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SYNOPSIS

In the multi-pole cusp configuration the field in the center is the nearly (B ~ 0)
null, while a finite value of field being there in the edge regions confining the plasma.
In this configuration, the center of curvature of the confining magnetic field will not be
there in the region of the confined plasma itself. This helps to avoid instabilities which
are usually observed in the laboratory devices. Hence it is prudent to have a high
density, uniform and quiescent plasma confined in multi-cusp configuration. Due to
these properties, it has found wide applications in the development of ion sources,
plasma-etching reactors etc. There has been many instances in which these multi-pole
cusp configurations have been studied before and well documented. But it has been
generally observed that in most of the earlier studied cusp plasma devices permanent
magnets were used, while which were arranged in a checkerboard or in line cusp
configuration. Many results have been published for measurement of the width of
plasma leakage at the cusp (near the pole magnet) and still an exact scaling for the
amount of plasma being leaked in a given cusp configuration is yet to be ascertained.
Though many scaling exists, ranging from electron gyro-radius to ion gyro-radius apart
and also the so-called ‘hybrid gyro-radius’. The systems with permanent magnets have
a fixed magnetic field value and hence it was not possible to study plasma behavior with
different magnetic field values. Also, most of the devices reported before with multi-
pole cusp configurations had a very small volume of the low beta (edge) region) so as
to maximize the usage of the central high beta region. Hence the various fluctuations
present in the low beta (edge regions) and their effects on the central high beta region

have not been studied before.



In this thesis work a filamentary quiescent plasma was produced in a multi-pole
cusp magnetic field and their characteristics have been studied in detail. The device
mainly consists of a vacuum chambers, plasma sources (hot cathode), pumping system,
magnet system and plasma diagnostics. A multi-pole cusp magnetic field system has
been designed such that a cylindrical high beta region is formed surrounded by a
comparable volume of low beta region. This has been achieved by placing six
electromagnets (with embedded profiled vacoflux-50 core and double pancake
winding) over a large cylindrical chamber having dimension 103cm axial length and
40cm diameter. This multi-pole cusp magnetic field (VMMF) system has been made to
be versatile such that many different configurations and field values can be made to
confine the plasma. The 2-D simulation of the VVMF has been performed using the
Finite Element Method Magnetic software and has been validated by experimentally

measured values.

The whole chamber is pumped down to a pressure 10 mbar using a Turbo
Molecular Pump (TMP) backed by a rotary pump, while a combination of the lonization
and Pirani gauges are used for pressure measurement. The argon gas is filled to a
pressure of the order 10*mbar for plasma production. The plasma discharge has been
struck between hot filament based cathode source and grounded chamber wall. The
cathode source is fitted well inside the main chamber to avoid the edge effects of the
magnets. These filaments are powered by a 500 A, 15 V floating power supply (V)
while it is normally operated at around 16 - 19 A per filament. The source is biased with
a voltage of - 76 V with respect to the grounded chamber walls using discharge power
supply (Va). The primary electrons emitted from the filaments travel in the electrical

field directions, while they are confined by the cusp magnetic field lines. Because of



mirror effects due to cusp configuration, electrons move back and forth between the
poles and they ionize the background gas atoms and thus an argon plasma is produced.
The various plasma diagnostics (viz. simple Langmuir probe for plasma parameters
(electron temperature, plasma density, and floating potential) measurement, emissive
probe for plasma potential measurement, and rack probe for fluctuation measurement)

have been constructed.

The argon plasma thus produced and confined by multi-pole line cusp magnetic
field is found to be have different characteristics at different regions. The central high
beta plasma volume is found to be quiescent and uniform and also it is found that to be
controllable by changing the magnet current. This volume would be beneficial for basic
plasma studies (viz. ion acoustic wave, soliton wave interaction, electron plasma wave,
Landau damping, nonlinear coherent structure, wave-particle trapping and un-trapping
etc.). While the edge regions surrounding the central high beta region is found to have
many interesting phenomena, which is studied in detail here. The plasma characteristics,
radially along the non-cusp region, were recorded for different magnetic field values at
the poles using Langmuir probes. The profiles of electron density, temperature, floating
potentials with different magnetic field values at the poles helped to complete the
plasma characterization. One of the key parameters involving plasma confined in the
cusp magnetic field is the effective leak width of plasma (the width of the profile of
plasma escaping through the cusp). The estimated leak width has been compared with
the calculations using previously published different scaling and found to be matching

well.



