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“The scientist is not a person who gives the right answers; he’s one who asks the right 
questions.”  

- Claude Lévi-Strauss  

 

“Back off, man. I am a scientist.” 

- Peter Venkman 

 

“Don’t worry about people stealing your ideas. If your ideas are any good, you’ll have to ram 
them down people’s throats.” 

- Howard Aiken 

 

“There are sadistic scientists who hurry to hunt down errors instead of establishing the truth.” 

- Marie Curie 

 

“I am acutely aware of the fact that the marriage between mathematics and physics, which 
was so enormously fruitful in past centuries, has recently ended in divorce.” 

- Freeman John Dyson 
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Detailed Report 
 

 
The thesis is well organized and well written except a few minor grammatical 

mistakes. It contains some very novel results on ion acoustic waves. The findings of the 

investigations will help in the understanding of the physics of surface modifications using 

plasma baed ion implantation. To put it  succinctly  the  thesis  reports on  experimental  

investigation  of  plasma  response  to  transient  high negative and positi ve voltage pulses 

in a low pressure unmagnetized argon plasma. Its aim was to study the excitation and 

propagation characteristics of electrostatic waves, particle balance in plasmas during 

pulse biasing, wave excitation after pulse withdrawal, and wave excitation using 

capacitive coupling.  The contents may be summarized as below. 

The first chapter provides an  introduction to a br ief  genesis  of  p lasma 

phys ics,  plasma sheath and plasma waves.  

 
The second chapter describes the   experimental   setup,   instrumentation,   different 

diagnostics, plasma production and plasma characterization. The    diagnostic tools  like 

Langmuir  probe,  emissive  probe  and  their  circuitry  for  biasing has also been   explained.  

The plasma production from thoriated tungsten filaments and the determination of   the plasma 

parameters like electron temperature, plasma density, etc. using a disc Langmuir probe has 

been derailed. Also the pulse forming circuit has been explained. 

 
Chapter   three contains the experimental investigation to estimate the number of 

electrons lost to the walls and the origin of these electrons during the bias period (for τi  > 

τp  > τe) for different applied voltages, densities  and  pulse  durations  in  colli sionless  

plasma. The experimental results have been shown to   closely agree with PDP1 simulation results. 

 
Chapter  four   contains study of the excitation of ion rarefaction waves even when 

the applied  pulse  duration  is  kept  intermediate  of  electron  and  ion  plasma  response  

times. It has been shown that  the excitation of a wave may also depend on  the  pulse  

width  as  well  as  the  pulse  magnitude.  The mechanism of the excitation of ion 



 

 

rarefaction waves has been correlated with nonambipolar diffusion. 

 
Chapter  five describes the excitation of solitary electron holes using a metal disc 

electrode in homogeneous electron-ion plasma. The speed of the EHs has been shown to 

increase with increase in plasma density and to be independent of the applied pulse magnitude. 

The existence and identification of solitary electron holes are also explained. 

 
Chapter  six is devoted to the study of plasma response during both high positi ve 

and negative pulse bias to a metallic electrode covered by a dielectric film. Experiments 

have been carried out with different plasma parameters. The  excitation  of  electrostatic 

waves  has been found to depend  on  the  dielectric  thickness  and  polarity  of  the  applied  

pulse.  It has been observed  that when  the electrode of dielectric thickness 0.1-0.5 mm is 

biased pulsed positive, solitary electron holes are  excited  and  up  to  this  dielectric  

thickness,  the  electrode  covered  by  the  dielectric  film has been found to  behave  as  a  

conducting  electrode.   

Chapter seven summarizes the results of all the four sets of experiments. It also 

discusses the future scope of the work embodied in this thesis. 

The thesis fulfils all the requirements for award of the Ph.D. degree and I recommend 

that the candidate be awarded the Ph.D. degree. 
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Synopsis 

 

The present thesis reports on experimental investigation of plasma response to 

transient high negative and positive voltage pulses in a low pressure unmagnetized argon 

plasma. The main aim is to study the excitation and propagation characteristics of 

electrostatic waves, particle balance in plasmas during pulse biasing, wave excitation after 

pulse withdrawal, and wave excitation using capacitive coupling. The experiments are 

performed using single pulse excitation. 

When a metallic electrode is immersed in a low pressure plasma and biased pulsed 

negative, with very fast rising high negative pulse; in the time scale of the inverse electron 

plasma frequency (or electron plasma period) electros are repelled from the vicinity of the 

electrode, leaving behind a uniform density ion matrix sheath or transient sheath. 

Subsequently, on the time scale of inverse ion plasma frequency (or ion plasma period) ions 

within the sheath are accelerated towards the electrode and impinge into the electrode and 

surface modification occurs. Normally, the applied pulse magnitude is much greater than the 

electron temperature. So pulsed ion sheath plays a very important role in material surface 

modification. One of the major applications that have been developed using pulsed bias on 

the electrode is plasma immersion ion implantation [1-15]. Switching on a high negative 

voltage pulse, three phases on different time scales may be distinguished: the matrix 

extraction phase, the sheath expansion phase and the pre-sheath relaxation initiated by a 

rarefaction wave. Correspondingly, switching off a high negative voltage pulse results in a 

fill-up process followed by a sheath constriction and by a compression wave rearranging the 

pre-sheath. All these phenomena are mixed if voltage pulses of finite duration are applied 

[16]. In all the theoretical models and the experiments for surface modification and sheath 

dynamics [16-22], the applied pulse width to the electrode is much greater than the ion 

plasma period.  

In the first part of the thesis, similar experiments (plasma response to negative voltage 

pulse) have studied for the applied pulse width less than the ion plasma period. The used 

electrode was a metallic stainless steel (SS) disc, which was immersed in a low pressure 

argon plasma. Plasma was generated by impact ionization of argon gas neutrals by primary 

electrons coming out from dc biased hot thoriated tungsten filaments of diameter 0.25 mm. It 
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is presumed that electrons will be repelled; but are the electrons near the vicinity of the 

electrode only repelled leaving electrons in the bulk plasma unaffected or both are affected. 

The experiments have done for to estimate the number of electrons leaving the system and to 

trace the origin of these repelled electrons (near the electrode or bulk plasma). The applied 

pulse duration was varied in between electron and ion plasma periods, assuming ions are 

stationary. The experiments were performed in a grounded cylindrical chamber of SS 304 

with an inner diameter of 29 cm and a length of 50 cm. To estimate the number of electrons 

lost to the chamber wall during the negative pulse bias, another grounded extended chamber 

(inner diameter 14 cm and length 30 cm) was attached to the main chamber, which was 

isolated from the main chamber by a metallic mesh whose grid size was less than Debye 

length. In the extended chamber, an axially movable disc probe (collector) was kept, which 

was grounded. The collector was for the collection of the energetic displaced electrons (in 

terms of current, measured by a current transformer) from the main chamber through the 

metallic mesh during the application of pulse and was placed at 0.5 cm behind the mesh for 

the optimal signal. The integral of the collector current signal gives the total area under the 

curve. This area under the curve is a measure of the total number of electrons ejected from 

the main chamber and the number of electrons lost the chamber wall during the bias. The 

results indicate that the electrons that are lost to the chamber wall come from the ion matrix 

sheath and bulk plasma as well. For higher plasma density and applied pulse magnitude, the 

number of electrons lost to the wall increases. Another thing is, the energetic electrons (high 

speed) repelled from the vicinity of the electrode during the negative pulse bias, can be a 

cause of extra ionization due to occurrence of ordinary collision ionization between these 

energetic electrons and gas neutrals. In our experiments, the extra ionization can be 

neglected, because the mean free path of the energetic electrons is much larger than the mean 

free path of unperturbed background electrons. So few such ionizing interactions occur, and 

the energetic electrons leave the main chamber with almost the same (initial) energy and with 

no significant additional ionization. This part is published in 

S. Kar and S. Mukherjee, “Study of electron behavior in a pulsed ion sheath”, Phys. Plasmas 

15, 063504 (2008). 

In the last part, we measured the properties of the repelled electrons to the chamber 

walls, when a metal electrode was negatively pulsed biased for pulse duration in between the 

ion and electron plasma periods. In that case no attention was given to the wave propagation 

in plasma. In this work, the propagation of ion rarefaction waves is observed experimentally 
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though the applied pulse width is less than the ion plasma period. According to general 

understanding, for the applied pulse width less than the ion plasma period, ions are 

collectively undisturbed and no energy is given. Hence no ion rarefaction waves should be 

excited. But contrary, excitation of rarefaction wave is observed. In our experiments, the 

rarefaction waves are excited by applying a negative high voltage pulse to a metallic 

electrode. Three types of measurements have done to detect the ion rarefaction waves: 

floating potential measurements, ion saturation current and electron saturation current 

measurements. The rarefaction waves are excited after the pulse goes off. These rarefaction 

waves are accompanied by a non-propagating electrostatic coupling signal. For all three types 

of measurements, i.e., floating potential measurement, ion and electron saturation current 

measurements, the ion rarefaction waves propagate with comparable to sonic speed. When 

the applied pulse magnitude is much greater than (100-1500 times) the electron temperature, 

the shielding effect is not perfect and some negative potential penetrates into the quasi-

neutral plasma region (pre-sheath) where the ions are accelerated. After the pulse goes to 

zero, ion rarefaction waves are excited in the pre-sheath region, though the applied pulse 

width is less than the ion plasma period. This rarefaction can also be because of ballistic 

response of the ions which are in the vicinity of the biased electrode. After the pulse goes off, 

plasma relaxes to its quasi-neutrality after some time, which is close to rarefaction wave 

sustaining time. Another observation is, after a distance of ¾ th of exciter diameter from the 

exciter, the rarefaction waves turned to ion acoustic waves due to the ion-neutral collision 

effects. Both the above experiments are matched with PDP1 simulation to identify trends 

with respect incidences happening in the initial phases of application of pulse. In the first set 

of experiments, we saw that there is no significant additional ionization during the negative 

pulse bias to the electrode. So we can’t say these ion waves are ionization wave, because the 

ionization wave propagates by changing of ionization rate in the plasma, causing the 

stratification. In addition, ionization waves differ from all other types of waves primarily in 

the abundance of dispersion relation. This part is published in  

S. Kar, S. Mukherjee and Y. C. Saxena, “Excitation of ion rarefaction waves in a low 

pressure plasma by applying a short high negative voltage pulse”, Phys. Plasmas 18, 053506 

(2011).  

Many experiments have been done for the excitation of electrostatic waves, such that 

ion acoustic waves or solitons [16-34] or electron acoustic waves or solitons [35-52]. Mainly 

all these waves are excited using mesh grids mostly. The obtained results are same for both 
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negative and positive bias to the grid or the exciter [53-54]. In our experiment we observed 

ion rarefaction waves for the negative bias to a metallic disc electrode. When the disc 

electrode is positive biased, totally different results are obtained, i.e., solitary electron holes 

(SEHs) [55-63]. The electron holes are the positive potential structures and propagate with 

comparable to electron thermal speed. The experiments were performed in a cylindrical 

chamber and a positive high voltage pulse was applied to a metallic disc electrode. To detect 

the SEHs, one axially movable disc probe was kept floating to measure the floating potential. 

Here the applied pulse width was varied from less than to greater than ion plasma period. For 

the applied pulse width less than the thrice of ion plasma period, the SEHs propagate in two 

opposite directions from a location from the exciter, indicating the presence of a virtual 

source, which is first time observed in our experiment in the field of solitary electron hole. 

For the applied pulse width equal or greater than the thrice of ion plasma period, the SEHs 

propagate away from the exciter in one direction only. These SEHs propagates with 1.36 

times of electron thermal speed. When these SEHs interact with an ion rich region, then a 

sudden slow down of speed occurs, i.e., 0.4 times of electron thermal speed. This part is 

published in 

S. Kar, S. Mukherjee, G. Ravi and Y. C. Saxena, “Possible excitation of solitary electron 

holes in a laboratory plasma”, Phys. Plasmas 17, 102113 (2010).  

A less number of experiments and theoretical models have been done for surface 

modification of dielectric materials [64-69]. Only dielectric charging effect and surface 

modification is described in all the models and experiments. There is no study on excitation 

of some kind of plasma waves from the dielectric material. In our experiment we have used 

Kapton as the dielectric material and some electrostatic waves are excited in a capacitive 

process. The experiments were performed in a cylindrical chamber and positive and negative 

high voltage pulses were applied to a metallic electrode covered by a dielectric film. The 

applied full potential to the metallic electrode will not appear same on the dielectric surface. 

The calculations have done for the reduced dielectric surface potential for both positive and 

negative pulse bias. To detect the plasma waves, one axially movable disc probe was kept 

floating to measure the floating potential. Here the applied pulse widths were varied from less 

than to greater than ion plasma period. First the experiments were done for positive pulse bias 

to the metallic electrode covered by the dielectric. From the dielectric thickness of 0.1-0.5 

mm, solitary electron holes and from 0.6-0.9 mm thickness, solitary ion holes [59-61, 70-72] 

are excited. Solitary ion holes are the negative potential structures, propagate with less than 
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or comparable to ion thermal speed. For the dielectric thickness 0.1-0.5 mm, charging effect 

is less and behaves as a metal exciter as discussed in the last set of experiments. On 

increasing dielectric thickness (0.6 – 0.9 mm), the dielectric surface potential will drop more 

and solitary ion holes are observed in this case. Initially ion holes are propagated towards the 

electrode covered by the dielectric with the speed of comparable to ion thermal speed and 

after some distance there is a sudden transition to ion acoustic speed. These waves are 

dependent on the combined effect of applied pulse magnitude, pulse duration and dielectric 

film characteristics (thickness and dielectric constant) for positive bias. First time we 

observed the excitation of solitary electron and ion holes using a pulsed capacitive process. 

For the negative bias to the dielectric exciter, ion rarefaction waves are excited for the 

dielectric thickness of 0.1-0.9 mm. After 0.9 mm dielectric (Kapton) thickness no structures 

are excited for both positive and negative bias. This part is published in 

S. Kar and S. Mukherjee, “Excitation of electrostatic plasma waves using a dielectric covered 

metallic electrode”, Physics of Plasmas 18, 112303 (2011). 

Possible extension of this work can be in the areas of fundamental studies. All the 

experiments described above are for the un-magnetized plasma. These experiments can be 

repeated for the magnetized plasma to show the magnetic field effects on the un-magnetized 

results, like for positive plate bias electron or ion acoustic shocks may be excited instead of 

solitary electron holes. To understand more the solitary electron and ion holes in laboratory 

and space plasma, computer simulations of Chapters 5 and 6 can be done. Another 

experiment can be done that is; scattered dust charging with positive biased plate. 

In summary, we have carried out experimental investigations of excitation and 

propagation characteristics of electrostatic plasma waves. The thesis is organized as follows. 

In the first chapter, we provide an introduction to plasma sheath and plasma waves. In the 

second chapter, the experimental set-up, the vacuum system, plasma production, diagnostics, 

plasma characterization (density, temperature etc.), pulse forming circuit are given. Chapter 3 

describes the electron behavior in a pulsed ion sheath. In this chapter we have estimated the 

number of electrons lost to the chamber wall during the pulse bias, where the pulse width is 

less than the ion plasma period. In Chapter 4, excitation and propagation of ion rarefaction 

waves are described, though the applied pulse width is less than the ion plasma period. 

Chapter 5 is devoted for the excitation and propagation of solitary electron holes, when the 

exciter is positively biased. In Chapter 6, excitation of electrostatic plasma waves using 
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pulsed capacitive process is described. The final Chapter, Chapter 7, provides some 

concluding remarks and a discussion about possible future extensions of the work is reported 

in this thesis.  
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CHAPTER 1 

 

1  Introduction 
 

1.1  Introduction and Motivation 

In the late 1920s, Irving Langmuir was studying the un-usual magnetic and electric 

characteristics of super-heated gases [1]. He coined the term ‘Plasma’ to describe the ionized 

particles. A plasma is a collection of free charged particles (and neutral particles) moving in 

random directions that is, on the average, electrically neutral. Much of the matter in the 

universe (99%) is in the plasma state [2]. This is true because stars, as well as most 

interstellar matter, are plasmas. Although stars are plasmas in thermal equilibrium and fully 

ionized, this is different from laboratory plasmas (non-thermal and fractionally ionized). 

Plasma is more complex than we think, which can be expressed temporally as well as 

spatially. It is predominantly characterized by the excitation of an enormous variety of 

collective dynamical modes. 

Langmuir, along with his colleague Lewi Tonks [3] was investing the physics and 

chemistry of tungsten-filament light-bulbs, with a view to finding a way to greatly extend the 

lifetime of the filament (a goal which he eventually achieved). In the process, he developed 

the theory of plasma sheaths – the boundary layers which form between ionized plasmas and 

solid surfaces. He also discovered that certain regions of a plasma discharge tube exhibit 

periodic variation of the electron density, which is known as Langmuir waves. This was the 

genesis of plasma physics. Interestingly enough, Langmuir’s research now-a-days forms the 

basis of most plasma processing techniques for fabricating integrated circuits. After 

Langmuir, plasma research gradually spread in other directions, of which six are particularly 

significant.



Chapter 1: Introduction 
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(a) Firstly, the development of radio broadcasting led to the discovery of the Earth’s 

ionosphere, a layer of partially ionized gas in the upper atmosphere which reflects 

radio waves, and is responsible for the fact that radio signals can be received when the 

transmitter is over the horizon. Unfortunately, the ionosphere also occasionally 

absorbs and distorts radio waves. For instance, the Earth’s magnetic field causes 

waves with different polarizations (relative to the orientation of the magnetic field) to 

propagate at different velocities, an effect which can give rise to “ghost signals” (i.e., 

signals which arrive a little before, or a little after, the main signal). In order to 

understand, some of the deficiencies in radio communication, various scientists, such 

as, K. G. Budden [4], systematically developed the theory of electromagnetic wave 

propagation through non-uniform magnetized plasmas. 

(b) Secondly, astrophysicists quickly recognized that much of the universe consists of 

plasma. The pioneer in this field was H. Alfvén, who around 1940 developed the 

theory of magnetohydrodynamics or MHD, in which plasma is treated essentially as a 

conducting fluid. This theory has been both widely and successfully employed to 

investigate sunspots, solar flares, the solar wind, star formation, etc. Two topics of 

particular interest in MHD theory are magnetic reconnection and dynamo theory. 

Magnetic reconnection is a process by which magnetic field lines suddenly change 

their topology: it can give rise to the sudden conversion of a great deal of magnetic 

energy into thermal energy, as well as the acceleration of some charged particles to 

extremely high energies, and is generally thought to be the basic mechanism behind 

solar flares. Dynamo theory studies how the motion of an MHD fluid can give rise to 

the generation of a macroscopic magnetic field. 

(c) Thirdly, the creation of the hydrogen bomb in 1952 generated a great deal of interest 

in controlled thermonuclear fusion as a possible power source for the future. Not 

surprisingly, fusion physicists are mostly concerned with understanding how a 

thermonuclear plasma can be trapped – in most cases by a magnetic field – and 

investigating the many plasma instabilities which may allow it to escape. 

(d) Fourthly, James A. Van Allen’s discovery in 1958 of the Van Allen radiation belts 

surrounding the Earth, opened up the field of space plasma physics. Space scientists 

borrowed the theory of plasma trapping by a magnetic field from fusion research and 

the theory of plasma waves from ionospheric physics. 

(e) Fifthly, the development of high powered lasers in the 1960’s opened up the field of 

laser plasma physics. When a high powered laser beam strikes a solid target, material 
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is immediately ablated and a plasma forms at the boundary between the beam and the 

target. One interesting application of the laser plasma physics is the use of the 

extremely strong electric fields generated when a high intensity laser pulse passes 

through a plasma to accelerate particles. High energy physicists hope to use plasma 

acceleration techniques to dramatically reduce the size and cost of particle 

accelerators. 

(f) Finally, the use of plasma processing technology to modify the surface properties of 

materials. Plasma-based surface processes are critical for manufacturing the very 

large scale integrated circuits, aerospace, steel, biomedical and toxic waste 

management industries.  

Similar like laser plasma interaction, researches are carried out for the interaction of 

electron beam, ion beam and transient pulses with plasmas in the field of plasma waves. The 

present thesis reports on experimental investigation of plasma response to transient high 

negative and positive voltage pulses in a low pressure unmagnetized argon plasma. The main 

aim is to study the excitation and propagation characteristics of electrostatic waves, particle 

balance in plasmas during pulse biasing, wave excitation after pulse withdrawal, and wave 

excitation using capacitive coupling. The experiments are performed using single pulse 

excitation.  

When a metallic electrode is immersed in a low pressure plasma and biased by a high 

negative voltage pulse, in the time scale of electron plasma period, the electrons are repelled 

from the vicinity of the electrode, leaving behind a uniform ion-matrix or transient sheath. 

Subsequently in the time scale of ion plasma period, the ions start accelerating towards the 

negative biased electrode and impinge into the electrode. Now the sheath expands due to the 

uncovered ions from the bulk plasma. For a negative biased electrode, the basic fundamentals 

as well as application wise studies have been carried out. The fundamental studies are like 

excitation and propagation of ion and electron waves, while the applications are the surface 

modification of materials. Plasma immersion ion implantation [5] is a novel technique for the 

surface medication in processing plasmas. For both fundamentals and applications, the 

applied pulse width to the electrode is much greater than the ion plasma period. We want to 

do such type of basic experiments, but for the applied pulse width is less than the ion plasma 

period. For this case: 
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(a) What happens to electrons during the negative pulse bias? (It is presumed that 

electrons would be repelled; but are the electrons near the vicinity of the electrode 

only repelled leaving electrons in the bulk plasma unaffected or both are affected.) 

(b) Is there any excitation of electrostatic waves? (Though the applied pulse width is 

less than the ion plasma period, the propagation of ion rarefaction waves is 

observed.) 

Many experiments have been done for the excitation of electrostatic waves, such that 

ion acoustic waves (solitons) or electron acoustic waves (solitons). Mainly all these waves are 

excited using mesh grids and in double plasma (DP) devices. We have observed ion 

rarefaction waves for the negative bias to a metallic disc electrode. When the disc electrode is 

positive biased, totally different results are obtained, i.e., solitary electron holes. Here the 

applied pulse width is varied from less than to greater than ion plasma period. For the applied 

pulse width less than the thrice of ion plasma period, we observed the presence of a virtual 

source, which is first time observed in our experiment. 

A very few experiments and theoretical models have been reported for when a 

dielectric material is immersed in a plasma and biased pulsed negative. Only dielectric 

charging effect and surface modification are described in the models and experiments. There 

is no study on excitation of some kind of plasma waves from the dielectric material. In our 

experiments we have used Kapton as dielectric material and some electrostatic waves are 

excited. These waves are dependent on dielectric thickness and applied pulse polarity. From 

the dielectric thickness of 0.1-0.5 mm, solitary electron holes are excited and from 0.6-09 mm 

thickness, solitary ion holes are excited for the positive pulse bias. For negative pulse bias, 

ion rarefaction waves are excited from 0.1-0.9 mm dielectric thickness. First time we 

observed such type of electrostatic waves from a dielectric material. Above 0.9 mm dielectric 

thickness no signals are excited for both positive and negative pulse bias. 

 

1.2  Basics of Plasma Sheath 

1.2.1  Sheath 

Plasma consists of equal numbers of positive ions and electrons and the electrons are 

far more mobile than the ions. The plasma will therefore charge positively with respect to a 
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grounded wall. The non-neutral potential region between the plasma and the wall is called a 

sheath, which is shown in Fig. 1.1. 

 In a weakly ionized plasma the energy to sustain plasma is generally heating of 

electrons by the source, while the ions are at equilibrium with the background gas. The 

electron temperature is typically of few eV. The ions are accelerated through the sheath 

potential, while the electron density decreases according to a Boltzmann factor [2]. The 

electron density would then decay on the order of a Debye length (λD) to shield the electrons 

from the wall. 

