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1
Introduction

In the modern world, plasma manufactured products have entered every house-

hold; occupying an inevitable place in our daily lifestyle. From handheld gadgets

to efficient lighting, food processing, automobile industries, agricultural, biomed-

ical and in space applications, plasma technologies are widely used. The plasma

created by electric discharges are used in a large number of applications such as

in the light industry (i.e. in fluorescence lamps, neon discharge tube for adver-

tisements, etc.), as flat plasma display panels (i.e. PDPs) for the new generation

of large-area television screens [1–4]. Besides, there are other important applica-

tions such as those in the microelectronic industry and in the material processing

technology [1–3]. These include surface treatment, etching of surfaces (i.e. for the

fabrication of integrated circuits, etc.), plasma polymerization and the deposition

of thin protective coatings [1–4].

Electric discharges provide an exceptional mechanism of producing low-temperature

plasma in laboratories and also for various industrial applications [1–3]. Popular

electric discharges operated with direct current (DC) sources are the magnetron

sputtering discharge used for the deposition of metal coatings on the substrates

[1, 4–8]. Electric-arc plasmas are used for the synthesizing of nano-particles [9];

while dielectric-barrier discharges are used for treating the food grains, air purifi-

cation and various environmental applications [10]. The DC discharge combined

with a static magnetic field is a key concept behind Hall thrusters used for space-

craft propulsion [11, 12]. In laboratories, DC glow discharge is a popular setup for

1



Chapter 1. Introduction

carrying dusty plasma experiments [13]; while the thermionic arc [14, 15] and cold

cathode discharges [16–18] are well known for producing intense plasma column in

linear plasma devices. The performance of these devices strongly depends on the

electrical properties of the discharge and intrinsically governed by the shape and

the configuration of the discharge electrodes [4, 19, 20]. Analytical / phenomeno-

logical modeling of plasma sources can help in the improvement of the performance

of these devices [21–23].

Basically an electric discharge refers to ionized gas, produced by setting a strong

electric field between a pair of electrodes; resulting in a net electric current pass-

ing through the ionized gas [24]. This current is mainly constituted of energetic

electrons which provide ohmic heating to the gaseous atoms / molecules and it

is responsible for sustaining the discharge plasma [1, 4]. The electric current

can be provided employing either direct or the alternating current (AC) source.

Discharge produced by low-frequency AC has characteristics similar to that of

DC discharge; however at very high frequency, i.e in Radio-Frequency (RF) or

Microwave-Frequency (MF) range, the mechanism of plasma production is signif-

icantly different [1, 25]. In the case of capacitively coupled RF discharge, the

discharge current through the plasma is mainly constituted of electrons; whereas

the displacement current flows across the electron free region inside the sheaths

formed in the immediate neighborhood of RF electrodes [1, 26]. The RF discharges

can be formed using insulating / dielectric electrodes and therefore they are highly

popular in microelectronic industries [25]. On the other hand, cold cathode DC

discharge requires conducting electrodes that provide secondary electrons for the

sustenance of discharge between the electrode gaps [1, 4]. The DC discharges are

operated at relatively higher pressures and high operating voltages. Therefore,

both current densities, as well as ion bombardment energies at the cathode, are

higher which is favorable for the sputtering of target materials [1–4].

The hollow cathode discharge is a special type of DC discharge in which the cathode

comprises of a hollow cylinder [1, 4, 19, 27]. Hence the energetic electrons emitting

from the cathode are electrostatically confined inside the hollow cavity and un-

dergo pendular oscillations due to multiple reflections from the opposing sheaths

at the cathode surface. As a result, significant ionization takes place inside the
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hollow cathode, and higher current densities can be sustained at lower operating

pressure as compared with planar cathode geometries [19, 27, 28]. Hollow cathodes

are widely popular in applications such as high power plasma switches, electron

/ ion beam sources, for the production of soft x-rays, material deposition and as

a source of intense line radiation [4, 19, 29–33]. The efficiency of DC discharge

can be enhanced by applying an external magnetic field along the cylindrical cath-

ode [34, 35]. This concept is applied in penning discharges for generating electron

beams [36]. The external magnetic field is also applied in magnetron sputtering

discharges to achieve a high ionization fraction of the deposition material [7, 8, 37].

The magnetic field not only affects the plasma characteristics inside the source but

it also leads to the formation of space charge gradients, allowing positive ion ac-

celeration in Hall thrusters [11, 12]. Therefore the fundamental understanding

of magnetized hollow cathode devices requires insight into both plasma dynamics

emerging from ~E ×
~B drifts as well as the engineering design of the electrodes

which is crucial for achieving improved secondary electron emission yield γse and

plasma extraction from the hollow cathode source.

With the above motivation, the present thesis focuses on a detailed investigation

on the performance of cold hollow cathode discharge operated with an axial mag-

netic field. In particular, two distinct hollow cathodes consisting of; (1): cylindrical

geometry with an axially placed constricted anode and (2): cone-shaped hollow

cathode with a constricted anode at its minor end is considered in the study. In

the case of cylindrical hollow cathode, the magnet field lines are tangential at the

cathode surface; whereas in the conical case, the magnetic field line is at an oblique

angle with regard to the cathode surface. It is found that the above hollow cath-

ode geometries have a phenomenal effect on the discharge performance as well as

it affects the plasma properties in the downstream region outside the source. A

comprehensive part of the thesis is devoted to the development of phenomenologi-

cal models which is crucial for understanding various physical aspects observed in

the experiments. The analytical models are also crucial for better design and op-

timization of plasma sources, besides explaining the spatial distribution of plasma

properties resulting from each source. Furthermore, the experimental data is also

helpful for the benchmarking of the formulated models.
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In particular the thesis attempts to find; how the magnetic field influences the

secondary electron emission yield from the hollow cathode surface and how the

primary electron current constituted through the discharge affects the radial and

axial plasma properties in the downstream plasma region. The methodology used

in the entire study is based on experimental measurement of plasma parameters

both inside and outside the cylindrical and cone-shaped hollow cathodes; and using

the experimental information to build analytical models for predicting the quali-

tative performance of the source. Some of the major outcomes from the thesis are

the development of a phenomenological formula for approximating the length of

the downstream magnetized plasma column; use of the gross electrical discharge

parameters for the estimation of cathode fall characteristics and predicting the dis-

charge behavior; development of an electric probe analysis technique for isolated

magnetized plasma column; and development of global models for the interpreta-

tion of radial and axial plasma characteristics for cylindrical and conical hollow

cathode sources.

Before we discuss the overall contents of the thesis; a brief introduction to DC

discharge including the hollow cathode effect is presented in section-1.1. The role

of secondary electrons in the sustenance of DC discharges is presented in section-

1.2. Section-1.3 introduces the effect of the magnetic field in DC hollow cathode

sources. Finally, a brief content of the thesis is presented in section-1.4.

1.1 DC Electric Discharge

The simplest form of DC discharge comprising of a pair of circular metallic elec-

trodes inside a gas-filled glass chamber is shown in figure 1.1. The discharge is

created by applying high voltage DC between the two electrodes, giving rise to

cascaded multiplication of electrons by impact ionization with the background

neutrals present in the discharge gap [24]. Typically, a few hundred volts are re-

quired between the respective electrodes to sustain the discharge at an operating

pressure range between 10 mTorr to 10 Torr. DC discharges are highly reliable

and easily reproducible sources of plasmas in laboratories. Hence these discharges

were the subject of intensive research for almost 200 years [4]. The DC discharge
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Figure 1.1: Schematic of a low pressure DC discharge in an electrical discharge
tube.

and in particular the glow discharge is important historically, both for studying

the basic plasma physics as well as for the various industrial applications; where

the DC discharges are employed as a source of weakly ionized plasmas [1, 2, 4].

The electric discharge varies over several orders of magnitude in current and volt-

age ranging from 10− 1000’s of volts. By varying the current limiting resistor R,

one can control the applied voltage V across the electrodes; correspondingly the

current I through the discharge also varies. An extensive literature on Voltage-

Current (i.e. V − I) characteristics of a DC discharge can be found in various

research articles [1, 4, 24]. As shown in figure 1.2, the V − I characteristic curve

can be classified into three main regimes i.e. Dark discharge, Glow discharge and

Arc discharge [24].

The region between A and E is considered as dark discharge as the entire discharge

remains invisible except for the corona and the breakdown spark region. The dark

region is primarily sustained by cosmic rays producing electrons and ions, which

are quickly absorbed at the electrode. This region is characterized by high voltage

with relatively low current. As the current increases, a luminous glow can be seen

with a significant drop in the voltage across the discharge gap, which is popularly

known as glow discharge region. A negative resistance can be seen as the increase

in discharge current is associated with a fall in the voltage (E to F). However in
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Figure 1.2: Voltage-Current characteristics of a low-pressure DC discharge.

the abnormal glow region (G to H), once again the voltage across the electrode

increases with current. Beyond the abnormal glow, there is a rapid transition into

the arc region, where the discharge current increases tremendously which can be

only limited by the external current limiting resistance in the discharge circuit.

1.1.1 Basics of a DC glow discharge

The glow discharge plasma is important for plasma production at low gas pres-

sure. In this regime, the electron energy-densities are enough to produce visible

light by recombination and excitation collisions [1, 2, 4, 24]. The gap between the

electrodes is categorized into successive regions of luminous and dark spaces as

illustrated in figure 1.3.

It can be seen that the entire voltage applied between the discharge gap is dropped

near the cathode. This region is identified as a cathode dark space, the electrons

can hardly reach the cathode surface; as a result, a space charge of positive ions /

or sheath is formed at the cathode surface. An opposing effect can be seen near

the positive electrode; where electrons are concentrated to shield the positive po-

tential at the anode. Sometime anode glow can be seen as a bright region that

appears just in front of the anode (i.e. at the boundary of anode sheath). In cer-
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Figure 1.3: Different dark and intense regions that constitutes an ideal DC glow
discharge using plane parallel electrodes.

tain low-pressure DC discharges with a constricted anode and relatively large size

cathode, the anodic glow is clearly observed surrounding the anode surface [38, 39].

Sometimes it is visually difficult to differentiate the anode glow region and positive

column, however, the anodic glow is slightly more intense than the positive column.

The plasma column is almost electric field-free region, and it is often referred

to as the positive column as it is nearly at the same potential as the anode. It

is important to note that the anode must be slightly positive w.r.t the positive

column in order to maintain the flow of current. The region between the positive

column and the cathode fall region has bright and dark spaces which are regarded

as negative glow and Faraday dark space respectively. The positive column acts

as a conducting path between the negative glow region and the anode. Sometimes

a double layer plasma structure is also formed near the anode. But since the volt-

age drop in this region is small, it plays a very little role in the overall discharge

dynamics [1, 4].
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Figure 1.4: Ideal glow discharge pattern between a planar anode and a hollow
cylindrical cathode.

1.1.2 Effect of Hollow Cathode geometry

If the planar cathode is replaced by a large area hollow cathode, then the cathode

sheath region, the negative glow and the Faraday dark space are localized inside

the hollow cathode as illustrated in figure 1.4. If the anode is placed outside the

hollow cathode, then the positive column fills the region between the anode and the

hollow cathode (HC). The glow discharge pattern with the positioning of the anode

(i.e. anode being remote / center of the hollow cathode / at one end of HC axis)

also depends on the relative area of HC w.r.t the anode and the aspect ratio (i.e.

HC length / HC diameter) of the hollow cathode as well as the operating pressure.

In figure 1.5 a typical case of hollow cathode having length L much larger then its

diameter D (i.e. L >> D) is shown. In this case, the negative glow formed uni-

formly inside the inner surface of the cathode overlaps. This gives rise to an intense

electric field dominated region inside the hollow cathode. Therefore the secondary

electrons emerging due to positive ion bombardment at the cathode surface are

electro-statically trapped inside the hollow cathode and undergo pendular oscilla-

tions between the diametrically opposing sheaths. As a result, sufficient excitation

of neutral atoms/molecules is seen inside the hollow cavity. This effect is known as

Hollow Cathode Effect and the discharge operating in this mode is conventionally
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Figure 1.5: Schematic showing the hollow cathode effect inside the cylindrical
cathode cavity.

termed as a hollow cathode discharge [1, 4, 19, 30, 31, 40]. The geometry and po-

sition of the anode in a hollow cathode device may vary depending on the type of

application and requirement, but the basic mechanism governing the hollow cath-

ode effect is still preserved. The hollow cathode discharges have been extensively

studied in the past due to higher ionization efficiency at low operating pressures as

compared to ordinary glow discharges produced using planar electrodes [19, 27, 28].

1.2 Sustenance of the DC discharge and role of sec-

ondary electrons

In a steady-state condition, DC discharge is mainly sustained by a balance between

the generation of electron-ion pairs produced via electron impact ionization inside

the discharge gap and subsequent loss of electron-ion pairs at the plasma boundary

[1, 4]. The ionization that takes place within the positive column is compensated

by losses due to recombination and diffusion to the chamber walls. However, the

relative importance of these processes depends on external parameters such as

shape and configuration of the discharge electrodes, neutral gas pressure, external

magnetic field and the operating voltage.

The positive column is the main part of the plasma column and there exists a
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weak electric field ~E in this region, just sufficient to ensure the current continuity

by electrons (i.e. also refereed as Primary electrons). If ~J is the discharge current

density in the plasma column and ~E is the driving electric field, then product ~J. ~E

is the electric power deposited per unit volume inside the plasma column. If Rp

is the dynamic plasma resistance, the power absorbed in the plasma column can

be related with ohmic heating as; I2disRp =
∫

v
( ~J. ~E)dv. Here the discharge current

density ~J and the driving electric field ~E are expressed as [1, 4];

J = en
√

µeνizεT (1.1)

E =

√

νiz

µe

εT (1.2)

In both the above equations; n is the density of current carrying primary electrons,

µe is the electron mobility, νiz is the frequency of ionization and εT is the total

energy loss associated with the particle interaction and transport [1, 4].

In a DC discharge the electrons are resistively heated due to the flow of current in

presence of constant electric field between the discharge plates. The energy corre-

sponding to ~J. ~E gained by electrons is transferred in to excitation and ionization

of the background gas neutrals [1, 4, 24]. The main source of these electrons is

the cathode, which emits the secondary electrons via the process of thermionic,

photo-electric or energetic charge/neutral particles bombardment at the cathode

surface. In cold-cathode DC discharge, the secondary electrons are produced by

the bombardment of positive ions at energies almost equivalent to the cathode fall

voltage [4]. After releasing from the cathode, these secondary electrons undergo

ionizing collisions with the background atoms, producing electron and ion pair

along the discharge length. A self-sustenance condition is reached when a minimal

number of positive ions created in the discharge give rise to the nascent secondary

electron from the cathode when the ions strike the cathode surface.

The number of electron-ion pairs created by each secondary electron that interacts

with the background neutrals is given as [1, 4];

N =
Vc

εc
(1.3)
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In above equation, Vc is the cathode fall voltage drop and εc is the collisional energy

loss per electron-ion pair created with the flow of secondary electrons into the

plasma. If γse is the net yield of secondary electrons that are primarily responsible

in the ionization process; hence one can write a self-sustenance condition as Nγse =

1. Thus the secondary electron emission yield γse under a given discharge condition

can be related to the experimentally measured cathode fall voltage Vc as [1, 4];

γse =
εc

Vc

(1.4)

1.3 Magnetic field effect in DC discharge

Both magnetic field strength, as well as the direction of ~B w.r.t the local electric

field ~E, plays an important role in DC discharge characteristics.

When an external magnetic field is introduced, the current constituted through

the discharge is modified because the charge particles, mainly the electrons, tend

to spiral around the magnetic field lines under the influence of e(~V ×
~B) force. The

gyro frequency or cyclotron frequency is expressed as [41];

ωc =
eB

m
(1.5)

In above equation ωc is cyclotron frequency, e, B and m are respectively the elec-

tric charge, magnetic field strength and the mass of the particle.

The radius of the gyration is an important scale length in magnetized plasmas,

it is also termed as Gyro radius or Larmour radius and is defined as;

ρl =
V⊥

ωc

(1.6)

In above equation, ρl is the gyro radius and V⊥ is the perpendicular velocity com-

ponent of the charge particle. The ions are highly massive (i.e. for e.g. Ar+ ion

to electron mass ratio is mi/me = 40× 1837), hence their gyro radius is very large

as compared to that of electrons. In most case ion larmor radius turns out to be

significantly larger than the discharge dimensions; in such cases ions are usually
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considered as un-magnetized species.

The ρl can be compared with the system length such as electrode gap length,

cathode fall thickness, particle mean free paths, etc; to assess whether the mag-

netic field in the system is important or not. A plasma is considered to be weakly

/ partially magnetized even if only the electrons in the system are magnetized and

scaling lengths follows [41]; ρl ≪ λe and ωce ≫ νm. In planar DC discharges, the

axial magnetic field reduces the radial loss of plasma electrons to the side walls;

hence the discharge efficiency can be enhanced. However, the effective collisions

between the charge particles and the background neutrals can reduce the overall

effect of the magnetic field.

If the local electric field ~E and magnetic field ~B are perpendicular to each other,

the charged particles experience a ~E ×
~B drift in the system, which is expressed

as [41];

VE =
~E ×

~B

~B2
(1.7)

In above equation, VE is basically the drift velocity of guiding center and its di-

rection is perpendicular to both ~E and ~B. In above expression, the velocity of

guiding center does not depend on the mass and charge of the particle. Therefore,

both electrons and ions experience ~E ×
~B drift in the same direction.

1.3.1 Application of ~E ×
~B drifts in DC discharge devices

The effect of ~E ×
~B drifts is popularly recognized in cross-field electric discharges

such as Hall effect thrusters shown in figure 1.6; where ~E×
~B effect gives rise to the

creation of localized electric field responsible for positive ion acceleration [11, 12].

Figure 1.7 shows a few configuration of cylindrical cathode sources having magnetic

field applied in the direction perpendicular to the local electric field. Magnetically

enhanced hollow cathode devices are popular source of production of intense charge

particle beams [36] and also for ion deposition on substrates [1, 4–8]. Penning traps

and Magnetrons employ cylindrical hollow cathodes in presence of axial magnetic

field. Penning traps operate at very low neutral gas pressures (i.e. 0.01 mPa - 0.01
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Figure 1.6: Schematic of a Hall effect thruster.