The bulk plasma at the central region is uniform and dense (null region), this
plasma diffused across the magnetic field and stream out along the magnetic field lines
toward the cusp, as a result, the gradients in plasma parameters (plasma density, electron
temperature, and floating potential) are formed. Using the scale length of plasma
parameters, whole plasma has divided into three regions. The central plasma region is
uniform and quiescent where density and electron temperature scale length are very
high. In mid region of plasma, the temperature gradient is dominated compared to
density gradient and in edge region density gradient is dominated compared to density
gradient. These gradients are also controllable with changing magnetic field values. The
fluctuations and hence instabilities due to the gradients in the density and temperature
have been further studied to identify the sources of free energy and the role of magnetic
field in these fluctuations have also studied for some cases. The presence of drift wave
turbulence has been identified using the scale length of plasma parameters, frequency
spectrum, cross-correlation function, and fluctuation level of plasma densities. The
cross-field drift velocity due to fluctuation in plasma parameters have been measured
from the wave number- frequency S (k. @) spectrum and verified with the theoretical
values obtained from density scale length formula. Further, from the S (k;, @) spectrum,
it has been found that the drift velocity alternates the sign in the consecutive non-cusp
regions.

A thesis comparing of following chapters have been completed.
Chapter 1: Introduction

In this chapter, a brief introduction about the multi-cusp confined plasma has been
given which is mostly from previously published literature. The unexplored physics

areas and motivation of this thesis has also been included in this chapter.

Vi



Chapter 2: A versatile multi-pole cusp magnetic field system

In this chapter, the detailed design and construction of the magnet system is given
along with the versatility of the field configuration and its utility for many physics
experiments. The simulation of the field configuration done using Finite Element
Magnetics Method has been added to this chapter for ready comparison.
Chapter 3: Plasma production and plasma diagnostics
In chapter 3, detail of various systems of the devices followed by procedure of plasma
production has been described.
Chapter 4: Characteristics of plasma confined in a VMMF
Before embarking of proposed experiments it is desired to characterize the plasma in a
multi-pole cusp magnetic field. In this chapter 4, the results of the characteristics with
different magnetic field values have been described along with analysis of leak width.
Moreover in this chapter the profile of the plasma parameters (plasma density, floating
potential, electron temperature and particle confinement time etc.) have been given,
estimated from the Langmuir probe measurements. The variations of these profiles with
different magnetic field values have been also given.

Chapter 5: Plasma fluctuation at the different region of the device

The profiles thus recorded and the fluctuations recorded at various locations have
helped to identify some of the instabilities present in the plasma. This chapter contains
the detailed analysis of instabilities identified due to gradients in the profiles along with
the effect of magnetic field vales on those identified instabilities.

Chapter 6: Conclusion and future scope

Finally, in chapter 6, the consolidation of the work has been done and also enumeration
of some of the major tasks identified that can be undertaken for further research has

been given.
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Chapter 1

Introduction

This Thesis discusses a detailed study on the characterization of Argon plasma
confined in a versatile multi-pole line cusp magnetic field (VMMF). It also presents
the development of a versatile multi-pole line cusp magnetic field (using six
electromagnets and profiled with a core material) system, vacuum chamber, plasma
source and the diagnostics. In this Chapter, a brief overview of this subject is
presented along with the motivation for these studies in which several open problems
are pointed out. Finally, this Chapter concludes with an outline of the remaining

Chapters of this Thesis.

