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Abstract. This review reports on plasma response to transient high voltage pulses in a low pressure unmagnetized plasma. Mainly, the experiments are reviewed, when a disc electrode (metallic
and dielectric) is biased pulsed negative or positive. The main aim is to review the electron loss
in plasmas and particle balance during the negative pulse electrode biasing, when the applied pulse
width is less than the ion plasma period. Though the applied pulse width is less than the ion
plasma period, ion rarefaction waves are excited. The solitary electron holes are reviewed for positive pulsed bias to the electrode. Also the excitation of waves (solitary electron and ion holes) is
reviewed for a metallic electrode covered by a dielectric material. The wave excitation during and
after the pulse withdrawal, excitation and propagation characteristics of various electrostatic plasma
waves are reviewed here.
Keywords. Low-pressure plasma; pulsed high voltage; particle balance; ion rarefaction wave;
solitary electron and ion holes.
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1. Introduction
Plasma consists of equal numbers of ions and electrons (and neutrals) and the electrons are
far more mobile than the ions. The plasma will therefore charge positively with respect
to a grounded wall. The non-neutral potential region between the plasma and the wall is
called a sheath [1–4].
In weakly ionized plasma, the energy to sustain plasma is generally the heating of
electrons by the source, while the ions are at equilibrium with the background gas. The
electron temperature is typically of a 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.
A transition layer or pre-sheath 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
plasma-sheath edge known as the Bohm velocity. So, there exists a finite electric field in
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this pre-sheath region to give ions the directed velocity. Hence the pre-sheath region is
not strictly field-free, although E is very small there. At the sheath–pre-sheath interface,
there is a transition from subsonic to supersonic ion flow, where the condition of charge
neutrality must break down.
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,
leaving the ions behind to form an ion matrix sheath or transient sheath [2], 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 timescale, the system evolves toward a steady-state Child law sheath, with the sheath thickness
(s) given by
√


2U0 3/4
2
,
(1)
λD
s=
3
Te
 

where λD = ε0 kTe /n 0 e2 is the Debye length, e is the electron charge, ε0 is the permittivity of free space, Te is the electron temperature and n 0 is the plasma density and the
Child law current (implantation current) density across the sheath is
 1/2 3/2
U0
2e
4
,
(2)
jC = ε0
9
M
s2
where M is the ion mass. The investigation of Akimov et al [5] has revealed that the
space-charge-limited current, represented by eq. (2), is the result of an intrinsic nonlinear
property of the plasma (diode) dynamics rather than the result of electron reflection, as
usually believed and originally suggested by Langmuir.
The simplest high-voltage sheath, with a uniform ion density, is known as a matrix
sheath. Let n i = n s = constant within the sheath of thickness s0 and choose x = 0 at the
plasma-sheath edge (E = 0). Then from Poisson’s equation
en s
dE
=
dx
ε0
which yields a linear variation of E with x:
en s
E=
x.
ε0

(3)

(4)

Integrating dφ/dx = −E, we obtain a parabolic profile
φ=−

en s x 2
.
ε0 2

Setting φ = −U0 at x = s0 , we obtain the ion matrix sheath thickness


2ε0 U0 1/2
s0 =
.
en s
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Plasma response to transient high voltage pulses
Similar to 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 review reports the experimental and theoretical investigation of the response of
plasma to transient high negative and positive voltage pulses in low-pressure unmagnetized plasma. The main aim is to review the loss of electrons to the chamber wall during
a negative pulse bias, the excitation and propagation characteristics of ion rarefaction
waves and solitary electron and ion holes, when a disc electrode (metallic and dielectric)
is biased pulsed negative or positive. The overviews of previous works are given in §2.
Electron losses during negative bias are reviewed in §3. The excitation of ion-acoustic
waves is described in §4 and excitation of plasma holes is described in §5.

2. An overview of previous works
2.1 Electron losses during a negative pulse
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 ( f e−1 or τe ), the electrons are repelled from the vicinity of the electrode, leaving behind a uniform ion-matrix
or transient sheath [6–8]. Subsequently, in the time-scale of ion plasma period ( f i−1 or
τi ), 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. The
expanding sheaths are called Child–Langmuir sheath [8]. For a negative pulse 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 (discussed in next sections), while the applications are the surface modification of
materials. Plasma immersion ion implantation [7–21] is a novel technique for the surface modification in processing plasmas. For both fundamentals and applications, the
applied pulse width to the electrode is much greater than the ion plasma period with
finite rise and fall times [10,11]. For the applied pulse width less than the ion plasma
period:
(a) What happens to the 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.)
Kar and Mukherjee [22] have done an experiment for the applied pulse width less
than the ion plasma period, when a metallic disc electrode is immersed in a low-pressure
plasma. Such a pulse width is chosen to keep the ions to remain stationary. They have
studied the behaviour of electrons when a short pulse is applied to the metallic disc electrode. For this case, it is presumed that electrons would be repelled instantaneously; but
are the electrons near the vicinity of the electrode only repelled leaving electrons in the
bulk plasma unaffected or both are affected? They have shown that during the application of pulse, a small fraction (around 1%) of electrons (compare to the electrons from
Pramana – J. Phys., Vol. 81, No. 1, July 2013
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the unperturbed plasma) is lost to the chamber walls. The lost electrons are from the
ion matrix sheath as well from the bulk plasma. For higher plasma density and pulse
magnitude, the number of electrons lost to the chamber walls is more. Their laboratory
experiment is given in §3.

