.  

During plasma operation, the microwave input power was maintained at 1.5 kW. 

The coil current is maintained at 12 A equivalent to a magnetic flux density of 345 G in the 

microwave inlet region. This time, two permanent magnets were installed.  

A planar slit conduit is created by fitting a stainless steel panel parallel on the lower 

side of the diverging wall of the flange holding the quartz glass window. The small width 

helps to create a localized high gas pressure reaching the quartz window. This component 

is intended to help reduce heat flux in the region while also providing steady stream of the 

gas to be ionized. Initially, a power higher than 1.5 kW introduces considerable heating 

which burns the carbonless rubber O-ring between the stainless steel flange and the quartz 

glass. The heating-up magnifies at lower range of the plasma operation pressure. As such, 

a similar configuration was applied to simulate the same condition.  

 

Hydrogen gas was utilized as the neutral gas. In many known studies, the 

observation of heat flux reduction via molecular assisted recombination was done in 

hydrogen plasma. It was determined that the increase in Fulcher band emission signifies 

Figure 4.2: Schematic diagram of the experimental set-up. 
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recombination processes that are associated to maintaining heat flux in plasma divertors 

and plasma device anodes.  

An Ocean Optics 2000+ optical emission spectrometer coupled to an optical fiber 

records the emission spectra of the plasma in the visible region. It has a wavelength 

resolution of 0.38 nm. The spectra is collected from the viewport confronting the vacuum 

side of the quartz glass window. A 50 mm focal lens was used to focus the plasma emission 

reaching the optical fiber tip. In addition, a neutral density filter was also employed to limit 

the emission intensity reaching the probe tip, which has high saturation due to the focused 

light rays.

Figure 4.3: Diagram of plasma image processing of converting the image to a grayscale 

and then to a numerical value of pixel brightness. 
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Plasma images were captured by a Pentax K-7 digital camera. The images were 

taken from the side, top and on the terminal flange confronting the microwave window. 

The images were taken at fixed aperture size, shutter speed, ISO and focal length for each 

batch of data. To derive more standard information on the acquired images, they were 

processed in ImageJ image processor. First, the images were converted to a stack image for 

much faster processing. Then, they are converted to an 8-bit file which turn the images into 

a grayscale. A feature in the photos with a known dimension was measured to be used as 

calibration constant for the conversion of pixel to a physical dimension of the image. By 

this point the pixel brightness would be converted to a numerical value from 0 to 255 to 

correspond to the relative brightness from low to high. The RGB images are converted to 

grayscale using the formula, Gray=(0.299red + 0.587green + 0.114blue), derived from YUV 

color encoding system used in analog TV broadcasting. The values are plotted versus the 

derived relative size and position. 

 

4.3 Results and discussion 

4.3.1 Observation of possible molecular assisted recombination (MAR) 

Hydrogen plasma produces visible light emission from neutral excitation of atoms 

and molecules by electron impact to higher energy level and decay via spontaneous 

emission. The typical emission spectra of hydrogen plasma is shown in Fig. 4.4. The graph 

shows strong emission lines from the hydrogen Balmer series as well as the Fulcher band 

at 600-640 nm. For hydrogen gas, plasma can be sustained down to 4 Pa. The pressure 

dependence of the emission lines Hα, Hβ, and Hγ and the Fulcher-α was investigated. In the 
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cathode region, the emission spectra observed was that of an ionizing plasma wherein 

strong line of Hα is dominant. In Fig. 4.4, the emission intensity of Hα is shown. An increase 

in pressure results in a decrease in Hα emission intensities which also corresponds to a 

decrease in the excitation temperature confirming the reduction of electron temperature 

at higher pressure due to increased collision events. In general, a similar behavior was 

observed in both modes. The dependence of the emission intensity of Hα and the intensity 

ratios of Hβ/Hα and Hγ/Hα on pressure for different gas channels is shown in Fig. 4.5. The 

spectra were obtained in the regions 4 mm above and below the quartz window surface 

center axis. The maximum intensity of Hα is attained at around 10 Pa. The ratio decreases 

as the pressure is increased. A bump around 9 Pa also occurs near the gas conduit for the 

case where gas emanates from it. The Hα intensity abruptly reduces at 4 Pa. 

The intensity ratios decrease towards the high pressure. In the planar slit gas mode, 

a bump in the trend was observed in the lower region of the window at around 9 Pa, 

corresponding to the maximum of Hγ but did not change largely to the rest of the pressure 

range. The intensity is lowest near the planar slit conduit with gas introduced through it. 

 

Figure 4.4: Typical emission spectra of hydrogen plasma in a microwave sheet 

plasma device. 

 

Hα

Hβ

Fulcher bandHγ
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The intensity ratios around 10 Pa are also the highest. An increase in intensity of Hα, 

IHα ,indicates MAR.  

The graphs in Figure 4.6 express the normalized integrated intensity of Fulcher 

band using the Hα peak for the two gas channels. In general, the slit conduit produces 

higher Fulcher-α total intensity over the entire gas pressure range which indicates higher 

recombination of hydrogen species for this gas introduction mode. Although, the utilized 

method provided limited spectral resolution for the specification of Fulcher-α band lines, 

this band is identified as molecular hydrogen. 