 

 

Figure 1.1 Formation of ion sheath. (a) initial ion and electron density and (b) densities, electric field 

and potential after the formation of sheath [6]. Here l is the plasma length, ne and ni are the electron 

and ion densities respectively, s is the sheath thickness, φ is the wall potential, Vp is the plasma 

potential and E is the electric field. 

 

1.2.2  Presheath 

A transition layer or presheath exists between the neutral plasma and the non-neutral 

sheath in order to maintain the continuity of ion flux, giving rise to an ion velocity at the 
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plasma-sheath edge known as the Bohm velocity. So, there must exist a finite electric field in 

this presheath region to give ions the directed velocity. Hence the presheath region is not 

strictly field free, although E is very small there. At the sheath-presheath interface there is a 

transition from subsonic to supersonic ion flow, where the condition of charge neutrality must 

break down. The schematic of the presheath is given in Fig. 1.2. 

 

 

Figure 1.2 Qualitative behavior of sheath and pre-sheath in contact with the wall [6]. 

 

1.2.3   High-Voltage Sheaths  

When a sudden negative voltage –U0 is applied to a metallic electrode, electrons near 

the surface are driven away on a time scale of order the inverse electron plasma frequency, 
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leaving the ions behind to form an ion matrix sheath or transient sheath, that is, an electron-

depleted sheath of not yet accelerated ions. Subsequently, on a time scale of order the inverse 

ion plasma frequencies, ions within the sheath are accelerated into the electrode. The 

consequent drop in ion density in the sheath drives the sheath-plasma edge further away, 

exposing new ions to the accelerating electric field of the sheath and causing these ions to be 

implanted. The time evolution of the transient sheath determines the implantation current and 

the energy distribution of implanted ions. On a longer time scale, the system evolves toward a 

steady-state Child law sheath, with the sheath thickness (s) given by 
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where M is the ion mass, e is the electron charge and ε0 is the permittivity of free space.  

 

 

Figure 1.3 Qualitative behavior of the transient sheath [6]. Here ωpe and ωpi are the electron and ion 

plasma frequency respectively. 
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The simplest high-voltage sheath, with a uniform ion density, is known as a matrix 

sheath. Letting ni = ns = const within the sheath of thickness 0s  and choosing x = 0 at the 

plasma-sheath edge ( )0=Φ , then from Poisson’s equation 

 
0ε
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dx

dE =  

which yields a linear variation of E with x: 
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Integrating dxd /Φ = - E, we obtain a parabolic profile 
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1.3  An Overview of Electrostatic Waves 

Unmagnetized plasmas are generally the first to be studied because they are isotropic, 

i.e. the properties are the same in all directions. Plasma can support a great variety of wave 

motion. Both high frequency and low frequency electromagnetic and electrostatic waves may 

propagate in plasma. Primarily, the thesis emphasizes on the study of electrostatic waves. 

Ion acoustic waves (IAWs) are low frequency pressure waves in plasmas. An IAW is 

like a sound wave in air. IAWs, unlike sound waves, have an oscillating electric field, which 

arises because of charge separation due to the different masses of ions and electrons. IAW is 

one of the most well studied electrostatic modes in plasmas experimentally and theoretically. 

It has been extensively studied in both linear and nonlinear regimes in different plasma 

environments [7-9]. The low frequency IAWs in unmagnetized plasmas are studied by 

considering the ions to be dynamic while electrons are Boltzmann distributed. The excitation 
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of the IAW in collisionless plasma was studied first in late 1970s and early 1980s, by using 

whistler waves [10-11] and Pottelette [12] also reported the excitation of the IAW by the 

slow ion beam. The experiments by Honzawa and Nagasawa [13] suggested that the fast ion 

beam can limit the amplitude of the ion acoustic solitons. It has shown that the ion beam 

plays an important role in the excitation of the linear as well as nonlinear IAWs [14]. Castro 

et al. [15] have reported a new technique for creating controlled density perturbations to 

excite IAWs in an ultra-cold neutral plasma and have measure their dispersion relation. 

The ion acoustic solitary wave is one of the fundamental nonlinear wave phenomena 

appearing in fluid dynamics [16] and plasma physics [17]. The evolution of small but finite 

amplitude solitary waves is studied by means of Korteweg-de Vries (KdV) equation. Wakil et 

al. [18] have studied the IAWs for a system of collisionless plasma using the time fractional 

KdV equation. The density compressions solitary structures are found to exist in the 

supersonic regime for nonlinear IAW in the usual electron-ion plasma case [17]. However, 

the density rarefactive ion acoustic solitary structures have been observed by S3-3 and Viking 

satellites along the auroral magnetic field [19]. Honzawa [20] has reported the excitation of 

solitary wave by applying a negative potential pulse in double plasma device. Honzawa [21] 

has also studied the interaction between two ion acoustic solitons using a technique of 

double-pulse excitation. Different theoretical models have been proposed to explain the 

formation of ion acoustic rarefactive solitary structures with two-electron population plasmas 

[22]. Bailung at al. [23] have studied the propagation characteristics of rarefactive solitons 

excited in a multi-component plasma with negative ions in the presence of a positive ion 

beam in a double plasma device. The propagation characteristics of rarefactive ion acoustic 

solitary waves in a dusty plasma containing negative ions has been observed experimentally 

by Adhikary et al. [24]. 

Moiseev and Sagdeev [25] have predicted that a laminar ion acoustic shock with an 

oscillatory structure could be formed in a collisionless plasma with hot electrons and cold 

ions and with a small dissipation. However, Montgomery and Joyce [26] have indicated 

theoretically that a laminar monotonic shock solution is possibly constructed in a collisionless 

plasma by the introduction of a population of trapped electrons, even if no dissipative effects 

are taken into account. Taylor et al. [27] have reported an observation of laminar ion acoustic 

shocks with trailing oscillations, which showed a possibility that electrons in such shocks can 

include the trapped component and hence become non-isothermal, in particular, at large 

amplitudes. Honzawa [28] has shown that a successful separation of trapped and un-trapped 
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electron distributions in ion acoustic shocks. The effect of the relativistic ponderomotive 

force and trapped particles in the presence of ponderomotive force on the rarefaction shock 

waves are studied by Niknam et al. [29]. Also a review on IAWs is given in chapter 4. 

Plasmas support a great variety of coherent nonlinear structures [30]. These include 

shocks, double layers, bare solitons (or solitary waves), envelop solitons, vortices etc. 

Coherent nonlinear structures in plasmas involve dispersion and nonlinearities together with 

collisionless and collisional dissipation. Fluid and kinetic models are frequently used to 

investigate the formation and dynamics of numerous nonlinear structures which are observed 

in both laboratory and space plasmas. While in a fluid treatment one considers macroscopic 

aspects, a kinetic treatment provides the possibility of microscopic plasma behavior including 

the wave-particle interactions. Coherent nonlinear structures involving the latter are referred 

to as Bernstein-Greene-Kruskal (BGK) modes [31], which appears in plasma with non-

isothermal distribution functions and finite amplitude electrostatic and electromagnetic 

fluctuations.  

The electron and ion holes are BGK modes in which a population of charged particles 

(electrons and ions) is trapped in a self-created electrostatic potential which is positive for the 

electron hole and negative for the ion hole. Associated with the electron hole there is a 

depletion of the electrons at the centre of the hole, while the ion hole is associated with a 

depletion of both the ion and electron number densities; the latter are due to the negative 

potential of the ion hole which repels the electrons locally. The existence of ion hole is 

possible only if the electron temperature is sufficiently large than the ion temperature, so that 

electrons can form a high pressure background, which doesn’t neutralize the ion density 

depletion of the ion hole. Generally speaking, the electron and ion holes are saturated states 

of two-stream unstable collisionless (or weakly collisional) plasma in which the fluctuation 

growth is halted by the particle trapping in the wave potential. The trapping of plasma 

particles implies that the electron and ion holes are not amenable to macroscopic descriptions 

like the magnetohydrodynamic or other fluid descriptions. The Vlasov/Boltzmann picture has 

to be adopted for studying BGK modes in plasma where the distribution functions of charge 

particles are non-Maxwellian. 

The pioneering work of Bernstein, Greene and Krushkal led Dory [32] and Roberts 

and Berk [33] to carry out computer simulations of the dynamics of linearly unstable electron 

modes in one-dimensional (1D) electron plasma with a fixed ion background. They followed 
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the motion of the phase space boundaries of an incompressible and constant-density phase 

space fluids, and observe the formation and condensation of electron holes, leading to long 

lived nonlinear structures composed of depleted electron densities and rotating vortices in 

phase space of trapped particles around the holes. Numerical and theoretical studies of the 

interaction between the electron and ion holes have been performed by several authors. 

Newman et al. [34] studied numerically the dynamics and instability of 2D phase-space 

tubes, whereas Daldorff et al. [35] investigated the formation and dynamics of ion holes in 

three dimensions. Krasovsky et al. [36] showed theoretically and by computer simulations 

that the electron holes perform inelastic collisions. Vetoulis and Oppenheim [37] studied the 

radiation generation due to bounce resonances in electron holes. Guio et al. [38-39] 

investigated numerically the dynamics of phase space vortices in a collisionless plasma, as 

well as the generation of phase space structures by an obstacle in a streaming plasma. Saeki 

and Genma [40] examined the disruption of electron holes in an electron-ion plasma. Dupree 

[41] found that the BGK mode is the most probable state for turbulent fluctuations which 

create self-trapping structures in a weakly turbulent plasma. It has also been pointed out that 

plasma waves can be undamped due to particle trapping effects in waves with arbitrarily 

small amplitudes [42-43]. Theoretical investigations of trapped particle effects in a 

magnetized plasma show that trapped ions influence strongly the electromagnetic ion-

cyclotron waves [44].  

About three decades ago, Schamel presented theories for electron and ion holes [45-

49]. The model used by Schamel has been used in theoretical investigations for establishing 

existence criteria [49], and for determining the stability of the electron and ion holes [43, 48, 

50]. Similar to the ion acoustic waves in an electron-ion plasma [51], a modified KdV 

equation [52-53] can be derived for the dynamics of the electron and ion holes in the small 

amplitude limit, but with a stronger nonlinearity due to the trapped particles [43]. 

The existence of electron and ion holes has been demonstrated in both laboratory 

experiments and by satellites in the Earth’s ionosphere and magnetosphere. In laboratory 

experiments, the formation and dynamics of solitary electron holes [54-55] and ion holes [56-

57], as well as accelerated periodic ion holes [58] have been observed. Coherent nonlinear 

structures, often called electrostatic solitary waves (ESWs), are ubiquitous in the Earth’s 

magnetosphere and in the interplanetary space. The ion holes (or ion solitary waves) were 

detected first by the S3-3 [59] and Viking [60] spacecrafts, and recently the high resolution 

measurements by the POLAR [61] and FAST (Fast Auroral SnapshoT) [62] satellites have 
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provided data about velocity and 3D spatial structures. They have been observed mostly in 

the low altitude auroral zone, which is strongly magnetized and characterized by strong 

upward currents carried by ion beams travelling at 100-400 km/s. Also a literature survey on 

electron and ion holes is given in Chapters 5 and 6.   

 

1.4  Outline of the Thesis 

In this thesis, we have addressed the important issues related to plasma sheath and the 

excitation of new kind of electrostatic waves. In particular, we have investigated the 

nonlinear ion rarefaction waves, electron and ion holes experimentally. 

Chapter 2 is concerned with the experimental setup, instrumentation, different 

diagnostics, plasma production and plasma characterization. It provides the description of the 

vacuum chamber, pumping unit and filament configuration. The main diagnostics like 

Langmuir probe, emissive probe and their circuitry for biasing is explained. The plasma 

production from thoriated tungsten filaments is described and the plasma parameters like 

electron temperature, plasma density, etc. are measured by a disc Langmuir probe. Also the 

pulse forming circuit is explained in this chapter. 

Chapter 3 focuses on the plasma response during a high negative pulse bias to a 

conducting electrode. Here the applied pulse width is less than the ion plasma period (inverse 

of ion plasma frequency). During the pulse bias, the properties of the ejected electrons from 

the vicinity of the electrode are studied and the experimental results are compared with 

computer simulation results. In this chapter, generally, the ejected electrons lost to the 

chamber wall during the bias are estimated and the origin of these lost electrons is also 

investigated. In this Chapter, PDP1 code is used for computer simulation and the simulation 

results have a good agreement with the experimental results. 

Chapter 4 investigates the excitation and propagation of ion rarefaction waves after the 

removal of the pulse bias on the conducting electrode. Though the applied pulse width is less 

than the ion plasma period, if the pulse magnitude is large enough (much greater than the 

electron temperature) then a rarefaction wave can be excited. So the excitation of a wave can 

depends upon the pulse width as well as the pulse magnitude. The mechanism of the 

excitation of ion rarefaction waves is correlated with nonambipolar diffusion. 
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Chapter 5 studies on the plasma response during a high positive pulse bias to a 

conducting electrode. In this Chapter a new kind of electrostatic wave, i.e., solitary electron 

holes are excited. Here the applied pulse width is varied from less than ion plasma period to 

greater than ion plasma period. When the pulse width is less than the thrice of ion plasma 

period, a virtual source is present there. The existence and identification of solitary electron 

holes are explained in this chapter. 

Chapter 6 focuses on the plasma response during the both high positive and negative 

pulse bias to a metallic electrode covered by a dielectric film. Experiments are carried out for 

different plasma parameters, to find how the plasma perturbations propagate for various 

applied pulse widths ion comparison to ion plasma period. For the positive pulse bias, solitary 

electron and ion holes are excited depending on charging of dielectric. For the negative pulse 

bias ion rarefaction waves are excited. On or above 1 mm dielectric thickness, there is no 

excitation of waves. 

Chapter 7 provides a summary and conclusion of this thesis. An attempt is made to 

identify issues that merit future investigations.  
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CHAPTER 2 

 

2  Experimental Set-up and Diagnostics 
 

2.1  Introduction 

The experiments presented in this thesis work have been performed in a low pressure 

argon plasma. Experiments are carried out to study the plasma response to transient high 

voltage pulses in a uniform and unmagnetized plasma. This chapter provides the detailed 

description of experimental set up, the diagnostics used for characterizing the plasma, pulse 

forming circuit, plasma production and plasma characterization. 

The chapter is organized as follows. Section 2.2 describes the experimental device 

and the pumping system. Section 2.3 describes the method of plasma production. In Sec. 2.4 

different diagnostics are described for the characterization of plasma, followed by the plasma 

characterization in Sec. 2.5. Pulse forming circuit is discussed in Sec. 2.6. Finally a list of 

references is given. 

 

2.2  Experimental Set-up 

In this Section, the experimental set-up used for the excitation of some collective 

phenomena in a plasma medium is discussed. The set-up mainly consists of a vacuum vessel, 

a pumping unit, filaments, power supply etc. and these are described in the following sub-

sections.  
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2.2.1  Chamber and Pumping System 

 The entire sets of experiments were carried out in a cylindrical vacuum chamber, 

shown in Figures 2.1 and 2.2. The vacuum chamber is made of stainless steel (SS-304) of 50 

cm length and 29 cm in diameter. The chamber has four radial ports of 9 cm in diameter, two 

axial ports of 13 cm in diameter and eight 10 KF couplers that were used for diagnostics, 

pumping, connection of gauges, introducing gas into chamber, feeding power to the 

filaments, viewing, etc.. 

 The chamber was pumped down to a base pressure of 5 × 10-5 mbar using a 

combination of rotary pump (pumping speed = 250 lit/min) and diffusion pump (pumping 

speed = 500 lit/sec). The Pirani gauge was used to measure the high pressure inside the 

chamber and the Penning gauge was used to measure the low pressure. The chamber was 

filled with argon gas (99.999% pure) by a precision gas dosing valve (Balzers made) at a 

working pressure (P) of 1 × 10-3 mbar. 

 

Figure 2.1 Photograph of the experimental set-up. (a) Vacuum chamber. (b) Rotary pump. (c) & (d) 

are bellows. (e) Diffusion pump. (f) Oscilloscope. (g) Penning gauge head. (h) Penning and Pirani 

gauge. (i) Langmuir probe shaft. (j) Langmuir probe power supply. (k) Filament heating power supply. 

(l) Filament bias power supply. (m) High voltage dc power supply. (n) Pulse forming circuit. (o) Argon 

gas cylinder. 
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Figure 2.2 Schematic of the experimental set-up. (1) Vacuum chamber. (2), (3), (5) and (6) are the 

filaments. (4) Pumping system. (7) and (8) are the SS rings. (9) is the Langmuir probe. (10) Filament 

heating voltage. (11) Discharge voltage. 

 

Such a working pressure is chosen, so that at 1 × 10-3 mbar, the electron-neutral 

collision mean free path is greater than the vacuum chamber dimension, forming a 

collisionless plasma. The mean free path can be calculated from the below equation 

 
σ

λ
nn

1=  

where nn  is the gas neutral density and σ  is the neutral atom cross-section. For a working 

pressure of 1 × 10-3 mbar, the base pressure should be significantly lower than the working 

pressure. The base pressure can be taken as 5 × 10-5 mbar, because at this low pressure the 

residual gas composition [1] is low and mainly of H2 originating from the metal walls of the 

vacuum chamber. Such a high vacuum is required to keep reactive gases out of process and to 

reduce the number of atom/molecule collisions.  

First we should discuss the raise of pumping speed number. Pumping speed is one of 

the important quantities that govern the behavior of all vacuum systems. The relationship can 

be written as [1] 
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 bPSQ ×=  

where Q is the gas load or throughput, S is the pumping speed and bP  is the base pressure. 

Gas load is referred to as mass flow while pumping speed is referred to as volume flow. Mass 

flow is the total number of molecules that a pump has to deal with and volume flow as the 

volume of gas, a pump can draw at a given pressure. The gas load can be written as [2]  

 ARQ ×=   

where R is the out-gassing rate of material and A is the surface area of the vacuum chamber. 

Out-gassing rate of stainless steel 304 is 8.5 × 10-7 mbar lit s-1 cm-2 [2] and surface area of the 

vacuum chamber is 5.87 × 103 cm2. Due to surface roughness and the presence of several 

ports, A can be doubled, i.e., 1.17 × 104 cm2. Now at base pressure 5 × 10-5 mbar, the 

pumping speed would be 200 lit/sec. Keeping margin, the required diffusion pump speed 

should be greater than the 400 lit/sec.   

2.2.2  Cathode and Anode 

In our entire experiments the filament was used as cathode. Inside the vacuum 

chamber, 4 thoriated tungsten (1% thorium and 99% tungsten) filaments of diameter 0.25 mm 

were mounted on two SS rings (Fig. 2.2). The diameter of the SS rings was 23 cm and the 

length of each filament was 20 cm. The vacuum chamber was used as anode which was 

connected with ground. 

2.2.3  Power Supply 

Power supply is important for production of plasma and excitation of different 

collective plasma modes. A regulated dc power supply of voltage rating 0 to 32 V and current 

rating 0 to 30 A was used for filament heating. To produce plasma, another dc power supply 

of voltage rating 0 to 300 V and current rating 0 to 3 A was used. To excite the electrostatic 

waves one pulse forming circuit was made. For the pulse forming circuit one high voltage dc 

power supply of voltage rating 75 V to 1.5 kV and current rating 0 to 0.5 A was used. 

 

2.3  Plasma Production 

After filling the vacuum chamber with argon gas at desired working pressure, hot 

filament discharge plasma was produced. Four thoriated tungsten filaments were connected in 
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parallel to each other through two SS rings. The filaments were heated by feeding a dc 

current from a floating dc power supply, such that each filament got a current of 6-7 A and 

were hot enough to emit thermionic electrons. There was no other electric field to capture 

these thermionic emitted electrons. So the emitted electrons form the filament, again attracted 

towards the filament and made a space charge cloud around the filament. To emit these 

electrons from the filament another dc power supply (Fig. 2.2) was connected in between the 

filament and chamber wall (grounded). So plasma was generated by impact ionization [3-4] 

of argon gas neutrals by primary electrons coming out from dc biased hot filaments. The 

filament bias potential was -65 V and the discharge current was about 0.05 – 0.4 A. 

 Now we can estimate the plasma parameters and their variation with power, pressure 

and source geometry from this cylindrical discharge system. The effective area of our 

cylindrical system is 0.18 m2, which can be calculated from below equation 

 ( )LReff RhLhRA += π2  

where L is the system length, R is the system radius and Rh  and Lh  are the ratio of densities 

reaching at wall compared to bulk plasma and Rh = Lh  ≈ 0.3 for argon plasma [5]. Assuming 

electrons are Maxwellian in the cylindrical system and the absorbing electrical power is  

 Teffsabs AeCnP ε0=   

where 0n  is the plasma density, sC 












=

i

e

m

kT
 is the ion acoustic speed and 

( )ionEmeanKelcollisionaT T /..2 εεε ++=  is the total energy lost per ion from the system. Tε  is 72 V 

for argon [5]. For one example, i.e., for 15
0 1092.3 ×=n m-3, 6=eT eV, =absP 30 W. This is 

called as uniform density discharge model [5]. For these plasma parameters, discharge 

voltage is 65 V and discharge current is 0.4 A. So the power absorbed by the system is 26 W, 

which is closer to the above calculated theoretical value. 

 

2.4  Diagnostics 

 During the past few decades, plasma physics has become established as a major 

research field. As a result, the field includes a very substantial knowledge covering a wide 
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variety of branches, from the theoretical to the most experimental study. As with any other 

science, progress has been made most effectively when an early quantitative confrontation 

between theory and experiment has been possible. This confrontation places strong demands 

upon theory to do calculations in realistic configurations and circumstances, but it is also 

requires that the properties of plasmas be measured experimentally as completely and 

accurately as possible. For this reason much of the effort in experimental plasma physics is 

devoted to devising, developing and providing techniques for diagnosing the plasma 

properties: plasma diagnostics. The overall objective of plasma diagnostics is to deduce 

information about the state of the plasma from practical observations of physical processes 

and their effects. To reach useful and accurate results requires rather complete quantitative 

mathematical and computational analysis; more so sometimes, than in a general text where a 

qualitative treatment is sufficient.   

 In 1924 Langmuir [6] presented the basic techniques for investigating plasma 

parameters with electric probes. He described two basic types: collecting probes or cold 

probes (Langmuir probe) and electron emitting probes or hot probes (emissive probe). They 

are simple to construct and allow localized measurements. In our experiments, plasma 

properties, like plasma density (0n ), electron temperature (Te), floating potential (Vf) and 

plasma potential were measured by using a disc Langmuir probe. In addition, a hot emissive 

probe was used to measure the plasma and floating potentials. The technical details of the 

diagnostics are described below. 

2.4.1  Langmuir Probe   

Langmuir probe [4, 6-11] is a diagnostic device used to determine the plasma 

parameters like electron temperature, electron density, floating potential and plasma 

potential. This device was named after Nobel Prize winning chemist Irving Langmuir. Mainly 

the Langmuir probes are used in low temperature plasma [8]. Basically plasma parameters are 

obtained from (I-V) characteristic of a Langmuir probe, which is described in detail in 

Section 2.5. 

According to Langmuir probe theory, Langmuir probe is a small conducting electrode 

and it can be a sphere, cylinder or planar. Generally the Langmuir probe inserts into plasma 

with a constant or time varying electric potential between the probe and the reference. As the 

charged plasma particles collide with the probe, then the probe draws electrical current which 

provides the condition of plasma. The amount of current flowing through the probe depends 
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on the plasma parameters and the probe collecting area. The necessary conditions of 

Langmuir probe are 

(1) The probe area should be small, in order to minimize the perturbation of the plasma. 

(2) The electrode dimension is larger in comparison to the Debye length (λD). 

(3) The electrons should obey the Maxwellian distribution. 