1.1 Overview and motivation

Plasma, is an ionized medium which contains sufficient number of charged
particles and gas atoms for the overall behaviour of the system to be different from an
ordinary gas and which exhibits collective behaviour. Plasma is considered the fourth
state of matter. The 99% of the regular matter in the universe is in the plasma state
and in the universe naturally occurring plasmas are: Aurorae, lonospheres and
magnetospheres of planets, Solar atmosphere, Coronal mass ejections, Interstellar
medium, Intergalactic medium, Lightning and ball lightning, Solar and Stellar winds
etc. In nature plasma is mainly confined by three ways viz. Gravitational confinement,

Inertia confinement and Magnetic field confinement [1].



Introduction

In a stars, confinement comes about because of the gravitational pressure of an
enormous mass. High density and temperature thereby result toward the stellar centre
inward directed momentum of the outer layers of the pellet, thereby yielding a high
dense material, the inertia of which confines the fusion fuel against the fusion reaction
volatile effect of disassembly for a sufficient time to allow sufficient fusion reactions

to occur [1].

In the inertial confinement, principle is to apply a fast pulse of high energy to a
large surface area of a pellet, causing it to simultaneously "implode"” and heat to very
high pressure and temperature. If the fusion fuel is sufficiently dense and hot, the
fusion reaction rate will be rapid to burn a significant fraction of the fuel before it has
dissipated. To attain these uttermost conditions, at first cold fusion fuel must be
explosively compressed. This inertial confinement scheme is used in the hydrogen
bomb, in which the driver is X-rays generated by a fission bomb itself. This scheme is
also studied in the laboratory for controlled nuclear fusion, in which the driver is a

high power laser or high energy collimated charged particle (ion, or electron) beam

[1].

In magnetic confinement strong magnetic fields are used to confine the
charged particles (plasma). The charged particles will follow the magnetic field lines
and move parallel to magnetic field in helix path thus the charged particles are tied to
the field lines. As a result in suitable shape of magnetic field cage it is possible to
confine a plasma and keep it away from material walls. There exist several magnetic
field configurations (magnetic cage) exist viz. the toroidal geometries of Tokamaks
and Stellarators, an open-ended mirror confinement systems, and a multi-pole cusp

magnetic field confinement, combination of cusp-mirror confinement etc [1-2].
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In the experimental laboratory only inertial and magnetic field confinement is
can be possibly be used to confine the plasma. The plasma confined by magnetic field
found large application viz. commercial fusion, propulsion in space, plasma etching
reactors plasma coating unit, plasma torch, plasma sources in different industrial
applications etc. The plasma confinement by magnetic fields with different
configurations have been extensively used to confine plasma at laboratory scale. Some
of the magnetic field configurations studied are toroidal devices (viz. stellarators,
tokamaks), linear devices (viz. mirror geometries, cusp geometries, solenoid
geometries) etc. [2, 3]. The multi-pole cusp configuration as (shown in figure 1.1) has
nearly zero magnetic field (null field) in the centre of the confining region and the
maximum magnetic field at the poles. In this configuration the centre of curvature of
the confining magnetic field does not exist in the region of confined plasma or in
better words the plasma confined is in the good curvature region of magnetic field [4].
It helps to avoid many instabilities which are usually observed in the other laboratory
plasma devices thus it enhances the plasma density at the confining region (null

region) [4].

Good curvature of magnetic field

Figure 1.1. A multi-pole cusp magnetic field configuration.
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Due to their ability to confine the large uniform volume and quiescent plasmas
the magnetic field geometries containing cusp are widely used in the laboratory
devices for basic plasma physics studies, plasma ion sources, neutral beam injection
(NBI) system of tokamak etc. [5, 6]. These low temperature discharge devices
employing multi pole cusps have been studied since 1973, when R. Limpaecher and
K. R. MacKenzie [6] first showed that they could be used to confine large volume,
uniform, and quiescent plasmas with densities much higher than other linear plasma
devices. These authors showed that the increase in plasma density in a multi-pole
device is primarily due to the confinement of the “primary” ionisation electrons.
Leung et al. [7], studied different geometry of cusp magnetic field such as checker
board, broken line cusp and full line cusp (as shown in figure 1.2) for confinement of
plasma, and they have reported that full line cusps were found to give optimum
plasma density. M. Sadowski [8], studied plasma containment in spherical multi-pole
(SM) magnetic field. He showed that the high-order SM systems avoid line cusp loss-

regions, occurring in the other minimum-B geometries.