(a)

(b)

Figure 1.7: (a): Schematic of a Penning trap. (b): Schematic showing the use
of cylindrical hollow cathode in different magnetron configuration.
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(a)

(b)

Figure 1.8: (a): Schematic showing the plasma pattern for a hollow cathode
discharge in absence of B-field. (b): Schematic showing the effects of cross-field
drifts on the plasma pattern in an axially magnetized hollow cathode.

Pa) and are conventionally used as a source of electrons. Whereas, in magnetron

devices, the ~E×
~B confinement of primary electrons gives rise to intense ionization

and sputtering of the cathode target.

1.3.2 Magnetization effects in a hollow cathode device

Consider the case of hollow cathode, in which the magnetic field is applied along

the cylindrical axis as shown in figure 1.8. As the negative glow is situated inside

the hollow cathode region, it produces a strong radial electric field from the centre

towards the cathode surface as indicated in figure 1.8a. As a result the electrons

experience a strong ~E ×
~B drift parallel to the cathode surface as shown in figure

1.8b.
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In unmagnetized case, electrons undergo pendular oscillations inside the hollow

cavity; however due to presence of axial magnetic field, the electrons tend to orbit

in cycloidal trajectories along the hollow cathode surface in a closed loop. There-

fore, as shown in figure 1.8b the negative glow region get localized in the vicinity

of the cathode surface and consequently the hollow cathode effect vanishes. A

virtual anode is usually formed at the axis of the hollow cathode due to pres-

ence of magnetic field. Furthermore the plasma column in presence of an axially

magnetized hollow cathode is sustained by primary electrons that constitute the

discharge current.

1.4 Thesis outline

In the present research, the combined effect of the magnetic field and hollow cath-

ode geometry on the characteristics of a DC discharge has been investigated. Chap-

ter 2 describes the cylindrical and conical hollow cathode plasma sources that have

been developed for the present study. This chapter presents the overall description

of the experimental apparatus which includes; Plasma sources, a Linear vacuum

vessel, an Electrical discharge circuit and a Langmuir probe measurement circuit

used for plasma diagnostics. Chapter 3 gives a comprehensive description on Lang-

muir probe diagnostics in a magnetized plasma. The overall effect of the magnetic

field and discharge configuration on the measured probe I(U) traces has been dis-

cussed and a methodology to extract the reliable plasma parameters in concern

to the present experimental scenario has been proposed. Chapter 4 investigates

the effect of neutral gas pressure on the characteristics of cylindrical and conical

hollow cathode source in absence of magnetic field. In this chapter, along with the

experiments a global model formulation has been introduced to study the basic

plasma characteristic of each source. This chapter also highlights the importance

of the global model as a source design tool, as it correlates the measured plasma

properties with the source geometry and experimental conditions. Chapter 5 high-

lights the importance of secondary electron emission in sustaining a DC discharge.

This chapter provides an in-depth investigation on the effect of the axial magnetic

field and hollow cathode geometry on secondary electron emission yield. Also,
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the overall effect of the magnetic field and neutral gas pressure on the cathode fall

characteristics has been discussed with the help of experimental measurements and

phenomenological modeling. In chapter 6, the effect of hollow cathode geometry

on the radial characteristics of a magnetized plasma column has been presented. In

this chapter, with the help of experiments in cylindrical and conical plasma source,

a phenomenological model has been formulated which considers the effect of tan-

gential and oblique magnetic field on the ionization phenomenology inside each

cathode cavity. In Chapter 7, considering the electrical analogy of the discharge,

the role of current carrying primary electrons in the formation and sustenance of

an elongated magnetized plasma column in a cylindrical hollow cathode source is

presented. Finally, chapter 8 summarizes the key results and future scope arising

from this research.
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2
Experimental Consideration for

Hollow Cathode Plasma Source and

Diagnostic

This chapter mainly deals with the hollow cathode plasma source and diagnostics

that have been designed for the present study. The underlying principle behind the

hollow cathode discharge is briefly discussed with emphasis on the role played by

the external magnetic field and the electrical discharge circuit on the performance

of the source. A section is devoted to instrumentation and calibration of Langmuir

probe traces for the characterization of the magnetized plasma column.

Section-2.1 presents a brief overview of the hollow cathode device providing im-

petus emphasis on the present experimental study. In section-2.2 the engineering

details of the hollow cathode plasma sources developed for the experiment are pre-

sented. The linear plasma device used for conducting the experiment is described

in section-2.3. The instrumentation and electronics for the plasma diagnostics are

presented in section-2.4.

2.1 Discharge using hollow cathode devices

Hollow cathode discharge is primarily created using a pair of discharge electrodes

in which the cathode is usually a hollow cylinder [1, 4, 19]. The hollow cavity
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provides a means for electrostatic confinement of primary ionizing electrons; that

results in achieving high current densities at low operating pressures than conven-

tional planar cathodes [19, 42].

In literature, several variants of hollow cathode plasma sources are available, which

vary in shape and configuration as per specific application [1, 4, 19, 20, 30, 31, 40].

One of the examples is Pseudo-spark discharge, which consists of a closed cylin-

drical cathode cavity with a central aperture/hole. This device can produce a

well-pinched highly intense electron / ion beams. Pseudo-spark devices are also

popular as high power plasma switches and source of x-rays [19, 29]. Hollow cath-

odes in transverse and longitudinal configurations are also used in a wide range of

metal vapor ion lasers producing wavelengths that extend from the infrared to the

deep ultra-violet (as short as 224 nm) [1, 19, 40]. Micro hollow cathodes are used

for the generation of non-thermal plasmas at atmospheric pressures for environ-

mental applications [43].

The discharge properties of a hollow cathode device depend on several factors such

as operating pressure, electrode material, electrode shape / size and discharge gap

length [19, 23, 44, 45]. The performance of the discharge also depends on the ex-

ternal driving power source and the magnetic field. Besides the size as well as the

position of the anode is also significantly important. In reference [20], it is shown

that if the area of the anode is constricted, the discharge gets locally enhanced

near the anode. In the presence of a magnetic field, the position of the anode plays

a significant role in the discharge properties as it provides the return current to

the external power supply through the plasma [20, 46]. Therefore hollow cathode

source with axially located constricted anode generally exhibits radial and axial

non-uniformity in the discharge [16–18].

When an external magnetic field is imposed on the hollow cathode discharge, it can

cause two primary effects. Firstly, the magnetic field reduces the cross-field mo-

bility of current carrying electrons, which helps in collimating the ionizing plasma

electrons along the magnetic field lines [17]. Secondly, inside the hollow cavity the

magnetic field gives rise to ~E ×
~B drift of electrons by influencing the secondary

emission emitted during positive ion bombardment at the cathode[18, 47–51]. In
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addition, magnetic field can also influence DC breakdown characteristics by reduc-

ing the operating pressure [4, 19, 49–51].

In the present study, the role of the external magnetic field on the performance

of a hollow cathode device has been reported. Therefore, the experimental de-

sign is motivated towards developing a discharge setup based on a hollow cathode

configuration with the following objectives:

1. Producing a stable and elongated plasma column along the axial magnetic

field in a linear plasma device.

2. Obtain useful experimental data for benchmarking analytical model devel-

oped for optimization of plasma device using hollow cathode discharge.

3. To study the effect of the oblique magnetic field on secondary electron emis-

sion yield and its influence on the plasma column.

In line with the above objectives, two different hollow cathode plasma sources have

been developed. Before discussing these sources a brief overview of the discharge

mechanism is presented.

2.1.1 Hollow Cathode Discharge Mechanism

Figure 2.1a, shows a basic configuration of a hollow cathode discharge. The dis-

charge is sustained through a high voltage DC power supply providing a potential

VDC in the range of 100 V to 1 kV between the hollow cathode and the anode.

This results in a discharge current ID flowing along the axial electric field inside

the discharge column and perpendicular to the cathode. As a result, the Ohmic

heating I
2
DRplasma is generated which helps in sustaining the discharge [1, 4]. The

resistor RL is usually used to limit the current from growing the discharge into an

arc mode, while it can also be used to measure the discharge current in the circuit.

In the figure 2.1a, the axial electric field ~Ez is relatively small as compared to

the radial electric field ~Er inside the cathode cavity. This electric field mainly

corresponds to the voltage drop across the cathode sheath, due to which, the pos-

itive ions from the plasma bombard the cathode surface with very high kinetic
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(a) (b)

Figure 2.1: (a): Schematic showing the electric field in a hollow cathode device.
(b): Particle current at the respective electrodes.

energies and enable the secondary electron emission [1, 19]. The discharge current

is mainly constituted of energetic electrons flowing towards the anode and a rela-

tively small fraction of positive ions that are absorbed by the hollow cathode. The

difference between the electron and positive ion flux at the respective electrodes is

compensated by the emission of secondary electrons from the cathode surface. In

absence of external magnetic, these electrons are energetically expelled towards the

center of the hollow cathode and subsequently undergo ionizing collision with the

background neutrals by reflecting multiple times from the diametrically opposing

sheaths inside the hollow cavity [1, 4, 19, 40].

In figure 2.1b, the arrows indicate the direction of individual particle current and

ID flowing through the plasma. The energetic secondary electrons generated at

the cathode undergoes multiple ionization, producing the avalanche of electron-ion

pair before getting absorbed at the anode. The current continuity through the

discharge is maintained by the same amount of opposing charges being emitted

and collected at the cathode and anode respectively. The net discharge current ID

through the plasma is expressed as the surface integral of current carrying electron

fluxes across the discharge cross-section [1, 4];

ID =

∫

s

en
√

µeνizǫTds (2.1)

In above equation n is the density of current carrying primary electrons, µe is the

electron mobility, νiz is the ionization frequency and εT is the total energy loss
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(a) (b)

Figure 2.2: (a): Schematic showing the electrons gyrating back to the cathode
surface under the influence of tangential magnetic field at the cylindrical hollow
cathode. (b): Schematic showing the oblique magnetic field at tapered hollow cath-
ode surface.

associated with the particle interaction and transport [1, 4].

The electrons inside the discharge can be classified as primary electrons and bulk

electrons. The primary electrons have elevated temperature and they mainly con-

stitute the discharge current through the plasma [17]. These electrons interact

with the background gas atoms and metallic surfaces whereas, the bulk electrons

are trapped inside the plasma column by the sheaths at the respective electrodes.

2.1.2 DC hollow cathode discharge in presence of magnetic

field

When an external magnetic field is applied along the axis of the hollow cathode;

it reduces the radial loss of primary electrons from the discharge [17], reduces

secondary electron emission from the cathode surface [18, 47, 49, 52] and also

introduces a Hall current inside the hollow cavity [6, 8, 20, 53]. The secondary

electrons after emitting from the cathode surface undergo a cycloid trajectory

instead of pendular oscillations observed in normal hollow cathode discharge op-

erated without a magnetic field [18, 48]. As shown in schematic figure 2.2a the

secondary electrons are azimuthally trapped in a hypocycloidal motion along the

direction of ~E×
~B drift inside the hollow cavity. Some of the electrons gyrate back

to the cathode surface and so depending on the experimental conditions, there is
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(a) (b)

Figure 2.3: (a): Schematic showing the path of primary electrons in a magne-
tized plasma column formed using a cylindrical hollow cathode with axially placed
constricted anode. (b): Schematic showing the path of primary electrons in a mag-
netized plasma column formed using a conical hollow cathode with axially placed
constricted anode.

a finite probability that these electrons are recaptured by the cathode [18, 48, 52].

This cathode recapture reduces the number of secondary electrons participating

in the ionization process. As a result, under the effect of magnetic field the net

secondary electron emission yield reduces [18, 47–50, 52].

However, if a tapered hollow cathode is applied as shown in figure 2.2b, the axial

magnetic field makes an oblique angle with the sheath electric field at the cathode

surface [18]. Hence, a component of the electric field ~Ez will be along the direction

of B-field, which allows the fraction of secondary electrons to escape the hollow

cathode region along the magnetic field lines. Furthermore, the cycloidal trajec-

tory will be evenly distributed at all radial distances for the case of a cone shaped

hollow cathode. The performance of the discharge with both oblique and tangen-

tial magnetic field for the case of conical and cylindrical hollow cathode geometries

are comprehensively discussed in chapter-5 and chapter-6.

2.1.3 Current constituting through the discharge

When the anode is situated inside the hollow cathode as shown in figure 2.3, then

the current carrying primary electrons have to flow along the magnetic field lines to

reach the anode surface. This is primarily caused because of the reduced mobility of

electrons across the magnetic field [1, 8, 17]. The radial diffusion of electrons across

the magnetic field will take place by a random walk process to reach the central

region. The axial electric field then accelerates these electrons towards the anode.
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A schematic is shown in figure 2.3a and 2.3b for the current carrying electrons

in the case of the cylindrical and conical hollow cathode. For the conical hollow

cathode case, the primary electrons are present at all radial locations as compared

to the cylindrical case in which the electrons generally tend to be confined in a

single magnetic flux tube adjacent to the cathode surface [6, 8, 18, 19, 53].

2.2 Design and Construction of Hollow Cathode

Device

Based on the above concept, two kinds of plasma sources have been designed and

installed in a linear plasma device to produce an elongated plasma column in the

presence of an axial magnetic field. The plasma sources mainly vary with regard to

the shape of the hollow cathode. In one case a cylindrical hollow cathode has been

used and in the second case, a tapered hollow cathode is applied (see schematic

figure 2.3). In both the plasma sources the anode is situated axially at one end of

the hollow cathode, whereas the magnetic field is applied along the axis [18].

In order to constrain the discharge to form inside the hollow cathode region, the

cathode is encapsulated inside a floating metallic cylinder that shadows the exterior

HC surface from the grounded vacuum vessel. Thus it terminates the electric field

lines emerging from the outer HC surface and thereby ensures that the discharge

takes place between the inner HC surface and the centrally located anode [17, 18].

The schematic of the cylindrical HC plasma source is shown in figure 2.4. It

consists of a hollow cylindrical cathode (HC) having an internal diameter 70 mm,

length 100 mm and a tubular anode (A) made from stainless steel (SS304). The

outer/inner diameter of the anode tube is 20mm/16 mm. An end cap is attached

to this tube which has a 3 mm hole in the center. The anode sits inside the sup-

porting Teflon flange (i.e. part #8), whereas the end cap (diameter 20 mm) is

flush to the Teflon surface that defines the active anode area, participating in the

discharge. The HC is mounted on the same Teflon flange using two threaded rods

and it stays isolated from the Teflon flange with the help of ceramic bushings.

The exposed Teflon surface has been shielded by isolated SS-304 rings of varying
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Figure 2.4: Cylindrical HC plasma source, #1: Hollow cathode (HC), #2: An-
ode, #3: floating cylinder, #4: Teflon rings, #5: Perspex flange, #6: Gas feed
port, #7: Electrode supply terminal, #8: Teflon flange, #9: PEEK insulation cap,
#10: HC connection point, #11: Anode connection point, #12: floating metallic
rings, #13: Ceramic bushes.

Figure 2.5: Conical HC plasma source,#1: Hollow cathode (HC), #2: Anode,
#3: floating cylinder, #4: Teflon ring, #5: SS flange, #6: Gas feed port, #7:
Electrode supply terminal, #8: Teflon flange, #9: Ceramic insulators, #10: Ce-
ramic isolator.
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Figure 2.6: Electrical discharge circuit with current limiting resistance RL =
500Ω, R1 = 200Ω, R2 = 5kΩ, and current measuring resistance RM = 20Ω.

diameter to avoid excessive heating of the Teflon.

The image of the conical hollow cathode plasma source and its internal parts

are shown in figure 2.5. It consists of a conical hollow cathode (i.e. part #1)

having minor/major radii (i.e. Ri/Ro) 10mm/ 35mm, length 100mm and a planar

disk-shaped anode (i.e. part #2) of diameter 20 mm. This planar anode having

a 3 mm central hole is sandwiched between two ceramic insulators (i.e. part #9)

and it is placed at the minor end of the conical cathode.

In both the above plasma sources, the electrical connections are taken out from

the backside of the Teflon flange using insulated cables and the neutral gas in the

system is introduced from a 3 mm anode hole.

2.2.1 Electrical Discharge Circuit

The DC discharge is produced using the electrical circuit shown in figure 2.6. In

this circuit RM is the current measuring resistance, Vdis is the discharge volt-

age measured across the floating hollow cathode and the constricted anode. The

common point of resistors R1 and R2 is connected to the grounded chamber. The

series resistor RL is provided to restrict the discharge from going into an arc mode.

Using the floating discharge circuit in figure 2.6, the diffusion current lost from

the bulk plasma to the grounded vessel can be accounted as, Idiff = I2− I1 . Also,
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Figure 2.7: Schematic of experimental linear device, PG=Absolute pressure
Gauge, TMP=turbo-molecular pump, S= Plasma source, EC= Extension cham-
ber, LD= Linear device, LP= Langmuir Probe. The enlarged view indicates the
arrangement of plasma source in the experimental device and LP arrangement for
axial plasma measurement inside the source.

individual electrode potential w.r.t grounded vessel can be measured for different

experimental conditions.

2.3 Experimental Setup

The experimental setup is shown in figure 2.7. It comprises of a cylindrical vessel

made of Stainless steel (SS304) having length 1.5 m and internal diameter 0.3

m. The chamber is equipped with a 700 l/s Pfeiffer turbo molecular pump TMP

(Turbo Hipace 700), providing an effective pumping speed of 300 l/s at the vessel.

The chamber can be evacuated to a base pressure of 2.5× 10−5 mbar. This linear

vacuum device is equipped with three electromagnet coils. The coils are made by

winding copper bus-bars in double pan-cake configuration. These coils are capable

to resist the maximum coil current up to 140 A, giving a peak magnetic field

approximately 40 mT along the axis of the linear device. In the schematic figure

2.7, the ’dot’ and ’X’ represents the direction of the coil current to generate axial

B-field in the system.
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(a)

(b)

Figure 2.8: (a): Axial B-field profile in the system for coil current ∼100 A. (b)
Radial profile of B-field at the location of plasma source for coil current ∼100 A.
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2.3.1 Linear Device and Magnetic Field Topology

As shown in figure 2.7, the plasma sources are mounted one at a time on the cylin-

drical linear device inside an extension chamber (i.e. EC, inner diameter ∼15 cm).