2.4.1.1  Construction of Langmuir Probe 

Langmuir probe theory is determined by the probe geometry and the sheath 

dimensions. The relative size of the probe sheath, the probe radius rp and the collision mean 

free path λm in the plasma determine the probe characteristics. A very general requirement for 

Langmuir probe construction is [7]  

Dpm r λλ >>>> .                  (2.1) 

The requirement for probe theory is that the probe dimension must be much larger than the 

Debye length to neglect the edge effect [10]. For disc or planar Langmuir probes the below 

condition [10] should be satisfied: 

 45/10 << Dpr λ .                  (2.2) 

The schematic diagram of Langmuir probe is shown in Fig. 2.3. In our experiments, 

Langmuir probe consists of a disc electrode of radius 4.5 mm was made up of SS 304. The 

electrical connection to the probe was provided by a Teflon coated wire which was spot 

welded to the non-plasma facing side of the probe. Teflon coated wire comes out through a 

vacuum compatible BNC connector mounted on a SS 304 shaft of outer diameter 5 mm. The 

SS shaft was introduced into the vacuum chamber through a vacuum feedthrough such that 

the probe could be positioned at the desired locations inside the chamber. 

 

 

 

Figure 2.3 Schematic of the Langmuir probe. 
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2.4.1.2  Langmuir Probe Circuit 

 The schematic of electrical circuitry of the Langmuir probe is shown in Fig. 2.4. The 

circuitry works as follows: 

 

Figure 2.4 Schematic diagram of the Langmuir probe circuit. 

 

(a) Voltage source to bias Langmuir probe 

This circuit consists of a ramp generator that generates a ramp voltage of +40 V to -60 

V with a frequency of 50 Hz. This ramp voltage was given to probe along with a dc 

shift of -1.2 V to -40 V. When the probe was exposed to the plasma it acquired a 

potential known as the floating potential without drawing any net current. It depends 

on the state of the plasma and the discharge conditions but not on the probe area. 

Langmuir probe draws electron or ion current according to the positive or negative 

potential applied with respect to the floating potential. The dc shift was adjusted 

accordingly to obtain the required electron or ion current. 

 

(b) Sensing resistor 

The biasing voltage to the Langmuir probe was applied through a variable sensible 

resistor (Potentiometer). The resistance could be varied from 1 KΩ to 10 KΩ 
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depending on plasma parameters. The potential drop developed across the resistor was 

measured using a differential amplifier. 

 

(c) Differential amplifier  

The voltage drop across the sensing resistor was fed to the input of the differential 

amplifier circuit. The circuit was developed by using IC OPA27. It is an ultra low 

noise and very high precision amplifier. The differential amplifier circuit measures the 

potential difference across the sensing resistor and gives an output, proportional to the 

current drawn by the probe corresponding to the applied voltage. 

 

(d) Isolation amplifier  

Generally, the probe circuits are designed to measure current in those systems where 

entire circuit may be floating at a higher voltage, in our case the entire circuit 

described above was kept floating at a high voltage (+40 V to -60 V ramp with a -1.2 

V to -40 V dc shift). To measure such current in an oscilloscope with respect to 

normal ground, this amplifier was used (using IC ISO106B). It isolates two grounds 

and gives the same voltage drop across the probe resistance with respect to normal 

ground at the output side.  

 The output current obtained at the output of the isolation amplifier and the applied 

voltage was measured with the help of an oscilloscope (Tektronix TDS 2024, 200 MHz and 2 

GS/s). The applied voltage to the probe was attenuated through a 10X probe. These data’s 

could be further stored on a data storage device. This data was used to plot I-V characteristic 

to determine the plasma parameters.  

2.4.2  Emissive Probe   

An emissive probe [12-16] was used to measure the plasma potential or the space 

potential. An emissive probe is essentially a hot wire (commonly tungsten) inserted into the 

plasma to measure the floating potential and plasma potential. The schematic diagram of the 

emissive probe is shown in Fig. 2.5. In our experiment, a tungsten wire of 1 cm length and 

0.25 mm of diameter was semi circled. The tungsten wire tips were inserted in a two hole 

cylinder of ceramic. Copper wires inside the cylinder made compression contact with the 

replaceable tungsten tip. The emissive probe was heated sufficiently by a floating power 

supply (150 V and 8 A) with respect to plasma potential to allow thermionic emission of 
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electrons. The floating potential measured by the emissive probe increased and begun to 

saturate when it was sufficiently heated up by passing a high current through it. The plasma 

potential was estimated from the saturated value of the floating potential. The detailed 

measurement of emissive probe is given in Sec. 2.5.  

 

 

 

Figure 2.5 Schematic of emissive probe. 

2.5  Characterization of Plasma 
 

2.5.1  Discharge Parameters 

 Tungsten filaments have been widely used in lighting, electronic tubes and as electron 

emitters for plasma sources. Tungsten is chosen as a thermal electron emitter because of its 

very high melting point (3683 K). Tungsten is a copious emitter of electrons, when it is 

heated to a temperature of about 2000 K or more. A tungsten wire is generally directly heated 

by passing a current through it. The emitted electron current density eJ is limited by space 
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charge [17]. For high extraction electric fields (discharge voltage), a saturation current 

density maxJ is reached, which is approximately given by the Richardson-Dushman equation, 

 







−=

Tk

e
TAJ

B

ϕ
exp2

0max                  (2.3) 

where 0A is Dushman’s constant (1.2 × 106 A m-2 K-2), T is the tungsten filament temperature 

in kelvins, e is the electron charge, ϕ is the work function in volts and Bk is the Boltzmann 

constant. It can be seen that maxJ depends very strongly on the filament temperature. Figure 

2.6 shows our experimental plot of saturation electron emission current density versus 

filament temperature when space charges are absent. The filament temperature was found out 

by Stefan-Boltzmann law through a simple MATLAB program. From the above observation 

we saw that on increasing of filament voltage and current, filament temperature increases as 

well as electron emission current density. For a given filament temperature, the electron 

emission increases linearly with filament diameter [18]. 

The variation of discharge voltage with discharge current at constant pressure is 

shown in Fig. 2.7. The filament glow covers the whole chamber and this I-V characteristic is 

plotted for various filament heating currents. The discharge current increases rapidly with 

increase in voltage and saturates from near about 40 V.  This saturation occurs because of no 

additional thermionic emission from filament on increase of discharge voltage for a fixed 

filament current.  
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Figure 2.6 Typical filament temperature versus emission current density for the filament diameter of 

0.25 mm. 
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Figure 2.7 Discharge voltage versus discharge current for various filament heating current (Ifil) for a 

constant pressure. 

 

 When a tungsten filament is used as a thermal electron emitter, it is important to know 

the relationships among the filament diameter, heating current, filament temperature, 

emission current and life time. The life time of a tungsten filament is generally defined as the 

time required evaporating away 10% of the original diameter [18]. The evaporation rate is a 

function of filament temperature [19]. So in a filament discharge plasma, the number of 

electrons that can be extracted from a hot filament is proportional to iJ (ion current density), 

which is a function of the plasma density, the plasma temperature and the extraction voltage 

[20-21]. 

 

2.5.2  Plasma Parameters 

 A single Langmuir probe [4, 6-11, 22-29] was used to measure the plasma parameters 

like, plasma density (0n ), electron temperature (eT ), floating potential ( fV ) and plasma 

potential ( pV ). The probe construction and validity of probe theory to our experimental 

situation have been discussed in Sec. 2.4. The below described Langmuir probe theory is 

valid for only in the absence of drifting electrons [26]. In addition, an emissive probe was 

also used to measure plasma potential. The details of measurements are described below. 
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2.5.2.1  Determination of Plasma Parameters Using Langmuir Probe 

Langmuir probe is merely a small metallic electrode inserts into the plasma, with a 

constant or time varying electric potential between the probe and the surrounding chamber. 

For a probe inserted in to the plasma, as the voltage on the probe is biased negatively and 

positively, the I-V characteristics of the probe can be plotted. 

 

Figure 2.8 Ideal I-V characteristic for a Langmuir probe. 

The ideal I-V characteristic for a single probe is shown in Fig. 2.8. When probe bias V 

is negative with respect to plasma potential Vp, current drawn by the probe from the plasma is 

positive. The electric field around the probe, confined to the ion sheath will prevent all the 

energetic electrons from reaching the probe, this causes effectively reducing of the electron 

current to zero. So, the point at which entire current collected by the probe is due to positive 

ions. This point is called ion saturation current isI  which is given by 

spiis CeAnI =                         (2.4) 

where in  is the ion density at the sheath edge, pA  is collecting area of the probe, e is electron 

charge and sC  is ion acoustic speed or Bohm speed.  Bohm speed is the speeds at which ions 

are enter to the sheath and is given by 

 
i

eB
s m

Tk
C =                       (2.5) 
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where im  is the ion mass. The ion saturation current density can be calculated from below 

equation  

i

eB
iis m

Tk
enJ = .                                  (2.6) 

As increase in probe bias (probe bias made more positive), increases the number of 

electrons which is able to overcome the repulsive electric field. So negative (electron) current 

increases exponentially and overall current collected by the probe decreases. Eventually the 

electron current equals to isI− . So that the total current is zero. The potential at this point is 

known as floating potential and is given by [3] 









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π22

1
l                    (2.7) 

 Further increase of probe bias to pV allows the electron current to increase. This 

current is given by 

><= epee uAenI                      (2.8) 

where >< eu  is the average electron thermal velocity and is given by  

 







>=<
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e

eB
e Tk

eV

m

Tk
u exp

2π
                   (2.9) 

where shV ( )VVp −=  is the sheath potential. At pV  electrons are unrestricted from being 

collected by the probe. Any further increase in bias will simply add energy to electrons, not 

the current drawn. Current at this point is called electron saturation current esI and is given by 

 
e

eB
pees m

Tk
AenI

π2
=                 (2.10) 

 The inverse of the slope of the steep portion of the graph between logarithm of the 

electron current and the potential on the probe will give the electron temperature and is given 

by 
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= .                    (2.11) 

After obtaining electron temperature from logarithmic graph of current versus potential and 

ion saturation current from I-V characteristics and putting the values in Equation (2.4), 

plasma density can be calculated.  

 In our experiment, first the single disc Langmuir probe was biased with a sweep 

voltage to draw the probe current at a discharge voltage of -65 V and current disI = 0.3 A at P 

= 1 × 10-3 mbar. A resistance connected in series to the probe was adjusted in such a way that 

it can draw sufficient current. The applied probe voltage and the probe current are shown in 

Fig. 2.9. 

Figure 2.10 shows the experimental I-V characteristics of the Langmuir probe. The 

voltage corresponding to the zero probe current gives the floating potential as -4V. The ion 

saturation current is about 30 µA. The electron collection region gives the information about 

electron temperature and plasma potential. 

 

 

Figure 2.9 The upper trace shows the voltage wave front applied to the probe and the lower trace 

shows the current drawn by the probe. 
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Figure 2.10 Experimentally obtained I-V characteristics of single Langmuir probe. 

 

 Before calculating the electron temperature, we have eliminated the contribution of 

ion current by subtracting a dc voltage equivalent to ion saturation current from the entire 

probe characteristics. Assuming the electron are Maxwellian at the transition region or the 

steep region (the region where the probe current changes significantly with probe voltage) of 

the Langmuir characteristics. Figure 2.11 is the logarithm of electron current (steep region of 

Fig. 2.9) versus the probe voltage. The inverse of the slope gives the electron temperature, 

i.e., 2.04 eV at that particular discharge condition. 

Putting the values of ion saturation current and electron temperature in Eq. (2.4), the 

plasma density is 2.65 × 1015 m-3. Putting the value of electron temperature in Eq. (2.7), the 

plasma potential for argon gas is +6 V. Again in Fig. 2.10, the electron current saturates at 

around +7.5 V. Hence the plasma potential is +7.5 V, which is slightly greater than the 

calculated value. It is to be noted that the plasma parameters vary with the filament heating 

voltage, current and filament lifetime.  

 



Chapter 2: Experimental Set-up and Diagnostics 

33 

 

 

Figure 2.11 Natural logarithmic of electron current versus probe voltage. 

 

 Figures 2.12 and 2.13 show the axial and radial variation of electron temperature and 

plasma density respectively. The plots show that the variation in eT and 0n is very low, 

indicating an almost uniform plasma inside the chamber. 

 The plasma which is considered in our study, are unmagnetized, uniform and non-

equilibrium, with ions and electrons having different temperature ( )ie TT >> .  
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Figure 2.12 Axial variation of electron temperature and plasma density. 
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Figure 2.13 Radial variation of electron temperature and plasma density. 

 

  

2.5.2.2  Plasma Potential Measurements by Using Emissive Probe 

The most common method is to determine the plasma potential from the knee of the 

electron saturation current in the I-V characteristic curve of the Langmuir probe (cold probe). 

However, this Langmuir probe approach yields incorrect results if the plasma electrons are 

drifting or if the probe surface is contaminated giving rise to a change in the work function. 

On the other hand, emissive probe methods can still yield correct results if the plasma 

electrons are drifting. Unlike collecting probes, emissive probes don’t give useful data on 

plasma density. 

In addition to a Langmuir probe, a hot emissive probe was used for measuring 

floating and plasma potentials [12-16]. Electron temperatures were also estimated from the 

difference of these two potentials using Eq. (2.7) and compared with the temperature 

obtained from Langmuir probe data. Several different procedures have been developed to 

obtain the plasma potential from emissive probe, i.e., (1) Inflection point method [14-15] and 

(2) Floating potential method [12]. 

A simple method was used in our experiment to determining the plasma potential 

from the floating potential using an emissive probe. This method is applicable when the 

electron temperature is substantially greater than the used tungsten wire temperature. This 
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method was based on the observation that the floating potential of an emissive probe depends 

on wire temperature. A wire temperature which changed in time caused the floating potential 

also to vary.   

In our experiment, the emissive probe was made of a tungsten wire of 1 cm length and 

0.25 mm of diameter and was inserted into plasma. The floating potential obtained without 

heating the emissive probe is equal to floating potential of cold probe. When the emissive 

probe was heated by various heating currents (or voltages) in ascending order, then the 

floating potential was also varied. The floating potential was saturated for large heating 

currents, as shown in Fig. 2.14. This saturated floating potential is the plasma potential. 

When the emissive probe heating voltage is less than the plasma potential )( pw VV < , 

then there is no potential barrier to obstruct the emitted electrons from the hot tungsten wire. 

So the emitted electrons can be added to the plasma below pV and floating potential changes. 

As one exceeds pV the flow of electrons from the probe is rapidly reduced by a potential 

barrier and no variation in floating potential, which is called as plasma potential.  
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Figure 2.14 Emissive probe heating current versus floating potential. 
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 This emissive probe experiment was done for the discharge current of disI = 0.3 A at P 

= 1 × 10-3 mbar. From the graph the saturated floating potential, i.e., the plasma potential is 

+7 V, which is approximately equal to Langmuir probe data plasma potential. If we put the 

emissive probe measured floating potential (-3.8 V) and plasma potential (+7 V) in Eq. 2.7, 

then electron temperature is 2.16 eV, which is nearly equal to Langmuir probe data. 

 

2.6  Pulse Forming Circuit 

The pulse-forming circuit is described in Fig. 2.15. For the experimental requirements 

the values of the capacitor (C) and the resistor (R2) were adjusted in such a way that the pulse 

duration always satisfied for the conditions τp < fi
-1 and τp > fi

-1 and the pulse height was 

decided by the voltage to which capacitor was charged. The value of the inductor (L) was 

fixed. The positive or negative pulse can be obtained by changing the polarity of HV dc 

supply. 

 In our case, R1 was chosen according to HV dc supply current and voltage ratings. In 

our case, the voltage and current ratings of dc supply was 1.5 kV and 0.5 A respectively and 

R1 was 3 kΩ. The value of R2 was fixed (50 Ω) and it was a thin-film non-inductive resistor. 

Only the value of C was varied for changing the pulse width. For example, for 140 ns pulse 

width the capacitance was 0.71 nF. The inductor (320 nH) was used for blocking the high 

frequency signals (noise) in the voltage signal, which acts as a low pass filter. 

A spark gap was used in the pulse forming circuit. A spark gap consists of an 

arrangement of two conducting electrodes separated by a gap usually filled with a gas such as 

air. This is designed to allow an electric spark to pass between conductors. When the voltage 

difference between the conductors exceeds the gap’s breakdown voltage, a spark forms, 

ionizing the gas. An electric current then flows until the ionized gas path is broken or the 

current reduces below a minimum value called the “holding current”. This usually happens 

when the voltage drops. During the action of ionizing the gas, it leads to sound, light and 

heat. Spark gaps are generally used to prevent voltage surges from damaging equipments. So 

spark gaps are used in high voltage switches, i.e., can be used to rapidly switch high voltages 

and high currents for certain pulsed power applications. In our pulse forming circuit, the 

spark gap was used instead of electrical switches like thyristor, to keep the circuit floating 

and easily accessing of a single pulse. But in case of a conventional thyristor, once it has been 
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switched on by the gate terminal, the device remains latched in the on-state (i.e., doesn’t need 

a continuous supply of gate current to conduct or we can say its output may depend not only 

on its current input, but also its previous inputs). As long as the anode remains positively 

biased, it can’t be switched off, until the anode current falls below the holding current (or a 

thyristor can be switched off if the external circuit causes the anode to become negatively 

biased). So in our case the spark gap was used.    

One typical voltage pulse is given in Fig. 2.16 using the pulse forming circuit. 

 

Figure 2.15 The pulse forming circuit. [HV dc Supply = high voltage dc supply (1.5 kV, 500 mA), R1 = 

resistor (3 kΩ), C = capacitor, R2 = load resistor, L = inductor (320 nH), P1= electrode or the exciter]. 
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Figure 2.16 A typical voltage pulse obtained from the pulse forming circuit. 
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CHAPTER 3 

 

3  Study of Electron Behavior in a Pulsed 

Ion Sheath 
 

3.1  Motivation 

In many plasma processing applications, like plasma immersion ion implantation 

(PIII) [1-15], one metallic electrode is immersed in low pressure plasma and is biased with 

negative voltage pulses. In typical PIII the pulse duration is much larger than the ion response 

time ( 1−
if ), and hence the ion matrix sheath expands and ion implantation happens on the 

negative biased electrode. PIII is a well-developed technique of introducing ions inside a 

metal surface for enhancement of the surface properties. In most of the cases, the electrode is 

immersed in a low pressure plasma and biased pulsed negative with finite rise and fall times 

[4, 5]. In general, the applied negative bias magnitude is much greater than the electron 

temperature, such that in the time scale of the inverse electron plasma frequency 1−
ef , 

electrons are repelled from the vicinity of the electrode, leaving behind a uniform density of 

ion matrix sheath in which ions are stationary. Subsequently, on the time scale of inverse ion 

plasma frequency 1−
if , ions within the ion matrix sheath are accelerated towards the 

electrode and implanted into the surface of the electrode. This in turn, drives the sheath-

plasma edge further away, exposing new ions that are extracted. The detailed about the sheath 

is described in Chapter 1. If the mean free path for ion momentum transfer si >λ , the sheath 

width, then the sheath is called as collisionless sheath, otherwise a collisional sheath.
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In all the earlier experiments and theoretical models, the duration of pulses applied to 

the electrode in PIII is greater than the ion plasma response time and no attention has been 

given to that repelled electrons. In the present Chapter, the applied negative pulse duration is 

varied between ion and electron plasma response times; so as to study the electron behavior 

assuming ions are stationary. It is assumed that for pulse duration shorter than ion response 

times, the ions remain stationary and electrons are repelled by the negative bias. The question 

to be asked, are the electrons near the vicinity of the electrode only repelled leaving electrons 

in the bulk plasma unaffected or both the repelled and the plasma electrons are affected. This 

Chapter presents an experimental estimation of the electrons lost to the walls and the origin 

of these electrons during a high negative electrode pulse bias in an argon dc discharge, when 

the bias pulse width (τp) is in between the electron and ion plasma response times. The 

experimental results are compared with computer simulation results using PDP1 code. The 

results indicate that the electrons are lost to the walls come from the ion matrix sheath and 

probably from the bulk plasma as well. The pulse duration, when it is less than ion response 

time, plays a crucial role in determining number of electrons lost to the walls. An overview of 

the previous works is given in Sec. 3.2. The experimental setup is explained in Sec. 3.3 

followed by observed results and discussions presented in Sec. 3.4. PDP1 computer 

simulation is described in Sec. 3.5 and finally conclusions are given in Sec. 3.6. 

3.2  An Overview of Previous Works 

Plasma sheaths are existing under a variety of conditions; i.e., probes [16], radio 

frequency (rf) antenna plasma interactions [17], dusty plasmas [18], etc.  A detailed 

understanding of pulsed ion sheath dynamics is important for a number of applications in 

plasma processing. Examples include material surface modification technique in plasma 

immersion ion implantation (PIII) [1-15] and semiconductor doping [19]. Fundamental to the 

understanding of this PIII process is the theoretical description of the plasma-wall interaction, 

leading to an electrically charged sheath between the wall and the plasma. The Bohm 

criterion  [20], requiring acceleration of the ions to the acoustic sound speed, is necessary for 

sheath formation. 

All of the models published before [2, 4, 5] assume that the charge uncovered by the 

expanding sheath is equal to the charge implanted in the substrate, that is, conduction current 

is continuous across the sheath. Wood [6] concluded from his simulation that a significant 

displacement current, created by the rapidly changing electric field in the sheath, can also 
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contribute to the total current. Lieberman [2] has developed an approximate analytical model 

to determine the time-varying implantation current, the total dose and the energy distribution 

of the implanted ions. Speth et al. [21] has investigated that the effect of applied high voltage 

pulse shape has a minor influence on the ion impact energy. Substrates with irregular 

geometries [9-11] can be treated in PIII. PIII can also used in pulsed plasmas [12-14] and 

non-uniform plasma [15]. An experimental procedure has been developed to measure 

electron emission [3, 22-25] due to energetic ion bombardment to the metallic surface during 

PIII. The spatial and temporal growth and collapse of the ion sheath around a spherical 

electrode during a negative high voltage pulse have been studied by Yatsuzuka et al. [26] in a 

uniform nitrogen plasma. In recent years, some researchers have addressed about dielectric 

substrate [27-30]. Recently Schiesko et al. [31] investigated about sheath response in low 

pressure argon plasma, when the substrate is biased positive. Time evolution of collisionless 

ion matrix sheath and its dynamics are presented by some models [7-8, 32-35] and 

experiments [9, 36].  In all the above cases, the duration of pulses applied to the substrate is 

greater than the ion plasma response time. 

 

3.3  Experimental Set-up 

 The schematic diagram of the system is shown in Fig. 3.1. The plasma production is 

explained in Chapter 2. The plasma density (0n ) and electron temperature (Te) were 

determined with Langmuir probe for various axial and radial positions. The plasma was 

uniform throughout the main chamber. For a fixed discharge current (Idis), 0n  and Te were 

uniform for relevant locations i.e., for Idis = 0.4 A, 0n  = 91049.8 × cm-3 and Te = 2.11 eV. 

Since the plasma parameters (Idis, 0n  and Te) were dependent on filament heating potential, 

so the parameters were varied by changing the filament heating potential. 

 In the main chamber, a substrate (SS disc of diameter 10.2 cm and thickness 0.4 

cm) was mounted on a SS rod and the SS rod was fixed in the axis of the chamber. A high-

voltage (HV) probe (Tektronix make 1000X probe) and a current transformer CT1 (Bergoz 

make of sensitivity 1 volt/ampere) were mounted on the SS rod and were used to measure the 

pulse voltage and the current respectively. Such type of current transformers could measure 

the current from microamperes to 20 kilo ampere. To measure some of the properties of the 

displaced electrons from the ion matrix sheath during the bias period, a grounded extended 
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chamber (inner diameter 14 cm and length 30 cm) was attached to the main chamber, which 

was isolated from the main chamber by a metallic mesh (wire diameter 53 µm and aperture 

74 µm) whose grid size was smaller than Debye length (λD). The mesh transparency was 34% 

and it was grounded. The distance between the mesh and the substrate was 20.6 cm. In the 

extended chamber, an axially movable disc probe (collector) of diameter 8 cm and thickness 

0.4 cm was kept, which was grounded and in this path there was a current transformer (CT2) 

as shown in Fig. 3.1. The collector was for the collection of the displaced electrons from the 

main chamber through the metallic mesh during the application of pulse and was placed at 

0.5 cm behind the mesh for the optimal signal.  