(a) (b)
- N_N_N_N_N
—— S S S S S

N_N_N_N_N

Figure 1.2. (a) Checker board multi-pole cusp configuration and (b) full line multi-
pole cusp configuration [7].

The following description highlight the importance of plasma confined by

cusp geometry, followed by the drawback and unresolved problems of this geometry.
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1.1.1Plasma ion sources

The multi cusp magnetic field can confine the uniform high density and quiescent
plasma which is the essential requirement of high current collimated ion beam, thus it
is widely used in plasma ion sources. Leung et al. [9], have investigated the properties
of a steady state, dc discharge multi cusp ion source. The authors have reported that
the magnetic multi-pole cusp plasma devices should be good candidates for the
production of intense uniform ion beams. Kuriyama et al. [10], developed a NBI
system having the specification; a beam energy of 500keV, an injection power of
10MW, a beam duration time of 10s, beam species of deuterium or hydrogen for JT-
60U tokamak. Vainionpaa et al. [11], developed a RF driven multi cusp ion source.
They designed the system to have a 90% proton fraction and small divergence with
beam current at 5-6 A and a pulse length of 1 second occurring once every 1-2 min.
Bhattacharjee et al. [12], studied Micro wave plasma source in Laboratory plasma
using multi cusp magnetic field generated by permanent magnets, and further continue
used this source to make focused ion beam system. Pathak et al. [13] studied a
computer simulation for multi cusp RF based H" ion sources. The authors also showed
the compact RF ion source exhibit nearly 6 times better efficiency compared to large
diameter ion source. Hosseinzadeh et al. [14], have performed numerical simulation
for optimization of multi pole permanent magnets of multi cusp ion source. The
authors showed that field free region of cusp magnetic field increase with increasing
number of poles in cusp magnetic field. J. H. Kim [15], performed numerical
simulation of multi cusp ion source. In his work a numerical simulation is performed
to understand the effect of multi-cusp magnetic fields when the number of magnetic

pole varied from 6 to 14. The author also found that the magnetic field free region
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(null region) is increased with increasing magnetic pole and also provides stronger ion
confinement.

The ion sources are also operating with wide range of neutral background
pressure, and produce uniform, stable low temperature plasma. The energy, direction
and density of the resultant ions are also controllable in these sources. Above said
properties of these sources are also applicable in material processing application such
as ion implantation [16] at low pressure, plasma etching, sputtering, and deposition for
materials processing purpose at high pressure [11, 12, 14, 17]. Plasma etching is used
to selectively remove the material from surfaces, and therefore it is used in a critical
manufacturing of integrated circuit. In ion implantation techniques, ions from plasma
deposited within the substrate, it improves surface properties such as wear and
corrosion resistance. The plasma processes like nitriding, ion implantation, plasma
etching reactors etc. used the surface cusp magnetic field to confine large volume
quiescent and high dense plasma. S. Mukherjee and P. I. John [18], have studied the
sheath assisted nitrogen ion implantation and diffusion hardening processes for
surface treatment of metals. The plasma is produced by electron impact ionization of
nitrogen based gas mixtures, and its density was enhanced by confining it in a cusp
magnetic field at typical operating pressures of 0.5 mtorr. The sample was placed in
the centre of the cusp (null region of cusp magnetic field) where the plasma density is
sufficiently high and the magnetic field is low. They have reported that the processes
can be made more efficient if the produced plasma density is high and also by creating
a large volume plasma device for accommodating large samples. Recently it has been
found that to heat the core plasma for future commercial nuclear fusion Tokamak to
ignition temperatures, high power neutral beams having the energy of hundreds of