 

 

Figure 4.5: Emission intensity of Hα and the semi logarithmic plot of the intensity ratios of 

Hβ/Hα and Hγ/Hα on the planar inlet via a) planar slit gas conduit, b) directly on main 

chamber and 7 mm above c) via (a)) and d) (b)). 
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Two regions were considered to observe the spatial dependence of the plasma 

species from the conduit. The region of the conduit and a spot, 7 mm above it was 

considered. In Figure 4.6a) and 4.6b), the ratios of the integrated sum of Fulcher-α band 

and Hα at two positions (in red dots on the left) show a consistent increase as the pressure 

is increased. A bump in the plots also occurs at around 10 Pa. Near the gas conduit, the 

ratio is higher when gas emanate from this region than when gas is directly fed in the main 

chamber but higher intensity ratio is observed on the upper region of the window. Higher 

ratio of Fulcher band integrated intensity and Hα was observed at the region above the 

conduit.

Figure 4.6: Normalized integrated intensity of Fulcher band on the a) planar 

conduit opening and b) 7 mm above the planar conduit. 
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4.3.2 Observation of plasma thickness 

 

Images of the sheet plasma were taken from the side view port window flange of 

the chamber, as shown in Figure 4.7a), at varying pressure of hydrogen gas. Moreover, the 

plasma taken from different gas introduction configurations were observed. The region of 

interest (ROI) was chosen near the microwave window, as in Figure 4.7b). The width of the 

chosen ROI was made thin enough to eliminate effects of diffusion after averaging the 

columns of pixels. Moreover, the width was chosen such that the periphery with less 

intensity can be compared with that of the emission of the plasma column at the center.  

The plots of the luminous intensities of the plasma column at varying pressure and gas 

introduction modes are shown in Figures 4.8 and Figure 4.9. In both modes, the plasma 

profile shows twin peaks near the center. The intensity increases with respect to pressure. 

At increasing pressure, the twin peaks merge to form a stronger single peak. Comparing 

the two modes, the intensities show similar profiles and behavior at increasing pressure. 

In terms of the relative intensity of both modes, the intensity values were subtracted and 

Figure 4.7: a.) Camera position and b.) Sample of the plasma luminous intensity 

of the captured plasma glow of the plasma viewed on the side of the chamber. 

a.)  

b.)  
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is shown in Figure 4.10. The plot confirms the higher emission intensity for the local gas 

injection mode.  

 

 

 Figure 4.9: Luminous intensity of the observed plasma glow viewed on the side when gas 

is introduced via the planar slit conduit. 

Figure 4.8: Luminous intensity of the observed plasma glow viewed on the side when 

gas is introduced directly to the main chamber. 
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4.3.3 Observation of microwave window  

Images of the plasma glow are taken from the vicinity similar to the OES set-up. 

Figures 4.12 show the plotted luminous intensity of the plasma observed when confronting 

the microwave window when gas is introduced in two different ways. The broken lines 

Figure 4.10: Difference in the intensity between direct gas injection and via 

planar gas conduit. 

Figure 4.11: a.) Camera position and b.) Sample of the evaluation of luminous intensity of 

the captured plasma glow in the vicinity of quartz glass window. 

Image rotated 90o clockwise

ROI

a.)  
b.)  
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indicate positions of the strong intensity peaks corresponding to the edges of the stainless 

steel window. It also shows the plasma expanding above and below the microwave window 

edges especially at low pressure range. Meanwhile, the peaks show that the maximum 

intensity is not symmetric with respect to the determined geometry of the microwave 

window. Higher intensity was observed on the upper microwave window. It is more likely 

that the high pressure neutral gas stream from the planar conduit promotes more plasma 

species trajectories upward, thus producing more glow. At higher pressure, the plasma 

glow appears to form more symmetrically.  

The difference in the luminosity based on the intensity values of the plasma images 

from two gas channel modes was taken to compare the effect of the local gas injection and 

is shown in Figure 4.13. The plot shows that the luminosity is more intense at the lower 

part of the window while enhancing the glow at the upper portion for the direct chamber  

gas injection. Meanwhile, Figure 4.14 shows the total luminous intensity of at varying 

pressure corresponding to the two gas introduction modes. The total intensity did not 

Figure 4.12: Luminous intensity of the observed plasma glow in the microwave window 

when gas is introduced via the planar slit gas conduit and directly into the main 

chamber. 
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change significantly between the two modes suggesting that the  discharge remains the 

same in both gas delivery methods.

 

Figure 4.13: Subtracted luminous intensity observed in the microwave window from 

the two gas modes. 

Figure 4.14: Total luminous intensity observed in the microwave window from the 

two gas modes. 
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4.3.4 Top view observation of sheet plasma 

This time, the sheet plasma was observed from the top of the vacuum chamber to 

reveal the approximate plasma width as shown in Figure 4..15. Images of the plasma were 

taken at varying hydrogen gas pressure introduced via the two gas inlet modes: local 

injection in the quartz glass window and directly onto the main chamber. The two modes 

were analyzed for their effects on plasma luminous intensity and also to observe the sheet 

width. 

ImageJ software, as shown in Figure 4.15. was again utilized to convert the optical 

glow recorded by the plasma images to a numerical value ranging from 0 to 255 

corresponding to the perceived pixel brightness. A standard measurement was done on 

the image to determine the relative size of each pixel as well as assign a relative position 

in the image. In this case, the inner diameter of the chamber was taken as the standard 

feature. An arbitrary region of interest (ROI) was selected in the image as shown by the 

yellow box superimposed in the B/W image. The ROI was selected to cover all the bright 

optical glow and a part of the periphery to determine the approximate plasma width. 