 

 

 

Figure 3.1 Schematic of the experimental set-up. (1) Applied negative voltage pulse. (2) and (18) are 

the SS rods. (3) high-voltage probe; to measure the voltage signal. (4) and (19) are Current 

transformers, CT1 and CT2 respectively; to measure the current signal. (5) and (14) are SS rings. (6) 

Main chamber or vacuum chamber. (7) Ceramic tube. (8),(9), (12) and (13) are the filaments. (10) 

Pumping system. (11) Stainless steel disc (substrate); on which bias is applied. (15) Metallic mesh. 

(16) Stainless steel disc (collector); to measure the electron current in the extended chamber during 

the bias period. (17) Extended chamber. (20) Discharge voltage. (21) Filament heating voltage. 

 

 The pulse-forming circuit is described in Sec. 2.6. The values of the capacitor (C) and 

the resistor (R2) were adjusted in such a way that the pulse duration always satisfied the 

condition τi > τp > τe and the pulse height was decided by the voltage to which capacitor was 

charged. The value of the inductor was fixed. For varying the τp, capacitance of the capacitor 

and resistance of R2 were adjusted. 
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3.4  Results and Discussions 

Figure 3.2(a) shows the applied voltage pulse (solid line) and current (dotted line) on 

the electrode in presence of plasma for the pulse duration of 140 ns. This pulse duration is in 

between the electron and ion response times and is given in Table I for some plasma 

densities. The rise time of the voltage pulse is 40 ns with a comparatively slow fall time. The 

current signal (measured by CT1) shows some fluctuations. Fig. 3.2(b) shows the collector 

signal (measured by CT2) without plasma (dotted line) and in presence of plasma (solid line) 

during the bias period. It is seen that the collector signal in presence of plasma goes to zero 

earlier than the voltage pulse. It is assumed that on the application of the negative pulse bias (

0U ) on the electrode, electrons are repelled instantaneously and isotropically from the 

vicinity of the electrode. The instantaneous repulsion of the electrons leads the collector 

signal goes to zero before voltage pulse. The fluctuations in the collector signal during the 

bias period are assumed to be due to electrostatic pickups. 
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Figure 3.2(a) The applied negative voltage pulse (solid line) and current (dotted line) on the 

electrode. The arrows indicate the axis side. (b) The response of the collector without plasma 

(dotted line) and with plasma (solid line). The dashed line indicates the collector signal goes to zero 

before voltage. Here U0=-650 V, n0=8.49×10
9
 cm

-3
 and τp=140 ns. 

 

Figure 3.3 and Fig. 3.4 show the applied voltage and current to the substrate and the 

signal of the collector for 250 ns and 300 ns respectively. In shorter pulse durations there are 

some fluctuations in the current signal and the collector signal (Fig. 3.2) than in the longer 
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pulse durations [Fig. 3.3 and Fig. 3.4]. There is no time delay of voltage and collector signal 

peaks.  
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Figure 3.3 This plot is for a longer pulse duration, i.e., for 250 ns. Here U0 = -650 V and n0 = 8.49 × 10
9
 

cm
-3

. 
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Figure 3.4 This plot is for pulse duration of 300 ns. Here U0 = -650 V and n0 = 8.49 × 10
9
 cm

-3
. 
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Figure 3.5 Collector signals for the pulse duration of 300 ns. (a) Shows for different densities and (b) 

shows for different applied voltages. 

 

Figure 3.5 shows; there is no time delay between the peaks of the collector signal for 

various densities and applied voltages for constant pulse duration. This shows on increasing 

of plasma density and applied voltage, the magnitude of the collector signal increases. 

The integral of the collector signal gives the total area under the curve. This area 

under the curve is a measure of the total number of electrons ( cN ) ejected from the main 

chamber during the bias and collected by the collector, given in Eq. (3.1). 

∫=
c

dtI
e

N cc

τ

0

1
                   (3.1) 

where cI  is the collector current, e is the electron charge and cτ  is the collector signal 

duration. It is seen that more number of electrons are expelled from the main chamber on 

increasing electron density [Fig. 3.6(a)] and the applied pulse magnitude [Fig. 3.6(b)]. Fig. 

3.6 shows more number of electrons is expelled for longer pulse widths. 

On the application of a sudden negative voltage to an electrode [2, 11], the width 0s  

of the ion matrix sheath for a planar geometry is 
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where 0U is the voltage applied to the electrode. Thus the number of electrons displaced from the ion matrix 

sheath ( sN ) is  
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Figure 3.6 Number of electrons (expelled from the main chamber) collected by the collector are 

increased for various pulse durations. (a) Shows the number of electrons collected by the collector 

vs plasma density for a constant applied voltage of -650 V. (b) Shows the number of electrons 

collected by the collector vs applied voltage for a constant plasma density of 8.49 × 10
9
 cm

-3
. 
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sps VnN =                       (3.3) 

where sV  is the volume of the ion matrix sheath during the bias period. sV  is calculated by 

multiplying the total substrate area (both sides) with the ion matrix sheath thickness. 

 To estimate the number of electrons lost to the walls, we have to calculate the 

number of electrons lost on the collector surface area ( tN ) during the bias period as if there is 

no mesh, given in Eq.  (3.4). 

 100×=
T

N
N c

t                           (3.4) 

where cN  is the number of electrons collected by the collector in presence of the mesh and 

T  is the optical transparency of the mesh. Thus the total number of electrons lost to the inner 

surface area of the main chamber (lostN ) i.e., number of electrons lost to the walls is [37] 

 2
1

A
A

N
N t

lost ×=               (3.5) 

where 1A  is the one sided area of the collector and 2A  is inner surface area of the main 

chamber. From Eq. (3.5) the total number of electrons lost to the walls of the main chamber 

during the bias period can be estimated. 

 Table I shows the number of electrons lost to the walls (lostN ) increases with 

plasma density for various applied bias for constant pulse duration. It is also seen that lostN  

increases with applied bias for various plasma density for constant pulse duration. Here for 

various pulse durations, lostN   is larger than the sN . This shows that the electrons lost to the 

walls come from the ion matrix sheath as well as from bulk plasma. 

 In Fig. 3.7, lostN  is plotted against sN  for various pulse durations. It is seen that 

lostN  increases with sN . Assuming a linear dependency between lostN  and sN , a relation 

can be written as 

 slost kNN =                           (3.6) 

where k  is a constant. 
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Figure 3.7 Number of electrons lost to the walls is plotted against the number of electrons displaced 

from the ion matrix sheath for different pulse durations. Number of electrons lost to the walls is 

increased linearly with the number of displaced electrons. Points are fitted by a straight line for 

better viewing.  
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where sA  is taken as the electrode area. The number of plasma electrons pN  is 

 10VnN p =                                (3.8) 

where 1V  is the volume of the main chamber. Now a relation can be developed such that 

 







=

0

0
1 n

U
k

N

N

p

lost                            (3.9) 

where 1k  is another constant. The percentage (p ) of electrons lost to the walls is 

 100×=
p

lost

N

N
p                            (3.10) 

where pN  is the total number of plasma electrons which can be calculated from the Eq. (3.8). 
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Table I The sheath thickness, number of electrons displaced from the sheath, the number of 

electrons lost to the walls, ion plasma period for different pulse durations, applied bias and 

densities. 

 

 

 In Fig. 3.8, the percentage of electron lost to the walls is plotted for ( ) 2/1
0

−n  and 

( ) 2/1
0U . Though the number of electrons lost to the walls is increased for plasma density and 
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applied voltage, but the percentage of electrons lost to the walls is decreased with plasma 

density (due to large pN ), which is followed the Eq. (3.9). So for lower densities, percentage 

of loss is more than the higher densities. 
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Figure 3.8 Percentage of electrons lost to the walls during the bias period for a pulse duration of 300 

ns. 

 

Figure 3.9 shows the number of electrons lost to the wall increases linearly with 

increase in plasma density for various electrode surface areas. 
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Figure 3.9 This shows for number of electrons lost to the wall versus plasma density for U0 = -550 V 

and τp = 250 ns.  

 

Figure 3.10 shows the collector current signals, when the disc electrode is set for 

various tilt angles (φ) to the collector. The electrode was set at a different tilt, which is the 

angle between the normal directions of the collector and the electrode (Figure 3.11). The tilt 

angles were set at 00 or 1800, 450, 900 and 1350. The solid line shows the collector current 

signal for the horizontally (00 or 1800) mounted electrode to the collector. The dotted line 

shows, when the electrode is mounted perpendicularly (900), that is the rod is mounted at a 

radial periphery of the electrode. The dashed line is for 450. It is seen that for the horizontal 

position of the electrode to the collector, the time width of the collector current signal is more 

than the other two and the magnitude of current is less, i.e. on the increasing of the electrode 

angle to the collector, the time width of collector current signal decreases and the magnitude 

increases. But the total charge area under the curve is approximately same for all three 

conditions. So the number of electrons lost to the wall is approximately same for all, which is 

given in Table II . This shows that for above all three conditions, the number of electrons 

expelled during the bias period have the same plasma volume for the fixed plasma density, 

pulse magnitude and the pulse width. For 450 and 1350 the collector current signal magnitude 

and the time width was approximately same. 
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Figure 3.10  Collector current signals for various electrodes tilt angles to the collector. Here U0 = -550 

V, np = 6.09 × 10
9
 cm

-3
 and τp = 250 ns. The electrode diameter is 5 cm. The electrostatic pick-ups are 

more for smaller electrode diameter. 

 

 

Figure 3.11 Schematic of disc electrode angle, which angle is between collectors and electrodes 

normal direction. 
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Table II Comparison of number of electrons lost to the wall for various electrode tilt angles. Here U0 

= -550 V, τp = 250 ns and the electrode diameter is 5 cm. 

 

 

 

When the electrode is horizontally mounted, then the collector sees a large surface 

area of the electrode. But on increasing angle of the electrode, the exposing area of the 

electrode to the collector is less. This may cause the decrease in time width of the collector 

signal when the electrode tilt angle increases to the collector. But the collector collects the 

approximately same number of electrons coming out from the same plasma volume for all 

three conditions. So if the time width decreases for larger angle, the magnitude of the current 

signal will increase. When negative bias is applied to a planar electrode, we normally apply 

1-D planar model understanding. Then why should the same number of electrons collected by 

the collector even when the angle of the planar electrode with respect to the collector is 

changed, which is interesting. Even though the transient bias time scale is in between the ion 

and electron plasma periods, still the displaced electrons are able to modify the quasi-

neutrality condition of the remaining plasma in the chamber, and the plasma is able to throw 

the excess electrons to the chamber wall. This is a new way of looking at transient sheath 

dynamics and electron interaction with bulk plasma.   

 The grid size of the mesh ensures that relatively there is no plasma inside the 

extended chamber, because density measurements at various positions in the extended 

chamber are below measurable limit. But the charged particles, with a directed velocity will 

penetrate the mesh. So those electrons are expelled from the main chamber, will enter into the 

extended chamber. The electrons which hit the mesh wires are lost, because the mesh is 

grounded. The electron-neutral collision mean free path is 39 cm. So the electrons which 
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enter this chamber retain their energies, because they are now moving in vacuum without any 

collision. 

 

3.5  PDP1 Computer Simulation 

PDP1 is a 1-D planar bounded plasma simulation code [38], which is described in 

detail by Birdsall [39]. The particle-in-cell (PIC) method [39-40] is implemented in PDP1 to 

solve for motions of the particle and is based on the simultaneous solution of the Newton 

motion equations 
→→

= Eqam iii  (i = 1,2,3,…N, where N is the number of charged particles in 

the system) and the Poisson equation 
0

2

ε
ρφ −=∇ . Charged particles of finite size are placed 

in a grided system, which will move about due to forces of their own and applied fields. Here 

the physics comes from two parts, 

(a) Field produced by the particles → this is obtained from Maxwell’s equations. 

(b) Motion produced by the fields→ this is obtained by solving Newton-Lorentz 

equation of motion. 

In a 1-D model, all physical quantities vary along x-axis; there are no variations in y or z 

axes. 

From the particle positions and velocities, charge densities are calculated at the grid 

points. Using these charge densities as sources, electric field is calculated by solving 

Maxwell’s equation on the grid. Once the electric field is known at the grid points, the forces 

on the particles are calculated. Using these forces, the new particle velocities and positions 

are calculated; and this whole cycle is repeated for many time steps. 

PDP1 employs general series RLC circuit [41] solvers as shown in Fig. 3.12 to handle 

the full range of external circuit parameters, including open circuit, short circuit and current 

drives circuit which is shown in figure. The general circuit equation is used to advance the 

capacitor charge Q: 

02

2

)( φφ −+=++ nctV
C

Q

dt

dQ
R

dt

Qd
L                   (3.11) 

where nc is number of cells from 0 to nc.  
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Figure 3.12 Simulation plasma system including the external R-L-C circuit for the planar geometry. 

 

The PDP1 code also uses a Monte-Carlo (MC) scheme to model charged and neutral 

particle collisions, such as the elastic, excitation and ionization collisions are considered for 

the electrons and the scattering and charge transfer collisions for the ions. 

In this study, the plasma is initially Maxwellian and the electrode is assumed to be 

perfectly absorbing.  Throughout the simulation, we use the typical parameters of 

experimental results. For most of the simulations presented here, the pressure of the neutral 

gas was set to 1 × 10-3 mbar, hence the plasma was assumed to be collisionless. The 

important parameters (experimental parameters) are as follows: 

Gas = argon,  

Plasma length = 0.5 m 

Electrode area = 0.008 m2 (planar) 

Electron temperature = 0.9 – 2.5 eV 

Ion temperature = 0.2 eV 

Time step = 1 × 10-10 s 

            Pulse width = 300 ns 

Pulse rise time = 50 ns 

Number of particles = 4000 

Pulse voltages (U) = -300 V, -370 V, -480 V & -650 V  

Plasma density =3.63 × 1015 m-3 to 9.5 × 1015 m-3 
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3.5.1  Simulation Results 

The PDP1 code is run with similar shape of potential (Figure 3.2(a)) which is applied 

on the left electrode. We have set the applied voltages for a ramping time at 50 ns. The rise 

time of the applied signal is equal to DC/Ramp. Figure 3.13 shows the uniform velocity 

distribution of electrons without bias.  

 

 

 

Figure 3.13 Results from PDP1 regarding the phase space (y-axis corresponds to the velocity and x-

axis is the distance between left electrode and right electrode). All units are in SI. The thick centre 

line is the ion distribution and dots are electron distribution. This is for at t = 0 and at density of 3.63 

× 10
15

 m
-3

. 

 

 

Figure 3.14 shows the velocity distribution of electrons when the voltage is applied on 

the left electrode after the rise time (50 ns). The mean velocity of electrons does not change, 

i.e., the width of electron distribution is same in both positive and negative axes. On the 

application of negative voltage, mobile electrons are expelled, causing an ion matrix sheath. 

The ion matrix sheath thickness can be measured from this figure and also from the potential 

profile (Fig. 3.15). The obtained sheath thickness is very close to the thickness calculated 

from Eq. (3.2). It is seen that in the ion matrix region, there is a slightly small break (circle 

mark) in the thick centre line, i.e., some ions are lost to the negative biased electrode, which 

can be seen more clearly in Figs. 3.14(b) and 3.16. 
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Figure 3.14 (a) The left electrode is biased by a ramp such that its bias reaches -300 V in 50 ns. It is 

seen that the entire electron distribution is given a uniform velocity much similar to Fig. 3.13, but 

forming an ion matrix sheath. (b) Zoom of Fig. (a). 

 

 

Figure 3.15 Potential profile which shows the sheath thickness at the left electrode. 

(b) 

(a) 
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Figure 3.16 shows the number of electrons lost to the right electrode (chamber wall in 

the experiment). The electrons which are lost from the simulation region are not the ones 

displaced from regions closer to the biased electrode, but also electrons closer to the right 

electrode and a small break down in ion curve is shown (ellipse mark). This shows that a 

delay in ion response comparison to electron response. The simulation is run for the rise time 

of the pulse (50 ns) at which the bias reaches its maximum value. So, even if, the applied 

pulse width is less than the ion plasma period, some ions can be lost ballistically to the 

negative biased electrode, which is clearly shown in Fig. 3.14(b). We measure the electrons 

lost to the electrode only on rise time of the pulse, not on the fall time. Because on the fall 

time of pulse plasma should remains it’s quasi-neutrality, and the number of electrons will 

increase. When the voltage pulse reaches its zero value, the plasma would be quasi-neutral, 

which is shown in Fig. 3.17. 

 

 

 

Figure 3.16 The number of electrons lost to the right electrode after 50 ns when the bias reaches its 

maximum value. Initially the code was run up to 4.61 µs for better accuracy of electron and ion 

distributions. During this time 10 numbers of particles have lost.  

 

Figure 3.18 shows the simulated ion and electron densities at 50 ns. The left hand side 

(x=0) represents the electrode to which a negative pulse is applied. At this moment the ion 
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matrix sheath thickness is 3.5 mm. In this figure, a pre-sheath can be seen between x ≈ 3.5 

and x ≈ 5.7 mm from electron and ion spatial profiles. 

 

 

Figure 3.17 This profile shows for number of particles during fall time of the applied voltage pulse. 

The fall time was 250 ns. This graph shows that, when voltage pulse goes to zero (after 250 ns) the 

number of electrons and ions are approximately same. 

 

 

Figure 3.18 Density profile for ions and electrons for U0 = -300 V and n0 = 3.63 × 10
9
 cm

-3
 after 50 ns. 

This graph is zoomed for better view. 
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 The results obtained from the PDP1 simulation is agreed closely with the 
experimental value, which is given in Table III . Though the number of electrons lost to the 
walls increases with increase in plasma density and voltage, but the percentage of electrons 

lost to the wall decreases with increase in plasma density. Because lostN increases slowly with 

larger plasma densities (larger pN ).  

 

Table III Comparison of the percentage of electron loss to the wall between PDP1 simulation and 

experimental results for various plasma densities and applied voltages. Here ‘S’ indicates the 

simulation values and ‘E’ the experimental values. 

 

 

 

3.6  Conclusions 

 The present investigation estimates the number of electrons lost to the walls and the 

origin of these electrons during the bias period (for τi > τp > τe) for different applied voltages, 

densities and pulse durations in collisionless plasma. The experimental results are closely 

agreed with PDP1 simulation results. In summary, 

 

(a) the higher the substrate potential the higher the sheath thickness implies the 

more number of electrons displaced from the ion matrix sheath and more 

electron loss occurs,  

(b) increase in plasma density reduces the sheath thickness, again more number of 

electrons displaced from the ion matrix sheath and more electron loss occurs, 
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(c) for increased pulse durations, though the number of electrons displaced from the 

ion matrix sheath is same, but the number of electrons lost to the walls is more 

for a  constant applied bias and the plasma density, 

(d) the origin of the electrons, those are lost to the walls during the bias period is 

from the ion matrix sheath and probably from the bulk plasma as well, 

(e) with various angles between the biased planar electrode and collector, the width and 

magnitude of the collector current is depends on the angle; however the total number of 

electrons (area under the curve) lost to the chamber wall is same, 

(f) the fluctuations in the current signal (measured by CT1) are assumed to be due 

to the ion matrix sheath oscillations or some non-thermal ions responding faster 

than τi, which brings the electrons back into the ion matrix sheath. These 

fluctuations are dependent upon τi/τp, 

(g) PDP1 simulation results are well agreed with experimental results. 

 

    The above conditions indicate that even for pulse durations lesser than ion plasma 

period, the time independent ion matrix sheath understanding needs to be relooked at to find 

out the number of displaced electrons for the matrix sheath and their dynamics.  

 

 

 

 

 

 

 

 

  

� Part of the work presented in this Chapter is published in 

S. Kar and S. Mukherjee, Phys. Plasmas 15, 063504 (2008). 

  



Chapter 3: Study of Electron Behavior in a Pulsed Ion Sheath 

63 

 

3.7  References 

[1] J. R. Conrad, J. L. Radtke, R. A. Dodd, F. J. Worzala, and N. C. Tran, J. Appl. Phys. 62, 

4591 (1987). 

[2] M. A. Lieberman, J. Appl. Phys. 66, 2926 (1989). 

[3] K. G. Kostov, J. J. Barroso, and M. Ueda, Braz. J. Phys. 34, 1689 (2004). 

[4] M. Shamim, J. T. Scheuer, and J. R. Conorad., J. Appl. Phys. 69, 2904 (1991). 

[5] R. A. Stewart and M. Lieberman, J. Appl. Phys. 70, 3481 (1991). 

[6] B. P. Wood, J. Appl. Phys. 73, 4770 (1993). 

[7] B. Briehl and H. M. Urbassek, Surf. Coat. Technol. 156, 131 (2002). 

[8] D. Israel, K. –U. Riemann, and L. Tsendin, J. Appl. Phys. 95, 4565 (2004). 

[9] K. Yukimura, X. Ma, and T. Ikehata, Surf. Coat. Technol. 186, 73 (2004). 

[10] J. R. Conrad, J. Appl. Phys. 62, 777 (1987). 

[11] J. T. Scheuer, M. Shamim, and J. R. Conrad, J. Appl. Phys. 67, 1241 (1990). 

[12] S. Radovanov, L. Godet, R. Dorai, Z. Fang, B. W. Koo, C. Cardinaud, G. Cartry, D. 

Lenoble, and A. Grouillet, J. Appl. Phys. 98, 113307 (2005). 

[13] S. Mukherjee, M. Ranjan, R. Rane, N. Vaghela, A. Phukan, and K. S. Suraj, Surf. Coat. 

Technol. 201, 6502 (2007). 

[14] J. Brutscher, R. Gunzel, and W. Moller, Surf. Coat. Technol. 93, 197 (1997). 

[15] Y. X. Huang, X. B. Tian, S. Q. Yang, R. K. Y. Fu, and P. K. Chu, Surf. Coat. Technol. 

201, 5458 (2007). 

[16] N. Hershkowitz, “Plasma Diagnostics-Discharge Parameters and Chemistry”, edited by 

O. Auciello and D. L. Flamm, Academic Press, New York, 1, 113 (1989). 

[17] M. J. Mayberg, R. I. Pinster, C. C. Petty, M. Porkolab, S. C. Chiu, W. P. Cory and R. 

Prater, Nucl. Fusion 33, 267 (1993). 

[18] T. J. Sommerer, M. S. Barnes, J. H. Keller, M. C. McCaughey and M. J. Kushner, Appl. 

Phys. Lett. 59, 638 (1991). 

[19] S. Quin, and C. Chan, J. Vac. Sci. Technol. B 12, 962 (1994). 

[20] D. Bohm, “The characteristics of Electrical Discharges in Magnetic Fields” edited by A. 

Guthry and R. K. Wakerling, McGraw-Hill, New York, ch 3, p 77 (1959). 

[21] R. R. Speth, G. A. Emmert and M. J. Goeckner, Appl. Phys. Lett. 65, 2272 (1994). 

[22] M. M. Shamim, J. T. Scheuer, R. P. Fetherston and J. R. Conrad, J. Appl. Phys. 70, 4756 

(1991). 



Chapter 3: Study of Electron Behavior in a Pulsed Ion Sheath 

64 

 

[23] D. J. Rej, B. P. Wood, R. J. Faehl and H. H. Fleischmann, J. Vac. Sci. Technol. B 12, 

861 (1994). 

[24] K. Nakamura, M. Tanaka and H. Sugai, Surf. Coat. Technol. 156, 83 (2002). 