keV (up tolMeV DP or up to 870 keV H?) are required [19]. For this application, the
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plasma source should be capable of producing quiescent, uniform and dense plasma in
order to produce a well-collimated high current density beam; for example, the noise
level and spatial density should be less than 10% over a several hundreds of square
centimetres at a plasma density of a few times 10*2cm. The multi cusp magnetic field
confined large volume quiescent plasma have density in the ordered of 102 cm?,
Another most crucial application of multi-pole cusp magnetic field based plasma ion
sources is the ion thrusters. Nowadays ion thruster is ideally suited for deep space
missions and orbit station-keeping for satellites owning to their high efficiency and
long life time [20]. Because of above mentioned two recent applications, study of
plasma confined in different geometries of multi-pole cusp magnetic field pay a great

attention in plasma physics.

1.1.2 Leak width

James. S. Sovey [21] has optimized the efficiency of these magnetic cusp
confinement devices (for various applications) which depends directly on plasma
losses through cusps. The associated property of plasma losses is Leak width of cusp
magnetic field i.e. the width of the profile of plasma escaping through the cusp. Many
studies of plasma containment through magnetic cusp have focused on quantifying the
Leak width at the magnet pole. The plasma leak is crucial in cusp magnetic field since
it governs the efficiency of the confined plasma. In pulsed high-f experiments, the
leak width was of the order of an ion Larmor radius (2ri) [4, 22], and authors
suggested that cross field Bohm diffusion was responsible for the large leak width. In
dissimilarity to early experiments, Kitsunezaki et al. [23], Hershkowitz et al. [24],
Leung et al. [25], Kozima et al. [26] and R. Jones [27] have experimentally measured
the leak width at the magnet surface via a scanning Langmuir probe. Authors have
reported leak widths is of the order of hybrid gyro diameter 2(rire)? (where ri, re are

7
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the ion and electron Larmor radius respectively) in a low-3 plasma at sufficiently low
neutral pressures, although under different plasma conditions the leak widths of the
order (ri) also have been observed [28].

Plasma leak widths of the line and point-cusp magnetic fields formed by an
array of permanent magnets were measured using Langmuir probe by H. Kozima [26].
The author has reported that in quiescent Argon and Helium plasmas confined by
point and line cusp, the leak width of the point-cusp magnetic field was qualitatively
different and large compared with that of the line cusp magnetic field. The leak width
of line cusp was nearly equal to the hybrid gyrodiameter2pn = 2 (memiTeTi)*?/eB,
where me, mi, Te, and T are mass of an electron, mass of the ion, electron temperature,
ion temperature, and magnetic field respectively consistent with Hershkowitz’s
finding. Many aspects of the experimental results are not yet fully understood, and
numerous explanations for the cusp leak widths have been given. M. G. Haines [29]
and 1. Spalding [4] have considered electrostatic effects, collisions, and turbulence to
explain the observed leak widths. I. S. Landman and F. R. Ulinich [30] have also
considered electrostatic effects and collisions for the cusp leak width. The physics
basis of leak width scaling with the hybrid radius was put forth by G. Knorr and R. L.
Merlino [31]. In this work the self-consistent electric field generated in the cusp
region due to the relative difference of Larmour radius between the ions and electrons,
which gives rise to charge separation within the cusp. As a result, ions are drawn in
towards the cusp centreline and electrons are pulled out. C. Koch and G.
Matthieussent [32] have considered collisions, as the possible explanation for the cusp
leak width. They developed a collisional diffusion model of the low-f plasma under
the assumptions of quasi-neutrality and ambipolar diffusion of plasma in the plane of

the cusp magnetic field. The authors reported that the leak width is proportional to the
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hybrid gyroradius. Horiike et al. [33], have evaluated leak width in a ring cusp
magnetic field plasma source using a traversable thermocouple. The leak width was
measured from the spatial temperature profile as the thermocouple travels through the
cusp. Many of the experimental results are not yet fully understood and numerous

explanations for the cusp leak widths have been proposed till date.