Figure 4.15: a.) Camera position and b.) Sample of the plasma luminous intensity of the 

captured plasma glow of the plasma viewed on the top of the chamber. 

  

a.)  

b.)  
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Figures 4.17 and Figure 4.18 show the luminous intensities of the plasma at varying 

pressure via “local gas” and “global gas”. The plot shows that the glow intensifies as the 

pressure is increased. This time, the plot did not show the saturation pressure but is 

expected to occur at higher pressure. Relative to the center position, the plasma is 

uniformly dispersed from the center, except at 4 Pa, with a maximum at this region and 

Figure 4.17: Luminous intensity of the observed plasma glow when gas is 

introduced directly into the main chamber. 

Figure 4.16: Luminous intensity of the observed plasma glow when gas is 

introduced via the planar slit. 
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decreases towards the chamber periphery. The plasma width can also be determined from 

the acquired plot. Considering the full-width-half-maximum of the trace, the plasma width 

is determined to be around 11 cm corresponding to the microwave window width. The 

pressure slightly increases the plasma width. Comparison of the luminosity intensity of the 

two modes show that the global gas has higher intensities across the pressure range. 

4.4 Conclusion 

The effect of installing a local gas conduit in the microwave window region was 

studied by emission spectroscopy and plasma image analysis. The emission spectra did not 

hint the effect of cooling from molecular assisted recombination. There is a general 

increase in emission intensities of the Balmer series for the local injection mode. The 

acquired plasma images exhibit the plasma profile by observing the plasma optical glow. It 

was determined that the local gas injection increased the plasma luminosity and improves 

at higher pressure. Moreover, the plasma exhibit twin sheet which merge at higher 

pressures. The plasma width is approximated to be around the same size of the microwave 

window. 
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Chapter 5 

Sheet Plasma Excitation by a 2.45 GHz 

Microwave Power Introduced through 

a Local Gas Injection Type Dielectric 

Window 

A 2.45 GHz microwave power injected through a quartz glass window produced a stable 

sheet-shaped plasma with the 11 cm wide and 4 cm high rectangular cross section in a 

static linear magnetic field. A thin slot gas conduit opened near the surface of the window 

supplied a discharge gas forming a stream of neutral atoms that intersected 

perpendicularly the plasma flowing toward the window along the magnetic field. The gas 

stream caused the change of the luminous intensity distribution of the plasma around the 

microwave window indicating reduction of the local plasma heat load. The window did not 

show any damage for a continuous operation of plasma up to 2 kW microwave input power. 
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5.1 Introduction 

Effects due to change in magnetic field intensity to sustain plasmas have been 

discussed by several researchers [1-6]. Krinberg [1] observed the limit whereby the effect 

of the applied magnetic field can be used to reduce the size of the plasma column, increase 

the electron temperature and the average ion charge. Hashemi et al. [2] reported that a 

constriction of the plasma flow was observed with a decrease in plasma jet radius causing 

an additional Joule heating in a plasma. Woo et al. [5] identified the effect of ion 

temperature anisotropy associated with the induction of a magnetic field. 

A system was designed to produce stable sheet-shaped plasma with high density 

and temperature gradient to be utilized for surface processing application. It was shown 

that the production of localized electron cyclotron resonance (ECR) region effectively 

reduced the ignition power and increased the pressure range of stable plasma operation 

under 1 kW of microwave input power (Pmw). This report highlights the performance of the 

microwave plasma induction structure that should withstand a high-power density heat 

loading from the produced plasma. The present report on the system includes the 

transition from sub-ECR to creating a local ECR interaction region. Plasma conditions at 

the location distant from the plasma production region were measured and analyzed by 

data obtained from Langmuir probe measurements with optical luminous intensity 

distributions to observe sensitivity to magnetic field variation. The observation was 

performed in the region of minimum magnetic flux density, B, in the axial direction of the 

magnetized plasma. Such observation of plasma in a similar field configuration was 

performed by Tarvainen et al. [7] who found increasing periodic instabilities with 

increasing magnetic field strength. There are several modifications from the original 

system: a local magnetic field structure produced by combination of a linear magnetic field 
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and permanent magnets, and neutral gas flow injected to cover the vacuum side surface of 

the microwave window.

 

5.2 Experimental setup 

The main part of the locally magnetized ECR sheet plasma device is depicted in 

Fig. 5.1. The main chamber is composed of a stainless steel six-way crosses flange that is 

33 cm long and 15 cm in diameter. A dry scroll pump coupled to a 260 l/s turbomolecular 

pump evacuates the chamber down to <5×10-5 Pa. 

A detailed schematic of the microwave window region is shown in Fig. 2. A 2.45 GHz 

microwave source can supply up to 3 kW of input power delivered by a tapered copper 

waveguide through a 7 mm by 110 mm window. A 5 mm thick quartz glass seals the 

vacuum while transmitting microwave power exposed to the plasma.  The window 

maintains vacuum with a high temperature rubber O-ring, while a silicon rubber framed 

in copper sheet protects the quartz glass from any damage when in contact with the water-

Figure 5.1: Schematic diagram of the sheet plasma 
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cooled waveguide flange. The water-cooled waveguide flange is attached to the main flange 

of the plasma chamber to reduce the local heating around the plasma excitation region. 