2.2 Excitation of ion-acoustic 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
motions. Both high-frequency and low-frequency electromagnetic and electrostatic waves
may propagate in plasma. Primarily, this review emphasizes on the study of electrostatic
plasma 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 experimentally and theoretically well-studied electrostatic
modes in plasmas. It has been extensively studied in both linear and nonlinear regimes
in different plasma environments [23–25]. The low-frequency IAWs in unmagnetized
plasmas are studied by considering the ions to be dynamic while electrons are Boltzmann
distributed.
The earliest prediction on ionic sound waves in plasmas is done by Tonks and
Langmuir [26]. The propagation characteristics of linear ((eφ/kTe )  1) and nonlinear
((eφ/kTe ) ≈ 1) IAWs have been reported in a number of works both experimentally [27–
33] and theoretically [33–35]. The experiments based on ion-acoustic waves are roughly
divided into two groups, one is based on spontaneously excited ion-acoustic waves [36,37]
in current carrying plasma, and the other [27–33] is based on externally excited IAWs in
plasma with or without currents.
Widner et al [33] have reported the IAW excitation with transient ion sheath evolution.
They report that the IAW breaks away from the sheath, depending upon the launching
plate geometry and the ion-neutral collisions. In experiments by Saxena et al [31,38], a
rarefactive pulse is found to undergo fission into several pulses. Recently, Oksuz et al [39]
have measured the phase velocity of ion-acoustic wave near the pre-sheath and sheath
boundary in weakly collisional plasma. Okutsu and Nakamura [40] 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 the excitation of ion-acoustic pulses, such as pure compressive, pure rarefactive and one-cycle
sinusoidal pulse in which the rarefactive leading part is followed by a compressive part.
Honzawa [41] 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
plasma to an impulse temporal disturbance were investigated by Ikezi et al [27]. They
reported that plate excitation method could not be used to measure the dispersion of
IAWs. Recently, a lot of work has been carried out on quantum IAW [42–45]. Some
researchers [46–48] have described the properties of ion rarefaction wave for various
launching plate geometry. Nishihara and Tajiri [49] and Ludwig et al [50] showed the
existence of rarefaction solitons in a two-electron-temperature plasma.
38
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When the electrode potential is much more negative than kT e /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 [51] in an
experiment in which an IAW was launched by applying a −250 V pulse to an electrode
in 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 (s0 ) is (eq. (6))


2ε0 U0 1/2
s0 =
.
n0e
The total sheath thickness (sc ) can be obtained from the quasistatic Child–Langmuir law [52]
√ 