A detail experimental study on the confinement properties of low beta plasma
discharge confined in a spindle cusp magnetic field has been performed by R. A.
Bosch and R. L. Merlino [34]. The authors measured leak width of escaping plasma
over a large range of magnetic field and neutral pressure and reported that leak width
varies between hybrid gyroradius to ion gyroradius. The authors also proposed a
simple model for leak width in which they accounted that plasma diffuses across the

magnetic field as a result of neutral particle collision while streaming out of the cusp

along the magnetic field line. They also found that for the ratio Zre < 0.1 (where is

We

wpe Plasma frequency and w, is electron cyclotron frequency) the ion leak width
approaches the ion gyroradius, but for % > 0.5 the ion leak width approach hybrid

gyroradius. They also studied the multi-dipole cusp confinement of Argon discharge
plasma and Potassium plasma produced by contact ionization. A comparison of the
non-discharge potassium plasma produced with and without multi-dipole confinement
indicates that the ion confinement time was improved by a factor of approximately 15
by the multi-dipole magnetic field [35]. A theoretical approach to leak width was
presented by R. A. Bosch and R. M. Gilgenbach [36] and scaled the leak width with
the magnetic field (B) and neutral background pressure (P) of plasma and gives the
different formula for leak widths. Cooper et al. [37] measured the leak width of

magnetic multi-dipole ring cusp plasma. The authors suggested that the cusp leak
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width is much larger than Debye length and electron gyroradius and comparable to
collision length. Hubble et al. [38] measured the spatial variation of leak widths for
magnetic cusp plasma device. The spatial density profiles were used to infer the leak

width. The leak widths were found to scale with the hybrid gyroradius.

A number of experiment have been performed in order to measure the leak
width. The exact scaling for the amount of plasma leaking is not well known, though
many scaling exists ranging from ion gyro-radius to electron gyro-radius apart and

also the so-called ‘hybrid gyroradius’ [7, 23, 24, 27, 34, 38].

Most of the devices developed before with multi cusp configurations had very
small volume of low beta region so as to maximize the useful high beta region. Hence
the various fluctuations present in the low beta regions (edge regions and in-between
two magnets) and their effects on the central high beta region have not been studied
before. Also, most of the earlier studies in the multi-cusp field configuration was
created by using either permanent magnets or electromagnets without any core
material. The former case with permanent magnets had fixed magnetic field values
and it was not possible to perform experiments for a wide range of magnetic field
values. Simple electromagnets could have variable field values but they might also
give unwanted edge effects. The bulk plasma confined in cusp magnetic field diffuse
across the magnetic field and stream out along the magnetic field. Since cusp
magnetic field containing good curvature and bad curvature of magnetic field. Hence
we have built a new device in a multi-pole line cusp magnetic field configuration
using electromagnets with a profiled core material with the following characteristics
viz. variable field values and uniformly profiled magnetic field without any edge

effects, controllable quiescent plasma volume and finite beta volume.

10
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1.2 Scope and outline of the thesis

The rest of the thesis describes the construction of a versatile multi-pole line cusp
magnetic field (VMMF) and the characterization of Argon plasma confined in this
magnetic field. In-house constructed six-pole line cusp magnetic field using
electromagnets over a 40 cm diameter and 1 m axial length has full control over the
field free region as well as scale length of magnetic field. The confined filamentary
plasma in this configuration is uniform and quiescent radially as well as axially, where
ions are unmagnetized in this region. Also this region is controllable radially as well
as axially. Studying fundamental plasma phenomena such as Landau damping,
nonlinear coherent structure, wave-particle trapping and un-trapping, Soliton wave
interaction, plasma waves etc., require reasonably quiescent plasma while the field
free region in which ions are unmagnetized is an added advantage. Also, in this this
system electromagnet has been used so that it can control over the position as well as
size of the null region and capable to produces different magnetic field configuration.
These characteristics of the device may create a new path in plasma applications as
well as in plasma studies.