A 1.5 mm by 110 mm slit shape gas conduit directs discharge gas to the vacuum side 

of the quartz glass to assist further cooling of the cathode region. In Fig. 5.2, red arrows, 

generated using Flowsquare 4.0 software, illustrate the flow of gas from the gas inlet to the 

planar slit and exiting towards the quartz window surface where a localized high pressure 

is created by the stream of gas. Continuous stable operation was achieved up to 2 kW Pmw 

for at least one hour without overheating the device. There is also another gas inlet port 

installed to feed the discharge gas into the central region of the plasma chamber. The 

location is indicated in Fig. 5. 1 as gas inlet 1, and was used to confirm by comparison the 

effect of the local gas supply system of the planar slit. 

Figure 5.2: Detailed schematic of the microwave window region. The red arrows 

represent direction of gas flow while the brown arrows with broken lines show the 

magnetic field emanating predominantly from the permanent magnets. 0’ is at (0 mm, 

-16 mm, 0 mm) position. 
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A set of pancake coils made of wound copper wires and powered by a DC power 

supply are installed around the chamber to produce a linear magnetic field inside. When 

combined with the Nd-Fe permanent magnets installed in the microwave inlet region, a 

local electron cyclotron resonance (ECR) region is generated at the plasma downstream, a 

few millimeter from the plasma-facing quartz window surface. Another set of weaker 

permanent magnets is installed in the terminal wall, opposite flange to the microwave 

window, to enhance the expansion of the sheet plasma across the entire drift axis. Magnetic 

field lines along the microwave window region in Fig. 5.2 are generated using 

Metamesh 4.0 as illustrated by the brown broken line arrows. Fig. 5.3a) shows B inside the 

vacuum chamber induced by adjusting the current input in the pancake coils up to 15 A. 

The figure shows the field intensity distribution as a function of position y, measured from 

the center of the plasma chamber. On the plasma-facing surface of the quartz inlet window, 

the field is maximum and steeply decreases down to 200 G range along the central axis of 

the chamber at y = 0. The ECR condition is achieved starting at 14 A coil current. The B at 

this position is shown in Fig. 5.3b) for varying coil current. 

Figure 5.3: Magnetic flux density profile inside the vacuum chamber at varying coil 

current a) along the central drift axis and b) at y=-17.5 cm position. 
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Images of the discharge showing the plasma thickness were captured using a 

Pentax K-7 digital camera and processed using ImageJ software, as shown in Fig. 5.4). The 

image is converted to an 8-bit grayscale file, as in Figure 5.4a), which linearly scales the 

image pixels to a 0 to 255 scale representing the image contrast based on pixel brightness 

and plotted for each row to create a 2-D plot of the intensity profile in Fig. 5.4b).  

Measurements of the electron temperature (Te), plasma density (ne), plasma 

potential (Vplasma) and floating potential (Vspace) were carried out by using a 2 mm long 

cylindrical Langmuir probe of 0.5 mm diameter which can be moved vertically across the 

plasma sheet at y=0. I-V characteristics were recorded for varying microwave input power 

and magnetic flux density 

5.3 Results 

5.3.1 Plasma optical glow 

Plots showing the Ar plasmas optical glow intensity versus the position at x-axis 

(direction of the sheet thickness) set perpendicular to the y-axis and the chamber axis for 

Figure 5.4: Image processing of the plasma glow showing the a) actual image in 8-bit 

with the highlighted region of interest, b) plotted intensity values versus the relative 

position. 

a) 

b) 
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varying microwave power are shown in Fig. 5.5 for different intensities of the magnetic 

field. The intensity of the optical glow shows that the luminous intensity decreases towards 

higher magnetic field. At 0.5 kW, the optical glow appears to be more dispersed along the 

sheet thickness while also exhibiting the highest intensities of the plasma glow. The 

increased input power reduced the intensity of the plasma glow down to less than half the 

low power intensity at 2 kW. The observed sheet thickness which is estimated to be around 

4 cm except at 0.5 kW agrees with the initial calculation of the plasma thickness from 

Larmor radius presented in [6]. From 1 kW, the assumed sheet thickness did not show 

significant reduction across the applied magnetic field. 

Figure 5.5: Intensity of the plasma glow of the sheet plasma images at varying coil 

current for Pmw = a) 0.5 kW, b) 1.0 kW, c) 1.5 kW, d) 2 kW across the x-axis. 
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5.3.2 Te, ne, Vplasma and VF 

The measured probe I-V traces taken at the center of the plasma chamber (x=0, y=0) 

were analyzed for Te, ne, VPlasma, and VF with respect to varying B and Pmw and are shown in 

Fig. 5.6 and Fig. 5.7. The probe location at the center of the chamber corresponds to the 

17.5 cm distance from the quartz window surface. The overall behavior of Te, in Fig. 5.6a), 

is largely dependent on the magnitude of the applied linear magnetic field. At a relatively 

low power of 0.5 kW, Te is significantly higher than the higher input powers across the 

range of field intensities. For Pmw  ≥ 1.0 kW the measured Te maintained the same range 

against increasing applied B and did not hint on the emergence of more energetic electron 

population due to the applied power in this region. The electrons at 0.5 kW appear to have 

higher energies than those excited at higher Pmw. Meanwhile, in Fig. 5.6b), ne increases 

towards higher magnetic flux density.

 

Figure 5.6: Plot of magnetic field (B) and microwave input power (Pmw) dependence of 

a)  electron temperature (Te), b) electron density (ne). 
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The plot of the plasma potential, Vplasma against the magnetic field intensity is shown 

in Fig. 5.7a). It showed a constant increase as the current coil was increased while the 

floating potential, Vf values plotted in in Fig. 5.7b) become more negative with increasing 

coil current. In accordance with the change in electron temperature that shows only 

difference of 0.5 eV except 0.5 kW case, the potential difference (Vp-Vf) did not change 

substantially larger than 1 eV as shown in Fig. 5.7.c).