2 2eU0 3/4
sc =
λD .
(7)
3
kTe
The ions are assumed to be stationary, and suddenly when they are in contact with the
sheath electric field, they get accelerated. However, we know that for the stability of a
steady-state sheath, ions need to enter the sheath with a velocity defined by the Bohm
sheath criterion [53].
Widner et al [33] 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, slowed down to ion-acoustic speed. Murakami and
Nishihara [54] pointed out that when the sheath propagation velocity is greater than the
ion-acoustic speed (supersonic regime, where the dynamic sheath thickness s < sc ), the
initial pre-sheath is buried and the ions at the sheath edge are still stationary when the
sheath comes by, i.e., no perturbation can propagate ahead of it. When the sheath propagation velocity drops below the ion-acoustic speed (subsonic regime, where s > sc ), a
rarefaction wave is launched 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 [55] reported that the compression like features can be generated by a contracting
sheath by 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 were
also modelled by Daube et al [56] experimentally. Collins and Tendys [57] observed the
decrease in plasma potential outside the sheath on the application of a high negative pulse.
The excitation of the IAW in collisionless plasma was studied first in late 1970s and
early 1980s, by using whistler waves [58,59]. Pottelette and Illiano [60] also reported the
excitation of the IAW by the slow ion beam. The experiments by Honzawa and Nagasawa [61] suggested that the fast ion beam could limit the amplitude of the ion-acoustic
solitons. It is shown that the ion beam plays an important role in the excitation of the
linear as well as nonlinear IAWs [62]. Castro et al [63] have reported a new technique for
creating controlled density perturbations to excite IAWs in ultracold neutral plasma and
have measured their dispersion relation.
The ion-acoustic solitary wave is one of the fundamental nonlinear wave phenomena appearing in fluid dynamics [64] and plasma physics [65]. The evolution of small
but finite-amplitude solitary waves is studied using Korteweg–de Vries (KdV) equation.
Wakil et al [66] have studied the IAWs for a system of collisionless plasma using the
Pramana – J. Phys., Vol. 81, No. 1, July 2013
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time fractional KdV equation. The density compressions of solitary structures are found
to exist in the supersonic regime for nonlinear IAW in the usual electron–ion plasma
case [65]. However, the density of rarefactive ion-acoustic solitary structures have been
observed by S3-3 and Viking satellites along the auroral magnetic field [67]. Honzawa
[68] has reported the excitation of solitary wave by applying a negative potential pulse
in double plasma device. Honzawa [69] 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 [70]. Bailung et al [71] have studied the
propagation characteristics of rarefactive solitons excited in a multicomponent plasma
with negative ions in the presence of a positive ion beam in a double plasma device.
Adhikary et al [72] observed the propagation characteristics of rarefactive ion-acoustic
solitary waves in dusty plasma containing negative ions.
Moiseev and Sagdeev [73] have predicted that a laminar ion-acoustic shock with an
oscillatory structure could be formed in collisionless plasma with hot electrons and cold
ions and with a small dissipation. However, Montgomery and Joyce [74] have indicated
theoretically that a laminar monotonic shock solution is possibly constructed in collisionless plasma by the introduction of a population of trapped electrons, even if no dissipative
effects are taken into account. Taylor et al [75] have observed 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 [76] has shown a successful separation of trapped and un-trapped
electron distributions in ion-acoustic shocks. Niknam et al [77] studied the effect of relativistic ponderomotive force and trapped particles in the presence of ponderomotive force
on the rarefaction shock waves.
In most of the above experiments and theoretical models, ion-acoustic or rarefaction
waves were excited externally in a double plasma device using the grid and the applied
pulse duration is greater than the ion plasma response time. Kar et al [78] have performed
an experiment for the propagation of ion rarefaction waves though the applied pulse duration to a metallic disc electrode is less than the ion plasma period. They have done the
experiments for single pulse excitation and the pulse magnitude is much greater than the
electron plasma temperature. They have chosen a pulse duration, such that the ions are
collectively undisturbed and according to the general understanding, no force is applied to
the ions. Hence, no ion 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 (negative biased
electrode), typically three-fourth of the exciter diameter, the rarefaction waves develop a
compressive part. Their 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 behaviour can still be excited. This ion rarefaction wave experiment is given
in §4.
2.3 Excitation of solitary holes
A variety of coherent nonlinear structures [79] exist in plasmas. These include shocks,
double layers, bare solitons (or solitary waves), envelope solitons, vortices etc. Coherent
40
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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 behaviour including the wave–particle interactions. Coherent nonlinear structures involving the latter are referred to as Bernstein–Greene–Kruskal (BGK) modes [80],
which appear 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 is 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 larger than the ion temperature,
so that electrons can form a high-pressure background, which does not neutralize the
ion density depletion of the ion hole. Generally speaking, the electron and ion holes are
the 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 [81] and Roberts and
Berk [82] 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 the motion of the phase-space boundaries of an incompressible and constantdensity phase-space fluids, and observed the formation and condensation of electron
holes, leading to long-lived nonlinear structures composed of depleted electron densities
and rotating vortices in the 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 [83] studied numerically the dynamics and instability of 2D phase-space tubes, whereas Daldorff et al [84] investigated the
formation and dynamics of ion holes in three dimensions. Krasovsky et al [85] showed
theoretically and by computer simulations the inelastic collisions of the electron holes.
Vetoulis and Oppenheim [86] studied the radiation generation due to bounce resonances
in electron holes. Guio et al [87,88] investigated numerically the dynamics of phasespace vortices in collisionless plasma, as well as the generation of phase-space structures
by an obstacle in streaming plasma. Saeki and Genma [89] examined the disruption of
electron holes in electron–ion plasma. Dupree [90] found the BGK mode to be the most
probable state for turbulent fluctuations creating self-trapping structures in weakly turbulent plasma. It has also been pointed out that plasma waves could be undamped due to
particle trapping effects in waves with arbitrarily small amplitudes [91,92]. Theoretical
investigations of trapped particle effects in a magnetized plasma showed that trapped ions
strongly influence the electromagnetic ion-cyclotron waves [93].
Pramana – J. Phys., Vol. 81, No. 1, July 2013
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About three decades ago, Schamel presented theories for electron and ion holes
[94–98]. The model used by Schamel has been used in theoretical investigations for
establishing existence criteria [98], and for determining the stability of the electron
and ion holes [91,97,99]. Schamel [96,100] have derived, for the first time, a modified KdV equation for weakly nonlinear ion-acoustic solitary waves. So we can term
this modified KdV equation as ‘Schamel equation’. This Schamel equation exhibits a
stronger nonlinearity than the ordinary KdV equation by the introduction of the trapping
effect. Nevertheless, it is still an equation for weak nonlinearity and small amplitudes.
Later, this equation has shown to be applicable also for solitary electron [94,97] and ion
holes [97].
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 [101,102] and
ion holes [103,104], as well as accelerated periodic ion holes [105] 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 [106] and Viking [107] spacecrafts, and
recently the high resolution measurements by the POLAR [108] and fast auroral snapshot (FAST) [109] satellites have 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.
Solitary electron hole (EH) structures are special class of cnoidal hole solutions (CHSs)
of the Vlasov–Poisson (VP) system of equations representing special trapping situation. CHSs are nonlinear, undamped, and low-frequency, weak-amplitude electrostatic
plasma waves, distinct from any linear wave solution, such as IAWs. 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 , depending on electron
trapping in the potential humps (maxima) and 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 [110], since Landau’s linear approach does not apply to
these waves.
A number of pioneering theoretical studies on CHSs in a collisionless and unmagnetized plasma have been carried out by Schamel and coworkers [91,94,96–98,111–115],
using a physically acceptable method of construction which is different from that of
Bernstein–Greene–Kruskal (BGK) [80]. The class of cnoidal electron hole solutions
(CEHSs) [91,94,114,115] 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
thermal, non-drifting background plasma, two expressions characterize this CEHSs class
[91]: the nonlinear dispersion relation (NDR)
1
k0 − Z r
2
2
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and the classical potential



k02
φ
Be 2
−V (φ) = φ(ψ − φ) +
φ 1−
2
2
ψ

.