[25] A. Anders and G. Y. Yushkov, Surf. Coat. Technol. 136, 111 (2001). 

[26] M. Yatsuzuka, S. Miki, R. Morita, K. Azuma and E. Fujiwara, Surf. Coat. Technol. 136, 

93 (2001). 

[27] S. Han, Y. Lee, H. Kim, G. H. Kim, J. Lee, J. H. Yoon, and G. Kim, Surf. Coat. 

Technol. 93, 261 (1997). 

[28] X. Tian, S. Yang, Y. Huang, and P. K. Chu, J. Phys. D: Appl. Phys. 37, 50 (2004). 

[29] I. H. Tan, M. Ueda, R. S. Dallaqua, J. O. Rossi, A. F. Beloto, M. H. Tabacniks, N. R. 

Demarquette, and Y. Inoue, Surf. Coat. Technol. 186, 234 (2004). 

[30] X. C. Li, and Y. N. Wang, Surf. Coat. Technol. 201, 6569 (2007). 

[31] L. Schiesko, M. Carrere, G. Cartry, and J. M. Layet, J. Nucl. Mater. 363-365, 1016 

(2007). 

[32] R. Günzel and J. Brutscher, Surf. Coat. Technol. 85, 98 (1996). 

[33] R. Rosa, J. Phys. A: Gen. Phys. 4, 934 (1971). 

[34] K. E. Longren and I. Alexeff, Phys. Plasmas 15, 093505 (2008). 

[35] K.-U. Riemann and T. Daube, J. Appl. Phys. 86, 1202 (1999). 

[36] S. Mukherjee, K. Avinash and P. I. John, Pramana-J. Phys. 44, 263 (1995). 

[37] S. Kar and S. Mukherjee, Phys. Plasmas 15, 063504 (2008). 

[38] Codes available from Industrial Liaison Program, EECS Department, UC Berkely, CA 

94720. 

[39] C. K. Birdsall, IEEE Ttrans. Plasma Sci. 19, 65 (1991). 

[40] C. K. Birdsall and A. B. Langdon: Plasma Physics via Computer Simulation (M C 

Graw-Hill, NewYork, 1985). 

[41] J. P. Verboncoeur, Journal of Computational Physics 104, 321 (1993).



 

65 

 

 

 

 

CHAPTER 4 

 

4  Excitation of Ion Rarefaction Waves in 

a Low Pressure Plasma by Applying a 

Short High Negative Voltage Pulse 
 

4.1  Motivation 

 In the last Chapter, we measured the properties of the displaced electrons to the 

chamber wall, when a metallic plate is negatively pulsed biased for pulse duration in between 

the ion and electron plasma response times. In that case no attention was given to the wave 

propagation in plasma. 

 The present Chapter reports the experimental observation of the propagation of ion 

rarefaction waves, though the applied pulse duration ( )pτ  is less than the ion plasma period 

( )iτ . The experiments are performed for single pulse excitation and the pulse magnitude is 

much greater than the electron plasma temperature. Such a pulse duration is chosen so that 

ions are collectively undisturbed and according to general understanding no force is given to 

ions. Hence no ion rarefaction wave should be excited. But contrary to the general 

understanding, excitation of ion rarefaction wave is observed. The results indicate that the 

speed of the ion rarefaction wave is sonic. After a distance from the exciter (biased plate), 

typically three-fourth of the exciter diameter, the rarefaction waves also develop a 

compressive part. The experimental results indicate that even though the bias durations are 

shorter than the ion plasma period, if the bias magnitude is large enough; some collective 

plasma behavior can still be excited.  
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 An overview of the previous works is given in Sec. 4.2. The experimental setup is 

explained in Sec. 4.3 followed by observed results in Sec. 4.4. The experimental results are 

discussed in Sec. 4.5 and finally summary is given in Sec. 4.6.  

 

4.2  An overview of Previous Works 

The earliest prediction on ionic sound waves in plasmas is done by Tonks et al. [1]. The 

propagation characteristics of linear (
ekT

eφ
<< 1) and nonlinear (

ekT

eφ
≈ 1) ion acoustic waves 

have been reported in a number of works both experimentally [2-8] and theoretically [8-10]. 

The experiments based on ion acoustic waves are roughly divided into two groups. One is on 

spontaneously excited ion acoustic waves [11, 12] in current carrying plasma, and the other 

[2-8] on externally excited ion acoustic waves in plasma with or without currents.  

 Widner et al. [8] have reported the ion acoustic wave excitation with transient ion 

sheath evolution. They report that the ion acoustic wave breaks away from the sheath, 

depends upon the launching plate geometry and the ion-neutral collisions. In experiments by 

Saxena et al. [6,13], a rarefactive pulse is found to fission into several pulses. Recently Oksuz 

et al. [14] have measured the phase velocity of ion acoustic wave near the presheath and 

sheath boundary in a weakly collisional plasma. Okutsu and Nakamura [15] have carried out 

a numerical and experimental study of the temporal development of weakly nonlinear, broad 

ion acoustic pulses. They used three kinds of initial perturbations for excitation of ion 

acoustic pulses, like pure compressive, pure rarefactive and one-cycle sinusoidal pulse in 

which the rarefactive leading part is followed by a compressive part. Honzawa [16] has 

observed solitary structures close to the grid in a double plasma device by applying a 

negative potential pulse. Characteristics of linear ion acoustic response of a plasma to an 

impulse temporal disturbance is investigated by Ikezi et al. [2]. They report that plate 

excitation method cannot be used to measure the dispersion of ion acoustic waves. Recently a 

lot of work has been carried on quantum ion acoustic wave [17-20]. Also the dust acoustic 

waves are observed in dusty plasmas [21-24]. Some researchers [25-27] have described the 

properties of ion rarefaction wave for various launching plate geometry. Nishihara et al. and 

Ludwig et al. [28-29] show the existence of rarefaction solitons in a two-electron-temperature 

plasma.  
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When the electrode potential is much more negative than the kTe/e, an ion matrix or 

transient sheath forms initially around the electrode and the sheath expands far into the 

plasma. The first details of the sheath evolution were revealed by Alexeff et al [30] in an 

experiment in which an ion acoustic wave was launched by application of a -250 V pulse to 

an electrode in a low pressure xenon plasma. By solving Poisson’s equation for a negative 

biased planar electrode, they showed that the transient or ion matrix sheath thickness (0s ) is   
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The total sheath thickness (sc) can be obtained from the quasistatic Child-Langmuir law [31] 
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This assumes that ions are stationary, and suddenly they see the sheath electric field and get 

accelerated. However, we know for stability of a steady state sheath, ions need to enter the 

sheath with a velocity defined by the Bohm sheath criterion [32]. 

Widner et al [8] observed the propagation of a rarefying disturbance from the ion 

matrix sheath boundary into the plasma, on the application of negative pulse of ~100 V to the 

electrode. Initially, this disturbance moved out rapidly from the ion matrix sheath and after 

several ion plasma periods, slow down to ion acoustic speed. Murakami et al. [33] pointed 

out that when the sheath propagation velocity is greater than the ion acoustic speed 

(supersonic regime, where the dynamic sheath thickness css < ), the initial pre-sheath is 

buried and the ions at the sheath edge are still stationary when the sheath comes by, i.e., any 

perturbation cannot propagate ahead of it. When the sheath propagation velocity drops below 

the ion acoustic speed (subsonic regime, where css > ), a rarefaction wave is lunched ahead 

of it, i.e., the rarefaction wave sets up a pre-sheath in plasma which starts accelerating the 

ions toward the ion acoustic speed. Wickens et al. [34] reported that the compressive like 

features can be generated by a contracting sheath introducing an ionization term in their 

model. The inclusion of this ionization term introduces an additional degree of freedom that 

allows a self-consistent steady state model, with the ionization balancing the wall losses. 

Similar compressive waves are also modeled by Daube et al. [35] experimentally. Collins et 

al [36] observed that the plasma potential decreases outside of the sheath on application of a 
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high negative pulse. In most of the above experiments and theoretical models, ion acoustic or 

rarefaction waves are excited externally in a double plasma device using grid and the applied 

pulse duration is greater than the ion plasma response time. To the best of our knowledge, 

there are no experimental or theoretical explanations available for the ion acoustic waves or 

the ion rarefactions waves for high voltage and the applied pulse width less than the ion 

plasma period.  

 

Figure 4.1 Schematic of the experimental setup. (1) Applied negative voltage pulse. (2) and (14) are 

the SS rods. (3) High-voltage probe; to measure the voltage signal. (4) Current transformer CT; to 

measure the current signal. (5) Main chamber. (6) Ceramic tube which covers the SS rod. (7) and (13) 

are SS rings. (8), (9), (11) and (12) are the filaments. (10) Pumping system. (15) Exciter (SS disc plate); 

on which pulse is applied. (16) Detecting probe (SS disc plate); to detect rarefaction disturbances, 

this can move axially. (17) Filament heating voltage. (18) Discharge voltage. 

 

4.3  Experimental Setup 

The schematic diagram of the system is shown in Fig. 4.1. The experiment was 

performed in a grounded cylindrical chamber of stainless steel (SS) 304 with an inner 

diameter of 29 cm and a length of 50 cm. The chamber was evacuated by using a 
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combination of rotary and diffusion pumps and the base pressure was 5 ×  10-5 mbar. The 

plasma was generated by impact ionization of gas neutrals by primary electrons coming out 

from dc biased hot thoriated tungsten filaments of diameter 0.25 mm. The filaments were 

mounted on two SS rings. The diameter of the SS rings was 23 cm and the length of each 

filament was 20 cm. The distance between the inside of the radial chamber wall and the 

filaments were 3 cm. The filament bias potential was -65 V. The working gas was argon 

(99.999% pure) at pressure of 1 ×  10-3 mbar. The plasma density (0n ) and electron 

temperature (Te) were determined with Langmuir probe for various axial and radial positions. 

The plasma was uniform throughout the main chamber. For a fixed discharge current (Idis), 

0n  and Te were uniform for relevant locations i.e., for Id = 0.4 A, 0n  = 91092.3 × cm-3 and Te 

= 6 eV. The experiments were performed with plasma density 8.9 ×  108 - 4 ×  109 cm-3 with 

electron temperature Te~0.9-6 eV. Since the plasma parameters (Idis, 0n  and Te) were 

dependent on filament heating potential (Vf). The plasma parameters were varied by changing 

Vf, as shown in Table I. 

 

Table I The plasma parameters are varied with filament heating voltage. Here the filament bias 

potential was -65 V and pressure was 1 × 10
-3

 mbar. 

Vf (V) Id (A) Te (eV) 
0n ×  10

9
 cm

-3 

17.3 0.05 0.9 0.89 

18 0.1 1.4 1.55 

18.4 0.15 1.8 1.9 

19.3 0.3 4.96 3.32 

20.1 0.4 6 3.92 

 

Rarefaction disturbances were excited by applying a large negative voltage pulse 

(pulse magnitude U0 >> kTe/e) to a metal plate (exciter) inserted in a low pressure argon 

plasma. The pulse magnitudes were –600 V to -1.5 kV and the pulse durations were 140 to 

300 ns. These pulse durations were in between the ion and electron response times. The ion 

response times were 480-950 ns and the electron response times (τe) were 2-4 ns, determined 

by the plasma density. The pulse forming circuit is described in Sec. 2.6. In the main 

chamber, the metal plate (SS disc of diameter 12 cm and thickness 0.4 cm) was mounted on a 
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SS rod and the SS rod was fixed along the axis of the chamber. A high-voltage (HV) probe 

(Tektronix make 1000X probe) and a current transformer CT (Bergoz make of sensitivity 1 

V/A) were mounted on the SS rod and were used to measure the pulse voltage and the current 

respectively. 

 

 

Figure 4.2 Simultaneous measurement of ion and electron saturation currents using two Langmuir 

probes. 

 

To detect the propagation of rarefaction disturbances, three types of measurements 

were taken: floating potential measurements, ion saturation current and electron saturation 

current measurements. For floating potential measurements, one axially movable probe 

(detecting probe) of diameter 7 cm and thickness 0.4 cm was introduced. The detecting probe 

was kept floating and the propagating signal was directly observed on an oscilloscope. For 

ion and electron saturation current measurements simultaneously, two disc Langmuir probes 

of radius (rp) 4.5 mm were biased with negative (-100 V) and positive (+50 V) voltage 

respectively, across a 10 kΩ resistor as shown in Fig. 4.2. Such type of disc (planar) 

Langmuir probe is often used for large collecting area (compared with a long thin wire), 

which makes easier to characterize low density plasmas. A very general requirement for 

Langmuir probe construction is 

mλ  >> rp >> Dλ                                                       (4.1) 
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where mλ  is the electron-neutral collision mean free path and Dλ  is the Debye length. For 

planar Langmuir probes [37] the below condition should be satisfied: 

10 < rp/ Dλ  < 45.                                                   (4.2) 

In our case, all the conditions are satisfied, hence the disc probe of radius 4.5 mm can be used 

for ion and electron saturation current measurements. 

 

4.4  Experimental Results 

Figure 4.3 shows the applied voltage pulse (solid line) and current (dotted line) on the 

metal plate in the presence of plasma for the pulse duration of 140 ns. The rise time of the 

voltage pulse is fast comparatively with fall time. The time duration of the pulse is measured 

from zero to at which voltage of the tail part goes to zero. 
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Figure 4.3 The applied voltage pulse (solid line) and current (dotted line) on the metal plate. The 

arrows indicate the axis side. Here n0 = 1.55 × 10
9
 cm

-3
. 

 

The perturbation signals in the floating potential, ion and electron saturation current 

measurements are shown in the following figures. The floating potential signals comprise of a 

very fast propagating component and a slow propagating component. The discussion 

primarily focuses on the slow propagating component. 



Chapter 4: Excitation of Ion Rarefaction Waves in a Low Pressure Plasma… 

72 

 

The observed floating potential perturbations are shown in Fig. 4.4 for two detecting 

probe positions from the exciter. In the Y-axis the floating potential perturbation magnitude (

φ ) is normalized to kTe/e. The signals were for the applied pulse width (300 ns) less than the 

inverse of ion plasma frequency (fi
-1 ~ 770 ns). Similar signals are also observed for lower 

pulse widths like 140 ns. The detecting probe detects first a large amplitude negative pulse, 

followed much later (typically after the end of the pulse) by the arrival of a small amplitude 

rarefaction pulse (second pulse, which is indicated by an arrow). The small amplitude 

rarefaction pulse propagates in to plasma with distance from the exciter. 
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Figure 4.4 Oscilloscope traces (floating potential measurements) of the rarefaction disturbances for 

two detector positions from the exciter, when a single negative pulse is applied. Here U0 = -600 V, n0 

= 1.55 × 10
9
 cm

-3
 and τp = 300 ns. φ is the amplitude of the perturbed potential.  

 

In Fig. 4.5(a) the first large amplitude negative pulse is zoomed for various distances 

from the exciter. In this figure, the slow propagating small amplitude rarefaction waves are 

not shown. The signals indicated inside a rectangular box are the electrostatic coupling 

signals during the application of negative pulse to the exciter and the amplitude of these 

signals are decreased with distance from the exciter. After the electrostatic coupling signal, a 

fast moving signal (marked by arrows in Fig. 4.5(a)) is observed with decreasing amplitude. 

Figure 4.5(b) shows the time-of flight plot for the fast moving signals which propagates with 

the phase speed of 0.54ve, where ve is the electron thermal speed. 
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Figure 4.5 (a) The first large negative pulse is zoomed for various distances from the exciter, 

consisting an electrostatic coupled signal (rectangular box marked) and a fast propagating wave 

(marked by a long blue color arrow). (b) The time-of-flight plot for the fast moving waves. 

 

The fast large negative pulse is followed much later by a slow propagating second 

pulse (small amplitude rarefaction waves) into the plasma. The normalized rarefaction waves 

are plotted in Fig. 4.6 for different positions of the detecting probe from the excitation plate. 

To show the small amplitude rarefaction pulses clearly in the figure, the full structure of the 

first peak is not shown in. The rarefaction pulses are indicated by arrows; they have a large 
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time delay when they move away from the exciter. The amplitude of these disturbances 

decreases with distances from the exciter. At longer distances (i.e., after three-fourth of the 

exciter diameter) from the exciter, a compressive part is observed.  
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Figure 4.6 Oscilloscope traces (floating potential measurements) of the rarefaction disturbances 

observed at various distances from the exciter, when a single negative pulse is applied. Here U0 = -

600 V, n0 = 1.55 × 10
9
 cm

-3
 and τp = 300 ns. The arrows show the rarefactive and compressive parts. 

Scale of Y-axis is taken different to show the low amplitude rarefaction waves. The bracketed values 

are the time delay and amplitude of the rarefaction waves. φ is the amplitude of the perturbed 

potential. 

Spatial plots for the rarefactive disturbances (normalized floating potential 

perturbations to electron temperature) at different times are shown in Fig. 4.7. The data points 

for various detecting probe positions are extracted from Fig. 4.6 for particular times. This 

figure illustrates clearly the formation of rarefaction disturbances and for some time periods 

compressive part is also shown. Further the spatial widths of the disturbances are 

approximately constant (≈ 190 λD). 

The speed of the observed disturbances is calculated from the slope of the time delay 

versus the detecting probe position, as shown in Fig. 4.8 (floating potential measurement). 

This figure is plotted for various plasma densities. The phase speed for various plasma 

densities is normalized to ion acoustic speed. It is seen that the speed of the waves is 
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comparable to ion acoustic wave (IAW) speed. The error bars (1-3 µs) are within the symbols 

(circles or the squares). 
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Figure 4.7 Spatial developments of the rarefaction waves. Here U0 = -600 V, n0 = 1.55 × 10
9
 cm

-3
 and 

τp = 300 ns. 
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Figure 4.8 Probe separation versus time delay showing the rarefaction wave speed dependence on 

plasma density. Here U0 = -800 V and τp = 300 ns. 
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Figure 4.9 shows the time of flight plots of potential perturbations for various applied 

pulse voltage to the exciter. It is seen that on increasing the pulse magnitude, the speed of the 

rarefaction waves increases and comparable to the IAW speed. 
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Figure 4.9 Probe separation versus time delay showing the rarefaction wave speed dependence on 

pulse amplitude. Here n0 = 1.9 × 10
9
 cm

-3
 and τp = 300 ns. 
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Figure 4.10 Probe separation versus time delay showing the rarefaction wave speed dependence on 

pulse duration. Here U0 = -800 V and n0 = 1.9 × 10
9
 cm

-3
. 

Figure 4.10 shows the time of flight plots of potential perturbations for various 

applied pulse durations. This shows the speed of the rarefaction waves decreases on 
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increasing pulse duration, keeping however the pulse duration between inverse of ion and 

electron response frequencies. Here the pulse durations are140–300 ns. So the speed of the 

disturbances depends upon the pulse duration of the applied negative voltage pulse. 

Again we have measured the ion saturation current (negative biased Langmuir probe) 

and the electron saturation current (positive biased Langmuir probe) for various probe 

positions from the exciter. These measurements are taken through two Langmuir probes 

simultaneously during the application of voltage pulse to the exciter, which is shown in Fig. 

4.11. Assuming no variation of temperature during the application of pulse to the exciter, we 

can say 
0n

n

I

I

I

I

es

es

is

is δδδ
== . Here the ion as well as electron density perturbations show a 

reduction in density and hence both ions and electrons have a rarefactive response and they 

are in phase with each other. Here also the rarefaction waves (indicated by arrows) propagate 

with decreasing amplitude with distance from the exciter. In Fig. 4.11, Y-axes scales are 

different to show the small amplitude waves. The solid line shows the ion density 

perturbation and the dotted line shows the electron density perturbations. The bracketed 

values show the amplitude of the waves and the value in between the arrows shows the time 

delay. Here the rarefaction waves are not measurable for longer distances from the exciter 

due to much decaying of wave amplitude. The ion and electron density perturbations are 

moving with ion acoustic speed (1.08Cs). 

-0.3

0.0

0.3

 

1 cm
8 µs

(0.3)

(0.33)
0.0

0.2

(a)

-0.3

0.0

0.3

 

δI
is
/I is

(b)

3 cm18 µs
(0.19)

(0.22) -0.2

0.0

0.2 δIes /Ies

0.0 5.0x10-5 1.0x10-4 1.5x10-4

-0.2

0.0

Time (s)

(c)

5 cm
35 µs

(0.14)

(0.16) -0.2

0.0

0.2

 

Figure 4.11 Ion and electron density perturbations for various probe positions from the exciter. Y-

axes scales are taken different. Here U0 = -800 V, n0= 8.9 × 10
8
 cm

-3
 and τp = 300 ns. 
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4.5  Discussions 

 The total current on the plate (Fig. 4.3) is the mix of three currents, i.e., displacement 

current, electron current and ion current. Here the contribution from ion current will be very 

small comparable to electron current. Though the applied pulse width is less than the ion 

plasma period, but a few numbers of ions within the ion matrix sheath respond ballistically 

and are lost to exciter [38]. This statement can be supported by the PDP1 simulation, a one 

dimensional planar bounded plasma simulation code [39], based on particle-in-cell (PIC) 

method [40, 41] and is described in detail by Birdsall [40]. PDP1 employs general series RLC 

circuit solvers to handle the full range of external circuit parameters, including open circuit, 

short circuit and current drives circuit which is shown in Fig. 3.12 and the complete 

simulation system is given by Verboncoeur et al. [42]. In the PDP1 simulation, the plasma is 

initially Maxwelian and the electrode is assumed to be perfectly absorbing. The PDP1 

simulation is explained detailed in Sec. 3.5. 

 The PDP1 code is run with similar shape of potential (Fig. 4.3) which is applied on 

the left electrode. The rise time of the pulse is set 50 ns for the 300 ns pulse. Fig. 4.12(a) 

shows the uniform velocity distribution of electrons without bias. The thick centre line is the 

ion distribution and dots are electron distribution. Fig. 4.12(b) shows the velocity distribution 

of electrons when the voltage pulse is applied on the left electrode after the rise time. On the 

application of negative pulse on the left electrode, electrons are expelled, causing an ion 

matrix sheath, which is clearly shown in Fig. 4.12(b). It is seen that in the ion matrix region, 

there is a slightly small break in the thick centre line (circle mark), i.e., some ions are lost to 

the negative biased electrode, which can be seen more clearly in Fig. 4.12(c). Fig. 4.12(c) 

shows the number of electrons lost to the right electrode (chamber wall in the experiment) 

and shows a small break down in ion curve (ellipse mark). This shows that a delay in ion 

response comparison to electron response (assumed that electrons are lost instantaneously). 

This simulation is run for the rise time of the pulse (50 ns) at which the bias reaches its 

maximum value. So, even if, the applied pulse width is less than the ion plasma period, some 

ions can lost ballistically to the negative biased electrode. These ions can come from the 

vicinity of the electrode or from the sheath edge, which can be seen from Fig. 4. 12(d).  

In floating potential measurement (Fig. 4.5(a)), the first negative pulse (indicated in 

the rectangular box) does not propagate with distance from the exciter, but the amplitude  



Chapter 4: Excitation of Ion Rarefaction Waves in a Low Pressure Plasma… 

79 

 

 

 

 

 

 

 

(a) 

(b) 

(c) 



Chapter 4: Excitation of Ion Rarefaction Waves in a Low Pressure Plasma… 

80 

 

 

Figure 4.12 (a) Phase space plot for electron and ion distributions at t = 0 for the plasma density of 

1.55 × 10
9
 cm

-3
. X-axis is the distance between left electrode and right electrode, i.e., 0.5 m and the 

area of electrode is 0.008 m
2
. (b) The left electrode is biased by a ramp such that its bias reaches -

600 V in 50 ns. It is seen that the entire electron distribution is given a uniform velocity much similar 

to Fig. (a), but forming an ion matrix sheath. (c) The number of electrons and ions lost after 50 ns 

when the bias reaches its maximum value. The number 5000 is the computer super particles. It 

shows that even if at 50 ns, a small number of ions are lost to the negative biased electrode. (d) 

Zoom of Fig. (b). 