 

Figure 5.7: Plot of magnetic flux density (B) and microwave input power (Pmw) 

dependence of a) plasma potential (Vplasma) b) floating potential (VF) and c) potential 

difference (VPlasma-VF) with corresponding electron temperature (VPlasma-VF)/ln(Mi/2𝛑 me) 
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5.4 Discussion 

5.4.1 Change in plasma parameters 

From the results of plasma parameter measurements, one sees a marked difference 

between 0.5 kW data and those taken at higher input power. The comparison between 0.5 

kW and 1.0 kW operation shows an order of magnitude jump in electron density. For 

higher power operation, magnetic field intensity increased the electron density, while for 

0.5 kW operation, ne decreases gradually, though not significantly, against increasing B. 

This may correspond to a different plasma transport from the plasma excitation region to 

the chamber center. 

The response of the plasma against the microwave power, showing a characteristic 

difference at 0.5 kW as described in Fig. 5.6, can be explained by the collision frequency 

between charged particles and neutrals which was observed in several [8-11]. A relatively 

higher Te can arise from the lower electron different configuration density. A slight 

increase in the positive plasma potential hints an increase in local ionization rate 

supported by an increase in electron density while maintaining Te. The derived floating 

potential, which is more negative at 0.5 kW, indicates the higher proportion of energetic 

electrons at 0.5 kW. 

The effect of increasing the magnetic flux density can be clearly observed by the 

general increase in Te, ne (except 0.5 kW) and VPlasma while VF becomes more negative. The 

increase in Te for higher magnetic flux density agrees with the findings in [1] and [3] who 

attribute the effect to Joule heating arising from the decrease in plasma current cross 

section leading to increase in energy yield per unit volume of plasma.
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5.4.2 Effect of local gas injection 

In the current plasma excitation configuration, a neutral gas flow intersects the 

plasma irradiation onto the quartz glass window (as depicted in Fig. 5.2). To see if this 

“local gas injection” affects the local plasma production near the microwave window, the 

luminous intensity distribution, Li, of the produced plasma near the window was observed 

in the procedure similar to obtain the distribution shown in Fig. 5.4. The distribution in 

Fig. 5.4 was compared with the distribution, Lm. taken with that discharge gas is supplied 

from the gas inlet 1 shown in Fig. 5.1. Expecting the cooling effect due to molecular 

activated recombination [12], hydrogen gas was introduced instead of Ar. 

First, the luminous intensity distribution (Li) profile of the plasma at varying 

pressure was obtained for the case of local hydrogen gas injection in the quart window. 

The luminous intensity distribution profile (Lm) for the case of gas injected at the main 

chamber center, away from the quartz window, was also obtained and compared with that 

of the latter. The derived intensity profiles are similar to those shown in Fig. 5.5. From here, 

the intensity profile comparison, (Li - Lm), the difference in the obtained gray values, was 

derived and is shown in Fig. 5.8. The plasma profiles appear to be almost similar at 4 Pa. 

The effect of the local gas injection can be seen as an increase in the luminous intensity of 

Figure 5.8: Difference in the luminosity intensities between local gas injection and gas 

introduced mainly into the main chamber (L
i
 - L

m
). 



5.4 Discussion 

76 

A. R. B GINES|Physics and Engineering of Sheet Plasma Devices 
 
 

the plasma and becomes more pronounced at higher pressure, or higher flow rate. The 

optical emission , however, showed no indication of substantial change in the wavelength 

spectrum due to excited molecules.

 

5.4.3 Plasma instability 

Measurements of the electron temperature, plasma density, plasma potential and 

floating potential were carried out by using a 2 mm long cylindrical Langmuir probe of 

0.5 mm diameter which can be moved across the plasma sheet. A typical I-V trace is shown 

in Figure 5.9 for varying magnetic field coil current and at Figure 5.10 for different input 

microwave power. The effect of increasing the magnetic flux density (and microwave input 

power) can be observed as elevation of the electron saturation current. Similarly, an 

increase in the microwave power improves the electron saturation. Probe current 

fluctuations can be observed as it approaches saturation and intensifies in the direction of 

high magnetic flux whereas 1 kW input power shows the highest oscillatory amplitude, just 

before an abrupt increase in electron saturation from 0.5 kW. These effects were 

investigated by measurement of time-varying electron and ion saturation currents. 

Experimental observations were conducted in the ECR sheet plasma device under 

imposed conditions of varying magnetic flux density and microwave input power. The 

saturation current was measured at a sample rate of 10kS/s equivalent to measurements 

of up to 5 kHz. No significant wave presence were observed beyond this frequency. From 

the FFT, the horizontal axis has a spectral resolution of 2.5 Hertz. 
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The fluctuations show transitions between quasiperiodic to chaotic nature under 

certain tuning parameters. There are several dominant low-frequency bands observed. 

The input power affects the behavior of the plasma instability as shown in Fig. 5.11 to 

Fig. 5.14. Shown are are frequency spectra at 15 a coil current. At 0.5 kW, the low frequency 

instability appears as almost chaotic, as in Fig. 5.11 with a central peak below 1 kHz. When 

the power is increased at 1.0 kW, the instability transitions to a quasiperiodic  frequency 

Figure 5.9 : I-V trace at varying coil current. 