In figure 2.8a, the axial magnetic field for the coil current ∼100A has a peak B-field

∼28.6 mT at z = 40 cm from the anode. The position of the HC source relative

to the magnetic field is indicated by the vertical dashed line. The plasma source is

positioned in the low magnetic field region, which allows the discharge to operate

at low pressure. In figure 2.8b, the radial as well as axial component of B-field is

shown at the source region (i.e. at z = 5 cm). It is found that the axial field dom-

inates over the radial field at the location of the HC. Also, the radial variation in

Bẑ is almost negligible across the dimensions of the plasma column / HC diameter.

As indicated in figure 2.7 and figure 2.8a, special feedthrough is designed to insert

the cylindrical Langmuir probe for measuring the axial and radial plasma parame-

ters inside the hollow cathode and in the downstream region away from the source.

The extension chamber (i.e. EC) equipped with a cylindrical Langmuir probe is

shown in figure 2.9a. The spatial movement of the probe is controlled from the

backside of the extension chamber. Figure 2.9b highlights the radial movement of

a cylindrical probe across the plasma column at an axial distance z = 30 cm in

figure 2.8a.

2.4 Langmuir probe and measurement circuit

Figure 2.7 and figure 2.9 show the cylindrical Langmuir probe (i.e. LP) arrange-

ment for axial plasma measurements inside the source and in the downstream

region. The probe tip is made of tungsten wire having a diameter of 0.25 mm and

length 6.0 mm inserted in a ceramic capillary. To allow maximum electron col-

lection, the probe tip is aligned perpendicular to the magnetic field lines [54]. As

indicated in figure 2.9b, considering that the discharge is azimuthally symmetric,

the radial measurements are performed by moving the probe across the plasma

column.

The layout of the probe measurement circuit is shown in figure 2.10. The LP
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(a) (b)

Figure 2.9: (a): Extension chamber (i.e. EC) equipped with cylindrical Lang-
muir probe. (b): Schematic showing the radial probe movement across the plasma
column.

Figure 2.10: Schematic diagram for Langmuir probe (LP) measurement circuit,
DAQ= Data acquisition, OP-AMP = Operation amplifier.
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(a) (b)

Figure 2.11: (a): The probe current due to noise signals recorded by the probe
circuit in absence of plasma for a given sweep of the voltage bias. (b): Comparison
of calibrated and uncalibrated probe I(U) traces.

characteristic is obtained by biasing the probe from U = −100V to U = +40V

w.r.t the grounded vacuum vessel. The probe bias is provided using an operational

amplifier (PA85) in steps of 0.25V . The probe current I(U) is measured across

220Ω resistor using a current to voltage converter (PA85) and difference amplifier

(AD629). The entire data acquisition is done using NI-DAQ which is controlled

by Lab-View [54].

2.4.1 Measurement circuit calibration

The probe circuit is calibrated with a known non-inductive resistor R = 120 kΩ

by applying a voltage sweep through this resistor. The measured current using the

probe circuit is in excellent agreement with the calculated current (i.e. I = U/R).

Also, an open circuit test is performed in the absence of plasma. Ideally, in the

absence of plasma, the probe current should be zero. However, in figure 2.11a,

we observe a finite open circuit current during application of a voltage sweep

−100V ≤ U ≤ +40V insteps of 0.25V . These are the noise signals that are sensed

by the probe circuit owing to the capacitive loading of the cables connected to

the probe. These noise signals are recorded and removed by subtracting it from

the final I(U) trace obtained in the presence of plasma. Therefore, as shown in

30



Chapter 2. Experimental Consideration for Hollow Cathode Plasma Source and
Diagnostic

figure 2.11a, after calibration the current collected by the probe reduces to zero as

expected for open circuit test in the absence of plasma. Figure 2.11b compares the

measured I(U) traces with and without calibration. It can be seen that without

calibration the measured I(U) traces result in the overestimated values of the ion

current.

Summary and Conclusion

In summary, this chapter gives the technical details of cylindrical and conical hol-

low cathode plasma sources; which are designed for the present study. Also, the

importance of the floating discharge circuit in sustaining DC plasma in both the

above sources is provided. The floating discharge circuit helps to ensure that the

discharge in the above plasma sources is sustained in between the respective dis-

charge electrodes and the plasma column stays isolated from the grounded vessel.

It has been shown that a cylindrical Langmuir probe is used to characterize the

plasma in the above devices. The probe current has been measured with the help

of an operational amplifier (PA85) working in a current-voltage conversion mode.

Also, the probe measurement circuit is essentially calibrated to ensure the repro-

ducibility of the measured I(U) traces.
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3
Langmuir Probe Application in

Magnetized Plasma Column

Langmuir probe is an important plasma diagnostic technique that is widely ap-

plied in scientific research and a wide range of industrial, space and fusion plasma

applications [55, 56]. The technique was originally invented by Sir Irvin Lang-

muir in 1926-1929 [57, 58]. The main advantage of this technique is that local

plasma parameters can be obtained around a small electrode introduced inside the

plasma. Since it was introduced, there has been significant progress in the devel-

opment of this technique to address specific challenges [55, 59–63]. This chapter

mainly focuses on the application of the Langmuir probe for characterization of

the magnetized plasma column. The primary focus is to evolve a methodology

for determining the actual plasma parameters from the measured Langmuir probe

characteristics, as it gets modified by the influence of the magnetic field and the

probe reference electrode. The important aspect that has been addressed here is

the effect on electron collection to the probe for the case where probe reference is

in poor / partial contact with the bulk plasma [54].

The chapter is organized as follows: Section-3.1 gives a brief introduction to the

Langmuir probe. The basic equations applied for a cylindrical probe is presented

in Section-3.2. This section also describes the technique to determine effective

electron temperature for the case of two temperature electron population in the

discharge. The role of the magnetic field and the reference electrode on the probe
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(a) (b)

Figure 3.1: (a): Schematic of cylindrical Langmuir probe setup. (b): Current-
voltage characteristics of a cylindrical Langmuir probe, floating potential Vf ,
plasma potential Vp.

characteristics is presented in section 3.3 and its application is demonstrated in

Section-3.4.

3.1 Langmuir Probe characteristics

Langmuir probe is usually a piece of conducting electrode / wire inserted in the

plasma and an electrical characteristic is obtained by biasing this probe w.r.t a ref-

erence electrode, assumed to be in good electrical contact with the plasma. This

experimental arrangement is schematically shown in figure 3.1a. The current I

constituted through the probe circuit is plotted against the applied potential U as

shown in figure 3.1b.

The I(U) characteristics contains all the information of local plasma properties

around the probe surface. A number of important plasma parameters like the elec-

tron temperature (i.e. Te), electron / ion density (i.e. ni/ne), the space / plasma

potential (i.e. Vp) and the electron energy distribution function (i.e. EEDF ) can

be obtained from the analyses of probe I(U) characteristic curve. Figure 3.2a

shows a typical current-voltage characteristic of a Langmuir probe. The probe

theory is based on the assumption that the electrons are having a Maxwellian
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(a) (b)

Figure 3.2: (a): Typical current-voltage characteristics of a single Langmuir
probe, floating potential Vf , plasma potential Vp. (b) Ideal current-voltage charac-
teristics of a Langmuir probe with planar, cylindrical and spherical probe geome-
tries.

distribution, which is described by a unique temperature Te. The positive ions

also have a Maxwellian distribution but they flow towards the probe with a Bohm

velocity (i.e. UB) at the sheath edge [55, 64].

An isolated probe when inserted in the plasma gets quickly charged to a nega-

tive potential relative to the plasma. At equilibrium the net electron flux and the

positive ion flux at the probe surface becomes equal (i.e the probe current becomes

zero). In this condition the probe is said to be at floating potential Vf as shown

in the figure 3.2a. If the probe is biased to a positive value (i.e U > Vf ), probe

current increases exponentially until a saturation value is reached corresponding

to the potential U = Vp (i.e. space / plasma potential). At this potential the net

electric field between the probe and the plasma vanishes and the net current at the

probe is purely constituted by the thermal fluxes of the charge particles. For bias

U > Vp the electron current collected by the probe saturates and it is expressed as

Iesat = eneVtheAp. If U < Vf the probe repels electrons and a saturation value of

current is reached for a large negative bias which corresponds to the positive ion

saturation, I+sat = α0en+UBAp.

The probe current in the transition region corresponding to biased voltage, Vf <
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U < Vp is mainly due to electrons. The electrons feel a retarding potential in the

transition region up to the electron saturation. The electron saturation regime can

vary for various probe geometries such as planar, cylindrical or spherical probes as

shown in figure 3.2b.

3.2 Single Langmuir probe theory

The basic assumptions behind a single probe applied for a non-thermal laboratory

plasma are considered below. Here the theory applies for the case of electropositive,

collisionless and un-magnetized plasma [55, 56, 65].

• The bulk plasma is quasi-neutral (i.e. ne = ni) and plasma volume is in-

finitely large homogeneous and stationary compared with probe dimension.

• Electron and ions are described by Maxwellian distributions of velocities.

Also the kinetic temperature of electrons is much higher than that of ions

and neutrals. (i.e. Te >> Ti and Tn).

• The electron-neutral collisional mean free path λe is much greater than probe

radius rp and electron plasma Debye length λD.

• The charged particle fluxes that are collected by the probe only contribute to

the probe current I(U). (i.e. no chemical reaction with the probe material

or thermal emission is considered.)

• The perturbations introduced by the probe immersed in the plasma are con-

fined to a space charge layer termed as sheath. Outside this region, the bulk

plasma potential is assumed to be uniform.

• The sheath thickness d is small in comparison with the characteristic probe

dimension and therefore sheath edge effects can be neglected.

• The potential profile U(r) around the probe (i.e. between the sheath edge

and the probe surface) preserves the symmetry in accordance with the probe

geometry and results in a linear electric field in the sheath region.

The relationship between the plasma parameters (i.e. density and temperature)

and probe I(U) characteristics depends on several factors such as probe geometry,
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relative magnitudes of collision length and plasma Debye length, Larmor radius,

probe dimensions, etc.

3.2.1 Cylindrical probe characteristics

The net current collected by the probe is admixture of electron and ion current (i.e.

Ie and Ii) which varies according to the applied potential U on the probe surface.

Below are the main governing equations that describes the individual current due

to electron and positive ions under the effect of retarding electric field around the

probe (i.e. e(U − Vp) > 0) [55, 65].

Ii =
1

4
en0

√

8eTi

πmi

Ap exp

(

−

e(U − Vp)

KBTi

)

(3.1)

Ie =
1

4
en0

√

8eTe

πme

Ap exp

(

e(U − Vp)

KBTe

)

(3.2)

In above equation, Vp is the plasma potential, Ap is the physical probe area, mass

of electron is me = 9.109 × 10−31 kg, mi is the mass of ion, electronic charge

e = 1.6 × 10−19 C, Boltzmann constant KB = 1.38 × 10−23 J/K, the equilibrium

plasma density is n0 = ni = ne, also Te and Ti are electron and ion temperatures

respectively.

The equations governing positive ion and electron current (i.e. 3.1 and 3.2) have

an exponential dependence on the bias potential. When U > Vp, the positive ions,

experience a retarding potential; whereas the electrons experience a retarding po-

tential when U < Vp. The rate of exponential fall is different for electrons and

positive ions due to disparity in their respective temperatures.

Conventionally the electron current is drawn on the positive scale. The electron

current tends to a saturation value for U > Vp. A similar effect is seen for the

positive ions when the probe is biased at a large negative value with respect to

plasma potential U ≪ Vp. At this condition the ion saturation current (i.e. con-

ventionally plotted in negative y-axis) is expressed by Bohm current, given by
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[55, 59–61, 64, 66];

Ii = α0en0

√

eTe

mi

Ap

(

rs

rp

)

= I+sat

(

rs

rp

)

(3.3)

Whereas, the electron saturation current is expressed as;

Ie =
1

4
en0

√

8eTe

πme

ApF = IesatF (3.4)

In above equation 3.3, α0 = exp
(

−
1

2

)

is the Bohm coefficient [59, 61, 64, 66]. Also,

rs is the sheath radius, rp is the probe radius and F is the geometric factor which

relates probe bias U with rp and rs. For cylindrical Langmuir probe geometric

factor F is given as [55, 65];

F =
2
√

π

(

rs

rp

)

√

r2p

r2s − r2p

∣

∣

∣

∣

e(U − Vp)

KBTe

∣

∣

∣

∣

+
1
√

π

√

r2s − r2p

r2s

∣

∣

∣

∣

KBTe

e(U − Vp)

∣

∣

∣

∣

exp

(

−

r
2
p

r2s − r2p

∣

∣

∣

∣

e(U − Vp)

KBTe

∣

∣

∣

∣

)

(3.5)

In above equation, for rs >> rp the geometric factor F is approximated as;

F =
2
√

π

(

1 +

∣

∣

∣

∣

e(U − Vp)

KBTe

∣

∣

∣

∣

)
1

2

(3.6)

Using above formulations, for a given values of values of plasma density ne, elec-

tron temperature Te and plasma potential Vp it is possible to construct an ideal

probe characteristics. The total current collected by the cylindrical Langmuir

probe, is the summation of currents due to electrons and positive ions i.e. I(U) =

−Ii(U) + Ie(U). As per the conventional approach, the current "from" the probe

"to" the plasma (i.e. electron current) is considered positive.

The floating potential Vf is the case when the electron current and ion current

collected by the probe balance each other. As shown in figure 3.3, at Vf , the net
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Figure 3.3: Ideal current-voltage characteristics of a cylindrical Langmuir probe
for known values of ne, Te and Vp.

current drawn by the probe is "zero" (i.e I(U) = 0).

Ii(Vf ) = Ie(Vf ) ⇔ I+sat = Iesat exp

(

−

e(Vf − Vp)

KBTe

)

α0en0

√

eTe

mi

Ap =
1

4
en0

√

8eTe

πme

Ap exp

(

−

e(Vf − Vp)

KBTe

)

This gives a very important relation between floating potential Vf , plasma potential

Vp and electron temperature Te as;

Vp − Vf

Te

= ln

(

1

α0

√

mi

2πme

)

(3.7)

3.2.2 Probe characteristics for two-temperature electron pop-

ulations

In some cases, the plasma may have two temperature electron populations. Hence

the total electron probe current can be given as Ie(U) = Ieh(U) + Ieb(U). Here Ieh

and Ieb corresponds to the hot and bulk electron current respectively [55, 63, 66].
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Figure 3.4: Electron current Ie(U) collected by a cylindrical Langmuir probe in
a plasma with single and two temperature electron population.

The semi-logarithmic plot of total electron current (i.e. ln (Ie(U))) versus U in

figure 3.4 shows two different slopes, which corresponds to the bulk (i.e. Teb) and

hot electron (i.e. Teh) temperatures.

An effective electron temperature Teff can be found by taking a harmonic av-

erage comprising of neh/ Teh as hot electron density/ temperature and neb/ Teb as

bulk electron density/ temperature. Hence the effective electron temperature Teff

is given as [54, 63, 66, 67];

1

Teff

=
1

Teh

(

neh

neb + neh

)

+
1

Teb

(

neb

neb + neh

)

(3.8)

For probe I(U) characteristics with two temperature electron population, at float-

ing potential Vf the net ion current is balanced by the total electron current col-

lected by the probe which includes the current from hot and bulk populations

[63, 67]. Also, in the equation of ion current at Vf (i.e. Ii(Vf )) the usual Bohm

velocity UB =
√

eTe

mi
gets modified as UB∗ =

√

eTeff

mi
, where Teff is the effective

electron temperature as given in equation 3.8.

Ii(Vf ) = Ieh(Vf ) + Ieb(Vf )
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e(Vf − Vp)

KBTeh

)

+
1

4
eneb

√

8eTeb

πme

Ap exp

(

−

e(Vf − Vp)

KBTeb

)

Therefore in the case of two-temperature electron populations, the relation between

floating potential Vf , plasma potential Vp and electron temperature Te depends on

the ratio of hot to bulk electron population.

Vp − Vf

Teb

= ln

(

1

α0

√

mi

2πme

)

F

(

neh

neb

,
Teh

Teb

, Vp

)

(3.9)

In above equation, F
(

neh

neb
,
Teh

Teb
, Vp

)

is a complex function which is given as;

F

(

neh

neb

,
Teh

Teb

, Vp

)

= 1 +

ln











1+
neh
neb

√

Teh
Teb

exp

(

Vf−Vp

Teb

(

Teh−Teb
Teh

))

√

Teh
Teb

(1+neh
neb

)
3
2

√

Teh
Teb

+
neh
neb











ln
(

1

α0

√

mi

2πme

)

3.3 Magnetic field and reference electrode effects

on Langmuir probe characteristics

The Langmuir probe theory described in the previous section assumes an ideal

condition in which current collection by the probe is entirely determined by the

probe sheath impedance [55]. However in many practical situations, the charge

collection by the probe can get affected due to the presence of an external magnetic

field or due to additional impedance, if the probe reference electrode is not in good

contact with the plasma [54, 55, 62]. These cases are briefly discussed in the

following subsections.
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(a) (b)

Figure 3.5: (a): Electron current collected by a cylindrical Langmuir probe biased
at plasma potential in unmagnetized plasma. (b): Electron current collected by a
cylindrical Langmuir probe biased at plasma potential in a magnetized plasma.

3.3.1 Magnetic field effects on Langmuir probe characteris-

tics

In an unmagnetized case, the potential around the probe is isotropic, as a result,

there is an isotropic collection of thermal electron current at the probe surface.

Therefore, the electron saturation current at plasma potential is given as;

Iesat|B=0 =
1

4
en0

√

8eTe

πme

Ap (3.10)

In presence of a magnetic field, the charge particles are primarily constrained to

flow along the magnetic field lines. Due to a significant difference in the mobility

of electrons and positive ions across magnetic field lines, an anisotropic distribu-

tion of potential is created around the probe. Hence thermal electron collection

at the probe surface is also affected. The anisotropy depends on the experimental

conditions such as neutral gas pressure and magnetic field strength [55, 62].