(9)

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 B√e is
a parameter representing the status of the trapped electrons. The function − 12 Z r (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 Langmuir branch
√ (v0 / 2 → ∞), and the other 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 [116] has proposed the above dispersion relation with
Be = 0 at first, however, as a linear dispersion relation only.
When ion trapping comes into play, the CHSs are seen to move with lower phase velocities. As analysed by Luque and Schamel [111], an ion contribution Bi has to be added
to the NDR. This three-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 [98,112]. Also Franck et al [105] have excited the propagating periodic ion
holes.
So EHs are the special class of CEHSs for k0 = 0 and non-zero Be . By the way,
k0 decides about the kind of a structure, not Be . Many theoretical models [97,117,118]
explained the solitary EH in plasma as a positive hump-like potential in which a population of electrons is trapped and the propagation velocity is the order of the thermal
electron velocity. First, Schamel [94,97] has derived analytically the phase (propagation)
velocity of EHs in the range of vp ≤ 1.31ve . Kono and Tanaka [119] showed that the
EH formation is possible only when the vp > 1.73ve . Later, Califano and Lontano [118]
showed that the propagating velocities of EHs could range from a fraction of ve up to 2ve .
Califano and Lontano [118] and Kono and Tanaka [119] showed that EH formation is
possible when vp > 1.31ve , which contradicts the Schamel’s theoretically obtained value
vp ≤ 1.31ve (first time analytical proof of solitary EHs [94] and solitary ion holes [112]
respectively). This discrepancy may come from the distribution function for untrapped
electrons used by Schamel and his co-workers.
Theoretically, first Schamel [94] presented the theory of EHs [91,97,98,111,114],
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 IAW is created [117,118,120]. EHs exist in the computer simulation of
two-stream instability [121]. Recently, EHs have received substantial attention in space
plasma with higher dimensions rather than one-dimensional (1D) theory [122–125].
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
[126]. For the excitation of EHs, Saeki et al [127] have developed a relation that the
excitation potential should exceed a critical value φc , i.e.,
φc =

a
1m
ωpe
2e
2.4

2

,
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where m is the electron mass, ωpe is the angular electron plasma frequency and a is the
plasma radius. Iizuka and Tanaca [128] have 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 [129]. Recently, a laser-created EH is observed by Sarri
et al [130].
Kar et al [131] have excited solitary electron holes experimentally by applying a highly
positive voltage pulse to a metallic electrode inserted in low-pressure plasma. Their
applied pulse widths are varied from less than the ion plasma period to greater than thrice
the ion plasma period. For pulse widths lesser than 3 f i−1 , potential disturbances are
observed to propagate in two opposite directions from a location different from the actual
exciter (metal disc electrode), indicating the presence of a virtual source. For pulse widths
equal to or greater than 3 f i−1 , there is no indication of such virtual source. These disturbances propagate with two phase speeds, i.e., vp /ve = 1.36 ± 0.11 and 0.4 ± 0.15, where
ve is the electron thermal speed.
According to [97–99,103,111], 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 comparable to
or less than the ion thermal speed [97–99,103,105,112]. For an IH the electron density is
assumed to be Boltzmann-type.
IH is a nonlinear version of the slow ion-acoustic mode [132], which was first discovered and described by Schamel and Bujarbarua [98,112] theoretically. They showed
that nonlinearly, IH can exist due to the distortion of the ion distribution function in the
resonant region. Recently, theoretical and numerical studies of relativistic IHs [133] in
relativistically hot electron–ion plasma are reported.
The first experimental observation of the solitary IHs has been made by Pécseli et al
[103]. 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 [105] have
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.

3. Experiments on electron losses during a negative pulse bias
Figure 1a is the schematic diagram of the experiment done by Kar and Mukherjee [22].
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 plasma was generated
by impact ionization of gas neutrals by primary electrons coming out from DC-biased hot
thoriated tungsten filaments of 0.25 mm diameter. The filaments were mounted on two
SS rings.
The plasma was uniform throughout the main chamber. The electron temperature was
about 1–3 eV and the plasma density was around 109 cm−3 . These plasma parameters
were measured by a disc Langmuir probe. In the chamber, a metallic disc electrode (SS
disc of 10.2 cm diameter and 0.4 cm thickness) was mounted on a SS rod and the SS rod
was fixed in the axis of the chamber. To measure some of the properties of the displaced
electrons from the ion matrix sheath during the bias period, a grounded extended chamber
44
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Figure 1. (a) 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. (b) The pulse forming circuit. [HV DC supply = high voltage dc supply (1.5 kV, 500 mA), R1 = resistor (3 k), C = capacitor, R2 = load
resistor, L = inductor (320 nH), P1 = electrode or the exciter].