 

decreases with increasing distance. This non-propagating pulse may result from either an 

electrostatic pick-up or transient response of the plasma and exciter circuit or a combination 

of these effects. Similar observations have been made earlier in connection to wave launching 

experiments [43]. A fast pulse, propagating at the speed of 0.54ve, where ve is the electron 

thermal speed, is observed following the non-propagating electrostatic coupled signal. Stix 

[44] observed the electron acoustic waves (EAWs) propagating at the phase speed of 1.31ve. 

Schamel et al. [45-48] have shown that EAWs can propagate at velocities between 0 to ve, 

depending upon the status of particle trapping. Generally, the EAWs (electrostatic potential 

pulses) are in the form of negative potential structures [49-50], but also many researchers 

have observed the positive potential signature [49, 51-52]. The fast propagating pulse in 

present experiment may be speculated as EAW. We have, however, not investigated this 

further as the focus of the present chapter is on propagation of small amplitude, slow 

propagating rarefaction pulse. 

 The rarefaction waves are, normally, excited when ions move towards the negative 

biased exciter and electrons repelled form the exciter. In the present experiment the pulse 

duration is kept below the ion plasma period. Although no ion motion to the exciter plate is 

expected during the excitation, due to narrow perturbation pulse, still a rarefaction 

disturbance is created in our experiment. The disturbances are excited after the pulse goes off, 

(d) 
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so the mechanism for ion expulsion to the plate should be discussed. A large proportion of 

exciting negative pulse bias U0 appear across a thin sheath surrounding the plate which was 

formed on the time scale of electron motion. When U0 >> kTe/e ( )15001000 −≈ekTeU , the 

shielding effect is not perfect and the negative potential penetrates into the quasi-neutral 

plasma region (“pre-sheath”) where the ions are accelerated. In our case, the ion matrix 

sheath doesn’t evolve within the applied pulse duration. Though the applied pulse width is 

less than the ion plasma period, but some ions respond ballistically very close to the exciter 

and are lost to the exciter [38]. A pre-sheath, therefore, starts forming from the ion matrix 

sheath edge which leads the acceleration of ions with ion acoustic velocity, resulting in the 

excitation of a nonlinear ion rarefaction wave [53]. This propagates as a rarefactive pulse as 

observed in this experiment. In other words the rarefaction wave is the precursor of the pre-

sheath that would eventually exist at steady state. 

We can relate the excitation of these rarefaction waves to nonambipolar diffusion. 

Nonambipolar diffusion [54], in which essentially all positive ions leave the plasma  to only 

one boundary while essentially all electrons are lost to a different boundary. The bulk plasma 

remains quasi-neutral even when all the electrons are lost to only one physically small 

location. Nonambipolar flow is entirely a sheath effect. Baalrud et al. [54] have shown the 

global nonambipolar flow for a positive biased electrode. In our case, the electrode is 

negatively biased. The electrons are repelled from the vicinity of the electrode and lost to the 

chamber wall, while some ions lost to the electrode ballistically. Here electrons and ions are 

lost on two different boundaries. After the pulse goes off, during the fill-up process, ion 

rarefaction waves are excited.  

When the electrode is biased with a high negative single pulse, an ion matrix sheath is 

formed at et τ= . When the high voltage pulse is switched off, at et τ= due to small time 

scale the electrons adjust themselves instantaneously to the new electrode potential and build 

a quasi-neutral fill up region. For it τ>  ions are refilled into this region. Due to a small ion 

current available for this process, this takes a longer time, i.e., several ion plasma periods. As 

ion density increases in the fill-up region, a rarefaction wave propagates in the pre-sheath 

region of the plasma. The relaxation phases are sketched in Fig. 4.13. 

In most of the investigations of ion acoustic waves, the finite electron mass is 

neglected and the isothermal electrons with constant temperature (Te) are considered. In many 
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cases, however, the drift motion of the electrons considerably influences the properties of ion 

acoustic waves, which is not negligible [55]. The momentum transfer by ion-neutral 

collisions [43] may be the cause of damping of the rarefaction pulses, shown in Fig. 4.14. It is 

apparent that the establishment of the pre-sheath and the ionization rate [26] in the 

surrounding plasma need to be considered in any realistic model of sheath formation and 

propagation of ion rarefaction wave. Indeed, particle balance considerations will affect the 

structure of the pre-sheath [36].  

 

Figure 4.13 The sketching of the phase of the plasma relaxation (for different times like at et τ= and 

it τ= ) for switching on and off a high negative electrode voltage. 

  

Hansen et. al. [56] has excited the rarefactive waves with short rf pulses. The waves 

evolving from the initial density cavity (caviton) to a large amplitude ion sound rarefactive 

waves after the decay of the rf pulse. Large amplitude and changing shape (leading edge of 

the wave flattened and trailing edge is steepened) leads to a strongly non-linear effect. In our 

experiment, no density cavity is observed during the pulse bias to the exciter. The small 

amplitude ( 1
0

<=
n

n

kT

e

e

δφ
) rarefaction waves approximately have the similar shape (Fig. 4.7) 
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and the same spatial widths. Also there is neither narrowness nor splitting into smaller pulses 

of these rarefactive waves. 
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Figure 4.14 Variation of amplitude of the rarefaction waves with distance from the exciter for the 

floating potential measurement. Here 0U  = -600 V, 0n  = 1.55 ×  10
9
 cm

-3
 and pτ  = 300 ns.   

 

One important observation is the accompanying of a compressive wave with the 

rarefaction wave after a distance of three-fourth of the exciter diameter [57]. Experimentally, 

Widner et al. [8] have verified that the ion rarefaction also becomes an ion acoustic wave at a 

distance of half of the disc diameter in planar geometry for longer applied pulse duration. In 

this work it is seen that the rarefaction disturbances are turned to ion acoustic wave after a 

distance of three-fourth of the exciter diameter for shorter pulse duration. The experiment is 

verified for 5 cm and 8 cm diameter exciter. The transition process of rarefaction waves to 

ion acoustic waves depends upon the neutral background and geometry of the exciter [8]. The 

position of the separation is close for the smaller electrode. Our experiments were performed, 

keeping the fix ion-neutral collision mean free path as 5 cm, which is greater than the 

transient sheath thickness (0.4-1.3 cm) and less than the experimental chamber dimension (29 

cm diameter and 50 cm in length). So the ion-neutral collisions will be effective in the bulk 

plasma. A collision causes the loss of an ion that has been accelerated in the pre-sheath 

electric field. This ion is replaced by a new ion that is approximately at rest. Thus collisions 

can be modeled as a sink for moving particles and a source for new particles and the ion loss 
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rate reduces by ion-neutral collisions [58]. Due to these ion-neutral collisions the shape of the 

rarefaction pulses changes to ion acoustic waves and at further distances, these low amplitude 

waves are damped. In Fig. 4.6 the shape and the time width of the rarefaction disturbances 

are changed with distance although the amplitude itself decreases. Tanaka [59] and Amagishi 

et al. [60] have shown experimentally that ion-neutral collision exhibits heavy amplitude 

damping and profile deformation with anomalous time delay. 

After the pulse goes to zero, plasma retains its quasi-neutrality. To answer this 

question we need to know the loss of electrons to the chamber wall during the pulse bias. In 

our previous paper [38], we have estimated the number of electrons lost to the chamber wall, 

when a metal plate is negatively pulsed biased for pulse duration in between the ion and 

electron plasma response times. It is seen that the percentage of lost electrons is around 1%.  

For a particular plasma parameter 0U  = -600 V, 0n  = 3.32 ×  109 cm-3 and pτ  = 300 ns, the 

total charge lost to the chamber wall during the pulse is Qlost = 8.18 × 10-8 Coulomb. For a 

particular filament heating voltage (19.3 V) and current (24 A), we can find the final filament 

temperature (2366 K) from Stefan’s law. Corresponding to the filament heating voltage and 

current, the plasma density is 0n  = 3.32 ×  109 cm-3 and the emission current from four 

filaments is Iem = 1.43 × 10-3 A, which can be calculated from Richardson-Dushman 

equation. Hence the plasma relaxation time will be emlost IQ / , i.e., 57 µs. During the plasma 

relaxation process ion rarefaction waves are excited in the pre-sheath region. For the above 

plasma condition, in our experiment, the rarefaction waves sustain (i.e., plasma relaxation 

time) up to 50 µs, which close to 57 µs. 

 

4.6   Summary 

The present investigation shows the excitation of ion rarefaction waves even when the 

applied pulse duration is kept intermediate of electron and ion plasma response times. In 

summary, 

(a) two electrostatic modes are excited, when a conducting disc electrode is 

negatively biased. One is the electron acoustic wave, which is followed much later 

by an ion rarefaction wave,   
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(b) rarefaction waves are excited in the pre-sheath region due to large amplitude of 

applied voltage pulse and nonambipolar diffusion, though the applied pulse 

duration is less than the ion plasma response time,  

(c) the rarefaction waves are propagated with IAW speed,  

(d) after a distance of 3/4 of plate diameter from the plate, the rarefaction waves 

turned to ion acoustic waves, 

(e) the higher the applied pulse amplitude, the higher the speed of the rarefaction 

waves, 

(f) for increasing applied pulse durations, speed of the rarefaction waves decreases, 

(g) after the applied pulse goes to zero, plasma relaxes to its quasi-neutrality after 

some time and rarefaction waves are excited during the plasma relaxation in the 

pre-sheath region. 
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CHAPTER 5 

 

5  Excitation of Solitary Electron Holes in 

a Laboratory Plasma 
 

5.1  Motivation 

 In the last Chapter, we discussed about the excitation and propagation of ion 

rarefaction waves through a negative biased disc electrode, though the applied pulse width 

was less than the ion plasma period. Many experiments have been done for the excitation of 

electrostatic waves, such that ion acoustic waves [1-3] or solitons [4-6] and electron acoustic 

waves [7-11] or solitons [12-13]. Mainly all these waves are excited using mesh grids and in 

double plasma (DP) devices mostly. The obtained results are same for both negative and 

positive bias to the grid [14-15]. In Chapter 4, we have observed the ion rarefaction waves for 

the negative bias to a metallic disc electrode. In the present Chapter, when the disc electrode 

is positively biased, totally different results are obtained, i.e., solitary electron holes (EHs).  

Solitary electron hole (EH) structures are special class of cnoidal hole solutions 

(CHSs) of Vlasov-Poisson (VP) system of equations representing special trapping situation. 

CHSs are nonlinear, undamped, low frequency, weak amplitude electrostatic plasma waves, 

distinct from any linear wave solution, such as ion acoustic waves. Depending on the status 

of trapping, they are known to propagate at velocities between zero and electron thermal 

velocity ve, covering the whole velocity range. They hence can be subsonic or supersonic 

with respect to ion acoustic speed Cs, which depends upon electron trapping in the potential 

humps (maxima) and of ion trapping in the potential dips (minima). CHSs are stationary 

solutions of the full set of VP equations and, therefore, not subject to Landau damping [16], 

since Landau’s linear approach doesn’t apply to these waves.
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In the present investigation, EHs are excited by a sudden perturbation at large 

amplitude to a disc metal plate inside a homogeneous electron-ion plasma. When positive 

voltage pulse is applied to the exciter, the plasma potential is forced to increase, resulting in a 

hole formation. Here the applied pulse width (τp) is varied from less than ion plasma period 

(fi
-1) to greater than thrice of ion plasma period. The distinctive feature of this experiment is 

the observation of the presence of a virtual source for pulse widths less than 3fi
-1. An 

overview of the previous works is given in Sec. 5.2. The experimental setup is explained in 

Sec. 5.3 followed by observed results in Sec. 5.4. The experimental results are discussed in 

Sec. 5.5 and finally conclusions are given in Sec. 5.6.  

 

5.2  An Overview of Previous Works 

A number of pioneering theoretical studies on CHSs in a collisionless and 

unmagnetized plasma has been carried out by Schamel and coworkers [8-11, 17-22], using a 

physically acceptable method of construction different from that of Bernstein-Greene-

Kruskal (BGK) [23]. The class of cnoidal electron hole solutions (CEHSs) [8, 11, 20, 22] has 

two different limits, the solitary electron hole (EH) limit, when k0 = 0, and the harmonic 

wave limit, when k0 = k, where k0 is a system parameter, which controls the wavelength of 

the structure, and k is the actual wave number. In a thermal, nondrifting background plasma 

two expressions characterize this CEHSs class [11]: the nonlinear dispersion relation (NDR) 

er BZk =− )
2

v
(

2

1 0'2
0                      (5.1) 

and the classical potential 
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2
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V                  (5.2) 

In the above expressions v0 is the actual phase velocity (normalized by the electron 

thermal velocity), which is determined by the NDR, assuming ions are immobile, and Be is a 

parameter, which represents the status of the trapped electrons. The function '

2

1
rZ− (v0/ 2 ) 

is zero at (v0/ 2 ) = 0.924 and at (v0/ 2 ) → ∞ and negative in between. The NDR, therefore 

has for Be = 0 and k0 = k << 1, i.e. in the long wavelength limit, two solutions: one is the 
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Langmuir branch (v0/ 2 ∞→ ), and another is the slow electron acoustic waves (SEAWs) at 

(v0/ 2 ) = 0.924. φ  is the electric potential and ψ  is the perturbation amplitude. Historically, 

Vlasov [24] has proposed the above dispersion relation with Be = 0 at first. 

In a situation when ion trapping comes into play the CHSs are seen to move with 

lower phase velocities. As analyzed by Luque et al [9], an ion contribution Bi has to be added 

to the NDR. This 3 parameter (k0, Be, Bi) class of solutions now involves cnoidal ion holes, as 

well as, being characterized by ion trapping in the potential minima and includes the solitary 

ion hole (IH) as a special case, first discovered and described by Bujarbarua and Schamel 

[10, 21]. Also Franck et al. [25] has excited the propagating periodic ion holes. 

So EHs are the special class of CEHSs for k0 = 0 and nonzero Be. By the way, k0 

decides about the kind of a structure, not Be. Many theoretical models [19, 26-27] explain the 

solitary EH in plasma as a positive hump like potential in which a population of electrons is 

trapped and the propagation velocity of the order of the thermal electron velocity. First 

Schamel [8, 19] has derived analytically the phase (propagation) velocity of EHs in the range 

of vp ≤ 1.31ve. Kono et al. [28] showed that the EH formation is possible only when the vp > 

1.73ve. Later Califano et al. [27] showed that the propagating velocities of EHs can range 

from a fraction of ve up to 2ve. 

Theoretically, first Schamel in [8] presented the theory of EHs [9, 11, 19-21], where a 

hollow vortex distribution is assigned for the trapped electrons. When the EHs move slow 

enough, a slight ion density bump accompanies the EHs or an ion density cavity or an ion 

acoustic wave create [26-27, 29]. EHs are existed in the computer simulation of two stream 

instability [30]. Recently EHs have received substantial attention in space plasma with higher 

dimensions rather than one-dimensional (1D) theory [31-34]. 

The first experimental observation of the special member of CHSs, namely the 

solitary electron hole (together with the Gould-Trivelpiece mode), has been made by Lynov 

et al. [35]. For the excitation of EHs, Saeki et al. [36] has developed a relation that the 

excitation potential should be exceeds a critical value φc, i.e. 

2
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1


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e

m
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where m is the electron mass, ωpe is the angular electron plasma frequency and a is the 

plasma radius. Iizuka et al. [37] has observed the EHs in the early stage of evolution of 

moving double layers in a single ended plasma device. EHs are also created during magnetic 

reconnection [38]. Recently, a laser-created EH is observed by Sarri et al. [39].  

 

5.3  Experimental Setup 

The schematic diagram of the system is shown in Fig. 5.1(a). The experiment was 

performed in a grounded cylindrical chamber of stainless steel (SS) 304 with an inner 

diameter of 29 cm and a length of 50 cm. The chamber was evacuated by using a 

combination of rotary and diffusion pumps and the base pressure was about 5×10-5 mbar. The 

plasma was generated by impact ionization of argon, at pressure of 1×10-3 mbar, by primary 

electrons coming out from dc biased hot thoriated tungsten filaments of diameter 0.25 mm. 

The filaments were mounted on two SS rings, and biased to a potential of -60 V.   The 

plasma density (np) and electron temperature (Te) was determined using Langmuir probe for 

various axial and radial positions. For a fixed discharge current (Idis), 0n  and Te were found 

to be uniform throughout the main chamber. The experiments were performed with plasma 

densities 1-5×109 cm-3, electron temperatures Te~0.5-2 eV and the cold ion temperature Ti ~ 

0.2 eV.  

Plasma disturbances were excited by applying a large positive voltage pulse to a 

metal plate (exciter) inserted in a low pressure argon plasma. The pulse magnitudes and 

durations were in the range of 0.4 - 1 kV and 0.14 - 10 µs respectively. In the main chamber, 

the metal plate (SS disc of diameter 10.2 cm and thickness 0.4 cm) was mounted on a SS rod 

and the SS rod was fixed along the axis of the chamber. A high-voltage (HV) probe 

(Tektronix make 1000X probe) and a current transformer CT (Bergoz make of sensitivity 1 

V/A) were mounted on the SS rod and were used to measure the pulse voltage and the 

current respectively. Such type of current transformers could measure the current from 

microamperes to 20 kA. One axially movable probe (detecting or the receiving probe) of 

diameter 7 cm and thickness 0.4 cm was introduced to detect the propagation of plasma 

disturbances. The detecting probe was kept floating and the propagating signal was observed 

directly on an oscilloscope. 
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(a) 

 

(b) 

Figure 5.1(a) Schematic of the experimental setup. (1) Applied positive pulse. (2) and (15) are the SS 

rods. (3) High-voltage probe; to measure the voltage signal. (4) Current transformer CT; to measure 

the current signal. (5) and (14) are SS rings. (6) Main chamber. (7) Ceramic tube. (8), (9), (12) and 

(13) are the filaments. (10) Pumping system. (11) Stainless steel disc (metal plate or the exciter); on 

which pulse is applied. (16) Stainless steel disc (detecting probe); to detect potential disturbances. 

(17) Filament supply voltage. (18) Discharge voltage. (b) The pulse forming circuit. [HV dc Supply = 

high voltage dc supply (1.5 kV, 500 mA), R1 = resistor (3 kΩ), C = capacitor, R2 = load resistor, L = 

inductor (320 nH), P1= metal plate or the exciter]. 
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 The positive pulse forming circuit is shown in Fig. 5.1(b). The details of the pulse 

forming circuit are described in Sec. 2.6. Experiments have been carried out for various 

applied pulse widths τp ranging from less than 3fi
-1 to greater than 3fi

-1. 

 

5.4  Experimental Results 

 Figure 5.2 and 5.3 show the applied positive voltage pulses to the metal plate for 

different widths of very fast rise times. During the application of pulse the current drawn by 

the metal plate is very high (around 15-20A), which is much greater than the discharge 

current (0.1-0.4 A). In order to calculate the number of electrons lost to the metal plate, the 

integral of the current pulse is taken, i.e. 

 ∫=
τ

0

1
Idt

e
N                       (5.4) 

where e is the electron charge, I is the electrode current and τ is the current pulse duration. 

From the above integral, the percentage of electron density lost to the metal plate can be 

calculated to be around 10% to 40% of the unperturbed plasma density for pulse width in the 

range of 0.5fi
-1 < τp < 4fi

-1.  
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Figure 5.2 The applied voltage (solid line) and current (dotted line) pulse to the exciter. Here the 

pulse width τp=350 ns (τp< 3fi
-1

), U0=625 V and n0=4 x 10
9
 cm

-3
. 
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Figure 5.3 The applied voltage (solid line) and current (dotted line) pulse to the exciter. Here the 

pulse width τp=2 µs (τp> 3fi
-1

), U0=1000 V and n0=4 x 10
9
 cm

-3
. 

 

Figure 5.4 shows the floating potential signals of the detecting or the receiving probe 

at various distances from the metal plate or the exciter. The signals were for the applied pulse 

width (350 ns) less than the thrice of the inverse of ion plasma frequency (fi
-1 ~ 480 ns). The 

first peak doesn’t propagate with distance, but the second peak propagates with distance. The 

first peak is the electrostatic coupled signals [40] during the application of positive pulse to 

the electrode. However, the second peak shows interesting characteristics; potential 

disturbances propagate in two opposite directions from a location (around 3 cm form the 

exciter), indicating the presence of a virtual source. Interestingly only the rear edge of the 

second peak flattens (i.e., the steepness flattens) and all the signals fall in a line. The point of 

potential depression between the two peaks doesn’t vary with distance. The amplitude of the 

signals increase, when the signals move towards the exciter and the signal damps as it moves 

away from the exciter.  

Similar results are obtained with pulse width ~ fi
-.1 However as the pulse width is 

increased further, strikingly different results are obtained at pulse width ~3fi
-1. Figure 5.5 

shows the potential signals of the receiving probe for the applied pulse width (2 µs) greater 

than 3fi
-1. Here the second peak propagates away from the metal plate with distance in one 

direction only. Here also the point of potential depression between the two peaks doesn’t vary 

with distance, but the depression region (distance between two peaks) is decreased with 
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increase in pulse width. The amplitude of the potential disturbances decreases away from the 

metal plate. This may be due to the collisions between electrons and neutral atoms leading to 

an increasing damping rate for the amplitude [41]. 
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Figure 5.4 Oscilloscope traces of the potential disturbances measured by the detector from the 

positive biased exciter. It shows only the second peak propagates with distance from the exciter. The 

numbers 1-7 show the distances from the exciter. Here pulse width is 350 ns (τp< 3fi
-1

), U0=625 V and 

n0=4 x 10
9
 cm

-3
. 
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Figure 5.5 Oscilloscope traces of the potential disturbances for a longer applied pulse width. The 

numbers 1-7 show the distances from the exciter. Here the pulse width is 2 µs (τp> 3fi
-1

), U0=625 V 

and n0=4 x 10
9
 cm

-3
. 
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It appears from the above results that the transition of the potential perturbations from 

two-way to unidirectional propagation depends upon the pulse width transition from < fi
-1 to 

≥ 3fi
-1. This is reminiscent of some kind of a virtual source for the potential perturbations. To 

probe this further, a plot of the virtual source location versus a time normalized constant (τpfi) 

is shown in Figure 5.6. When the applied pulse width is increased, the virtual source distance 

is decreased. The virtual source distance is independent of the plasma density and applied 

pulse magnitude. Pulse width, equal or greater than ~3fi
-1, the virtual source distance is 

approximately zero. The virtual source distance depends upon only on the applied pulse 

widths. 
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Figure 5.6 A plot of distance of virtual source from the exciter as a function of pulse width. Distance 

of virtual source decreases with increasing pulse width till τpfi ≈ 3 and then goes to zero. 

 

Figure 5.7 shows the phase velocity plot for τp < 3fi
-1. The plot shows two phase 

velocities: with a phase velocity of 0.26-0.37ve towards the exciter and with another phase 

velocity of 1.25-1.36ve away from the exciter. Such type of nature indicates the presence of a 

virtual source. The virtual source distance doesn’t depend upon plasma density.  Here also on 

increasing the plasma density, the speed of the signals increases.  

Figure 5.8 shows the time delay of the second peak versus the distance between the 

exciter plate and the receiver for τp > 3fi
-1. The time-of-flight phase velocity curve shows two 

slopes. The first slope is up to 8 cm from the exciter moving with vp = 1.32-1.47ve. And the 
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second slope shows the velocity vp = 0.25-0.3ve. It is seen that on increasing the plasma 

density, the speed of the signals increases. 
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Figure 5.7 Time delay vs the detector position for τp< 3fi
-1

. This plot is for various plasma densities 

and shows two slopes. It indicates a virtual source around 3 cm from the exciter. It shows that the 

phase velocity increases with increase in plasma density. 
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Figure 5.8 Time delay vs the detector position for τp> 3fi
-1

. This is for various plasma densities and 

also shows two slopes. Here is no indication of virtual source. 
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Figures 5.9 and 5.10 show the phase velocity of the signals for various applied pulse 

magnitudes to the exciter plate. The signals move with vp = 1.28-1.38ve and 0.25-0.55ve. 