As shown in figure 3.5b, there is a formation of a collisionless arbitrary shaped

surface Aλ surrounding the current collecting probe under the influence of mag-

netic field. This depends on the electron neutral mean free path λe and electron

larmor radius ρl along and across the B-field respectively. The thermal electron

42



Chapter 3. Langmuir Probe Application in Magnetized Plasma Column

(a) (b)

Figure 3.6: (a): I(U) characteristics of a cylindrical Langmuir probe in a mag-
netized and unmagnetized case. (b): Electron current collected by a cylindrical
Langmuir probe in a magnetized and unmagnetized case.

current collected at the surface Aλ is given by [55];

Iesat|Aλ
=

1

4
enλ

√

8eTe

πme

Aλ (3.11)

The current continuity between Aλ and the probe surface gives a very important

relation between the probe dimensions, bulk plasma parameters and experimental

conditions of neutral gas pressure and external magnetic field (i.e. λe and ρl).

nλAλ = n0Ap

{

1 +
π

8

rp

λe

√

1 +
λ2
e

ρ2l

}−1

(3.12)

From the above equations 3.10, 3.11 and 3.12, the net thermal electron current at

the cylindrical probe surface in presence of magnetic field is given by [55];

Iesat|B 6=0 =
1

4
en0

√

8eTe

πme

Ap

{

1 +
π

8

rp

λe

√

1 +
λ2
e

ρ2l

}−1

=
1

4
en0

√

8eTe

πme

Apβ (3.13)

In above equation 3.13, the magnetization factor β =
{

1 + π
8

rp
λe

√

1 + λ2
e

ρ2
l

}−1

is re-

lated with probe radius rp, electron larmor radius ρl and electron neutral mean
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(a) (b)

Figure 3.7: (a): Cylindrical probe measurements where probe reference is in
partial contact with bulk plasma. (b): Electrical analogy of the probe current for
the case where probe reference is in partial contact with bulk plasma.

free path λe.

The effect of magnetic field on the probe I(U) characteristics is shown in fig-

ure 3.6. It is found that the net electron saturation current reduces in the presence

of magnetic field as observed in the semi-logarithmic plot in figure 3.6b. Therefore,

the actual electron saturation current in the presence of magnetic field is accounted

by introducing a magnetic correction factor β as given in equation 3.13.

3.3.2 The effect of probe reference electrode on I(U) Char-

acteristics

Under certain conditions, the reference electrode may not be in very good contact

with the bulk plasma as shown in figure 3.7a. As a result, the current drawn by

the probe can be underestimated [54]. This problem can arise from contamination

of chamber walls or in the case of floating discharge configurations where the mag-

netized plasma column remains isolated from the grounded vacuum vessel which

is conveniently used as a reference electrode.

In figure 3.7b, the effect of contact resistance of the reference electrode is intro-

duced using an equivalent electrical circuit diagram. Ideally when probe reference

is in good contact with plasma, the contact resistance R in probe circuit can be

approximated to zero. For this condition (i.e R = 0) the net probe current is en-

44



Chapter 3. Langmuir Probe Application in Magnetized Plasma Column

(a) (b)

Figure 3.8: (a): Effect of probe reference on I(U) characteristics of a cylindrical
Langmuir probe. (b): Effect of probe reference on electron current collected by
a cylindrical Langmuir probe. The Red curve corresponds to a case when probe
reference is in good contact with bulk plasma.

tirely governed by the plasma sheath resistance Rs which varies accordingly with

the applied probe bias. At plasma potential, the sheath resistance Rs = 0; hence

the net current collected by the probe is the thermal current and a clear electron

saturation appears in the measured I(U) characteristics above the plasma poten-

tial Vp. However, for a finite value of contact resistance R, the electron saturation

appears at a lower value Up < Vp due to the voltage drop across R. Therefore,

I(U) characteristics tends to reach an electron saturation value below the actual

plasma potential as shown in figure 3.8a. Hence, electron saturation current is

under estimated if the plasma is not in good contact with the reference electrode.

The measured I(U) traces in such cases resembles to the probe characteristics

obtained from a asymmetric double probe, where electron saturation is observed

before actual plasma potential [54, 68, 69].

From figure 3.8b, the relationship between the measured and actual electron sat-

uration current can be given as;

Iesat|measured = Iesatβ exp

(

Up − Vp

Te

)

(3.14)
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(a) (b)

Figure 3.9: (a): Cylindrical probe measurements where probe reference is in
partial contact with bulk plasma. (b): Discharge and diffusion currents, (i.e. Idis

and Idiff) measured over a range of axial B-field.

In above equation β is a magnetization factor whereas the exponential term α =

exp
(

Up−Vp

Te

)

is the correction factor corresponding to the reduced electrical con-

ductivity between the bulk plasma and the probe reference.

3.4 Experimental probe I(U) characteristics

A particular experimental case is presented below. The experimental data are

taken using a cylindrical probe in the region inside the hollow electrode shown in

the schematic figure 3.9a. This refers to the magnetized plasma column created

using the cylindrical HC source shown in figure 2.4. The reference electrode is the

grounded chamber which is detached from the main plasma column with the help

of a voltage divider circuit 2.6. Therefore owing to the floating electrode config-

uration, the grounded vessel / probe reference collects only the particle current

diffused from the bulk plasma to the chamber walls.

Figure 3.9b, shows the diffused particle current (i.e. Idiff ) lost to the grounded

vessel and the corresponding discharge current (i.e. Idis) for a range of magnetic

field strength. It is seen that the diffused current through the grounded chamber

is nearly 10− 15 times less than the discharge current. These electrical discharge

characteristics indicate that there exist a high impedance between the bulk plasma

and the grounded vacuum chamber which is used as the reference electrode for the
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(a) (b)

Figure 3.10: (a): Measured probe I(U) characteristics inside hollow cathode
source. (b): Measured electron to ion saturation current ratios from the I(U)
traces along the axis of hollow cathode cavity.

cylindrical probe.

In figure 3.10a, the electron saturation current appears below actual plasma poten-

tial as a result the electron to ion saturation current is underestimated. As shown

in figure 3.10b, the ratio of measured electron to ion saturation current for the

case of Argon plasma is about 12− 15 times lower than the expected value ∼ 178.

Therefore, conventional probe analysis with the above I(U) traces eventually gives

an underestimated values of plasma parameters [54].

3.4.1 Comparison of experimental and theoretically mod-

eled probe I(U) characteristics

To obtain reliable plasma parameters from probe I(U) traces, an iterative approach

is adopted. Form the measured I(U) characteristics, values of plasma density (i.e.

from ion saturation current), electron temperature and floating potential is first

estimated following the conventional method of probe analysis [54, 60, 66]. There-

after, using equation 3.9, the expected value of plasma potential Vp is numerically

solved. These initial values of plasma parameters are substituted in the model to

generate a theoretical I(U) curve for the cylindrical probe. This is shown in fig-
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Figure 3.11: Comparison of experimental and theoretical probe I(U) character-
istics of a cylindrical Langmuir probe.

ure 3.11. It can be observed that the experimental and theoretical curve deviates

significantly in electron saturation regime.

The comparison between experimental and theoretical curves enables us to find

the appropriate correction factors for the particular experimental conditions to

account for the actual plasma parameters using a cylindrical probe.
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(a) (b)

Figure 3.12: (a): Correction factor corresponding to the difference in the mea-
sured and actual plasma potential along the axis of hollow cathode cavity. (b):
Magnetic correction factor along the axis of hollow cathode cavity.

3.4.2 Correction factors for determining electron saturation

current

The two important limitations discussed above suggest that the electron saturation

current can be underestimated due to the presence of a magnetic field as well due

to the reference electrode not being in good contact with the plasma.

It is seen in the experimental I(U) traces that the plasma potential is obtained at

a lower value Up and correspondingly the measured electron saturation current is

underestimated. Therefore the correction factor corresponding to this effect can

be found by considering the difference in the probe current; which is proportional

to the difference of the actual and measured plasma potential defined by the ex-

ponential term α = exp
(

Up−Vp

Te

)

. The second correction term corresponds to the

magnetization effects, which is given by the parameter; β =
{

1 + π
8

rp
λe

√

1 + λ2
e

ρ2
l

}−1

.

Figure 3.12 shows these correction factors which are obtained for all the axial probe

measurements along the magnetic field.
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Figure 3.13: Corrected electron to ion saturation current ratios along the axis of
hollow cathode cavity.

Using equation 3.14, the actual electron saturation current can be estimated as;

Iesat =
Iesat|measured

αβ
(3.15)

As the figure 3.13 demonstrates, the above corrections when applied to the exper-

imental data brings the ratio of electron to ion saturation current close to ∼ 178

as expected for the case of Argon plasma. Therefore, in a iterative manner, the

actual values of electron saturation current is used to obtain total electron popu-

lation, which finally gives the individual contributions resulting from bulk and hot

electrons present in the discharge [54].

Summary and conclusion

In summary, this chapter highlights the combined effect of the magnetic field and

probe reference on the current-voltage characteristics of a cylindrical Langmuir

probe. By comparing the measured and theoretically modeled I(U) traces, an

iterative analysis approach has been recommended to estimate the reliable plasma

parameters. Therefore, using this methodology actual value of electron saturation

current is initially estimated and thereafter it is used to evaluate the bulk and hot
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electron densities. The above probe analysis technique has been implemented in

the present study to characterize the cylindrical and conical hollow cathode plasma

sources operated in a floating configuration in the presence of an axial magnetic

field.
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4
Global Discharge Model for

Cylindrical and Conical Hollow

Cathode

The global discharge model is a widely popular technique for determining plasma

parameters in discharge with the consideration that the plasma acts as a fluid

[1, 21, 22]. The model is particularly useful for estimating the spatial distribution

of plasma density and temperature inside a given discharge volume [23, 70–74]. In

this chapter the global model is formulated for a DC discharge consisting of conical

and cylindrical hollow cathode geometry. For benchmarking the global discharge

model, the analytical results are compared with the experimental data for the un-

magnetized case. Finally, the model is applied for predicting the effect of the apex

angle of the conical hollow cathode on the density and the temperature variation

inside the cathode cavity [23].

The chapter is organized as follows: A brief introduction to the global discharge

model is presented in section-4.1. The formulation of the analytical model for

cylindrical and conical hollow cathode geometry is presented in section-4.2. In

section-4.3, the experimental results are discussed and they are qualitatively com-

pared with the modeling results. Finally, the overall scope of the global model

approach is presented in section-4.4.
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Figure 4.1: Overview of the global discharge model.

4.1 Global discharge model

The term global model is generally applied for a system that considers the exter-

nally applied parameters such as discharge power, electrode geometry and operating

gas pressure as the input and provides the volume-averaged parameters such as

density and temperature of the charge species inside the plasma as the output. The

technique is computationally cheaper as compared with particle-in-cell (i.e. PIC)

simulation, and very much helpful in getting direct information about the behavior

of the discharge [22, 75, 76]. Therefore the global model has been widely applied

for electronegative as well as electropositive discharges [23, 70, 71, 73, 75–78].

As shown in figure 4.1, the global model can be categorize into two types: homoge-

neous / uniform and in-homogeneous / non-uniform discharge model [1, 22]. In a

uniform discharge model, since plasma density and temperature are uniform over

the plasma dimension, it is easy to formulate particle and energy balance relations

to estimate the plasma parameters [1]. However in the case of in-homogeneous

discharge, the plasma density profile needs to be estimated with the help of fluid

equations [22, 23]. The density profile can then be used to formulate particle and

energy balance equations for determining the peak plasma density n0, plasma scale
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Figure 4.2: Cylindrical and conical plasma volume with peak plasma density n0,
plasma radius Rp and plasma length Lp inside respective HC cavities.

length Λ and the average plasma temperature Te according to the given experi-

mental condition. In global discharge modeling, the particle and energy balance

equations are formulated to study the discharge properties for given experimental

conditions for both uniform and non-uniform discharges as indicated in figure 4.1.

4.2 Global model formulation

Consider the un-magnetized case (B = 0) for both cylindrical and conical hollow

cathode devices described in figure 2.4 and 2.5. For determining the plasma den-

sity and the temperature variation inside these hollow cathode regions; a simple

model of the system is shown in the schematic figure 4.2. Here the peak density

(i.e. n0) is considered at the origin, which corresponds to the position of the anode

in the actual discharge setup.

Experimentally it is found that the plasma density profile has an axial variation

along the z-axis. Therefore the density variation and the average temperature in-

side the discharge can be found by applying particle and energy balance relations

for the case of inhomogeneous discharge.
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4.2.1 Spatial plasma density

The spatial density inside the cathode cavity can be obtained by solving the ion

continuity equation which assumes plasma quasi neutrality (i.e n = ne = ni).

∇.Γi = S (4.1)

In the above equation, S = nνiz is the ionization source term which gives the

rate of electron-ion pair created per unit volume [1]. The ionizing collision fre-

quency is depended on electron temperature which is given by νiz = ngKiz =

ngKiz0 exp (−εiz/Te). Kiz0 is ionization rate constant (for argon, Kiz0 = 5× 10−14

m3/s), εiz is ionization potential (for argon, εiz = 15.75 V), ng is neutral gas den-

sity and Te is electron temperature in volts.

It is important to note that the transport of ions in the plasma volume usu-

ally depends on the operating pressure regime [1, 22]. For extremely low neu-

tral gas pressure (i.e. λi >> (Rp, Lp)), the collisionless transport of ions take

place inside the plasma volume depending on the variation in plasma potential

(i.e. Γi = ni

√

2e∆φp

mi
). For intermediate pressure regime (i.e. λi ≤ (Rp, Lp)), ion

transport takes place with variable mobility (i.e. Γi = ni

√

−U2
B

2λi

π
∇n
n

).

However, as per the present experimental scenario, we have λi << (Rp, Lp); hence,

ambipolar flow of positive ions through the open ends of the respective HC’s is

expressed by diffusion equation as;

Γi = −Da∇ni (4.2)

Where, Da = U
2
B/ngKmi is the ambipolar diffusion coefficient which depends on

the Bohm velocity UB and ion-neutral momentum transfer rate constant Kmi (for

argon, Kmi = 3.9× 10−15 m3/s) [1].

Combining equations 4.1 and 4.2 and assuming azimuthal symmetry; the conti-
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(a) (b)

Figure 4.3: (a): Contour plot showing normalized spatial density profile inside
cylindrical HC. (b): The contour plot showing normalized spatial density profile
inside conical HC.

nuity equation in cylindrical coordinate reduces to;

∂
2
n

∂r2
+

1

r

∂n

∂r
+

∂
2
n

∂z2
+

(

νiz

Da

)

n = 0 (4.3)

The solution of above equation gives the spatial density profile inside the cylindrical

volume which is shown in figure 4.3a. To obtain an analytical solution of equation

4.3, the boundary conditions n(0, 0) = n0 and n(Rp, Lp) ≈ 0 has been considered;

where r = Rp is the radius and z = Lp is the axial length of plasma column. The

lowest order symmetric solution gives Bessel variation in r and Cosine variation in

z [1, 22, 23];

n = n0J0 (α
′
r) cos (β′

z) (4.4)

In equation 4.4 the parameters α
′ = χ01

Rp
, β′ = π

2Lp
and χ01 ≈ 2.405.

For the conical case, the axial dependence of the plasma radius is given by Rp(z) ≈

Ri + z

(

Ro−Ri

Lp

)

. On considering this relation in equation 4.4, following expression

is obtained [23];

n = n0J0

(

χ01

Rp(z)
r

)

cos (β′
z) (4.5)
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With help of above equations 4.4 and 4.5, the density profile inside each plasma

source can be obtained by substituting respective physical dimensions the cylin-

drical and conical hollow cathodes. Figure 4.3 shows the 2D plot of normalized

spatial density profile (i.e. n
n0

) for the given plasma geometries.

4.2.2 Effective plasma length and the average electron tem-

perature

The electron temperature Te is strongly dependent on the plasma dimension Λ (i.e

Λ in-terms of Rp and Lp) which are obtained from particle conservation [1, 22, 23].

In figure 4.2 it is observed that the plasma occupies the cylindrical HC volume

for θ = 0o; whereas it occupies a conical HC volume for θ ≈ 14o. Therefore, a gen-

eral particle and energy balance relation is formulated considering the apex angle

θ. The net plasma particles generated inside the discharge volume is balanced by

the particles lost at the lateral plasma boundary and open aperture at z = Lp.

Therefore, the flux conservation equation for the conical case can be written as

[23];

∫ 2π

0

∫ Lp

0

Rp(z)Γi (Rp(z), z) dφdz

+

∫ 2π

0

∫ Rp(z)

0

Γi (r, Lp) rdrdφ =

∫ Lp

0

∫ 2π

0

∫ Rp(z)

0

niνizrdrdφdz (4.6)

Using equations 4.2 and 4.5, the net flux at the respective plasma boundaries can

be expressed as;

Γi (Rp(z), z) = −Da

∂ni

∂r
|r=Rp(z) =

χ01

Rp(z)
Dan0J1 (χ01) cos

(

π

2Lp

z

)

Γi (r, Lp) = −Da

∂ni

∂z
|z=Lp

=
π

2Lp

Dan0J0

(

χ01

Ro

r

)
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Figure 4.4: Generalized particle balance relation showing the variation of Te

versus product ngΛ for Maxwellian electrons in Argon.

Where, J1(χ01) is the value of 1st order Bessel function at χ01 = 2.405. On

substituting these values, equation 4.6 reduces to;

4Lpχ01Dan0J1 (χ01) +
π
2
R

2
0

Lpχ01

Dan0J1 (χ01) = 4Kizng

LpR
2
i

χ01

n0J1 (χ01) sec
2 (θ)Ψ

(4.7)

In above equation, Ψ is a dimensionless quantity related with Ri, θ and Lp as;

Ψ =

{

1

2
+

L
2
p

2R2
i

−

4L2
p

π2R2
i

}

+

{

1

2
−

L
2
p

2R2
i

+
4L2

p

π2R2
i

}

cos (2θ) +

{

Lp

Ri

−

2Lp

πRi

}

sin (2θ)

Therefore equation 4.7 can be reduced to a generalized particle balance relation,

which gives the plasma electron temperature Te as a product of neutral gas density

ng and effective plasma size Λθ, for the conical discharge.

n
2
gΛ

2
θ =

U
2
B

Kiz0Kmi

exp

(

εiz

Te

)

(4.8)

In equation 4.8, the plasma scale length Λθ defines the effective plasma size in

terms of parameters; Ri, Ro, Lp and apex angle θ.