(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 (53 μm wire diameter and 74 μm
aperture) whose grid size was smaller than Debye length (λD ). The mesh transparency
was 34% and it was grounded. This grid size of the mesh ensures that relatively there is
no plasma inside the extended chamber. The distance between the mesh and the substrate
was 20.6 cm. In the extended chamber, an axially movable disc probe (collector) of 8 cm
diameter and 0.4 cm thickness was kept, which was grounded and in this path there was
a current transformer (CT2 ) as shown in figure 1a. The collector was for the collection
of the displaced electrons from the main chamber during the application of pulse and was
placed 0.5 cm behind the mesh for the optimal signal.
The pulse-forming network is described in figure 1b. The values of the capacitor (C)
and the resistor (R2 ) were adjusted in such a way that the pulse duration always satisfied
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the condition τi > τp > τe and the pulse height was decided by the voltage to which
the capacitor was charged. The value of the inductor (L) was fixed. For varying τpulse
(∝1/R2 C), capacitance of the capacitor and resistance of R2 were adjusted.
Figure 2a shows that the applied voltage pulse (solid line) and the pulse magnitude
(around 1 kV) are much greater than the electron temperature (1–3 eV) and current (dotted line) on the electrode in the presence of plasma for 140 ns pulse duration. This
pulse duration is in between the electron (around 5 ns) and ion (around 500 ns) response
times. Figure 2b shows the collector signal without plasma (dotted line) and with plasma
(solid line) during the bias period. It is seen that the collector signal in the presence of
plasma goes to zero earlier than the voltage pulse. It is assumed that on the application
of the negative pulse bias (U0 ) on the substrate, electrons are repelled instantaneously
and isotropically from the vicinity of the substrate. The instantaneous repulsion of the
electrons leads the collector signal to go to zero before voltage pulse.
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 (Nc ) ejected from the main chamber
during the bias and collected by the collector, given in eq. (11).

Nc =

1
e

τc

Ic dt,

(11)

0

where Ic is the collector current, e is the electron charge and τ c is the duration of the
collector signal.

(a)

(b)

Figure 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
that the collector signal goes to zero earlier than the voltage pulse. Here U0 = −650 V,
n 0 = 8.49 × 109 cm−3 and τp = 140 ns.
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By applying a sudden negative voltage to the disc electrode [7], the width s of the ion
matrix sheath in a planar geometry is given as

s=

2ε0 U0
en p

1/2
.

(12)

Thus the number of electrons displaced from the ion matrix sheath (Ns ) is
Ns = n p Vs ,

(13)

where Vs is the volume of the ion matrix sheath during the bias period. Vs is calculated
by multiplying the total substrate area (both sides) with the thickness of the ion matrix
sheath.
To estimate the number of electrons lost to the walls, Kar and Mukherjee have calculated the number of electrons lost on the collector surface area (Nt ) during the bias period
as if there is no mesh, using eq. (14).
Nt =

Nc
× 100,
T

(14)

where Nc is the number of electrons collected by the collector in the 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 (Nlost ), i.e., number of electrons lost to the
walls is
Nlost =

Nt
× A2 ,
A1

(15)

where A1 is the one sided area of the collector and A2 is inner surface area of the main
chamber. From eq. (15) the total number of electrons lost to the walls of the main chamber
during the bias period can be estimated.
The percentage ( p) of electrons lost to the walls is
p=

Nlost
× 100,
Np

(16)

where Np is the total number of unperturbed plasma electrons.
Figure 3 shows that the number of electrons lost to the walls increases linearly with
increase in plasma density for various electrode surface areas.
Figure 4 shows the collector current signals, when the disc electrode is set for various
tilt angles (ϕ) to the collector. The electrode was set at different tilts, which is the angle
between the normal directions of the collector and the electrode (figure 5). The tilt angles
were set at 0◦ or 180◦ , 45◦ , 90◦ and 135◦ . The solid line shows the collector current signal
when the electrode is mounted horizontally (0◦ or 180◦ ) to the collector. The dotted line
shows the collector current signal, when the electrode is mounted perpendicular (90◦ ),
that is, the rod is mounted at a radial periphery of the electrode. The dashed line is for
45◦ . It is seen that when the electrode is placed horizontal to the collector, the time width
of the collector current signal is more than the other two and the magnitude of current is
Pramana – J. Phys., Vol. 81, No. 1, July 2013
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Figure 3. Number of electrons lost to the wall vs. plasma density for U0 = −550 V
and τp = 250 ns.

less, i.e., by increasing the electrode angle to the collector, the time width of the collector
current signal decreases and the magnitude increases. But the total charge area under the
curve is approximately the same for all three conditions. So the number of electrons lost
to the wall is approximately same for all, which is given in table 1. This shows that for
all the 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 45◦ and 135◦ the magnitude of the collector current signal and the time width are
approximately the same.
When the electrode is horizontally mounted, then the collector sees a large surface
area of the electrode. But by increasing the angle of the electrode, the exposing area
of the electrode to the collector decreases. This may cause a decrease in time width of

Figure 4. Collector current signals for various electrode tilt angles to the collector.
Here U0 = −550 V, n p = 6.09 × 109 cm−3 and τp = 250 ns. The electrode diameter
is 5 cm. The electrostatic pick-ups are more for smaller electrode diameters.
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Figure 5. Schematic of the disc electrode angle, which is the angle between collectors
and electrodes normal direction.

the collector signal when the electrode tilt angle increases. But the collector collects
approximately the same number of electrons coming out from the same plasma volume
for all the three conditions. So if the time width decreases for larger angles, the magnitude
of the current signal will increase. When negative bias is applied to a planar electrode, we
normally assume 1D planar model. Then why would the same number of electrons collect
by the collector even when the angle of the planar electrode with respect to the collector
is changed. This question is interesting. Even though the transient bias time-scale is
between the ion and electron plasma periods, the displaced electrons are able to modify
the quasineutrality 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.
3.1 PDP1 computer simulation
PDP1 is a 1D planar bounded plasma simulation code [134], which was described in
detail by Birdsall [135]. The particle-in-cell (PIC) method [135,136] is implemented in
PDP1 to solve for motions of the particle and is based on the simultaneous solution of the
Newton’s equations of motion m i ai = qi E (i = 1, 2, 3, . . ., N , where N is the number
of charged particles in the system) and the Poisson equation ∇ 2 φ = −(ρ/ε0 ). Charged