Figure 5.10 : I-V trace at varying microwave power. 
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band with several lower harmonics. The strongest comes from 50-550 Hz range containing 

11 periods of frequency at 50 Hz interval. The succeeding frequency bands at 750-1150 Hz 

while and 1350-1750 Hz are its harmonics with amplitude about a factor of half to that of 

the fundamental band.  

Figure 5.15 shows the frequency spectrum of plasma instability at 0.5 kW for 

different magnetic coil current. The instability at ECR shows relatively high amplitude of 

the instability at around 372.5 Hz. The amplitude of the instability abruptly decreased with 

the reduction of coil current while the frequency  of instability moved to around 850 Hz.  

Meanwhile, another set of quasiperiodic instability in the lower frequency was also 

observed at lower current coil.  

Figure 5.12: Frequency spectrum of plasma instability at 1.0 kW. 

Figure 5.11: Frequency spectrum of plasma instability at 0.5 kW. 
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In Figure 5.16, the plot of the spectral instability is shown at different coil current 

values. The instability show quasiperiodic behavior with the principal peak at 350 Hz. 

Harmonics occur at higher frequency with lower amplitude. It can be noted that no direct 

trend can be extracted from the dependence of the instability to the coil current.  

Figure 5.14: Frequency spectrum of plasma instability at 2.0 kW. 

Figure 5.13: Frequency spectrum of plasma instability at 1.5 kW. 
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Figure 5.15: Frequency spectrum of plasma instability at varying coil current at 

0.5 kW. 
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Figure 5.16: Frequency spectra of I
sati

 at varying coil current for 1.0 kW 

microwave input power in the sheet plasma device. 
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5.5 Conclusion 

The effect of increasing the magnetic flux density for the microwave inlet window 

for a sheet plasma device with localized ECR was investigated. The electron temperature, 

electron density and plasma potential increased at higher magnetic field at the center, 

indicating better transport of plasma for the microwave excitation region.  The plasma and 

the floating potentials, seems to suggest the presence of some high energy tail in the 

electron energy distribution function.  Luminous intensity distributions of the plasma glow 

show a clear difference between two different ways to supply discharge gas: local injection 

at the microwave inlet and at the central region of the plasma chamber. The local injection 

changes the spatial distribution of the plasma optical glow due to neutral gas flow, and the 

effectiveness of the flow for window cooling has to be confirmed in the future study. 
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Chapter 6 

High Energy Electrons in a Magnetized 

Sheet Plasma 

A plasma cathode excited a millimeters thick sheet plasma throughout a 92 cm long 

chamber in a 270 G linear static magnetic field.  Electron energy probability functions 

measured for Ar plasmas by an electrostatic probe indicated the presence of high energy 

electrons in the produced plasma.  The high energy electron component occupied the 

substantial part of the electron energy distribution function at lower plasma operating 

pressure.  Electrical bias voltage applied to the electrode terminating the plasma flow 

determined the plasma space potential. 

 

6.1 Introduction 

In the present design of the microwave sheet plasma, we found that the present 

configuration does not promote the acceleration of higher energy electrons and the design 

does has no provision for this mechanism. Uramoto [1] suggested the presence of high 

energy electrons in his sheet plasma configuration, and presence of the high energy 

electrons in a plasma is often desirable for some applications of plasma processes. Any 
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modification in the present design may be done based upon the study derived from this 

chapter.  

Proper magnetic field structure realizes good plasma confinement as well as flux 

distribution of desired species for processing applications. Uramoto demonstrated that 

negative hydrogen (H-) ions can be produced efficiently by shaping a plasma to a thin sheet 

by coupling a pair of permanent magnets and a linear magnetic field[1]. This magnetic field 

configuration concentrates high energy electrons in the plasma sheet, while a low electron 

temperature plasma surrounds the sheet. The negative hydrogen ions were supposed 

formed by dissociative electron attachment to vibrationally excited molecules produced in 

high energy electron region. Namely, high energy electrons, ef, excite hydrogen molecules 

to high rotationally and vibrationally excited states, H2v
*, by collisions in the thin layer of 

electron flowing channel.

 

H2 + ef  ->  H2v* + ef’                                                                                    (6.1) 

 

More than 12 eV electron energy makes the cross sections for the above reaction 

substantial. Neutral excited molecules H2v* leave high energy electron channel to be H- 

through collisions with low energy electrons, es. 

 

                                                  H2v* + es  ->  H + H-                                                                                     (6.2) 

 

The produced H- are easily destroyed by high energy electrons, and thus, the sheet 

plasma configuration localizing the high energy electron channel is ideal to make a H- ion 

source. 

The original configuration employed a plasma cathode that made the stable 
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excitation of reactive plasmas possible[3]. It is highly probable that a double layer exists 

between inside and outside of the hollow cathode contained in the plasma cathode.  While 

another double layer may bridge the plasma cathode compartment and the downstream 

plasma, accelerating electrons from the plasma cathode. Uramoto suggested the presence 

of high energy electrons in his sheet plasma configuration[4], and presence of the high 

energy electrons in a plasma is often desirable for some applications of plasma processes.  

In this paper, the electron energy probability function (EEPF) was measured to see the 

existence of high energy electrons in a downstream plasma by inserting a small Langmuir 

probe into a low power density sheet plasma. 