Λ2
θ =

4L2
pR

2
i sec

2 (θ)Ψ

π2R2
0 + 4χ2

01L
2
p

(4.9)
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It can be seen that in the limiting case, the equation 4.9 reduces to a cylindrical

geometry as θ → 0 ⇔ Ψ → 1 or Ri → Ro ≈ Rp;

lim
θ→0

Λθ =

(

4L2
pR

2
p

π2R2
p + 4χ2

01L
2
p

)1/2

= Λ0

Thus the effective plasma size Λ can be calculated using 4.9 by substituting Lp and

Rp values of respective hollow cathode source. Finally the formulated particle bal-

ance relation (i.e. see figure 4.4) can be used to determine the average temperature

inside respective HC by providing corresponding neutral gas pressure.

4.2.3 Peak plasma density

The effective plasma size (i.e. Λ) and average electron temperature Te are the two

parameters that are used to solve the energy conservation equations for determin-

ing the peak plasma density n0 [1, 22, 23].

The power coupled to the charge particles in a discharge is lost via particle fluxes

escaping the plasma boundaries and inter-particle collisions. Therefore, the parti-

cle balance relation can be written as [23];

Plost = e (εi + εe)

∫ 2π

0

∫ Lp

0

Rp(z)Γi (Rp(z), z) dφdz

+ e (εi + εe)

∫ 2π

0

∫ Rp(z)

0

Γi (r, Lp) rdrdφ

+ eεc

∫ Lp

0

∫ 2π

0

∫ Rp(z)

0

niνizrdrdφdz (4.10)

In the above equation, εi = Vs + Te/2 is ion kinetic energy lost at the surface,

Vs is the voltage drop across the cathode sheath [1]. Since in a D.C discharge, a

significant amount of the applied voltage is dropped across the cathode sheath we

can approximate; Vs ≈ Vdis. Also εe = 2Te is electron kinetic energy lost at the

surface and εc is collisional energy lost per electron-ion pair lost from the system
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which is given by [1];

εc = εiz + εex
Kexo

Kiz0

T
1

3
e exp

(

εiz − εex

Te

)

+
3mTe

M

Kel

Kiz0

exp

(

εiz

Te

)

(4.11)

Where, Kexo is excition rate constant (for argon, Kexo = 2.48 × 10−14 m3/s), Kel

is the rate of elastic scattering (for argon it is constant, Kel = 10−13 m3/s), εex is

the average excition energy (for argon, εex = 12.24 V). Considering total energy

lost from the system per electron-ion pair lost i.e εT = εi + εe + εc, equation 4.10

reduces to [1, 23];

Plost =
en0εTU

2
BJ1 (χ01)

Lpχ01ngKmi

(

π
2
R

2
o + 4χ2

01L
2
p

)

(4.12)

On equating the total power absorbed in the conical system to the total power lost

at the surface, we get,

Pdis =
en0εTU

2
BJ1 (χ01)

Lpχ01ngKmi

(

π
2
R

2
o + 4χ2

01L
2
p

)

= Plost (4.13)

Thus using the above relation, the peak density n0 can be estimated in terms

of power absorbed inside the plasma volume (i.e Pdis = VdisIdis), which can be

expressed as;

n0 =
ngPdisχ01LpKmi

eεTU
2
BJ1 (χ01)

(

1

π2R2
o + 4χ2

01L
2
p

)

(4.14)

The power balance equation 4.14 indicates that the peak plasma density n0 is

directly proportional to the product ngPdis and thus for a given discharge condition

n0 is indirectly related to Te.

4.3 Experimental and Modeling results

In figure 4.5a, the plot of discharge power verses operating gas pressure obtained

for argon discharge is shown respectively for the case of cylindrical and conical

hollow cathodes.

As seen in figure 4.5a, the net power dissipated in the discharge increases with

an increase in gas pressure, but the rate of rise decreases at higher operating pres-
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(a)

(b)

Figure 4.5: (a): Effect of neutral gas pressure on discharge power. (b): Effect of
neutral gas pressure on discharge voltage and discharge current across the discharge
electrodes. Triangle represents the experimental data for the case of conical HC
whereas circles represent the data for cylindrical case.

62



Chapter 4. Global Discharge Model for Cylindrical and Conical Hollow Cathode

(a) (b)

Figure 4.6: (a): Axial plasma parameters inside respective HC cavities. (b):
Plasma density and potential indicating the Boltzmann distribution inside the
source cavities.

sures. It is also seen that the power dissipated in the discharge is higher for the

case of conical hollow cathode. With an increase in neutral gas pressure, the power

dissipation increases owing to the high resistive heating caused by an increase in

ionizing collisions [44, 45]. In figure 4.5b, the discharge current increases steadily

with a rise in the background pressure; correspondingly the voltage across the dis-

charge electrode decreases. The rate of voltage fall is slower in the case of conical

HC than the cylindrical cathode [23].

The axial plasma parameters for the respective hollow cathodes are shown in Fig-

ure 4.6a. The electron temperature remain uniform however, the average Te is

higher in the case of conical HC for a similar operating pressure. The plasma den-

sity and axial plasma potential increases towards the anode at z = 0. The contour

plots in figure 4.3 obtained using the global model also indicates that the plasma

density is high near the anode (i.e z = 0) and it falls radially as well as axially

from the anode surface.
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Figure 4.7: Axial profile of normalized plasma density inside HC cavity. The
scattered data points represents the experimental values of plasma density which
have been normalized with the peak measured density at z = 0.01 m.

In figure 4.6b, the plasma density is plotted against the plasma potential which

shows an exponential behavior following the Boltzmann distribution. Figure 4.7

shows the axial plot of plasma density along with the results obtained using the

global model.

As shown in figure 4.7, the plasma density variation is almost similar along the

z-axis for both the plasma sources. This result is in qualitative agreement with the

modeling results shown in figure 4.3. It can be seen that the axial profiles are found

to be in good qualitative agreement with the model. However, a slight deviation

is seen towards the open end of the HC owing due to the imposition of boundary

condition n(Lp) = 0 for obtaining an analytical solution. In reality, the plasma

density is not zero at the boundary, instead, it starts to fall rapidly at this location.

The electron temperature obtained using particle balance relation for both cylin-

drical/conical setups for a range of operating pressure is shown along with the

experimental data points in figure 4.8a. The results show an excellent agreement.

It is found that Te falls monotonically as the pressure increases for both conical

and cylindrical HC. The cumulative elastic scattering of the electrons with the

background neutrals is primarily responsible for observing the fall in average elec-
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(a) (b)

Figure 4.8: (a): Average Te inside HC cavity for experimental values of neutral
gas pressure. (b): Peak plasma density n0 inside HC for experimental values of
the product ngPdis. The scattered data points represent the experimental values.

tron temperature inside the discharge volume.

On the other hand in figure 4.8b, the plasma density obtained using power balance

equation 4.14 shows an increasing trend with product ngPdis; as the ionization fre-

quency increases with neutral gas density. Thus it can be seen from figure 4.8 that

plasma parameters obtained from the experimental measurements are in qualita-

tive agreement with the results obtained from the global model.

The peak plasma densities obtained from the model are found to be lower by

a factor of ≈ 6 than in the experiments (i.e. see figure 4.8b), possibly due to 30-

40% inherent error associated in probe measurements. However, the values of Te

obtained from the model show a very good match with the experiment as in figure

4.8a. Also as shown in figure 4.7, the experimental trends in the axial density

variation are found to be in good qualitative agreement with the analytical model.
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4.4 Overall scope of the global discharge model

Although the global models based on the particle and power balance are exten-

sively used to understand low-temperature discharges, it is necessary to emphasize

few inherent limitations with this approach [22]. One of the limitations is the

underestimated values of plasma density which is obtained from power balance

relation as observed in figure 4.8b. However, it has been mentioned in a few ref-

erences that the power balance relation is only useful to get a qualitative estimate

of the density for a given range of experimental conditions [1, 22, 23].

In the present case, the formulated model is used to investigate the effect of cathode

geometry on the plasma density and temperature variation in a discharge occu-

pying the hollow cathode cavity. As shown in section-4.3, the generalized global

model is benchmarked against a range of experimental data for both cylindrical

and conical hollow cathode sources. Therefore, such a model can be used to antic-

ipate the performance of a hollow cathode source with varying cathode aperture /

apex angle [23]. This variation has been shown in figure 4.9, where peak plasma

density and Te is plotted as a function of the apex angle θ for the given operating

conditions of discharge power and pressure. It is found that peak plasma density

decreases whereas Te increases as the apex angle θ is increased from θ = 0o to

θ = 14o. The fall in the plasma density is attributed due to a reduction in the

number of ionizing electrons inside the cathode, as the effective plasma size gets

reduced owing to the angular geometry.

In the past, these models have also been developed and applied for a wide variety

of plasmas including multicomponent species with complex chemistries [73, 74, 77]

as well as low-pressure electropositive and electronegative discharges [23, 70, 71,

73, 75–78]. Even for the complicated discharge geometries, the global model ap-

proach is preferred over the PIC simulations as it quickly estimates the spatially

averaged plasma parameters such as densities or temperatures that would other-

wise be computationally difficult to design and simulate [75, 76]. Therefore, using

the global discharge model an optimal operating condition can be chosen for a

particular geometry of discharge electrodes that can be used to obtain the desired

plasma parameters [21, 23].
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Figure 4.9: Variation in global plasma parameters as a function of apex angle θ

or HC geometry under fixed discharge condition (i.e discharge power = 145 W and
pressure = 1.4 Pa).

Summary and conclusion

In summary, this chapter highlights a general methodology to formulate a global

discharge model employing the particle and energy conservation relations for the

case of non-uniform discharge in the absence of an external magnetic field. The

prime motivation of this global model study is to investigate the effect of neutral

gas pressure and discharge power on the global density and temperature variation

inside the conical and cylindrical plasma devices. The modeling results are in a

qualitative agreement with the experimental probe measurements inside hollow

cathode cavities of both the above plasma sources. This chapter also highlights

the silent feature of the global model approach as a source / experiment design

tool; as it helps to select the source dimensions / geometry and set the range of

experimental operating conditions to achieve a discharge with the desired plasma

parameters.
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5
Magnetic Field Effects on

Direct-Current Hollow Cathode

Discharge

DC discharge, operated with a cold cathode is primarily sustained via secondary

electrons emitted by positive ion bombardment at the cathode surface [1, 4, 49].

Applying an external magnetic field in the system can improve the discharge effi-

ciency by reducing the radial loss of electrons [4, 50]; however the electron emission

can be significantly hindered in a hollow cathode discharge [18, 48, 49, 51]. This

chapter is primarily devoted to understand the role of the external magnetic field

on secondary electron emission yield and its impact on the performance of cylin-

drical and conical hollow cathode discharge [18].

Section-5.1 gives a brief introduction to the breakdown and sustenance of a DC

discharge. In section-5.2, the impact of the external magnetic field on secondary

electron emission is addressed by formulating a phenomenological model. The

experimental results are qualitatively discussed in section-5.3 along with results

obtained from the analytical model. The overall results are hence summarized at

the end of the chapter.
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Figure 5.1: Townsend avalanche process in the breakdown of a neutral gas.

5.1 DC discharge breakdown and sustenance

As shown in schematic figure 5.1, the DC breakdown refers to an avalanche situ-

ation when electron multiplication between the discharge gap grow exponentially

from an initial flux of electron emitted from the cathode surface [24]. This is

described by the following equation [1, 4];

dΓe

dz
= αiΓe (5.1)

Where, Γe is the electron flux and proportionality constant αi is the inverse of the

mean free path for ionization which is also known as Townsend’s first ionization

coefficient. The first Townsend coefficient or ionization coefficient is a complicated

function of the accelerating electric field between the discharge electrodes and

neutral gas pressure. The electron flux along the direction of the electric field is

then given as;

Γe(z) = Γe(0) exp

[
∫ z

0

αi(z
′)dz′

]

(5.2)
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Considering the continuity of the total charge particles (i.e creation of equal num-

bers of electron-ion pairs) we can write [4];

Γi(0)− Γi(L) = Γe(0)

{

exp

[
∫ z

0

αi(z
′)dz′

]

− 1

}

(5.3)

Since the discharge is self-sustained we must have Γe(0) = γseΓi(0) and Γi(L) = 0.

Using this, the condition of discharge self-sustainability is obtained as;

exp

[
∫ L

0

αi(z
′)dz′

]

= 1 +
1

γse
(5.4)

As shown in figure 5.1, for the vacuum breakdown, the electric field E in the

discharge gap is constant and hence, the electron energy is a constant. These

considerations allow us to treat αi as constant in the above equation. This gives a

breakdown condition for a DC discharge as;

αiL = ln

[

1 +
1

γse

]

(5.5)

The ionization coefficient αi is usually expressed in the form [1, 4];

αi

p
= A exp

[

−

Bp

E

]

(5.6)

In the above equation, the parameters A and B are determined experimentally

and they are found to be roughly constant for a given neutral gas over a range of

operating pressures (i.e. p) and electric fields [1, 4, 49]. If the breakdown potential

required to trigger the discharge is Vb = EL then using above equations we obtain

a relationship between Vb, p and L as;

ApL exp

[

−

BpL

Vb

]

= ln

[

1 +
1

γse

]

(5.7)

The above non-linear equation can be solved in terms Vb;

Vb =
BpL

ln [ApL]− ln
[

ln
[

1 + 1

γse

]] (5.8)
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Figure 5.2: Typical Paschen characteristic curve showing the relationship between
breakdown voltage Vb, operating pressure p and electrode separation L.

The characteristics curve which relates the breakdown voltage (i.e. Vb), neutral

gas pressure (i.e. p) and the electrode gap length (i.e L) is called Paschen curve.

This curve shows that for a given separation L between the discharge electrodes

there is an optimal range of neutral gas pressure p for plasma breakdown. This

characteristics curve is different for every neutral gas used for the discharge. As

shown in figure 5.2 the Paschen minima (i.e. pL(min)) corresponds to the minimum

value of breakdown voltage (i.e Vb(min)). These values are expressed as;

pL(min) =
exp(1)

A
ln

[

1 +
1

γse

]

(5.9)

Vb(min) = exp(1)
B

A
ln

[

1 +
1

γse

]

(5.10)

For a given neutral gas, the Paschen curve helps to estimate the optimal range of

discharge voltage and operating pressure which is required to trigger the breakdown

in a given discharge setup [1, 4].

5.1.1 Paschen relation for discharge sustenance

As explained in chapter-1 (i.e. section-1.2), low pressure DC discharges are sus-

tained by the emission of secondary electrons from the cathode, under the influence
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Figure 5.3: Cathode fall region after the discharge is established.

of positive ion bombardment at the cathode surface [1, 4, 24]. As shown in equa-

tion 1.4, the secondary electron emission yield γse depends on the cathode fall

voltage drop Vc and the collisional energy loss εc (i.e. given in equation 4.11).

These energetic electrons interacts with the background gas atoms and eventually

sustains the DC discharge undergoing ionizing collisions.

As soon as the discharge is established as shown in figure 5.3, almost all the applied

voltage between the electrodes drops in the cathode fall region (i.e. Vc ≈ Vdis).

Therefore, after the establishment of the discharge equation 5.4 gets modified as

[1];

exp

[
∫ d

0

αi(z
′)dz′

]

= 1 +
1

γse
(5.11)

In the above expression, d is the length of the cathode fall region. The Townsend

coefficient αi(z
′) is a function of position within the cathode fall region. In a

similar approach a Paschen like relationship can be established between cathode

fall voltage Vc and cathode sheath thickness d, for a given neutral gas pressure p

[1]. Assuming the linear variation of the electric field in the cathode sheath region,

Vc can be expressed as;

Vc =
1

2





Bpd

ln [Apd]− ln
[

ln
[

1 + 1

γse

]

+ (Apd)
(

Bpd

2Vc

)

Γ
(

0, Bpd

2Vc

)]



 (5.12)
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(a) (b)

Figure 5.4: (a): Paschen like characteristics for discharge sustenance using Ar-
gon gas. (b): Cathode sheath thickness "d" estimated from the characteristic curve
for the experimental values of discharge voltage Vdis, γse ≈ εc/Vdis and neutral gas
pressure for cylindrical HC source.

In equation 5.12, Γ
(

0, Bpd

2Vc

)

is an incomplete Gamma function. This complex

equation can be numerically solved for obtaining the discharge sustenance condi-

tion, which gives a Paschen like characteristics as shown in figure 5.4a. The above

relationship can be used to estimate the cathode fall thickness "d" for a set of

experimental values of discharge voltage and neutral gas pressure. As shown in

figure 5.4b, it is found that with an increase in neutral gas pressure, secondary

electron emission yield γse =
εc
Vdis

increases, hence lower values of cathode sheath

thickness and cathode fall voltage drop is observed.

5.2 Magnetic field effects on discharge sustenance

If an external magnetic field is introduced in a DC discharge, the electrons are

constrained to follow along the magnetic field lines [17, 41]. If the magnetic field is

parallel to the cathode surface, then owing to sheath electric field ~E being trans-

verse to the magnetic field, it gives rise to a ~E×
~B drifts of electrons released from

the cathode surface [18, 47–49, 51]. For a stronger magnetic field, a fraction of

secondary electrons can be recaptured at the cathode surface before completing its
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orbit [48, 52]. Hence, the recapture is more pronounced in the case if the magnetic

field is parallel to cathode surface, as a result the net secondary electron emission

yield is effectively reduced to γeff where; γeff < γ0 (here γ0 = γse|B=0 is the net

secondary electron emission yield in absence of magnetic field) [18, 47, 49]. The

recapture of secondary electrons at the cathode surface reduces gradually as the

direction of the magnetic field becomes parallel to the sheath electric field, hence

the secondary electron emission characteristics strongly depend on the angle be-

tween the sheath electric field and the magnetic field at the cathode surface [18].