Table 1. Comparison of the number of electrons lost to the wall for various electrode
tilt angles. Here U0 = −550 V, τp = 250 ns and the diameter of the electrode is 5 cm.
Number of electrons lost to the
chamber wall (Nlost ) × 1011

n p × 109
(cm−3 )
6.09
6.44
7.66
7.91
8.22
8.44
9.08

s (mm)

Ns × 1011

0◦

45◦

90◦

3.13
3.03
2.78
2.74
2.69
2.65
2.56

0.87
0.89
0.97
0.99
1.0
1.1
1.5

2.67
3.13
3.55
4.05
4.58
5.08
5.48

2.39
3.24
3.81
4.14
4.98
5.18
5.75

2.68
3.06
3.67
3.97
4.50
4.75
5.54
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particles of finite size are placed in a grided system, which will move about due to their
own forces and applied fields. Here the physics comes from two parts:
(1) Field produced by the particles → this is obtained from Maxwell’s equations.
(2) Motion produced by the fields → this is obtained by solving Newton–Lorentz
equation of motion.
In a 1D model, all physical quantities vary along x-axis; there are no variations in y or
z-axes.
From the positions and velocities of the particles, 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 [137] solvers as shown in figure 6 to handle
the full range of external circuit parameters, including open circuit, short circuit and current drives circuit which is shown in the figure. The general circuit equation is used to
advance the capacitor charge Q:
Q
dQ
d2 Q
+
= V (t) + φnc − φ0 ,
+R
(17)
dt 2
dt
C
where nc is number of cells from 0 to nc.
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 used 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 and the electron-neutral mean free path is greater than the
chamber dimension. Hence the plasma was assumed to be collisionless. The important
experimental parameters are as follows:
L

Gas = argon,
Plasma length = 0.5 m
Electrode area = 0.008 m2 (planar)

Figure 6. Simulation plasma system including the external RLC circuit for the planar
geometry.
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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 and −650 V
Plasma density = 3.63 × 1015 m−3 –9.5 × 1015 m−3 .

3.1.1 Simulation results. The PDP1 code is run with similar shape of the potential (figure 2a) 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 7
shows the uniform velocity distribution of electrons without bias.
Figure 8 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 the same in both positive and negative axes. By
applying negative voltage, mobile electrons are expelled, causing an ion matrix sheath.
The thickness of the ion matrix sheath (3 mm) can be measured from this figure and also
from the potential profile (figure 9). The obtained sheath thickness is very close to the
thickness calculated from eq. (12). 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 figures 8b and 10.
Figure 10 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 only the ones
displaced from regions closer to the biased electrode, but also electrons closer to the right
electrode and a small breakdown in ion curve is shown (ellipse mark). This shows a delay
in ion response compared to electron response. The simulation is run for the rise time of

Figure 7. Results from PDP1 regarding the phase space (y-axis corresponds to the
velocity and x-axis corresponds to the distance between the left and right electrodes).
All units are in SI. The thick centre line is the ion distribution and dots are electron
distribution. This is for t = 0 and density = 3.63 × 1015 m−3 .
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Figure 8. (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 figure 7, but forming an ion matrix sheath. (b) Zoom of figure 8a,
expanding the velocity scale. The negative velocity means particle motion is towards
the electrode.

Figure 9. Potential profile showing the sheath thickness at the left electrode.
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Figure 10. 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 superparticles are lost
(1 superparticle = 109 physical particles).

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 figure 8b. We measure the electrons
lost to the electrode only on the rise time of the pulse, not on the fall time, because on
the fall time of pulse plasma should remain quasineutral, and the number of electrons will

Figure 11. This profile shows the number of particles during the fall time of the
applied voltage pulse. The fall time was 250 ns. This graph shows that, when voltage
pulse reaches zero (after 250 ns) the number of electrons and ions are approximately
the same.
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Figure 12. Density profile for ions and electrons for U0 = −300 V and n 0 = 3.63 ×
109 cm−3 after 50 ns. This graph is zoomed for better view.

increase to equalize with ions. When the voltage pulse reaches zero, the plasma would be
quasineutral, which is shown in figure 11.
Figure 12 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 thickness of the ion matrix sheath 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.

Table 2. Comparison of the percentage of electrons 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.
% of electron lost to the wall

Density
(m−3 ) × 1015

−300 V

−370 V

−480 V

−650 V

3.63

0.625 (S)
0.729 (E)
0.576 (S)
0.53 (E)
0.55 (S)
0.50 (E)
0.504 (S)
0.465 (E)
0.5 (S)
0.443 (E)
0.476 (S)
0.42 (E)

0.75 (S)
0.802 (E)
0.6716 (S)
0.65 (E)
0.64 (S)
0.572 (E)
0.605 (S)
0.52 (E)
0.5514 (S)
0.48 (E)
0.536 (S)
0.458 (E)

0.85 (S)
0.88 (E)
0.825 (S)
0.769 (E)
0.75 (S)
0.66 (E)
0.712 (S)
0.62 (E)
0.6766 (E)
0.6 (E)
0.645 (S)
0.58 (E)

1.075 (S)
1.16 (E)
1 (S)
1.05 (E)
0.95 (S)
0.938 (E)
0.9023 (S)
0.898 (E)
0.8902 (S)
0.856 (E)
0.814 (S)
0.83 (E)

4.89
6.65
8.49
9
9.5
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The results obtained from the PDP1 simulation agree closely with the experimental
value, which is given in table 2. Though the number of electrons lost to the walls
increases with increase in plasma density and voltage, the percentage of electrons lost
to the wall decreases with increase in plasma density because Nlost increases slowly with
larger plasma densities (larger Np ).