Here it is seen that the speed of the signals doesn’t depend upon on increasing the pulse 

magnitude. 
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Figure 5.9 Time delay vs detector position for various applied pulse magnitude and the pulse width is 

greater than the thrice of ion plasma response time. It shows the phase velocity is independent of 

applied pulse magnitude. 

300 350 400 450 500 550
0

2

4

6

8

10

12

 

 

 625 V
 1000 V

D
is

ta
nc

e 
(c

m
)

Time delay (ns)

v p
=5.1x1

0
7  cm

/s~
1.28v e

v p
=5.5x1

0
7  cm

/s~
1.38v e

v
p =1.95x10 7

 cm/s~0.49v
e

v
p =2.19x10 7

 cm/s
  

n
p
=2.65x109 cm-3

T
e
=0.9 eV

τ
p
=500 ns

~0.55v
e

 

Figure 5.10 Time delay vs detector position for various applied pulse magnitude and the pulse width 

is less than the thrice of ion response time. 
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Figures 5.11 and 5.12 show the spatial variations of the signals for pulse widths less 

than and greater than the 3fi
-1 respectively. Here the metallic disc electrode (anode) is biased 

to a positive potential and the chamber wall is kept ground. The axial distance between the 

biased electrode and the wall was 18 cm. So the potential at the wall (18 cm) will be zero, 

while some potential difference exists at the biased electrode for various times during the 

pulse bias. The potential disturbances restore the unperturbed plasma potential after a long 

time ≈ 3-4 times of fi
-1. In Figure 5.11 (τp< 3fi

-1), at the very early times (just after the rising 

time of the potential disturbance) a potential well is observed near to the electrode. These 

potential wells may have trapped ions. For τpfi ≥ 3, however, no potential wells are formed 

(Fig. 5.12). 

When a positive pulse is applied to a metallic electrode, then plasma potential is more 

positive. This larger plasma potential produces more energetic filament electrons, resulting in 

a larger plasma density [42]. In our experiments, the density of these energetic filament 

electrons is not taken into account. 
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Figure 5.11 Spatial variation of the disturbances for 350 ns pulse width, which is less than thrice of 

the ion plasma period. Here U0=625 V and n0=4 x 10
9
 cm

-3
. Potential well structures are observed for 

L1 and B time scales. 
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Figure 5.12 Spatial variation of the disturbances for 2 µs pulse width, which is greater than the thrice 

of ion plasma period. Here U0=625 V and n0=4 x 10
9
 cm

-3
. 

 

5.5  Discussions 

In summary the experimental observations are;  

(h) Virtual sources are present for the pulse width less than 3fi
-1. Here the disturbances 

propagate with two speeds. The disturbances propagate towards the exciter with the 

speed of 0.4 ± 0.15ve and away from the plate with the speed of 1.36 ± 0.11ve. Virtual 

sources are only dependent on applied pulse widths. Formation of a potential well 

structure is seen near the vicinity of the biased electrode. This potential well structure 

seems to exist for very early times during the application of the pulse. 

(i) There is no virtual source present for the pulse width equal or greater than the 3fi
-1. 

Here the disturbances propagate away from the plate with two speeds. From the plate 

up to some distances, the disturbances move with the speed of 1.36 ± 0.11ve, and after 

longer distances from the exciter they move with the speed of around 0.4 ± 0.15ve. In 

this case no potential well structures are observed.    

(j) The speed of the disturbances increases with increase in plasma density. 

(k) The speed of the disturbances is independent of applied pulse magnitude. 
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The most important observation is the virtual source. The virtual source is observed for τp 

< 3fi
-1, but not for τp ≥ 3fi

-1. Lieberman [43] has derived for plasma immersion ion 

implantation cases that all the ions will be implanted in the time scale of ωit~3. In our case, 

one possible thing is, may be all the ions can reflect back from the vicinity of the exciter after 

3fi
-1. When τp < 3fi

-1, an ion rich region is present there, which may attracts the solitary 

electron holes. When τp approaches 3fi
-1, all the ions reflect back and hence no indication of 

virtual source (Fig. 5.6).  

According to Saeki et al. [36], the solitary electron hole will be only excited when the 

excitation potential exceeds a critical value φc (Eq. 5.3). In our case the critical value is [44] 

2

4.222

1








= a

e

m pe
c π

ω
ϕ .                    (5.5) 

Here a is taken as the exciter radius. Because the potential perturbations are observed only in 

the axial direction and in the diameter region of the exciter. In our experimental set up, φc≈ 

400V for a particular plasma density. So it is expected that the EHs can be excited above this 

critical value. 

Chan et al. [45] has observed the multiple electrostatic ion-acoustic shock-like density 

perturbations when a large amplitude positive pulse is applied to a square metal plate. The 

pulse duration in their experiment is of the order of ~ fi
-1. The velocities of these shocks don’t 

depend upon the applied pulse magnitude to the exciter plate. The potential disturbances in 

our experiment are excited by applying a positive voltage pulse to a disc metallic plate. These 

disturbances propagate with two phase velocities: vp =  1.36ve and another is 0.4ve, not at ion 

acoustic shock speed and also the phase speed doesn’t depend upon the pulse magnitude. 

Further these potential disturbances are excited for an applied pulse magnitude geater than 

the critical value φc. According to previous literature [19, 26-27], a solitary structure in 

plasma is identified as an EH by a positive hump like potential & a depletion in the electron 

density at the potential peak. Some other theoretical and experimental studies [19, 21, 27, 28, 

35] show that the EHs propagate with the phase speed of vp =  1.31ve or from a fraction of ve 

up to 2ve. Our experimental results shown in Figs. 5.4-5.5, 5.7-5.10 satisfy all the conditions 

expressed above. We, therefore, speculate that the excited disturbances are the nonlinear 

solitary electron holes. 
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In Figures 5.7 and 5.10, where τp < 3fi
-1, the potential disturbances move with two 

phase velocities: with a phase velocity of 0.4 ± 0.15ve from a location in front of the exciter 

(around 3 cm) towards the exciter and with a phase velocity of 1.36 ± 0.11ve away from the 

exciter. This type of nature indicates a virtual source is present at 3cm from the exciter, at 

which two waves propagate in opposite directions. Also the distinct difference between two 

phase velocities shows simultaneous existence of two propagating waves in opposite 

directions. Taking 3cm as the source point, the amplitude of both the phase velocity waves 

decreases (Fig. 5.4). The trapping conditions in the two wave propagating regions (0.4ve 

phase velocity wave or the left propagating wave moves towards the exciter, i.e., near to the 

exciter and 1.36ve phase velocity wave or the right propagating wave moves away from 

exciter) are different. First the origin of the left propagating wave should be discussed. Near 

to the exciter, a less number of electrons will be trapped and an ion rich region is present 

there. So the EH interaction with ions may lead to a slower phase velocity. The 0.4ve phase 

velocity perturbation is accompanied by a small amplitude potential well seen in Fig. 5.11, 

resembling an ion hole. The right propagating wave propagates from the virtual source 

position with a phase velocity of 1.36ve with decrease in amplitude. Here the number of 

trapped electrons will be greater than the region of left propagating wave. So the speed of the 

right propagating wave conforms an EH.  

In Figures 5.8 and 5.9, where τp > 3fi
-1, the disturbances move away from the exciter 

in a one direction with two phase speeds of 1.36 ± 0.11ve (8cm from the exciter) and 0.4 ± 

0.15ve (far away from the exciter). In this case, initially (nearer to the exciter) the wave 

propagates with a faster phase velocity and far away from the exciter a sudden slowing down 

of phase velocity occurs. In 1D plasma problem, the penetration speed of the exciter potential 

will be suppressed by the shielding effect of the radial boundary. In this experiment the EHs 

are excited at the exciter by a sudden subtraction of electrons in front of the exciter. So the 

EHs have a positive potential shape propagating with a speed comparable to ve, initially up to 

some distances and determined mainly by electron trappings. On later distance, when 

collisions have the dominant effect, this wave ceases to exist. But instead of extinguishing 

the structure, the plasma dissipation in connection with ion mobility may give rise to a 

coherent dissipative EH structure, as proposed by the second paper of [9] and in [20], 

resulting in a sudden lowering of the phase velocity. 
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5.5  Conclusions 

 The present investigation shows the excitation of solitary electron holes using a metal 

disc electrode in a homogeneous electron-ion plasma. A virtual source is present during the 

EH excitation, when τp < 3fi
-1, an observation not reported in earlier experiments. Two 

branches of holes are found: one is EH moving with the phase velocity of 1.36ve and the 

other is a coupling of EH and ions moving with 0.4ve phase velocity. The speed of the EHs 

increases with increase in plasma density and independent of applied pulse magnitude. 
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CHAPTER 6 

 

6  Excitation of Electrostatic Waves 

Using Pulsed Capacitive Process 
 

6.1  Motivation  

 In the last Chapters, we discussed about the ion rarefaction waves and the 

solitary electron holes. In Chapter 4, ion rarefaction waves are excited using a conducting 

electrode, biased with a high negative pulse whose width is less than the ion plasma period. 

In Chapter 5, solitary electron holes are excited through a conducting material by applying a 

high positive voltage pulse, where the pulse width is varied from less than the ion plasma 

period to greater than ion plasma period. In this Chapter, in lieu of a conducting material, a 

dielectric electrode (a conducting electrode covered by a dielectric film) is used to excite 

some electrostatic waves. Here both the positive and negative pulses are used for various 

dielectric thicknesses. According to dielectric thickness solitary electron holes or solitary ion 

holes are excited for positive pulse bias and for negative pulse bias ion rarefaction waves are 

excited. An overview of previous literature is given in Sec. 6.2. The experimental setup is 

described in Sec. 6.3 followed by the observed results and discussions presented in Sec. 6.4. 

And finally conclusions are given in Sec. 6.5.  

 

6.2  An Overview of Previous Works 

 Many experiments or theoretical models have been studied for the basic plasma 

physics point of view, when a metallic electrode or a metallic mesh grid is immersed inside 

plasma [1-2]. When the electrode or the mesh grid is biased with positive or negative pulses,
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the ion acoustic waves [2], ion shocks [3], ion acoustic solitons [4], electron plasma waves 

[5], electron acoustic waves [6], electron acoustic solitons [7] or solitary electron holes [8] 

can be excited. Generally these linear or non-linear waves are propagated from the sheath 

edge [2]. 

One of the major applications that have been developed using pulsed bias on the 

electrode is plasma immersion ion implantation (PIII). PIII is a novel technique for surface 

modification and has mostly been applied to conducting materials [9-11] or semiconductors 

[12]. In PIII, a metallic electrode is immersed in a low pressure plasma and is biased with 

high negative voltage pulses. In general, the applied negative pulse bias magnitude (U0) is 

much greater than the electron temperature, such that in the time scale of inverse electron 

plasma frequency fe
-1, electrons are depleted from the vicinity of the electrode, leaving behind 

a uniform density of ion matrix sheath in which ions are stationary. Subsequently, in the time 

scale of inverse ion plasma frequency fi
-1, ions are accelerated towards the electrode and 

implanted into the surface of the electrode. In typical PIII, the pulse duration (τp) is much 

larger than the ion response time and hence the ion matrix sheath or the transient sheath 

expands and ion implantation happens on the biased electrode. Also an experiment has done 

for PIII using positive bias [13] to the electrode. However, in PIII, both positive and negative 

bias is used depending on the application.  

As an advanced technique for surface modification, PIII of insulating materials [14-

17] has been used to modify the surface properties of dielectric materials (e.g. polymer), 

giving an improvement in qualities, like hardness, conductivity, wetting property and also 

used for protection against atomic oxygen degradation in space environment. PIII of 

dielectric materials is quite challenging because of surface charging, capacitance effects and 

poor conductivity. The dielectric material is positioned on a conducting target holder. During 

PIII, charges will accumulate on the dielectric surface and produce a charge layer because of 

the low electrical conductivity of the dielectric. The charge layer in turn builds up an 

opposing electric field that decreases the surface potential of the dielectric (i.e., the dielectric 

surface cannot rise to the full pulse bias potential that is applied to the metal target holder on 

which the insulating sample is placed) and change the profile of the sheath [18]. So the 

energy of the incident charge particles is less than that expected from the pulse bias voltage. 

The shorter the applied pulse rise time the larger is the charge dose accumulated on the 

dielectric surface. It would decrease the surface potential and hence the lower ion impact 

energy at the later stage of the pulse. A combination of short pulse duration, high pulse 
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frequency, high pulse magnitude and low plasma density can be beneficial for the dielectric 

in PIII [16]. 

Many researchers have explained the charging effect [14-16], incident charge particle 

energy distribution [19], effect of applied pulse duration and plasma density and the dielectric 

film characteristics (thickness and permittivity) [17] for PIII of dielectrics. But no 

experiments or theoretical models have been reported whether some kind of electrostatic 

plasma waves are excited in such cases. In this report, the experiments are performed for the 

excitation of electrostatic plasma waves from a positive and negative pulse biased dielectric 

covered metallic electrode. All the experiments are performed for single pulse excitation. 

 

6.3  Experimental Set-up 

The schematic diagram of the system is similar as Figures 4.1 and 5.1(a). The 

experiments were performed in a grounded cylindrical chamber of stainless steel (SS 304) 

with an inner diameter 29 cm and a length of 50 cm. The chamber was evacuated by using 

combination of rotary pump and diffusion pump and the base pressure was about 5 × 10-5 

mbar. The plasma was generated by impact ionization of gas neutral by primary electron 

coming out from the dc biased hot tungsten filaments of diameter 0.25 mm. The filaments 

were mounted on two SS rings and filament bias potential was -65 V. The working gas was 

argon (99.999% pure) at pressure of 1 × 10-3 mbar. Plasma density (n0), electron temperature 

(Te) was determined with a Langmuir probe for various axial and radial positions. For fixed 

discharge current (Idis), plasma density and electron temperature were found to be uniform 

throughout the main chamber. The experiments were performed with the plasma density of 

order 109 cm-3, electron temperature 0.6 – 2 eV and the ions are considered as cold, i.e., 0.2 

eV. 

In the chamber, a dielectric covered metallic electrode was mounted on a SS rod and 

the SS rod was fixed in the axis of the chamber. Here the metallic electrode (diameter 12 cm) 

was covered by various dielectric (Kapton) thicknesses, shown in Figure 6.1. Here the 

metallic electrode, dielectric and plasma acted like a capacitor. A high voltage (HV) probe 

(1000X) and a current transformer (CT) were mounted on the SS rod and were used to 

measure the pulse voltage and the current respectively. The direction of the CT was such that 

it will give a positive signal when electrons are collected by the biased electrode. In the 
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chamber, an axially movable disk probe (receiver or detector) of diameter 7 cm and thickness 

0.4 cm was introduced to detect the propagation of plasma perturbations. The detecting probe 

was kept floating and the propagating signals were directly observed on an oscilloscope. The 

details of the pulse forming circuit are described in Sec. 2.6. 

 

Figure 6.1 Schematic of the dielectric layer over a metallic electrode, on which the pulse bias is 

given.  

 

6.4  Experimental Results and Discussions 
 

6.4.1  Charging Effect 

 Figure 6.2(a) is the applied negative voltage pulse (solid line) and current pulse 

(dotted line) to the metal electrode, which is covered by a dielectric film in the presence of 

plasma. Here the applied pulse width is greater than the ion plasma period (1 µs). The current 

shown in this figure, is the mix of displacement current, electron current and ion current. 

Figure 6.2(b) shows the total current in presence of plasma (which is also shown in Fig. 

6.2(a)), vacuum current (the capacitive current in the absence of plasma) and the subtracted 

current from total current to vacuum current. This vacuum current is the derivative of the 

applied voltage pulse. In the subtracted current pulse, first a negative current (ion current (I i)) 

and later a positive current (electron current (Ie)) is shown. For increasing plasma density, 
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applied voltage pulse magnitude and the pulse width, the ion and electron currents are 

increased. We can calculate ion and electron charges form the integration of the current pulse, 

i.e., the area under the curve. Table I shows ion and electron charges for one particular 

plasma condition. 
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Figure 6.2 (a) The applied negative voltage (solid line) and total current (dotted line) pulse on the 

dielectric electrode in the presence of plasma. Here dd = 0.8 mm and 0n = 9 × 10
8
 cm

-3
. (b) The total 

current, vacuum current (capacitive current at vacuum) and the subtracted current (subtraction of 

vacuum current from the total current). 
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Table I Ion and electron charges for various plasma densities for both negative and positive pulse 

bias. The charges can be calculated from the integration of the current pulses, i.e., the area under 

the curve. Here dd = 0.8 mm.   

Bias  

Characteristics 

n0 × 109 

cm-3 

Ion charge       

(× 10-7) 

(= ∫
2

1

τ

τ

dtI i ) 

Electron 

charge     (× 10-

7) 

(= ∫
4

3

τ

τ

dtI e ) 

Net charge 

(Q) on the 

dielectric 

surface after 

pulse removal 

(× 10-7) 

Potential 

drop on 

the 

dielectric 

surface 

(Q/C) (V) 

-850 V, 2.5 µs 2.25 3.82 4.22 0.4 110 

3 5.3 6.35 1.05 291 

3.9 6.5 7.98 1.48 410 

+850 V, 2.5 µs 2.25 6.2 8.2 2 555 

3 8.6 10.8 2.2 610 

3.9 10 12.5 2.5 690 

 

Figure 6.3(a) shows the applied positive voltage pulse (solid line) and current pulse 

(dotted line) to the metal electrode, which is covered by the dielectric film in the presence of 

plasma. Here the applied pulse width is greater than the ion plasma period (1 µs). Figure 

6.3(b) shows the total current in presence of plasma (which is also shown in Fig. 6.3(a)), 

vacuum current (the capacitive current in the absence of plasma) and the subtracted current 

from total current to vacuum current. The vacuum current is same for both negative and 

positive pulses, but with a sign change. Here first a positive current (electron current) and 

later a negative current (ion current) is shown and for increasing plasma density, applied 

voltage pulse magnitude and the pulse width, the ion and electron currents are increased. 

Table I shows electron and ion charges for one particular plasma condition.  

Now we should discuss about the charging effect of dielectric material. We consider a 

planar electrode of dielectric thickness dd , as shown in Fig. 6.1. The dielectric is kept on a 

metal electrode and immersed in a low pressure argon plasma. When a large negative or 

positive voltage pulse U0 is applied to the metal electrode, instantly the full potential will be 

at the dielectric surface. Due to this potential the ions or electrons will be accelerated and 

accumulate on the dielectric surface and will start charging the dielectric surface. So a 

potential drop occurs due to this charge layer on the dielectric surface. Tian et al. [16] has  
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Figure 6.3 (a) The applied positive voltage (solid line) and current (dotted line) pulse on the dielectric 

electrode. Here dd = 0.8 mm and 0n = 9 × 10
8
 cm

-3
. (b) The total current, vacuum current (capacitive 

current at vacuum) and the subtracted current (subtraction of vacuum current from the total 

current). 
 

 

also shown that the contribution from the plasma sheath capacitance to the potential drop is 

very small and the potential drop is mainly responsible for the charging. Emmert et al. [15] 

has shown that the dielectric surface charging is more severe for thicker targets. Considering 

the charging effects, the relation between the voltage induced by the free charge Q(t) on the 
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surface of the dielectric electrode )(tU s and the external voltage applied on the metal 

electrode )(0 tU   is given as follows [17, 20-21]:  

( ) ( )
C

tQ
tUtU s

)(
0 −=                                       (6.1) 

where, 
d

r

d

A
C

εε 0=   is the effective capacitance of the dielectric electrode, εr is the relative 

permittivity (4 for Kapton),  A is the area of the dielectric electrode surface. The second term 

is the potential drop on the dielectric surface after the pulse removal. Since the plasma 

potential is slightly positive with respect to reference ground potential (few kTe), some 

researchers assume that 00 UVU p ≈− . A smaller dielectric thickness gives rise to a larger 

capacitance and a smaller potential reduction. The Eq. (6.1) can be rewritten as 

r

d
s

d
tUtU

εε
σ

0
0 )()( −=                     (6.2) 

where AQ /=σ  is the total net charge density accumulated on the dielectric surface during 

the pulse. Since the implantation depth in the dielectric is small compared with the dielectric 

thickness, the charge layer can be treated as surface charge density σ . In Eq. (6.2), if dd is 

very small, the capacitance will be large and the second term will be negligible. Thus the 

dielectric electrode for a smaller thickness, will behave like a metal plate. If the dielectric 

thickness increases, the capacitance will be small and the charging effect will be dominant. 

Table I shows the potential drop on the dielectric surface after the pulse removal for the 

dielectric thickness of 0.8 mm, which can be calculated from the net charge accumulating on 

the dielectric surface. It is seen that for dielectric thickness of 0.8 mm, there are more 

potential drops for positive pulse bias. 

After the end of the dielectric surface charging, if the applied pulse is removed, the 

dielectric surface will be discharged by electrons or ions from the plasma and the dielectric 

surface potential gradually returns to zero. A longer time scale is needed for the discharge, 

because the charges may be implanted into the dielectric surface. The discharge time scale of 

charged dielectric surfaces is thus determining by the applied voltage pulse, pulse magnitude, 

plasma density and duration of the applied pulse. 
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6.4.2  Positive Bias 

 First the experiments have been done for the dielectric thickness of 0.1-0.5 mm. When 

the electrode is biased with a positive high voltage pulse, then potential perturbations are 

observed. Oscilloscope traces of the floating potential perturbations or the signals for 

different positions of the detector are shown in Fig. 6.4 for dielectric thickness of 0.5 mm. 

Similar trend of floating potential perturbations are obtained for the dielectric thickness of 

0.1-0.5 mm. Fig. 6.4(a) shows the floating potential signals for lower applied pulse width (τp 

< 3fi
-1), as in Chapter 5 (Fig. 5.4). The first peak does not propagate with distance, but the 

second peak propagates with distance. The first peak detected by the detector is an 

electrostatically coupled signal [22] from the electrode, during the application of pulse to the 

electrode. However, the second peak propagates in two opposite directions (initially moves 

towards the electrode and after some distance it moves away from the electrode) from a 

location around 4 cm from the electrode, indicating the presence of a virtual source [8]. 

Taking 4 cm as the virtual source point, we can say two waves propagate in opposite 

directions with decrease in amplitude. Fig. 6.4(b) shows the floating potential signals for 

higher applied pulse width (τp ≥ 3fi
-1), as in Chapter 5 (Fig. 5.5). Here the second peak 

propagates only in one direction with decrease in amplitude. 

The time-of-flight phase velocity plots are shown in Fig. 6.5 for dielectric thickness of 

0.5 mm. Fig. 6.5(a) shows the phase velocity for τp < 3fi
-1. The plot shows two phase 

velocities: with a phase velocity of 0.26-0.37ve (left propagating signal) towards the electrode 

and with another phase velocity of 1.32ve (right propagating signal) away from the electrode, 

as in Chapter 5 [8], where ve is the electron thermal speed. Here the virtual source distance 

does not depend upon the plasma density. Fig. 6.5(b) shows the phase velocity for τp ≥ 3fi
-1. 

For longer applied pulse width, the signals move only in one direction away from the 

electrode, but with one phase velocity (1.32ve).  

Figure 6.6 shows the phase velocity of the signals for various applied pulse 

magnitudes to the electrode of dielectric thickness 0.5 mm. The signals move with 1.32ve. 

Here it is seen that the speed of the propagation does not depend on increase the pulse 

magnitude. This is similar to observations as reported earlier in Chapter 5 for metal electrode 

only [8]. 