In the case of a cylindrical hollow cathode, the sheath electric field is perpen-

dicular to the axial magnetic field, whereas in the case of conical HC, the axial

magnetic field makes an oblique angle θ with the sheath electric field. The in-

dividual effects of the above HC geometries on secondary electron emission and

discharge characteristics are presented below.

5.2.1 Secondary electron emission from cylindrical hollow

cathode surface

For the case of cylindrical cathodes, two popular geometries are shown in figure

5.5 which consist of a solid cylindrical cathode with an axial magnetic field and

a hollow cylindrical cathode pertaining to our present study. The sold cylindrical

cathode is popular in magnetron sputtering targets [7].

As shown schematically in figure 5.5, the secondary electrons undergo cycloidal

trajectories under the influence of ~E ×
~B drifts. The path is epicycloidal for the

case of solid cylindrical cathode [48]; whereas for the hollow cylinder in figure 5.5b

hypocycloidal trajectories is seen inside the hollow cylindrical cavity. Depending

on the magnetic field strength, the secondary electrons can return back to the

cathode surface, eventually resulting in either a recapture or reflection [47, 48, 52].

If ρl is the electron larmor radius and hollow cathode radius is RC , the hypocy-

cloidal path length "a" traveled by a magnetized electron under the influence of
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(a) (b)

Figure 5.5: (a): Effect of transverse magnetic field on the trajectories of sec-
ondary electrons emitted from solid cylindrical cathode. (b): Effect of transverse
magnetic field on the trajectories of secondary electrons emitted from hollow cylin-
drical cathode.

cross-field drifts is given as [48];

a = 8ρ2l

(

1

ρl
−

1

RC

)

≈

8Eme

eB2
(5.13)

In equation 5.13, B is magnetic field strength, me is the mass of electron, e is

the charge of electron and E ≈ Vc/d is the cathode fall electric field. If λ is the

mean free path for electron neutral collisions, cathode recapture probabilities Rcap

is defined as [18, 48];

Rcap = exp
(

−

a

λ

)

(5.14)

In above equation λ = 1

ngσ
; where ng is neutral gas density and σ is the total

electron collision cross-section. Using equation 5.14, recapture probabilities are

calculated as a function of axial magnetic field for a given range of neutral gas

pressure. In figure 5.6, it is found that the recapture probability increases mono-

tonically with increase in magnetic field and reach a saturation value.

The effective secondary electron emission yield γ⊥ for the case of a cylindrical

hollow cathode with magnetic field along its axis (i.e. see figure 5.7) can be given

76



Chapter 5. Magnetic Field Effects on Direct-Current Hollow Cathode Discharge

Figure 5.6: Cathode recapture probabilities as a function of axial magnetic field
for different neutral gas pressure.

(a) (b)

Figure 5.7: (a): Effect of tangential B-field on the flux of secondary electrons
from cylindrical HC surface. (b): Effect of tangential B-field on the secondary
electron emission yield.
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(a) (b)

Figure 5.8: (a): Phenomenology to show the effect of oblique B-field on the flux
of secondary electrons from HC surface. (b): Effect of oblique angle θ on the
secondary electron emission yield.

as [18, 49];

γ⊥ = γ0







1 +R

(

ωce
νm

)2

1 +
(

ωce
νm

)2






(5.15)

In equation 5.15, γ0 is secondary electron emission yield in absence of magnetic

field, ωce is electron cyclotron frequency, νm is total electron neutral collision fre-

quency and reflection coefficient is given as R ≈ 1 − Rcap. As seen in figure 5.7b

the secondary electron emission yield fall drastically with increase in the magnetic

field corresponding to the given neutral gas pressure.

5.2.2 Secondary electron emission yield from an oblique cath-

ode sheath

For the case of conical cathode, the magnetic field makes a finite angle θ with

respect to the cathode surface as shown in figure 5.8a. In this situation, the flux of

secondary electrons emerging from the cathode can be resolved in two components,

i.e. parallel and perpendicular to the magnetic field. The effective secondary
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electron emission yield γθ in terms of γ0 and γ⊥ is given as [18];

γ
2

θ =
2γ2

0γ
2
⊥

γ2
0 + γ2

⊥

−

γ
2
0(γ

2
⊥ − γ

2
0)

γ2
0 + γ2

⊥

sin2(θ)−
γ
2
⊥(γ

2
0 − γ

2
⊥)

γ2
0 + γ2

⊥

cos2(θ) (5.16)

The variation in γθ with axial magnetic field strength shown in figure 5.8b is similar

as in the case of cylindrical cathode (i.e see figure 5.7b). However, γθ show a strong

dependence on the angle θ between the cathode surface and magnetic field lines.

The variation in γθ for a range of oblique angle θ is shown in figure 5.8b. The

case θ = 0 corresponds to cylindrical HC, which show a sharp fall in the secondary

electron emission than conical cathode cases for three different apex angles.

5.2.3 Cathode fall characteristics in presence of magnetic

field

Since the magnetic field impacts the secondary electron emission γse, it can be

combined with the Paschen like relationship in section-5.1 (i.e. equation 5.12) to

estimate the cathode fall thickness in the magnetized case.

As seen in figure 5.9, the characteristic curve shifts toward the right-hand side

for higher magnetic field strengths. This observation is due to a considerable fall

in γse as both cathode fall voltage and cathode sheath thickness increases with

increase in the magnetic field. Such a discharge behavior in the presence of a mag-

netic field can be qualitatively related to the discharge characteristics obtained for

cylindrical and conical HC source.

In figure 5.10a, it is found that the discharge current Idis falls monotonically with

increase in magnetic field strength for the case of cylindrical HC; whereas, Idis

remain almost constant up to ∼25 mT for conical HC. In the experiment, it was

found that the discharge could be sustained for a limited range of B-field for the

case of a cylindrical HC source corresponding to a neutral gas pressure of 1.4 Pa.

It is also found that above a critical magnetic field (i.e. B = 17.16 mTesla), the

discharge could not be sustained for this case. This region is shown by shaded

region in figure 5.10.
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Figure 5.9: The Paschen relation indicating the effect of magnetic field on the
cathode fall characteristics of an Argon discharge.

(a) (b)

Figure 5.10: (a): Variation in discharge current at 1.4 Pa with an axial magnetic
field. (b): Variation in discharge voltage at 1.4 Pa with an axial magnetic field.
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The fall in Idis with increase in B-field is caused due to reduction in net secondary

electron emission yield γse and increase in cathode sheath thickness "d" as inferred

from the characteristic curve in figure 5.9. Also, as the secondary electron emission

is hindered by the application of a magnetic field, correspondingly a higher value

of cathode fall voltage drop Vc is required for extracting the secondary electrons.

As seen in figure 5.10b, the sustenance voltage Vdis between the discharge electrodes

increases with increase in B-field. Hence variations in electrical discharge charac-

teristics observed in experiments are in qualitative agreement with the Paschen

like curve shown in figure 5.9. Here the characteristic curve shift towards the

right-hand side for increasing values of magnetic field strength. Therefore, it can

be inferred that an optimal balance between the gas neutral pressure and B-field

is required to sustain the discharge for the case of cylindrical HC source specially

for higher magnetic field strengths.

For the case of conical cathode, secondary electron emission yield gets enhanced

as the apex angle θ is increased (i.e see figure 5.8b). This fact can be observed

in figure 5.10, where the conical HC source sustains the discharge over a broader

range of magnetic field as compared to the cylindrical HC for a similar operating

gas pressure of 1.4 Pa.

5.3 Results and Discussion

In figure 5.11, it is observed that the sustenance / discharge voltage Vdis for the

conical hollow cathode increases, whereas discharge current Idis reduces with the

increase in magnetic field strength for a range of neutral gas pressure.

The net current density at the cathode surface can be expressed in terms of cathode

sheath thickness "d" and secondary electron emission yield γse as [1, 18];

jdis =
2ǫ0VcVi

d2
(1 + γse) (5.17)

The discharge current density at the cathode can be estimated as jdis = Idis/AC

(where AC is cathode area). Considering the cathode fall voltage Vc ≈ Vdis; then
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(a) (b)

Figure 5.11: (a): Discharge voltage as a function of axial magnetic field for
a range of neutral gas pressure. (b): Discharge current as a function of axial
magnetic field for a range of neutral gas.

the non-linear equations 5.12 and 5.17 can be numerically solved to obtain the

values of the cathode sheath thickness "d" and secondary electron emission yield

γse corresponding to the given experimental conditions of neutral gas pressure and

magnetic field strength.

The effects due to external magnetic field strength and neutral gas pressure is

intrinsic in the observed experimental trends of discharge voltage and current in

figure 5.11. Also, to obtain the numerical solution the ion velocity Vi is assumed

in the range;
√

eTe/mi ≤ Vi ≤

√

2eVC/mi.

The experimental values of secondary electron emission yield γse and cathode

sheath thickness "d" are shown in figure 5.12. It can be seen that over a given

range of operating gas pressure, the cathode sheath width increases with a corre-

sponding fall in secondary electron emission yield. These results are in qualitative

agreement with the phenomenological model presented in the previous section-5.2

that considers a similar reduction in γeff because of increase in recapture of elec-

trons at the cathode for the case of tangential/oblique magnetic field at the hollow

cathode surface.
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(a) (b)

Figure 5.12: (a): Cathode fall thickness as a function of axial magnetic field
for a range of neutral gas pressure. (b): Secondary electron emission yield as a
function of axial magnetic field for a range of neutral gas pressure.

(a) (b)

Figure 5.13: (a): Cathode fall thickness as a function of an axial magnetic field
at a neutral gas pressure 1.4 Pa. (b): Effective secondary electron emission yield
as a function of an axial magnetic field at a neutral gas pressure of 1.4 Pa. All
the parameters are normalized with the respective experimental values in absence
of magnetic field.
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The electrical discharge properties in figure 5.10 depicts that the effect of axial

magnetic field is different for the case of cylindrical and conical HC source. The

experimental and modeling results of the cathode fall characteristics are shown in

figure 5.13 for the respective plasma sources.

It is found that for given neutral gas pressure, the magnetization effect on cathode

fall thickness "d" is significantly higher for the case of cylindrical HC as the mag-

netic field lines are tangential to the HC surface. Whereas, for the conical HC, the

cathode sheath thickness has a marginal increase with the magnetic field. It can

be observed in figure 5.13b that oblique magnetic field at conical cathode results

in higher values of γse relative to the cylindrical case. Therefore, a conical HC

source can sustain the discharge over a wide range of axial magnetic field strength

as compared to the cylindrical hollow cathode at similar operating gas pressure

[18].

Summary and conclusion

In summary, the effect of the axial magnetic field and neutral gas pressure on sec-

ondary electron emission characteristics is obtained for the cylindrical and conical

hollow cathode. The experimental results obtained in this study have been ex-

plained with help of a phenomenological model that has been developed to study

the behavior of secondary electron emission yield from an oblique cathode surface

w.r.t an axial magnetic field. Using the model the electron recapture probabilities

at the cathode surface, the behavior of cathode fall thickness and secondary elec-

tron emission yield has been studied for a range of neutral gas pressure and axial

magnetic field strength for respective hollow cathode geometries (i.e. cylindrical

and conical hollow cathodes in presence of axial B-field). For both the plasma

sources, it is experimentally demonstrated that the sustenance voltage across the

discharge electrodes increases whereas, the discharge current reduces as a function

of the axial magnetic field. This experimental information is further used in the

model to estimate the variation in secondary electron emission yield and cathode

fall thickness for both the above plasma sources.
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6
Radial Characteristic of Hollow

Cathode produced Magnetized

Plasma Column

Magnetized plasma column confined in a linear plasma device has significance in

both fundamental research [16, 17, 79, 80]; as well as applications towards high

heat flux experiments on plasma-facing components related to fusion technology

[81, 82]. The well-known plasma source used in such devices is a reflex arc, which is

based on hot cathode electron emitter [14]. The life-time of such sources is limited

due to erosion of the filament cathode; beside significant power loss takes place due

to radiation and heating of the chamber walls [15]. Cold hollow cathode discharge

can be used as a substitute for the hot electron emitter for the production of a

stable magnetized plasma column in linear device [20, 83].

This chapter devotes to the magnetized plasma production using a cold hollow

cathode discharge and its characterization in a linear plasma device [16–18]. In

particular, the effect of the hollow cathode geometry on the radial properties of

the downstream plasma column is investigated and its performance is qualitatively

interpreted with the help of a phenomenological model [18].

In section-6.1, the underlying concept behind the ionization inside the hollow cath-

ode cavity is introduced. Experimental results on radial plasma characteristics are
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presented in section-6.2. A phenomenological model based on plasma fluid ap-

proximation is developed in section-6.3 for the radial plasma characteristics in the

downstream plasma region. The experimental and modeling results are qualita-

tively compared and discussed in section-6.4. Finally, the summary and conclusion

of this study are provided at the end of the chapter.

6.1 Ionization mechanism inside cylindrical and con-

ical hollow cathode

In figure 6.1, the schematic shows the lateral cross-section for cylindrical and con-

ical hollow cathode geometries along with the constricted anode. The magnetic

field is assumed along the z-axis. A high voltage applied between the Anode (A)

and the Cathode (HC) results in a discharge that is primarily concentrated inside

the respective hollow cavities. Note that in presence of an axial magnetic field,

the secondary electrons emerging from the cathode sheath undergo ~E ×
~B drift

in the azimuthal direction w.r.t the magnetic field lines. The axial magnetic field

lines will limit the cross-field transport of the electrons towards the central region.

Therefore, for the case of cylindrical HC in figure 6.1a; these energetic electrons

are primarily concentrated in the off-central region, i.e, closer to the HC surface.

However, in the case of a conical cathode (i.e. see figure 6.1b), the concentration

of these off-centered energetic electron groups will vary with axial distance from

the anode. As a result, these electrons are more populated in the entire region of

the conical hollow cathode than the cylindrical case.

As the energetic electrons undergo elastic / inelastic / ionizing collisions with

background neutrals, it crosses the magnetic field lines and finally returns to the

centrally located anode by flowing along the magnetic field [17, 18]. In the case of

a conical cathode, a component of the sheath electric field Eẑ along the magnetic

field line facilitates the escape of secondary electrons from the cathode surface un-

like the case of the cylindrical cathode. Therefore the radial plasma characteristics

in the downstream plasma region are expected to be different for the cylindrical

and the conical hollow cathode sources.
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(a)

(b)

Figure 6.1: (a): Possible ionization mechanism inside a cylindrical hollow cath-
ode cavity in presence of axial magnetic field. (b): Possible ionization mechanism
inside a conical hollow cathode cavity in presence of axial magnetic field.
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(a) (b)

Figure 6.2: (a): Optical image and intensity map of magnetized plasma column
by a cylindrical HC source at 17.16 mT and operating pressure of 1.4 Pa. (b):
Optical image and intensity map of magnetized plasma column by a conical HC
source at 17.16 mT and operating pressure of 1.4 Pa.

Figure 6.2 present the optical image of downstream plasma column taken from

the lateral window of the linear plasma device (i.e. at z = 30 cm in schematic

figure 2.8a). As observed in the case of a cylindrical cathode, the image of the

plasma column is more intense in the off-centered region, highlighting the presence

of energetic electrons close to the cathode surface inside the cylindrical HC cavity.

On the other hand, the light intensity is uniform in the downstream plasma column

when the conical HC source is used. This observation suggests that the energetic

ionizing electrons are present in the entire volume inside the conical hollow cathode

cavity.

88



Chapter 6. Radial Characteristic of Hollow Cathode produced Magnetized
Plasma Column

6.2 Radial plasma characteristics in the downstream

region

The radial plasma characteristics measured at z = 30 cm distance from the anode

(i.e. see schematic figure 2.8a and 2.9b) in the downstream plasma region outside

the respective HC’s are presented. The experiments are carried at a fixed neutral

pressure of 1.4 Pa in pure Argon gas.

6.2.1 Radial plasma characteristics of a cylindrical hollow

cathode source

The collage of radial profile of ion plasma density, bulk electron temperature and

radial plasma potential are all shown in figure 6.3a; whereas figure 6.3b plots the

radial density and temperature distribution for the hot electron population in the

downstream plasma column. These experimental results can be summarized as

follows:

In figure 6.3a, the positive ion density show a maxima in the central region when

the magnetic field is absent, while the density peak shift to off-central region with

the application of magnetic field. On the other hand the overall bulk electron

temperature and plasma potential show a peak in the central part for B=0 case,

which eventually reduces with increase in magnetic field.

However in figure 6.3b the electron density corresponding to the hot electron frac-

tion show some interesting characteristics. It is found that the plasma column

consists of a significant population of hot electrons in the downstream region. In

the figure 6.3b, the off central region is found to be hotter than the center, whereas

the population of hot electrons seems to be larger in the center than at the edge.

The peak temperature is found to be near the outer periphery of the plasma col-

umn, i.e r = ±3.5 cm (i.e. in the source region, this location corresponds to the

inner surface of the hollow cathode cylinder). Also with an increase in the axial

magnetic field, the hot electron temperature in the central region gets reduced.
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(a)

(b)

Figure 6.3: (a): Radial profile of ion density n+, bulk electron temperature Teb

and plasma potential φ at axial location z = 30 cm for cylindrical HC plasma
source. (b) Radial profile of hot electron density neh / temperature Teh at axial
location z = 30 cm for cylindrical HC plasma source.

90



Chapter 6. Radial Characteristic of Hollow Cathode produced Magnetized
Plasma Column

The above observation in figure 6.3 throws light on a possible mechanism by

which the downstream plasma column is sustained under the application of an

axial magnetic field to the hollow cylindrical cathode. As the concentration of sec-

ondary electrons is more in the peripheral region, it gives rise to intense excitation

of the background gas, hence the plasma column appears brighter as evinced in

figure 6.2a. A fraction of these energetic electrons will flow along the magnetic field

leading to ionization along the magnetic field lines closer to the HC surface. Thus

the positive ion density shows an off-centered peak in figure 6.3a. The energetic

electrons constitute a current through the plasma column by flowing along an axial

electric field towards the centrally located anode. The hot electron population is

higher in the central region but their temperature Teh is smaller in magnitude as

compared with the peripheral region. This observation suggests that these elec-

trons reach the axis of the plasma column by undergoing a random walk process

via collisions with background neutrals [17, 18]. Therefore the energy of these hot

electrons decreases in the central region inside the plasma column as evinced in

figure 6.3b. Hence a hollow plasma column is observed with a cylindrical hollow

cathode source in the downstream region (i.e. observed in figure 6.2a).