4. Ion rarefaction wave experiment
The schematic diagram of the experiment performed by Kar et al [78] is shown in figure
13. The experiment was performed in a grounded cylindrical chamber of stainless steel
(SS) 304 having 29 cm inner diameter and 50 cm length. Rarefaction disturbances were
excited by applying a large negative voltage pulse (pulse magnitude U0  kTe /e) to a
metallic electrode (exciter) inserted in 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 between the ion and electron response times. The ion response times were
480–950 ns and the electron response times (τ e ) were 2–4 ns, determined by the plasma
density. In the main chamber, the metallic electrode (SS disc of 12 cm diameter and

(17)

(18)
(15)

29 cm
(2)

(1)

(16)

(4)

(14)

(3)
(5)

(6) (7)

(8) (9)

(11) (12) (13)
(10)

50 cm
15 cm

10 cm

Figure 13. Schematic of the experimental set-up. (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 the pulse
is applied, (16) detecting probe (SS disc plate); to detect rarefaction disturbances (this
can move axially), (17) filament heating voltage and (18) discharge voltage.
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0.4 cm thickness) was mounted on a SS rod and the SS rod was fixed along the axis of the
chamber.
To detect the propagation of rarefaction disturbances, three types of measurements were
taken: (1) floating potential measurements, (2) ion saturation current and (3) electron saturation current measurements. For floating potential measurements, one axially movable
probe (detecting probe) of 7 cm diameter and 0.4 cm thickness was introduced. The
detecting probe was kept floating and the propagating signal was directly observed on an
oscilloscope. For simultaneously measuring ion and electron saturation current, 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 k resistor as shown in figure 14.
A short high negative voltage pulse was given to the metallic electrode, as shown in
figure 2a. Figure 15 shows the floating potential measurements for various distances from
the metallic electrode. In the beginning, the large-amplitude (which is not shown in figure
15) fast moving waves are propagating in the range of electron thermal speed and termed
as electron-acoustic wave [91,94,111,112,132,138–141]. The slow moving second peaks
are termed as ion rarefaction waves which propagate in sonic speed. Figure 16 shows the
ion and electron density perturbations. These ion and electron density perturbations are
also propagating with sonic speed.
The rarefaction waves are, normally, excited when ions move towards the negative
biased exciter and electrons repelled from 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, a rarefaction disturbance is created in our experiment. The disturbances are excited after
the pulse goes off, and so the mechanism for ion expulsion to the plate should be discussed. A large proportion of exciting negative pulse bias U0 appears across a thin sheath
surrounding the plate which was formed on the time-scale of electron motion. When
U0  kTe /e (eU0 /kTe ≈ 100−1500), the shielding effect is not perfect and the negative potential penetrates into the quasineutral plasma region (‘pre-sheath’) where the ions
are accelerated. In our case, the ion matrix sheath does not evolve within the applied
pulse duration. Though the applied pulse width is less than the ion plasma period, some
ions respond ballistically very close to the exciter and are lost to the exciter [22]. A presheath, therefore, starts forming from the edge of the ion matrix sheath which leads the
acceleration of ions with ion-acoustic velocity, resulting in the excitation of a nonlinear
ion rarefaction wave [142]. This propagates as a rarefactive pulse as observed in this

Exciter

Pulse

Langmuir probes
Main Chamber

R

R

Figure 14. Simultaneous measurement of ion and electron saturation currents using
two Langmuir probes.
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Figure 15. 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, n 0 = 1.55 × 109 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.

(a)

(b)

(c)

Figure 16. Ion and electron density perturbations for various probe positions from the
exciter. y-axes scales are taken different. Here U0 = −800 V, n 0 = 8.9 × 108 cm−3
and τp = 300 ns.
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experiment. In other words the rarefaction wave is the precursor of the pre-sheath that
would eventually exist at steady state.
The excitation of these ion rarefaction waves can be related to nonambipolar diffusion.
Nonambipolar diffusion [143] is the diffusion 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 quasineutral even when all the electrons are lost to
only one physically small location. Nonambipolar flow is entirely a sheath effect. Baalrud
et al [143] 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 are 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 t = τe . When the high voltage pulse is switched off, at t = τe due to small timescale the electrons adjust themselves instantaneously to the new electrode potential and
build a quasineutral fill-up region. For t > τi 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 figure 17.
One important observation is that the compressive wave always accompanies a rarefaction wave beyond a distance of three-fourth of the exciter diameter [78]. Experimentally,
Widner et al [33] have verified that the ion rarefaction also becomes an IAW 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 IAW
beyond 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 IAWs depends upon the neutral background (number of
neutrals) and geometry of the exciter [33]. The position of separation is closer for
the smaller electrode. They performed these experiments, keeping the ion-neutral

Pulse on
t=  e

Transient
sheath

Presheath
Pulse off

t= e

Presheath
Fill up region

t>  i

8

t=

Rarefaction wave

Final presheath

Figure 17. The sketching of the phase of the plasma relaxation (for different times
like at t = τe and t = τi ) for switching on and off a high negative electrode voltage.
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Figure 18. Schematic of the dielectric layer over a metallic electrode, on which the
pulse bias is given.