In Chapter 5, the exciter was a metal plate and the excited potential structures were 

solitary electron holes (SEHs) and propagated with the speed of 1.36ve. A SEH in plasma is 
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identified as a positive potential hump and propagates with the phase velocity of 1.31ve [23]. 

In our case, the exciter is now a metallic electrode, covered by a dielectric material and the 

results (Figs. 6.4-6.6) obtained for the dielectric thickness of 0.1-0.5 mm are satisfied with 

the conditions of SEH. So for dielectric thickness between 0.1 and 0.5 mm, the propagation 

characteristics are similar to that obtained for without dielectric, as in Chapter 5 [8]. 
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Figure 6.4 Oscilloscope traces of the floating potential disturbances measured by the detector from 

the positive biased dielectric exciter of 0.5 mm thickness. It shows only the second peak propagates 

with distance from the exciter. The numbers show the distances from the exciter. φ  is the 

perturbation potential amplitude. (a) Here pulse width is 300 ns (τp< 3fi
-1

), U0=1000 V and 0n = 1.36 x 

10
9
 cm

-3
. (b) Here pulse width is 2 µs (τp> 3fi

-1
), U0=1000 V and 0n = 1.36 x 10

9
 cm

-3
.  
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Figure 6.5 (a) Time delay vs the detector position for τp< 3fi
-1

 for the dielectric thickness of 0.5 mm. 

This plot is for various plasma densities and shows two slopes. It indicates a virtual source around 3 

cm from the exciter. (b) Time delay vs the detector position for τp> 3fi
-1

. This is for various plasma 

densities and also shows two slopes in one direction. Here is no indication of virtual source. 
 

 

Again the experiments are performed for the dielectric thickness of 0.6-0.9 mm. For 

these dielectric thicknesses, the propagating trend of the floating potential perturbations is 

same. Figure 6.7 shows the floating potential signals of the detector at various distances from 

the electrode for dielectric thickness of 0.8 mm. Strikingly these results are quite different 

from the results of below 0.6 mm dielectric thickness. Here initially the negative floating 
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potential signal propagates towards the electrode (left propagating signal) and after some 

distance it propagates away from the electrode (right propagating signal). Such type of nature 

indicates the presence of a virtual source. If we take 4 cm as the virtual source point, then we 

can say two waves propagate simultaneously in opposite directions with decrease in 

amplitude without significant change in shape. Interestingly, it is observed that these floating 

potential perturbations only excite for the applied pulse width in the range of fi
-1 < τp < 3fi

-1.  
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Figure 6.6 Time delay vs detector position for various applied pulse magnitude and the pulse width is 

greater than the thrice of ion plasma response time for the dielectric thickness of 0.5 mm. It shows 

the phase velocity is independent of applied pulse magnitude. 

 

Figure 6.8 shows the phase velocity plot of the floating potential signals for the 

dielectric thickness of 0.8 mm for various plasma densities. This reveals two phase velocities: 

with a phase velocity comparable or less than the ion thermal velocity (vt,i)  towards the 

electrode (left propagating signal) and with another phase velocity comparable to Cs away 

from the electrode (right propagating signal). Here the virtual source distance increases with 

increase in plasma density. 

Figure 6.9 shows the phase velocity plot of the floating potential perturbations for the 

dielectric thickness of 0.8 mm for various applied pulse magnitudes. Here also the left 

propagating signal propagates with the phase velocity comparable to ion thermal velocity and 

the right propagating signal propagates with Cs. Here the virtual source distance depends 
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upon the pulse magnitude, i.e., the virtual source distance increases with increase in pulse 

magnitude. 
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Figure 6.7 Oscilloscope traces of the floating potential signals measured by the detector from the 

positive biased dielectric exciter of 0.8 mm thickness. Here pulse width is 1 µs, U0= 450 V and 0n = 

1.36 x 10
9
 cm

-3
. 
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Figure 6.8 Time delay vs detector position for various plasma densities for the dielectric thickness of 

0.8 mm. 
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Figure 6.9 Time delay vs detector position for various applied pulse magnitude for the dielectric 

thickness of 0.8 mm. 
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Figure 6.10 Time delay vs detector position for various applied pulse widths for the dielectric 

thickness of 0.8 mm. 
 

 

Figure 6.10 shows the phase velocity plot of the floating potential perturbations for 

the dielectric thickness of 0.8 mm for various applied pulse widths. Here also the left 

propagating signal propagates with the phase velocity comparable or less than the ion thermal 

velocity and the right propagating signal propagates with Cs. Here the virtual source distance 
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depends upon the pulse width, i.e., the virtual source distance decreases with increase in pulse 

width.  

According to previous literature [23-27], a solitary structure in plasma is identified as 

an ion hole (IH) by a negative potential dip, in which groups of ions are trapped. The overall 

density depression in this region leads to the IH. An IH propagates with a speed of 

comparable to or less than the ion thermal speed [23-28]. For an IH the electron density is 

assumed to be Boltzmann-type. The conditions of IHs to exist [23-26] are 

(i) 5.3>
i

e

T

T
,                                       (6.3) 

(ii) 1≤
ekT

eφ
.                                      (6.4) 

IH is a nonlinear version of the slow ion acoustic mode [29], which was first 

discovered and described by Schamel and Bujarbarua [24-25] theoretically. They showed that 

nonlinearly, IH can exist due to distortion of the ion distribution function in the resonant 

region. Recently theoretical and numerical studies of relativistic IHs [30] in a relativistically 

hot electron-ion plasma are reported. 

The first experimental observation of the solitary IHs has been made by Pecseli et al. 

[27]. This experiment was performed in a double plasma device, excited by waves or pulses 

and found IHs behind the ion acoustic shocks. Later on Franck et al. [28] has observed the 

snoidal or periodic IHs in a double plasma device, excited by particle beam. They found that 

the IHs propagate comparable to vt,i and perform a sudden transition, by an apparent speed-

up, to an ordinary ion acoustic mode. 

Our experimental results shown in Figs. 6.7-6.10 satisfy the conditions of IH for a 

negative potential dip, speed is comparable to or less than the ion thermal speed and Eq. 

(6.3). We, therefore, speculate that the left propagating signals for the dielectric thickness of 

0.6-0.9 mm are the nonlinear solitary ion holes. In our experimental case, in Fig. 6.7, it is 

observed that 
ekT

eφ
 of the IHs from 1 cm to 4 cm is varied from 0.4 to 2 which shows large 

amplitude solitary IHs for 1>
ekT

eφ
. 
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At and above 1 mm thickness of dielectric there is no excitation of perturbations. 

For a positive pulse biased electrode, different electrostatic waves are excited for 

different dielectric thicknesses. Charging effect increases with dielectric thicknesses [15]. For 

the dielectric thickness of 0.1-0.5 mm, SEHs are excited, as the results observed for metal 

electrode in Chapter 5 [8]. So for the dielectric thickness of 0.1-0.5 mm, the charging effect is 

not significant. Figure 6.11 shows the electron current drawn for the metal and 0.5 mm 

dielectric thickness, which shows that the difference is not more. 
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Figure 6.11 The electron current drawn for the metal and various dielectric thicknesses. Here 0U  = 

450 V, 0n  = 1.36 ×  10
9
 cm

-3
 and pτ  = 1 µs. 

 

Solitary IHs are excited for the dielectric thickness of 0.6-0.9 mm. Here the charging 

effect is severe than the dielectric thickness of 0.1-0.5 mm (Fig. 6.11 and Table I). Here the 

floating potential perturbations only excite for the applied pulse width in the range of fi
-1 < τp 

< 3fi
-1. For increasing plasma density (Fig. 6.8) and applied pulse magnitude (Fig. 6.9), the 

virtual source distance increases. For larger plasma density and pulse magnitude, charging 

effect is more, i.e., a large opposing electric field exists. This opposing electric field attracts 

the ion holes from a longer distance towards the dielectric exciter. For longer applied pulse 

width (Fig. 6.10), charging effect is less, i.e., a small opposing electric field exists, which acts 

from a shorter distance. 



Chapter 6: Excitation of Electrostatic Waves Using Pulsed Capacitive Process 

123 

 

In Fig. 6.7, if we take 4 cm as the virtual source, then the ion holes propagate towards 

the electrode with a speed of less than or comparable to ion thermal speed. Near to the 

electrode a less number of ions will be trapped in the ion hole structures and such kind of a 

new electrostatic wave propagates at a phase velocity significantly below the ion acoustic 

speed (comparable to or less than the vt,i). This mode performs a sudden transition, by an 

apparent speed up, to an ordinary ion acoustic mode away from the electrode. Far from the 

electrode the number of trapped ions is more (an ion-neutral collision effect region) and the 

concomitant loss of the existence of the trapped ion hole structures lead a fastening ion 

acoustic mode. 

In our experiments, the ion holes are excited after the applied pulse goes-off to zero. 

So the ion holes are excited during the discharge process and take a longer finite time to 

discharge. There is no charge dissipation during the pulse because the pulse time is short 

compared with the time scale for charge dissipation in dielectric materials [15]. In our case, 

the experimentally obtained discharge time scale is about 60-240 µs (Figs. 6.8-6.10) 

depending on various plasma parameters. For higher voltage, lower plasma density and 

longer pulse duration, may be the electrons impinge up to some depth (much less than the 

dielectric thickness) to the dielectric surface, results a longer time to discharge in plasma. 

This is valid for the assumption that the conductivity of the dielectric is sufficiently low that 

the charge being implanted can’t dissipate during the pulse. 

 

6.4.3  Negative Bias 

 Now the electrode is biased with a negative pulse for the dielectric thickness of 0.1-

0.9 mm. For all the cases the trend of the floating potential signals are same. The signals 

propagate in one direction away from the electrode with decrease in amplitude. Figure 6.12 

shows the oscilloscope traces of the floating potential signals detected by the detector from 

the electrode, for the applied pulse width less than the fi
-1. Same floating potential signals are 

obtained for τp > fi
-1. At and above 1 mm thickness of dielectric there is no excitation of 

perturbations. 

Figure 6.13 shows the time-of–flight plot to find speed of the excited signals for the 

dielectric thickness of 0.8 mm. The signals propagate linearly in one direction away from the 

electrode. The speed of the signals is comparable to ion acoustic speed.    



Chapter 6: Excitation of Electrostatic Waves Using Pulsed Capacitive Process 

124 

 

0.0 1.0x10-4 2.0x10-4
-1.0

-0.5

0.0
-1.0

-0.5

0.0
-1.0

-0.5

0.0

-1.0

-0.5

0.0

-1.0

-0.5

0.0

0.0 1.0x10-4 2.0x10-4

 

Time (s)

1 cm

 

2 cm

 

eφ
/k

T
e

3 cm

 

4 cm

 

 

5 cm

 

Figure 6.12 Oscilloscope traces (floating potential measurements) of the rarefaction disturbances 

observed at various distances from the dielectric exciter, when a single negative pulse is applied for 

the dielectric thickness of 0.5 mm. Here 0U  = -1000 V, 0n  = 1.36 ×  10
9
 cm

-3
 and pτ  = 300 ns. 
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Figure 6.13 Time delay versus detector position showing the rarefaction wave speed for various 

plasma densities. Here 0U  = -1000 V and pτ  = 2 µs. 
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Generally rarefaction waves are excited when the ions move towards a negative 

biased electrode, when the applied pulse width is greater than the ion plasma period (fi
-1). If 

only a short pulse (τp < fi
-1) acts on the plasma, the density is depleted locally, i.e., when U0 

>> kTe/e ( )15001000 −≈ekTeU , the shielding effect is not perfect and the negative potential 

penetrates into the quasi-neutral plasma region (“pre-sheath”) where the ions are accelerated 

[31] and after the end of the pulse, the plasma is in a non-equilibrium state. Because diffusive 

process is slow due to charging effect, to reach the equilibrium state and a fast moving 

rarefactive wave forms. The rarefactive waves propagate with a velocity in the ion sound 

regime.  

 

Table II Summary of the observed results for positive and negative pulse bias to the dielectric 

electrode for various parameters. 

Pulse type dd (mm) τp  Signal type Virtual 

source 

Velocity Signals 

called 

+ve 0.1 – 0.5 τp < 3fi
-1 

Positive 

potential 

Present 0.3ve/1.32ve Solitary 

electron 

hole 

τp ≥ 3fi
-1

 Positive 

potential 

No 1.32ve Solitary 

electron 

hole 

0.6 – 0.9 fi
-1

<τp<3fi
-1 

Negative 

potential 

Present ≤ vt, i/Cs Solitary ion 

hole 

-ve 0.1 – 0.9 τp < fi
-1

,  

τp > fi
-1

 

Negative 

potential 

No Cs Ion 

rarefaction 

wave 

 

All the results explained above for both positive and negative pulse bias are 

summarized in Table II . It is seen that for dielectric thickness of 0.1 -0.5 mm, when the 

electrode is biased positive, solitary electron holes are observed which is similar to that 

obtained for without dielectric, as in Chapter 5 [8]. For these dielectric thicknesses, the 

capacitance is large and the charging on the dielectric surface is less. For dd = 0.5 mm, the 

potential drop on the dielectric surface is around 100 V for applied pulse magnitude of 
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1000V. So the dielectric surface potential (Us) is sufficient to excite the solitary electron 

holes. The solitary electron hole will be only excited when the excitation potential exceeds a 

critical value φc [8, 32] 

2

4.222

1








= a

e

m pee
c π

ω
ϕ                  (6.5) 

where me is the electron mass, ωpe is the electron plasma frequency and a is the electrode 

radius. For n0 = 1.36 × 109 cm-3, φc is around 150 V, which is less than the dielectric surface 

potential and solitary electron holes are excited. 

When the dielectric thickness increases, i.e., for 0.6 – 0.9 mm, solitary ion holes are 

excited for positive pulse bias. Here the capacitance is small and the charging of the dielectric 

is dominant, as shown in Table I. After the removal of pulse, as shown in Table I, Us is 

smaller than the φc (= 327 V for n0 = 2.25 × 109 cm-3 and dd = 0.8 mm) for these dielectric 

thicknesses, which doesn’t satisfy the condition of the excitation of electron holes. Due to this 

small dielectric potential, slow ion holes are excited. These IHs are only excited for the 

applied pulse width in the range of fi
-1 < τp < 3fi

-1. When the applied positive pulse width is 

less than the ion plasma period, ions will not respond. For longer pulse widths, i.e., when τp > 

3fi
-1, after the pulse removal, may be all the accumulated charges on the dielectric surface are 

discharged and plasma doesn’t show any potential for perturbation.  

When the electrode is biased negative for dielectric thickness of 0.1 – 0.9 mm, ion 

rarefaction waves are excited. Chang et al. [33] have shown that minimum 50 V is required to 

excite the nonlinear ion acoustic waves. Here the dielectric surface potential, although the 

dielectric thickness increases (from 0.1 – 0.9 mm) with increase in surface charging, is 

sufficient to excite the ion rarefaction waves as in metal case, in Chapter 4 [31]. For negative 

bias, the charging effect is very less as shown in Table I. 

 

6.5  Conclusions   

The present investigation shows the excitation of electrostatic waves using a pulsed 

capacitive process in a homogeneous electron-ion plasma. The excitation of electrostatic 

waves depends upon the dielectric thickness and polarity of the applied pulse. When the 

electrode of dielectric thickness 0.1-0.5 mm is biased pulsed positive, solitary electron holes 
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are excited and up to this dielectric thickness, the electrode covered by the dielectric film 

behaves as a conducting electrode. The presence of a virtual source indicates for solitary 

electron holes, when the applied pulse width is less than the thrice of ion plasma period. 

Solitary ion holes are excited for the positive biased dielectric thickness of 0.6-0.9 mm. Here 

initially, the solitary ion holes propagate towards the electrode with a speed of comparable to 

or less than the ion thermal velocity and performs a sudden transition away from the 

electrode with ion acoustic speed, indicating the presence of a virtual source. For positive 

bias, the waves, solitary electron and ion holes, are dependent on the combined effect of 

applied pulse magnitude, pulse duration and dielectric film characteristics (thickness and 

dielectric constant). 

When the dielectric electrode (0.1-0.9 mm thickness) is biased pulsed negative, ion 

rarefaction waves are excited and propagate with ion acoustic speed. 

The dielectric surface charging is more for positive pulse bias than the negative pulse 

bias. Above 0.9 mm dielectric thickness, there is no excitation of any electrostatic waves for 

both positive and negative pulse bias, at least for the applied pulse magnitude and plasma 

conditions considered here. As our knowledge, excitation of such type of electrostatic waves 

explained above from a dielectric electrode is reported first time.  
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CHAPTER 7 

 

7  Summary and Future Scope 
 

7.1  Summary 

The main focus of this thesis has been on experimental studies on plasma response to 

transient high voltage pulses in a uniform and unmagnetized low pressure argon plasma. In 

particular the investigations have centered on the excitation and propagation characteristics of 

nonlinear electrostatic waves, i.e., ion rarefaction waves, electron and ion holes. These waves 

are dependent on the pulse polarity, pulse width and the type of exciter, i.e., conducting or 

dielectric. 

The experiments were carried out in a cylindrical stainless steel (SS 304) vacuum 

chamber which was used as anode and the tungsten filaments as cathode. The plasma was 

generated by impact ionization of gas neutrals by primary electrons coming out from dc 

biased hot tungsten filaments. Langmuir probes and emissive probes were used to measure 

the plasma parameters such as, the plasma density, the electron temperature, the floating 

potential and the plasma potential. In our experiments the plasma density was in the order of 

1 × 1015 m-3, whereas the electron temperature was varied between 0.5 – 6 eV and the ion 

temperature was assumed cold as 0.2 eV. 

In the first set of experiments, we have estimated the number of electrons lost to the 

chamber wall, during the negative pulse bias to a metallic electrode. The pulse width was in 

between the electron and ion plasma periods. It has seen that the percentage of electron loss 

to the chamber wall is very less, i.e. 0.1 – 1%. The origin of the lost electrons is the ion 

matrix sheath as well as the bulk plasma. These experimental results are compared with a 

PDP1 computer simulation which has shown a good agreement. 
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In the second set of experiments, the ion rarefaction response to a high negative 

voltage pulse applied to a metal plate immersed in a low pressure argon plasma, for time 

duration lower than ion plasma period is investigated. Such a pulse duration is chosen so that 

ions are collectively undisturbed and, according to general understanding, no energy is given 

to ions. Hence no ion rarefaction wave should be excited. But, contrary to the general 

understanding, excitation and propagation of ion rarefaction waves are observed. When the 

applied pulse magnitude is much greater than the electron temperature (100-1500 times), the 

shielding effect is not perfect and the negative potential penetrates into the quasineutral 

plasma region (pre-sheath), where the ion are accelerated. So the rarefaction waves are 

excited in the pre-sheath region after the pulse goes to zero. The rarefaction waves are 

detected by the floating potential measurements, ion and electron saturation current 

measurements. These ion rarefaction waves are propagated comparable to ion acoustic speed. 

Overall, the excitation of ion rarefaction waves depends upon the product of pulse width and 

pulse magnitude. Another observation is, after a distance of ¾ th of exciter diameter from the 

exciter, the rarefaction waves turned to ion acoustic waves. 

In the third set of experiments, plasma response to a fast rising high positive voltage 

pulse is experimentally studied in a uniform and unmagnetized plasma, where solitary 

electron holes are excited. The pulse is applied to a metallic disc electrode immersed in a low 

pressure argon plasma with the pulse magnitude much greater than the electron temperature. 

Experiments have been carried out for various applied pulse widths ranging from less than 

ion plasma period to greater than thrice of ion plasma period. The solitary electron holes are 

detected by floating potential measurements. For pulse width less than thrice of ion plasma 

period, solitary electron holes are observed to propagate in two opposite directions from a 

location different from the actual exciter, indicating the presence of a virtual source. For 

pulse widths equal or greater than the thrice of ion plasma period, electron holes are 

propagated away from the exciter in one direction and there is no indication of virtual source. 

These electron holes are propagated with two speeds, one is comparable to electron thermal 

speed and the other is less than to electron thermal speed. 

In the fourth set of experiments, plasma response to high positive and negative 

voltage pulses is studied using a dielectric material (Kapton) in a uniform and unmagnetized 

plasma. The positive or negative voltage pulse is applied to a metallic electrode covered by a 

dielectric film, immersed in a low pressure argon plasma and the pulse magnitude is much 

greater than the electron temperature. Experiments are carried out for, how the plasma 
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perturbations behave at various applied pulse widths in comparison to ion plasma period and 

at different plasma parameters. Plasma perturbations are studied with respect to the thickness 

of the dielectric film. Due to poor conductivity of dielectric, dielectric charging plays an 

important role. The dielectric thickness up to 0.5 mm shows the same results as in metal for 

both positive and negative pulses, i.e., solitary electron holes and ion rarefaction waves are 

excited respectively. Above 0.5 mm to 0.9 mm dielectric thickness, plasma perturbations 

show strikingly different results for positive pulse, i.e., solitary ion holes are excited, but for 

negative pulse it is same as in metal case, i.e., ion rarefaction waves. And there is no 

excitation of plasma perturbations on and above 1 mm dielectric thickness for both positive 

and negative pulses. The solitary electron and ion holes are detected by floating potential 

measurements. Here the solitary electron holes are propagated with comparable to electron 

thermal speed, while the solitary ion holes are propagated with comparable to or less than the 

ion thermal speed. 

 

7.2  Future Scope 

The experimental studies of the present thesis can form the basis for further in-depth 

investigations of plasma response to transient high voltage pulses and can motivate new 

theoretical, experimental and computer simulation studies. The possible future extensions can 

be divided into two parts: one is for metallic case and other is for the dielectric case.  

A few possible future directions of research related with fundamental studies are 

discussed below: 

o All the experiments described above are for the un-magnetized plasma. These 

experiments can be repeated for the magnetized plasma to show the magnetic 

field effects on the un-magnetized results, like for positive plate bias electron 

or ion acoustic shocks may be excited instead of solitary electron holes. 

o Computer simulation can be done for the effect of applied negative pulse 

width and magnitude on the excitation of ion rarefaction waves. 

o In Chapters 3 and 4, the applied negative pulse duration is less than the ion 

plasma period. When the applied negative pulse duration will much greater 

than the ion plasma period, ion response begins and a significant amount of 

ions will be accelerated towards the electrode. The ions reaching the electrode 
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will have a distribution of energy, corresponding to the instantaneous 

acceleration voltage and ion transit time through the dynamic evolving ion 

sheath. So the ion energy distribution behind the electrode can be measured. 

o When the negative pulse bias duration is approximately equal to the electron-

neutral ionization time scales, the secondary electrons emitted from the 

electrode because of ion bombardment cause significant ionization. While this 

is not taken into account in many applications and it is not unavoidable. 

Understanding of additional ionization in the presence of background plasma 

can be an area of investigation. 

o To understand more about the presence of a virtual source related to the 

solitary electron and ion holes, computer simulations of chapters 5 and 6 can 

be done. 

o In the present thesis, all the experiments are performed for single pulse 

excitation. Experiments can be performed for repetitive pulses. When longer 

pulse durations are applied on an electrode of large area, a significant amount 

of ions are lost to the substrate, leading to ion density depletion in plasma. 

During the time in between the pulses, plasma will try to recover the initial 

density. Understanding the overall balance of charges can be an area of 

investigation.  

o Another experiment can be done that is; scattered dust charging with positive 

biased plate. 

In the present thesis, solitary electron and ion holes are excited for the dielectric case, 

i.e., using pulsed capacitive process. Here also single pulse excitation was used. The future 

directions in this area can be studied for charging effect and surface modification for 

o High pulse magnitude and low repetition rate 

o Low pulse magnitude and high repetition rate. 

For the above conditions, surface modification of dielectric can be studied. In addition to this 

a thin metallic film (around 10 nm thickness) can be coated on the dielectric, which may 

prevent surface charging, and the corresponding surface modification can be studied under 

the above 2 conditions.  

 