The remaining Chapters of this thesis are organized as follows. In Chapter 2, a
detailed description on the simulation and experimental effort behind making a
versatile variable Multi-pole line cusp magnetic field (VMMF). The 2-D simulation of
variable multi-pole cusp magnetic field (VVMF) is performed using Finite Element
Method Magnetic [39]. The VMMF has been produced by placing six electromagnets
(with embedded profiled vacoflux-50 core, (Soft Magnetic Alloy with low coercive
field strength)) over a large cylindrical volume (1 m axial length and 40 cm diameter).
The magnetic field have been measured by hall probe method and compared with
simulated magnetic field by performing simulation using FEMM tools. Moreover, in

11



Introduction

this Chapter we have also demonstrated the control over the size of the null region and
control over positing over the null region within vacuum chamber by changing the

desire magnets current.

In Chapter 3, we have described the experimental setup and plasma diagnostic.
Experimental setup consisted mainly of the vacuum chambers, plasma sources (hot
cathode), pumping system, magnet system, and plasma diagnostics. This Chapter also
contains details of the design and construction of the vacuum chamber, the design and
construction of co-axial (filament arrangement in circular) circular as well as
rectangular (filament arrangement in array) plasma source (hot cathode) for plasma
production and plasma diagnostics. The whole chamber is pumped down to a pressure
10® mbar using a combination of TMP and rotary pump and combination of the
lonization and Pirani gauges are used for vacuum measurement. This Chapter, also
contains detailed discussion on the construction of plasma diagnostics (viz. simple
Langmuir probe for plasma parameters (electron temperature, plasma density, and
floating potential) measurement, emissive probe for plasma potential measurement,
and rack probe for fluctuation measurement) as well as MATLAB scripts for analysis
of data obtained from the probes. These probes are necessary for characterization of

plasma as well as plasma fluctuations.

In Chapter 4, the results of plasma characteristics with changing magnetic
field values of multi-pole line cusp magnetic field have been presented. The crucial
problem of plasma confined in cusp magnetic field that directly affect the plasma
characteristics is the effective leak width of plasma (the width of the profile of plasma
escaping through the cusp). The leak width of plasma governs the efficiency of the

multi-pole cusp magnetic field plasma devices and thus affects the mean plasma

12
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parameters. The effect of leak width of plasma on the plasma parameters viz. floating
potential, plasma density, particle confinement time, radial variation of plasma
parameters, plasma fluctuation with changing magnetic field values of multi-pole line

cusp magnetic field have also been discussed in this Chapter.

The confined bulk plasma at the null region (confined region) of multi-pole
line cusp magnetic field is diffusing across the magnetic field. It streams out along the
magnetic field line toward the cusps, and as a result gradients in plasma parameters
(plasma density, electron temperature, and floating potential) are formed. These
gradients are also controllable by changing the magnetic field values of the multi-pole
cusp magnetic field. In Chapter 5, we have described the results of plasma diffusion
in a variable multi-pole cusp magnetic field in detailed. The instabilities due to these
plasma gradients have also been identified in this Chapter. The fluctuations in plasma
parameters as well as the scale length, frequency spectrum, wave-number-frequency
spectrum, cross-correlation etc. are measured to identify the plasma instabilities (due
to gradient in plasma parameters) that are responsible for the diffusion of plasma
across the magnetic field. It is also necessary to understand the different modes
(instabilities) that are present in the plasma confined by a multi-pole line cusp

magnetic field before embarking on the proposed active experiments.

Finally, in Chapter 6, we consolidated our work and enumerated the major task

that can be undertaken for further research in this field geometry.
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Chapter 2

Versatile Multi-pole cusp Magnetic

Field (VMMF) system

Multi pole cusp Magnetic Field (MMF) is usually created by placing rows of
magnets along the length of cylindrical plasma chamber with alternating polarity. In
1973, Limpaecher et al. first observed that MMF generated by permanent magnets can
increase the density of a DC discharge plasma [1]. Later confinement of plasma in
different cusp geometries was investigated by Leung et al. and was observed that a

full-line cusp geometry gives the highest density by confining primary electrons [2].

It is desirable to achieve a multi-pole line cusp configuration such that it has the

following properties,

A field free region of cylindrical volume with 1m length and 10 cm radius.