6.2.2 Radial plasma characteristics of a conical hollow cath-

ode source

In figure 6.4, the radial characteristics are presented for the conical hollow cathode

source. Unlike the cylindrical case, the plasma column produced by conical HC

has a single temperature electron population. This observation clearly suggests the

presence of a hot electron component is in the region inside the HC cavity as they

emerge at an oblique angle from the entire conical cathode surface. Since these

energetic electrons are responsible for carrying out the ionization in the discharge,

a radially uniform ionization takes place inside the conical HC cavity [18]. As a

result, the bulk plasma temperature and plasma potential are radially uniform in

the absence of a magnetic field (i.e. B=0 case). However, as the axial magnetic field

is introduced there is a gradual formation of temperature and potential peak at

the center of the plasma column along with the peak in plasma density. Therefore,

as observed in 6.2b the downstream plasma column is more intense at the center

and its intensity reduces marginally in the peripheral region.
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Figure 6.4: Radial profile of ion density n+, bulk electron temperature Teb and
plasma potential φ at axial location z = 30 cm for conical HC plasma source.
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6.3 Phenomenological model: Radial plasma prop-

erties

For obtaining the radial plasma density, the ionization caused by the energetic

electrons inside the cylindrical plasma volume is described by the ion continuity

and momentum equations [6, 18, 53];

1

r

∂

∂r
r(niVi) = S (6.1)

mi

∂

∂r
(niV

2

i ) = eniE (6.2)

In equation 6.1, ni and Vi represent the positive ion density and its velocity, S is

the ionization source term expressed as S = niνiz = neνiz, where νiz is the fre-

quency of ionization [1]. Considering that ions are un-magnetized in the system,

the ion momentum equation reduces to equation 6.2, where mi is the ion mass, e is

the electron charge and E is the local electric field inside the plasma volume. The

radial component of this electric field can be derived from the plasma potential φ

as E = −
∂φ

∂r
.

Introducing the ion current density ji = eniVi in equations 6.1 and 6.2; the equa-

tion for the radial ion current and the ion density are expressed respectively as;

∂ji

∂r
+

ji

r
= eS (6.3)

∂ni

∂r
+

2ni

r
=

(

ni

ji

)2 [

2eSji
ni

+
e
3
ni

mi

∂φ

∂r

]

(6.4)

For the magnetized electrons the radial current density je is obtained using the

drift-diffusion equation;

je = eneµ⊥E + eD⊥
∂ne

∂r
(6.5)

In the above equation D⊥ and µ⊥ are respectively the diffusion and mobility per-

pendicular to the axial magnetic field. These quantities are related using Einstein

equation i.e. D⊥ = µ⊥(kT )/e; where, (kT )/e is equivalent to temperature Te in

Volts [1].
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The electron mobility is expressed as, µ⊥ = e
mνm

[1 + ω2
ce

ν2m
]−1, where νm is the

electron-neutral collision frequency and ωce = eB
m

is electron gyro-frequency; B

is the axial magnetic field strength and m is the electron mass. On substituting

D⊥ = µ⊥(kT )/e in equation 6.5, a differential equation governing radial density

variation can be written as follows:

∂ne

∂r
−

1

Te

∂φ

∂r
ne =

H

Te

je (6.6)

In equation 6.6, Je is the net electron current density inside the discharge and H

is the magnetization parameter which is approximated from Bohm diffusion as,

H = mνm
e2

[1 + ω2
ce

ν2m
] ≈ 1.6B

e
; where it is assumed that ωce >> νm according to the

present experimental condition [18].

The potential distribution inside the discharge can be obtained by using the Pois-

son’s equation;
∂
2
φ

∂r2
+

1

r

∂φ

∂r
=

e

ǫ0
(ne − ni) (6.7)

The above formulated ion and electron transport equations (i.e. 6.3, 6.4 and 6.6)

coupled with the Poisson’s equation (i.e. 6.7) can be solved numerically to obtain

the radial plasma density profile for the case of cylindrical HC under the effect of

axial magnetic field.

In contrast to the cylindrical HC case, the phenomenological model assumes that

the ionization is radially uniform for the case of conical cathode. Assuming the

ionization source term as S0 = n0νiz, with n0 as the central plasma density and νiz

as ionization frequency; the radial variation in ji and ni given in equations 6.3 and

6.4 can be rewritten with a constant source term S0 for conical case. The electron

continuity equation can be written as;

1

r

∂

∂r
r(je) = eS0 (6.8)

Combining the electron transport and continuity equations (i.e. equations 6.5 and

6.8), a second order differential equation can be obtained which governs the radial
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Table 6.1: Experimental values Je, φ0, n0 and Te for different axial magnetic field
in the case of cylindrical HC.

B Te(hot) n0(hot) φ0 n0 je ≈ en0(hot)

(mT) (V) (m−3) (V) (m−3)
√

8eTe(hot)

πm

(Am
−2)

0 14.98 3.37× 1014 7.59 3.2× 1016 69.83
5.86 13.12 5.07× 1014 6.75 3.54× 1016 98.16

11.66 11.95 6.46× 1014 5.68 3.98× 1016 119.38

Table 6.2: Experimental values φ0, n0 and S0 for different axial magnetic field in
the case of conical HC.

B φ0 n0 S0

(mT) (V) (m−3) (m−3
s
−1)

0 17.46 1.44× 1016 1.2× 1021

5.86 15.81 3.38× 1016 3.5× 1022

11.66 13.83 4.91× 1016 5.2× 1022

17.16 12.57 5.6× 1016 6.2× 1022

22.8 11.36 6.58× 1016 7.5× 1022

28.6 10.31 7.98× 1016 9.3× 1022

electron distribution in the magnetized plasma;

∂
2
ne

∂r2
+

(

1

r
−

1

Te

∂φ

∂r

)

∂ne

∂r
−

1

Te

∂φ

∂r

ne

r
=

1

Te

(

∂
2
φ

∂r2
ne − eS0H

)

(6.9)

In a similar approach to the cylindrical case, the above fluid equations with con-

stant ionization source term can be solved to obtain the radial plasma density

profile for conical HC case under the effect of axial magnetic field.

These fluid equations can be simultaneously solved with the values of external

parameters and required boundary conditions obtained from the experiments us-

ing cylindrical and conical HC source respectively. The above fluid model is

phenomenologically correlated with the ionization process taking place inside the

source cavity. Therefore, the model qualitatively includes the effect of HC geom-

etry and axial magnetic field on the radial density profile of the plasma column.
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6.4 Results and Discussion

For the case of cylindrical HC source, the formulated fluid equations (i.e. 6.3, 6.4,

6.6 and 6.7) can be numerically solved with the experimental boundary conditions

and the parameters listed in table 6.1. Similarly for the case of conical cathode,

the respective fluid equations (i.e. equations 6.3 and 6.4 with constant ionization

source term S0 along with equations 6.7 and 6.9) can be numerically solved with

the required experimental parameters given in table 6.2.

In figure 6.5, the modeling results are shown along with the scattered experimen-

tal data points for each case. In the case of cylindrical HC as observed in figure

6.5a, the plasma density shows a transition from a centrally peaked profile to a

saddle-like structure with an increase in magnetic field strength. In presence of an

axial magnetic field, the hollow/or a saddle-like density profile is more eminent as

ionization gets localized near the cylindrical HC surface. This experimental and

modeling results along with the optical image of the plasma column in figure 6.2a

suggests that the energetic electrons from the inner wall of the cylindrical cathode

have to undergo several ionizing collisions along the magnetic field lines before it

reaches to the discharge axis.

However as observed in figure 6.5b for the conical case, both modeling and ex-

perimental results show a centrally peaked density profile. In presence of an axial

magnetic field, the tapered cathode geometry enables the injection of ionizing elec-

trons from the entire cathode surface and they eventually flow along the magnetic

field lines and contribute to the ionization process in the entire volume. Therefore,

owing to the uniform ionization inside the conical hollow cathode cavity a centrally

peaked plasma density profile is observed in its plasma column. This fact is also

evinced from the image of the magnetized plasma column in figure 6.2b, where

intensity marginally reduces in the peripheral region.

In figure 6.5 it can be seen that the radial plasma density decays rapidly and

in the downstream region, as the plasma diverges, the plasma column spreads be-

yond the cathode diameter. Although these results are in qualitative agreement,

it can be observed that experimental results deviate from the modeling plots near
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(a)

(b)

Figure 6.5: (a): Radial density profile for cylindrical HC for boundary conditions
and experimental parameters given in table 6.1. (b): Radial density profile for
conical HC for experimental parameters given in table 6.2. The scattered points
represents the experimental values for each case.

97



Chapter 6. Radial Characteristic of Hollow Cathode produced Magnetized
Plasma Column

the edge of the plasma column for respective cases (i.e. the point where quasi

neutrality break). It is also found that with the increase in the axial magnetic

field, the plasma column appears to shrink radially for each case. The decrease

in the radius of the plasma column can be directly correlated with cathode fall

thickness, which tends to increase inside respective cathode cavities as secondary

electron emission yield gets reduces under the effect of axial B-field. These obser-

vations are in qualitative agreement with the experimental and modeling results

of the cathode fall region presented in previous chapter (i.e. plots in figures 5.12

and 5.13).

Summary and conclusion

In summary, the radial properties of the magnetized plasma column produce by a

different type of hollow cathode geometry are presented along with a phenomeno-

logical model to support the experimental trends. It is concluded that the choice

of particular electrode geometry and the axial magnetic field can control the radial

electron temperature and density inside the magnetized plasma column. Also, the

experimental results suggest that the ionizing electrons from the cathode can be

steered along the magnetic field to produce an elongated plasma column in the

downstream plasma region. The oblique magnetic field at the cathode surface also

enables better extraction of secondary electrons from the cathode surface through

a component of the electric field that injects the electrons axially along the mag-

netic field lines. As a result, an elongated plasma column having a central density

peak can be achieved. Furthermore, the discharge can be sustained at stronger

magnetic field strengths using a conical hollow cathode geometry as discussed in

chapter-5.
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Elongated Plasma production using

Magnetized Hollow Cathode

The present chapter unravels the dynamics behind the creation of an elongated

plasma column by a beam of energetic plasma electrons provided from the HC

plasma source. In particular, a configuration of a cylindrical hollow cathode with

a centrally located constricted anode at one end of the cathode axis is presented.

It is shown that this configuration allows the secondary electrons from the hol-

low cathode to follow an elongated trajectory along the axial magnetic field lines.

These energetic electrons provide the necessary I
2
disRp Ohmic heating for sustain-

ing the magnetized plasma column at low operating pressures [17].

The experimental findings are corroborated by formulating a phenomenological

model. It is established that the primary electrons constituting the discharge cur-

rent expand throughout the downstream region, giving rise to the ionization in the

entire plasma column. Using the phenomenological model an empirical relation-

ship between the characteristic plasma column length and the axial magnetic field

is established [17].

Section-7.1 presents an equivalent electrical circuit model of the discharge using

which the gross plasma parameters are estimated. The detailed measurements of

axial plasma parameters are presented in section-7.2. The discharge mechanism

inside the plasma column is depicted through a phenomenological model in section-
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(a)

(b)

Figure 7.1: (a): Electrical analogy of a discharge between anode "A" and cathode
"C". (b): Equivalent electrical circuit of a DC discharge in equilibrium state.

7.3. The experimental and the modeling results are finally discussed in section-7.4,

and summarized at the end of the chapter.

7.1 The discharge circuit model

Consider the electrical analogy of the discharge circuit shown in figure 7.1a. The

circuit is a complex network of lumped electrical components corresponding to the

individual sheath (i.e. cathode "C" and anode "A" sheaths) and plasma region.

The sheath capacitance across the anode and the cathode are represented as CAS

and CCS respectively. The plasma inductance is Lp and resistance corresponding

to bulk plasma is Rp and sheath region is RA and RC respectively. In steady-state

equilibrium, the reactive components (i.e. sheath capacitance and plasma induc-

tance) vanishes such that the discharge can be represented as a series combination

of resistive components corresponding to the sheath region and a bulk plasma re-

gion as shown in figure 7.1b. The net discharge current Idis flows through the

anode sheath resistance RA, bulk plasma resistance Rp and cathode sheath re-

sistance RC . The net power Idis ∗ Vdis dissipated in the discharge is a summation

of the power dissipated across the individual sheaths and inside the plasma column.
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(a) (b)

Figure 7.2: (a): Effect of axial B-filed on cathode and anode potential measured
w.r.t the ground. (b): Plasma potential in the discharge as a function of axial
magnetic field for a neutral gas pressure of 1.4 Pa.

The experiment is carried out using the cylindrical HC setup shown in figure 2.4

and figure 3.9a. The operating gas is Argon and the experimental results reported

here corresponds to a fixed neutral pressure of 1.4 Pa. As shown in figure 7.2a, with

increase in axial B-field, the individual electrode potential (i.e. VA = anode poten-

tial and VC = cathode potential) measured w.r.t ground increases. The variation

in the plasma potential VP inside HC cavity is shown in figure 7.2b. The variations

in individual electrode potentials and plasma potential in figure 7.2 indicates that

the cathode fall voltage drop (i.e. < Vp > −VC) increases with increase in magnetic

field. The corresponding variation in discharge current Idis and discharge voltage

Vdis is provided in figure 5.10 of chapter-5.

From figure 7.1b, the anode sheath resistance RA and cathode sheath resistance

RC can be estimated as;

RA =
VA − VP

Idis
(7.1)

RC =
< VP > −VC

Idis
(7.2)
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(a) (b)

Figure 7.3: (a): Effect of axial B-filed on anode sheath resistance RA and cathode
sheath resistance RC. (b): Effect of axial B-filed on Plasma resistance Rp.

In equation 7.2 , < VP > corresponds the mean plasma potential in the bulk plasma

measured w.r.t ground. The overall discharge resistance Rdis can be obtained as

[17];

Rdis =
Vdis

Idis
= RA +Rp +RC (7.3)

Therefore, knowing Rdis =
Vdis

Idis
from experiment, the net plasma resistance Rp can

be estimated using equation 7.3. Since Rp corresponds to the bulk plasma region

and RA , RC corresponds the sheath region, their variations with external electrical

parameters can be grossly determined to predict the discharge behavior without

relying on intrinsic plasma measurements that includes the temperature and the

spatial plasma density in the discharge.

Using the data plotted in figure 5.10 and figure 7.2, above electrical parameters

can be estimated under various experimental conditions. In figure 7.3a, the sheath

resistances RA and RC are plotted as a function of magnetic field strengths. It

is seen that the resistances increase with axial magnetic field strengths. The in-

crease in RC is quite significant, since the magnetic field lines are tangential to the

cylindrical HC surface; whereas a marginal variation in RA is observed since the

magnetic field lines are normal to the anode surface. The net plasma resistance

Rp obtained using equation 7.3 is plotted in figure 7.3b. It is found that the net

plasma resistance increases as the magnetic field strength is increased.
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(a) (b)

Figure 7.4: (a): Axial plasma potential along the axis of the magnetized plasma
column at neutral gas pressure of 1.4 Pa. (b): Axial plasma density along the axis
of the magnetized plasma column at neutral gas pressure of 1.4 Pa.

7.2 Experimental results

The variation in axial plasma potential VP and the plasma density with reference

to the anode position at the origin (i.e. at z = 0) is shown in figure 7.4. The dotted

line at z = 10 cm indicates the edge of hollow cathode source.

From figure 7.4a, it is can seen that the axial electric field inside the hollow cath-

ode region (i.e. z < 10 cm) increases sharply with the rise in magnetic field. Also

in figure 7.4b, the peak plasma density is higher near the anode surface whereas

in the downstream region (i.e. z > 10 cm) the plasma density show a sharp fall,

more prominent in the absence of magnetic field. However as the magnetic field is

applied, the density fall in downstream plasma take place gradually.

The electron population corresponding to the hot and the bulk fraction are shown

in figure 7.5. As discussed in chapter-3, the effective plasma temperature Teff can

be calculated by equation 3.8 considering the harmonic average of bulk and hot

electron populations [17, 55, 66, 67].

As shown in figure 7.5, the effective plasma temperature Teff increases towards

anode. However, the hot electron density neh and hot electron temperature Teh
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Figure 7.5: Axial profile of hot and bulk electron populations for axial B-field
11.66 mT and at neutral gas pressure of 1.4 Pa.

show a contrasting behavior in the entire plasma column. The hot electron tem-

perature in the downstream region is higher while it falls marginally towards the

anode. The hot electron density neh and plasma potential VP show an increasing

trend towards the anode from the downstream plasma region (i.e their distribution

is in accordance with Boltzmann distribution). On the other hand, the bulk elec-

trons density neb remain fairly uniform along the z-axis whereas, its corresponding

bulk electron temperature Teb is found to be higher inside the hollow cathode region

than in the downstream plasma column.
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(a) (b)

Figure 7.6: (a): Primary electron current paths in presence of magnetic field. (b):
Plasma equivalent impedance circuit in presence of magnetic field with RA = Anode
sheath resistance, Rp = Plasma resistance having parallel components R|| ≈ (ie
R1,R2,R3....R9) and perpendicular components R⊥ ≈ (ie Ra,Rb,Rc....Rz), RC =
Cathode sheath resistance.

7.3 Phenomenological model of a magnetized plasma

column

In chapter-6, the dynamics behind secondary electron emission from the HC surface

in the presence of an axial magnetic field was presented. These energetic electrons

are scattered along the axial magnetic field lines and undergo an elongated trajec-

tory to enter the central region by collisions induced random walk process [17, 18].

As shown in figure 7.6a, these ionizing electrons can be present at a sufficiently

large distance from the hollow cathode.