 

6.2 Experimental methods 

6.2.1 Plasma cathode 

 

Figure 6.1 shows the experimental arrangement. A 21 cm diameter 92 cm long 

stainless steel chamber served as a container for a sheet plasma.  Seven coils form a linear 

Figure 6.1: Schematic diagram of the experimental apparatus. 
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magnetic field along the axis over 90 cm length. A plasma generated from the plasma 

cathode flows in the chamber, and terminated by the end plate.  The end plate contains a 

permanent magnet, and can be biased at any voltage with respect to the chamber wall. A 

1,500 l/s turbo-molecular pump evacuates the system down to a pressure less than 

6X10- 5 Pa. 

The details of the plasma cathode structure are given in Fig. 6.2. A 7 cm long 0.4 mm 

diameter tungsten filament creates discharge current by the thermionic electron emission.  

The shape of the conical intermediate electrode compresses plasma produced by the hot 

filament cathode, while the concentrated magnetic field at the muzzle of the iron 

intermediate electrode magnetically constricts the plasma flow to enhance ionization.  

Electrons are extracted from the plasma maintained by the primary discharge voltage, VD1, 

between the anode and the filament cathode.  The plasma is further extracted by the 

secondary discharge voltage, VD2, applied between the anode and the grounded 

Figure 6.2: Arrangement of the plasma cathode.  In the figure, V
D1

 and V
D2

 

indicate primary discharge supply and the secondary discharge power supply, 

respectively. 
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downstream chamber. After passing through the chamber in the linear magnetic field, the 

plasma touches down to the end plate. 

There is the plasma expansion chamber between the anode of the primary 

discharge and the downstream chamber.  This chamber is electrically isolated from the 

other parts of the discharge circuit and is left floated during plasma operation.  The plasma 

ignition switch indicated in Fig. 6.2 is closed to commence a discharge, but is opened when 

a stable primary discharge is established through controlling the filament heating current.  

Once the stable plasma is established in the primary discharge circuit, secondary discharge 

automatically starts with the secondary discharge voltage. 

 

6.2.2 Probe diagnostics 

A 2 mm end part of a 0.6 mm diameter tungsten wire is used as an electrostatic 

probe tip.  An alumina tube covers the unexposed part of the tungsten wire, while a 

grounded copper tube outside of the alumina tube electrostatically shields the probe signal 

line from surrounding noise.  Another larger diameter alumina tube contains the copper 

tube to protect the probe from plasma radiation.  A source measure unit, Yokogawa model 

GS610, records the probe I-V characteristics as digital data.  The second derivative of the 

measured probe current, Ip, with respect to the probe voltage, Vp, yields the electron energy 

distribution function, F(𝛆 ), for energy 𝛆 =eVp through the equation 

2

2

4
( )

2

p p

p p

mV d I
F

eS e dV
                                                                             (6.3) 

with e, Sp, and m being electronic charge, probe surface area and electron mass, 

respectively [5].  The second derivative is proportional to electron energy probability 

function (EEPF), which should show a straight line for Maxwell distribution with the slope 
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corresponding to electron temperature[6].  Therefore, the high energy electron 

components in a sheet plasma is discussed in terms of normalized EEPF.  

6.2.3 Experimental procedure 

The magnetic field intensity was adjusted to 270 G, because the intensity realized 

the minimum plasma sheet thickness as thin as 3 mm confirmed with hydrogen gas 

operation.  The corresponding sheet plasma width was confirmed wider than 16 cm. The 

power supply regulated the primary discharge voltage to be 40 V by a feedback control for 

the hot cathode. The secondary discharge power supply fixed the secondary discharge 

voltage to 60 V throughout the experiment. The end plate was biased from 0 to 80 V, while 

Ar pressure was adjusted from 3 mPa to 25 mPa.  The sweep of the probe bias voltage 

started from 25 V to reach -75 V. 

 

6.3 Results and discussion 

6.3.1 Plasma cathode performance for Ar 

The plasma cathode should establish enough density to cause secondary discharge.  

The secondary discharge transports enough particle flux toward the downstream chamber, 

which should appear in the current flowing through the end plate electrode.  When the 

pressure in the small intermediate electrode is not enough, the electron current from the 

hot filament directly hits the electrode without ionizing collision, and the secondary 

discharge current does not become larger than the primary discharge current.  To see the 

minimum pressure for the proper operation of the plasma cathode with Ar, the ratio of the 

secondary discharge current to the primary discharge current, ID2/ID1, the ratio of the end 

plate current to the primary discharge current, Iplate/ID1, and the floating potential of the 
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chamber inserted in between the intermediate electrode and the downstream chamber, VF, 

were measure as functions of Ar pressure.  The results are shown in Fig. 6.3.  As shown in 

the figure, the discharge current ratio saturated around 4 mPa downstream chamber 

pressure. In accordance with the saturation of the discharge current ratio, the discharge 

current reaching the end plate also saturated around 4 mPa. The ratio of end plate current 

to the primary discharge current was almost 100% at 4 mPa, but slightly decreased down 

to 90% as it reached 10 mPa Ar pressure. 

The floating potential, VF plotted together with the discharge current ratios in 

Fig. 6.3 gives the hint how the primary electrons from the hot W cathode are thermalized.  