collision mean free path fixed as 5 cm, which is greater than the transient sheath thickness
(0.4–1.3 cm) and less than the dimension of experimental chamber (29 cm diameter and
50 cm 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 through charge exchange
collision. Thus, collisions can be modelled as a sink for moving particles and a source for
new particles and the ion loss rate reduces by ion-neutral collisions [144]. Due to these
ion-neutral collisions, the shape of the rarefaction pulses changes to IAWs and at further
distances, these low-amplitude waves are damped. In figure 15 the shape and the time
width of the rarefaction disturbances are changed with distance although the amplitude
itself decreases. Tanaka [145] and Amagishi and Tanaka [146] have shown experimentally that ion–neutral collision exhibits heavy-amplitude damping and profile deformation
with anomalous time delay.
Kar and Mukherjee [147] have also excited ion rarefaction waves using a dielectric
material (a metallic electrode covered by a dielectric film, shown in figure 18) by applying
a short high negative voltage pulse. Their experimental set-up is the same as in figure 13.
In lieu of a metallic electrode, a metallic electrode covered by a dielectric material (Kapton) is used and floating potential measurements are taken. Figure 19 shows the floating
potential signals propagating with distance. These signals are termed as ion rarefaction
waves and propagating with sonic speed instead of dielectric charging. The negative
applied pulse width is varied from less than ion plasma period to greater than ion plasma
period and same results are obtained for the dielectric thickness of 0.1–0.9 mm. At and
above 1 mm thickness of the dielectric, there is no excitation of perturbations.

5. Experiments on solitary holes
Kar et al’s [131] experimental set-up for excitation of solitary electron holes is the same
as in figure 13. Instead of a negative pulse, a high positive pulse is used and the floating
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Figure 19. 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 U0 = −1000 V,
n 0 = 1.36 × 109 cm−3 and τp = 300 ns.

potential measurements are taken. Figure 20 shows the floating potential measurements
when the applied pulse width is less than the ion plasma period. The first peak does not
propagate with distance, but the second peak propagates with distance. The first peak

Figure 20. Oscilloscope traces of the potential disturbances measured by the detector
from the positive biased exciter. It shows that 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 < 3 f i−1 ), U0 = 625 V and n 0 = 4 × 109 cm−3 .
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is the electrostatic coupled signals [148] during the application of positive pulse to the
electrode. However, the second peak, termed as solitary electron holes, shows interesting
characteristics; potential disturbances propagate in two opposite directions from a location
(around 3 cm from the exciter), indicating the presence of a virtual source. These electron
holes are propagating comparable to electron thermal speed.
Similar results are obtained upto the pulse width less than 3 f i−1 , but for decreasing
virtual source distance. However, as the pulse width is increased further, strikingly different results are obtained at pulse width ∼ 3 f i−1 . Figure 21 shows the potential signals of
the detecting probe when the applied pulse width (2 μs) is greater than 3 f i−1 . Here the
electron holes propagate away from the metallic electrode in one direction only with the
speed comparable to electron thermal speed.
The most important observation is the virtual source. The virtual source is observed for
τ p < 3 f i−1 , but not for τ p ≥ 3 f i−1 . Lieberman [8] has derived for plasma immersion ion
implantation cases that all the ions will be implanted in the time-scale of ωi t ∼3. Here, all
the ions may reflect back from the vicinity of the exciter after 3 f i−1 . When τ p < 3 f i−1 , an
ion-rich region will occur, which may attract solitary electron holes. When τ p approaches
3 f i−1 , all the ions reflect back and hence no indication of virtual source.
Kar and Mukherjee [147] have also excited solitary electron and ion holes using a
dielectric material (a metallic electrode covered by a dielectric film, shown in figure 18)
by applying a high positive voltage pulse. Their experimental set-up is the same as in
figure 13. In lieu of a metallic electrode, a metallic electrode covered by a dielectric
material (Kapton) is used and floating potential measurements are taken. Solitary electron
holes are excited for 0.1–0.5 mm dielectric thickness and the results are the same as that
for metallic electrode, because of less dielectric charging.
For dielectric thickness of 0.6–0.9 mm, solitary ion holes are excited. These ion holes,
initially, propagate towards the electrode (covered by a dielectric) with a speed comparable to the ion thermal speed. After some distance, a sudden transition occurs; propagate
away from the electrode with a sonic speed, indicating a virtual source. Figure 22 shows
the solitary ion holes propagating with distance. At and above 1 mm dielectric thickness,

Figure 21. 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 > 3 f i−1 ), U0 = 625 V and n 0 = 4 × 109 cm−3 .
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Figure 22. 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 n 0 = 1.36 × 109 cm−3 .

there are no such excitations. Here the charging effect is more severe than the dielectric
thickness of 0.1–0.5 mm. Here the solitary ion holes only excite for the applied pulse
width in the range of f i−1 < τp < 3 f i−1 . For increasing plasma density and applied
pulse magnitude, 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, charging effect is less, i.e., a small opposing electric field exists, which acts from a shorter distance. 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 to the time-scale for
charge dissipation in dielectric materials [16].

6. Conclusions
This review gives a broad idea on the single pulse (negative and positive) disc electrode
excitation in low-pressure plasma and the corresponding plasma perturbations generated,
such as, electron losses to the chamber walls during a negative pulse, excitation of ion
rarefaction waves for negative pulse bias and solitary holes for positive bias. The solitary electron and ion holes and ion rarefaction waves are also excited using a capacitive
method.
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