Figure 7.6b, depicts this mechanism by assuming an electric circuit network con-

sisting of parallel and series resistors corresponding to cross-field and parallel flow

of electrons along the length of the magnetized plasma column. The arrows in-

dicate the path of current carrying electrons that are initially emerged from the

hollow cathode surface. These electrons will give rise to ionizing collisions along

their way and enable the sustenance of downstream plasma over elongated lengths

[17]. The energetic electrons will eventually reach the discharge axis after under-

going a random walk process and will eventually flow towards the anode due to

the accelerating axial electric field.

In figure 7.6b, the individual resistors along the B-field (i.e. R1, R2.... etc..) repre-

sents the parallel resistance (i.e. R||). Whereas, all the resistive components across
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the B-field (i.e. Ra, Rb.... etc..) represents the perpendicular resistance (i.e. R⊥).

Therefore with increase in axial magnetic field, the length of the plasma column

and all the individual components of R|| and R⊥ adjust in such a manner that

there is a net flow of discharge current Idis through the plasma column. In view

of the above model, the equivalent resistor Rp in figure 7.6b is responsible for the

ohmic dissipation of power I
2
disRp in the entire plasma column.

The equivalent resistance of the plasma column (i.e. Rp) can be estimated from

D.C conductivity of the plasma σdc = (n̄e2)/mνm, where n̄ is the average plasma

density corresponding to the primary current carrying electrons.

Rp =
1

σdc

Lp

Ap

(7.4)

In the magnetized case, the parallel component of plasma conductivity, σ|| = σdc

whereas the perpendicular component σ⊥ is given by [1, 17];

σ⊥ =
n̄e

2

mνm

(

1

1 + ω2
ce/ν

2
m

)

(7.5)

In the limit when ωce/νm >>1, σ⊥ reduces to;

σ⊥ ≈

n̄e
2

mω2
ce

νm ≈ ε0

ω
2
pe

ω2
ce

νm (7.6)

As seen in equation 7.6, the role of νm in σ⊥ is reversed as compared to σ||. Also, one

observes that σ|| ≈ ω
2
ceσ⊥ such that σ|| >> σ⊥. Therefore the radial current across

the magnetic field lines is drastically reduced. Hence current carrying primary

electrons follows a long trajectory along the magnetic field lines to complete the

discharge circuit as shown in figure 7.6a. The longer path length will allow more

number of collisions and enables the electrons from the lateral surface to reach the

central line by cross-field diffusion [17].
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Figure 7.7: Effect of magnetic field on plasma resistance Rp and plasma conduc-
tivity σdc at a neutral gas pressure of 1.4 Pa.

7.3.1 Model to determine the length of magnetized plasma

column

From the electrical analogy presented above, the plasma column length can be

estimated. This characteristic length corresponds to an equilibrium case when

equivalent resistance across and along the magnetic field balances each other [17].

Assuming an average electron density n̄eh for the primary electrons, the conductiv-

ity of the plasma channel can be estimated for different magnetic field strengths.

In figure 7.7, the obtained values of plasma resistance Rp and plasma conductivity

σdc have been plotted as a function of axial magnetic field. It can be seen that

the plasma resistance and plasma conductivity are inversely related. If Lp and Ap

are considered as the overall length and the cross-sectional area of the conducting

plasma channel, then the ratio Lp/Ap ≈ Rpσdc.

Therefore, it is qualitatively found that the ratio Lp/Ap ≈ Rpσdc increases with the

increase in axial magnetic field. This phenomenology can be modeled considering

the continuity of radial and axial currents in the plasma column [17].

As shown in figure 7.8, the parallel electron flux Γ|| in the central line is collected

at the anode, while the axial loss is compensated by the perpendicular electron
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Figure 7.8: Perpendicular and parallel electron fluxes entering and leaving magnetized

plasma tube assuming the plasma column to be homogeneous. Here ra is the radius of

anode which is assumed to be the radius of magnetized plasma column and Lp is the length

of magnetized plasma column.

flux Γ⊥ from the lateral surface of the cylindrical column. Hence, considering the

current continuity we can write;

(2πraLp)eΓ⊥ = (πr2a)eΓ|| (7.7)

Where ra is the radius of the anode. Again Γ⊥ and Γ|| can be expressed as follows;

Γ⊥ = −D⊥
∂n

∂r
≈ −

kTeh

mνiz(1 + ω2
ce/ν

2
iz)

(

n0

ra

)

(7.8)

Whereas along the magnetic field, the electron current is mainly governed by the

drift due to axial electric field E. Assuming Boltzmann distribution for hot elec-

trons; n = n
0
exp(−eφ/kTeh) and also using Einstein equation; D||/µ|| = kTeh/e,

one can express [1, 17];

Γ|| = −nµ||Ez ≈ −

kTeh

mνiz

∂n

∂z
≈ −

kTeh

mνiz

(

n0

Lp

)

(7.9)

In the above equations, n0/Lp and n0/ra has been approximated as axial and

radial density gradient respectively. Thus equation 7.7 can be reduced to a scaling

expression of Lp in terms of magnetic field as [17],

Lp ≈
ra
√

2

√

1 +

(

ωce

νiz

)2

(7.10)

From the above equation, it can be seen that the length of the plasma column Lp

is directly related to the magnetic field via ωce, while it is inversely proportional
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(a) (b)

Figure 7.9: (a): The estimated length of plasma column for different axial mag-
netic field strengths. (b): Side view of magnetized plasma column at a neutral gas
pressure of 1.4 Pa.

to the ionizing collision frequency (i.e. νiz) / or neutral pressure [17]. Therefore

the length of the plasma column increases with magnetic field while it is expected

that the length will get shorter with increase in pressure because the collisions will

enhance the cross-field diffusion across the magnetic field. As shown in figure 7.9a

the approximate length of plasma column estimated from the electrical analogy and

from the phenomenological model are in qualitative agreement. It is also evinced

from the visual images of the plasma column (i.e figure 7.9b) that the length of

the plasma column gradually increases with increase in axial magnetic field [17].

7.4 Results and Discussion

The phenomenological model provides an insight into the role of secondary electron

transport in the downstream plasma region for the sustenance of elongated plasma

column in presence of axial magnetic field in a HC plasma source [17]. Mainly,

the secondary electrons after being liberated from the HC surface flows along the

magnetic field lines; therefore a high resistance is developed between the HC and

the centrally located anode. Since the journey of these electrons to the anode is

mostly along the field lines, the effective plasma resistance Rp in the electrical

model is mostly governed by the DC conductivity of hot primary electrons that

constitutes the return current towards the anode by following along the B-field [17].
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In figure 7.5, the density distribution of hot / primary electron population show a

contrasting trend as compared with its temperature distribution. The temperature

of these electrons is observed to be consistently higher away from the anode. This

is because the energetic primary electrons are constrained to flow along the field

lines as they travel a long distance via the cross-field diffusion process towards the

anode. Hence the temperature/ energy of these primary electrons is expected to

fall systematically towards the anode as they undergo ionizing collisions with the

background neutrals all along its path [17].

To account for the observed density/ temperature profile of hot primary electrons,

we consider the discharge current at anode as;

Idis/Aanode = eΓ|| ≈ Jdis (7.11)

Where, Aanode = area of anode and Jdis = discharge current density at anode.

Assuming Boltzmann distribution, primary electron flux can be given as Γ|| =

−nµ||E ≈ −
kTe

mνm

∂n
∂z

≈ −
kTe

mνm

(

neh

Lp

)

. Hence one can arrive at an approximate

expression for hot electron flux [17];

[nehTeh] ≈
(JdisLp)

µ||

(7.12)

Where Teh is expressed in eV and density of hot electrons neh in m
−3.

Since the discharge current, magnetic field and neutral gas pressure are constants,

therefore the product [nehTeh] ∼ constant; implies an inverse relationship between

density and temperature of primary electrons as evinced in figure 7.5. In view of

the above facts, it can be concluded that the magnetic field steers the primary elec-

tron current through the bulk plasma and hence it helps in sustaining an elongated

plasma column.
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Summary and conclusion

In summary, this chapter provides a basic insight into one of the fundamental prop-

erties of a HC sustaining an elongated magnetized plasma column. In particular,

the role of primary electrons in carrying out the ionization along the magnetized

plasma column is illustrated. The current closure through the plasma column

is depicted through an equivalent electrical analogy of the discharge. The phe-

nomenological model provides a semi-empirical relationship between the length of

the plasma column and the experimental conditions of neutral gas pressure and

magnetic field strength. The concept can be useful for the understanding of ra-

dial and axial transport of the primary electrons in magnetized plasma physics

experiments.
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8
Conclusions and Future Scope

8.1 Summary and conclusion

The thesis presents some unique behavior of cold hollow cathode discharges oper-

ated under the influence of an external magnetic field. In particular, it investigates

how the electrode geometry and the applied magnetic field affect the properties

of the downstream plasma column produced outside the source. The investigation

has been meticulously carried out using an electrical probe diagnostic, which is

improvised specifically for application in a magnetized plasma system; where the

discharge electrodes and the bulk plasma is electrically isolated from the grounded

chamber. Along with the experiments, a substantial part of the thesis devotes to

the development of phenomenological models of plasma produced by cold hollow

cathode discharge. Some elegant results obtained from the analytical modeling

are the secondary electron emission yield under the influence of the oblique mag-

netic field at the cathode surface. The secondary electrons are not only vital for

the sustenance of DC discharge, but they are the ones that primarily govern the

plasma characteristics (both axial as well as radial) in the downstream plasma

region. This fact has been elucidated by comparing the radial plasma characteris-

tics of cylindrical and conical hollow cathode plasma sources. It is shown that if

the magnetic field is tangential at the hollow cathode surface, then the secondary

electrons give rise to an elongated hollow plasma column by inevitably flowing

along the magnetic field lines close to the cathode surface. However, by providing

an oblique angle between the cathode surface and axial magnetic field; the above

113



Chapter 8. Conclusions and Future Scope

hollow profile of the plasma column can be tuned to a solid plasma profile. In both

the above plasma devices, since the location of anode is at the center, the current

carrying electrons flow along the magnetic field lines in an elongated trajectories

to constitute the return current at anode.

In the entire investigation, along with the development of above experimental

devices, some unique phenomenological models are also formulated. In Chapter-7,

the elongation in the length of the magnetized plasma column is shown by con-

sidering an electrical analogy of the discharge. Here, a simple resistive network

represents the plasma column and using the radial and axial current continuity

in the discharge, a relationship between the characteristic plasma column length

versus the axial magnetic field strength is established. Likewise in Chapter-5,

the effect of the magnetic field on cathode fall thickness and secondary electron

emission yield has been derived. The combination of these analytical results and

experimental data obtained for a fixed set of electrode geometries are useful for

benchmarking the formulated models. Also, as demonstrated in Chapter-4 the

phenomenological model is further used for predicting how the apex angle of the

conical cathode would affect the peak plasma density and average electron tem-

perature inside the hollow cathode cavity. The formulated models also explain the

contrasting nature of the radial plasma characteristics observed for cylindrical and

conical cathodes.

In conclusion, the thesis offers a broad physical understanding about the DC op-

erated hollow cathode discharge for producing intense plasma column in linear

devices; how the electrode geometries and the magnetic field can be utilized for

obtaining unique plasma features and how the modeling can help in the optimiza-

tion of the design of a plasma source. Not only the above mentioned results are

demonstrated for the hollow cathode discharges, but some of the findings pertain-

ing to current closure between a pair of electrodes placed across magnetic field lines

are also relevant in applications such as cascaded arc sources used for high heat

flux experiments [81, 84, 85]; electrically biased plasma facing components [82, 86],

the filter field region of a negative ion source and magnetron sputtering discharges

wherein the magnetic filter field is transverse to the sheath electric field. The

secondary electron emission from a target in the presence of an oblique magnetic
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field at the sheath is also relevant for the diverter and limiter in contact with the

strongly magnetized plasma of a fusion device [85]. The transport of charge par-

ticles across the magnetic field is also important during the application of electric

probes in magnetized plasma. The thesis also provides a comprehensive discussion

on how global modeling based on experimental observation can be comprehended

together to obtain an in-depth insight into the discharge dynamics without having

to rely on expensive computational techniques. The physical understanding gath-

ered from this study can be helpful in designing and optimization of the plasma

source based on cold hollow cathode discharges and all other sources based on a

similar concept.

8.2 Future Scope

The thesis presented here considers a 1-Dimensional fluid approach for a geomet-

rically symmetric system of electrodes. This experimental and modeling study

provided a qualitative insight into the phenomenology behind the magnetized hol-

low cathode DC discharge for a particular set of electrode configuration. The axial

variation in plasma parameters, though it was grossly marginal in the present

experiments; can be often relevant in discharges where a double layer can exist

which can alter the positive ion dynamics along the magnetic field lines. Hence

comprehensive modeling of DC hollow cathode discharge should be extended for

a 2-Dimensional case also. Secondly, the present study has been focused on a

partially magnetized case in which the electrons inside the hollow cavity are the

ones that are magnetized. However, for application in strongly magnetized linear

devices, the entire dynamics of charge particles inside as well as outside the hollow

cathodes can be substantially different. Hence the above model can very well be

revisited for the strongly magnetized case in which the ions are also magnetized.

It is also important that the hollow cathode discharge can also be operated with

the application of RF as well as by pulsed DC. The discharges operated using RF

can operate at low pressures and are very much relevant for material processing

applications. Another unique feature observed in the experiments is the role of

cathode geometry and the external magnetic field in achieving radial density and

temperature variation inside the magnetized plasma column. The radial tempera-
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ture gradient inside plasma has some interesting applications such as in negative

ion sources where the negative ion species are formed by a two-step process which

requires the presence of both hot as well as a cold population of electrons inside

the discharge [87]. The hollow cathode source in conjunction with the constricted

anode presented in this thesis can also be extended to an array of hollow cathode

sources to generate large area plasmas with easily tunable plasma profiles with

the help of an axial magnetic field in the system. The arrangement of multiple

hollow cathodes (i.e. with cylindrical / conical geometry) helps to generate large

diameter plasma; whose spatial plasma characteristics (i.e. typically density and

temperature profile in the system) can be controlled independently by controlling

the individual hollow cathodes. Such a magnetoplasma device has a potential ap-

plication in the manufacturing of the advanced ultra large scale integrated circuit

(ULSI) to carry out plasma processing on large diameter wafers [88, 89].

The intuitive observations presented above can form the basis for a comprehensive

study on the applications of DC discharges operated with hollow cathodes under

the influence of the magnetic field.
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Abstract

Abstract

An experimental and modeling study of a magnetized cold hollow cathode DC

discharge is presented. In particular, two distinct plasma sources having electrode

configurations; (1): a cylindrical hollow cathode with an axially placed constricted

anode and (2): a cone-shaped hollow cathode with a constricted anode at its minor

end has been designed and investigated. It is found that the magnetic field has a

phenomenal effect on the gross discharge performance of these plasma devices as

well as it also impacts the radial properties of the plasma column resulting from

each hollow cathode source. A detailed characterization of the plasma column has

been performed using a single Langmuir probe, which provides key insight into

the role of primary electrons in the sustenance of the magnetized plasma column.

It is demonstrated that the secondary electron emission yield can be enhanced by

providing an oblique cathode surface w.r.t magnetic field lines instead of apply-

ing it tangential to the cathode. The current closure through the plasma column

to the opposing electrode by the primary electrons has been depicted through an

equivalent electrical analogy of the discharge. Based on electrical discharge param-

eters, a phenomenological model has been formulated for explaining the formation

of an elongated plasma column under the application of an axial magnetic field in

a linear device. Moreover, an in-depth analysis of Langmuir probe characteristics

to extract the information of the hot and bulk electron population has been rec-

ommended for the case when the probe reference electrode is partially conducting

to the ground.

A significant part of the work is focussed on the development of phenomenological

models to characterize the DC hollow cathode discharges for cylindrical / conical

cathodes. These modeling results are found to be in good qualitative agreement

with the experiments. From the engineering perspective, the above experimental

and modeling study provides a key insight into the design and optimization of the

plasma sources based on the concept of magnetized hollow cathode discharges.
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Figure 1: Image and schematic of a cylindrical 
hollow cathode source 

Figure 2: Image and schematic of a conical 
hollow cathode source 
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In this thesis work, experimental and modeling investigation of a magnetized cold hollow 

cathode DC has been ensued. In particular, two distinct plasma sources having electrode 

configurations; (1): a cylindrical hollow cathode with an axially placed constricted anode and (2): a 

cone-shaped hollow cathode with a constricted anode at its minor end has been designed and 

investigated. The two hollow cathode plasma sources developed for this work are shown in 

Figure:1 Cylindrical hollow cathode plasma source and Figure:2 Conical hollow cathode plasma 

source.  External magnetic field is introduced such that it remains axial w.r.t the hollow cathodes 

in both these sources.  

 

 

 

 

 

 

 

 

 

 

 

 

It is found that the axial magnetic field has a phenomenal effect on the gross discharge properties 

of these plasma devices as well as it also impacts the radial properties of the plasma column 

resulting from each hollow cathode source. A detailed characterization of these plasma devices 

has been performed using a cylindrical Langmuir probe. All the measured experimental results are 

substantiated by formulating the appropriate phenomenological models which provides a deep 

insight into the ionization mechanisms taking place inside the cylindrical and conical hollow 

cathode cavities. As shown in Figure:3, It is also demonstrated that the secondary electron 

emission yield can be enhanced by providing an oblique cathode surface w.r.t magnetic field lines 

instead of applying it tangential to the cathode.  



Figure 3: Secondary electron yield from a cylindrical and a conical 
hollow cathode source 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Also, the current closure through the magnetized plasma column to the opposing electrode by the 

primary electrons has been depicted through an equivalent electrical analogy of the discharge. 

Based on electrical discharge parameters, a phenomenological model has been formulated for 

explaining the formation of an elongated plasma column under the application of an axial 

magnetic field in a linear device. Moreover, an in-depth analysis of Langmuir probe characteristics 

to extract the information of the hot and bulk electron population has been recommended for the 

case when the probe reference electrode is partially conducting to the ground.  

 

A significant part of the work is focussed on the development of phenomenological models to 

characterize the DC hollow cathode discharges for cylindrical / conical cathodes. These modeling 

results are found to be in good qualitative agreement with the experiments. From the engineering 

perspective, the above experimental and modeling study provides a key insight into the design and 

optimization of the plasma sources based on the concept of magnetized hollow cathode 

discharges. 
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