In the chamber connecting the primary discharge anode and the downstream chamber, 

there exists the electrons directly coming from the primary discharge cathode, or the W 

filament.  The filament was biased at -100 V with respect to the electrically grounded 

downstream chamber, and the floating potential can be as high as this value.  The floating 

Figure 6.3: Discharge current ratio I
D2

/I
D1

, the ratio of the end plate current to the 

primary discharge current, I
plate

/I
D1

, and the floating potential of the chamber 

inserted in between the intermediate electrode and the downstream chamber, V
F
, 

plotted as functions of Ar pressure. 
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potential approached close to the ground potential, as the pressure was raised to increase 

the frequency of the ionization event.  The measured VF dependence upon pressure showed 

a transition around 7 mPa as shown in Fig. 6.3, with saturating trend at higher pressure. 

Within the pressure range where stable plasma operation is achieved, the plate 

current equivalent to the discharge current running through the downstream chamber 

took the maximum at around 30 mPa and minimally decreased with the increasing 

pressure as shown in Fig. 6.4. The ratio of the plate current to the ion saturation gradually 

decreased above 4 mPa, while the measured ion saturation current by the probe biased at 

-75 V constantly increased with increased Ar pressure. The efficiency of the plasma cathode 

to produce sheet plasma improves due to increased ionization events at relatively higher 

pressure.

 

6.3.2 EEPF dependence upon Ar pressure 

Typical EEPFs obtained from probe I-V characteristics for corresponding pressure 

Figure 6.4: Dependence of end plate current, I
plate

 and that of ion saturation current 

I
sati

 upon Ar pressure in the downstream chamber. 
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are shown in Fig. 6.5.  Plots show linear parts in the low electron energy region, indicating 

the electron energy distributions fit well to Maxwell distribution functions. From the low 

electron temperature component of 2.7 eV at 50 mPa the temperature is increased to 

2.92 eV, 3.34 eV and 3.6 eV as the Argon pressure was reduced to 30 mPa, 10 mPa and 5 

mPa, respectively. As pressure is increased, more and more energy is transferred from 

electron to plasma species during inelastic collision. The substantial part of electrons 

belonged to Maxwellian part of the distribution function, and the non-Maxwellian part did 

not exceed more than several percent of the entire population. A “bump on tail” type 

distribution function appeared at lower pressures. Similarly, the high energy tail depletes 

to lower energies at higher pressures due to inelastic collisions. 

 

Figure 6.5: Electron energy probability function for different Ar pressure. 
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6.3.3 EEPF dependence upon end plate voltage 

The plasma space potential of the plasma sheet can be controlled by tuning the 

voltage applied to the end plate. In Figure 6.6, a typical I-V trace obtained with a Langmuir 

probe shows the translation of trace toward the positive horizontal axis at the same 

magnitude as the applied bias from 0 V. Figure 6.7 shows the dependence of plasma 

potential measured by the probe upon the end plate voltage.  A straight line in Fig. 6.7 

represents the condition that the end plate voltage is equal to the plasma space potential.  

The measured plasma space potential is almost the same as the end plate voltage, except 

the case that the end plate was biased at the ground potential and at 80 V. For these 

exceptions, the plasma space potential is greater than 1.7 V and less than 1.4 V at 0 V and 

80 V, respectively. 

Starting at ground potential, induction of positive potential to the end plate up to 

80 V enhanced the higher energy electron components of the plasma. Positive bias to the 

end plate made the electron temperature higher to 4.09 eV at 40 V and 4.98 eV at 80 V from 

Figure 6.6: I-V trace at varying applied end-plate 

voltage. 
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3.36 eV at ground potential. EEPF of corresponding end plate voltage is shown in Figure 6.8. 

Figure 6.8: Plot of d
2
I/dV

2
 at varying end plate bias. 

Figure 6.7: Dependence of plasma space potential, Vspace, and that of end plate current, 

Iplate, upon bias voltage applied to the end plate.  A solid line is drawn to guide readers’ 

eyes for showing the condition of Vspace = plate voltage. 
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6.4 Conclusion 

A sheet plasma excited by a plasma cathode contains high energy electrons as 

predicted by Uramoto.  The relative density of the high energy electrons increased with the 

decrease of the plasma operation pressure.  The plasma space potential of the sheet plasma 

can be easily changed by controlling the electrical potential of the electrode that terminates 

the plasma flow along the linear magnetic field at the side confronting to the plasma 

cathode.  The lowest pressure that supported the adequate ionization of the cathode 

plasma enabled a stable operation of the sheet plasma with a high energy electron 

component.
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Chapter 7 

Conclusions 

A 2.45 GHz sheet plasma device was developed for possible industrial application in 

surface technology. It features several novel parts including a tapered waveguide, a set of 

permanent magnets and field coils to generate a local ECR region as well as contain the 

plasma into a sheet plasm configuration, a local gas injection in the cathode region which 

enables high power operation. Overall, the design achieved several advantages: 

7.1 Achievements 

1. A stable discharge is attained using a cathodeless system. 

2. The device can be operated at high microwave input power for a couple of hours 

without observing any excessive heating. Stable plasma is even achieved up 3 kW for 

several minutes.  

3. The local ECR condition from the combined field coils and permanent magnets 

contributes to enhance plasma excitation efficiency. 

4. The production of high density gradient plasma can be optimized by the magnetic field 

coils and input power. 

5. High energy electrons can be attained by addition of end-plate bias.
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7.2 Future device improvement 

1. Plasma instabilities were observed and further study must be performed to improve 

the discharge. 

2. The design of the magnetic field coils needs further improvement to enable higher field. 

3. Minimal distortion of the copper waveguide was observed. The design may be 

improved to incorporate a more rigid material. 