The low plasma beat (B-ratio of plasma pressure to magnetic field pressure) cusp
regions far from this field free region, so as to avoid the travelling of any
disturbance in the low beta region towards the field free region.

To have the magnetic field values variable, so as to control the gradients in the low
beta region and hence to minimize any possible instabilities due to the gradients.
The gradients are avoidable due to the finite boundary of the plasma volume. Thus

electromagnets are necessary.
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Thus in the present chapter, we have demonstrated a detailed characteristics of a
Versatile Multi-pole line cusp Magnetic Field (VMMF). The VMMF has been
produced by placing six electromagnets (with embedded profiled vacoflux-50 core)
over a large volume (1 m axial length and 40 cm diameter). The edge of vacoflux-50
core material is profiled in curvature shape to avoid edge effect on magnetic field
lines. Similar field lines have been observed by performing simulation using Finite
Element Method Magnetics tools (FEMM) [3]. The unique feature of this VMMF is
that it is profiled using a core material of the electromagnets which will allow
changing of field values with the effect of using different permanent magnets.
Moreover, the VMMEF also can be control the size of the null region without changing

the number of the poles.

Based on these requirements, a simulation using the FEMM [3] was done with
permanent magnets to finalize the size and axial length of the chamber to satisfy the
basic experimental requirement (I and 11) as shown in figure 2.1. After some iterations,
it was found that the cusp magnetic field using six permanent magnets having the
length of 1 m kept in the multi-pole cusp configuration at 60° each along the
circumference of 40 cm diameter cylinder meets the requirements. After finalizing this
configuration, the desire for having electromagnets was looked upon so as to have the

comfort of varying magnetic field values.
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Figure 2.1. Constructed model of multi-pole cusp magnetic field in FEMM software
using permanent magnets.

2.1 Electromagnet

Then having decided to have electromagnets the design of single unit was
started to a magnet with field values variable from 0-4 kG. Initially it was attempted to
have an electromagnet wound with solid copper wires of circular and square cross-
section. One magnet with continuous winding of 80 turns over square cage (made by
PVC material) was made as shown in figure 2.2. But the main drawback of this kind of
scheme was the overheating of magnets within 15 minutes at 100 A magnet coil
current. To overcome this problem, it was necessary to have windings supporting
active cooling. This could be achieved with windings hollow square copper tubes.
There are different techniques in winding for making electromagnets with active
cooling. The double-pancake windings gives very effective cooling. In this technique
the number of turns of magnets can be broken to different segments such that the
forced chilled water goes in parallel scheme and the current goes in series. Here a

single electromagnet was designed such that it comprised of 8 segments where each
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segment had 10 turns in double-pancake winding configuration. The windings were
done using a diametrically elongated semicircle cross-sectional copper pipe. The inter
windings were insulated from each other by employing a glass-wool based insulator
jacket of size matching with the copper pipes. The whole winding has been packed
together by an appropriate cage made of poly vinyl material (PVC) with required

thickness.

Figure 2.2. Initial magnet with solid copper rod and continuous winding (without

cooling facilities).

To avoid the effect of non-uniformity in the windings along the length and also to
get the net effect as using permanent magnets it was decided to use an appropriate core
material. After a brief consideration vacoflux-50 was chosen as the core material. The
vacoflux-50 is an alloy of iron and cobalt in the ratio 50:50. This material was selected
for its high Curie temperature and high saturation flux density. Again to avoid the
saturation due to sharp edges the face of core material was profiled as smooth
curvature as shown in figure 2.3. The annealing of this core material is done after the
shaping and machining. The physical dimensions of vacoflux-50 are 120cm, 2cm and

12 cm respectively for length, width and height respectively and is also embedded in
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electromagnet as shown in figure 2.4 (a) and (b). The properties of vacoflox-50 are the

following:

e Relative Permeability > 4000
e Saturation flux density >2.0 Tesla
e Curie temperature >700°C

e Material (chemical composition) - Vacoflux-50 (Iron 50% and Cobalt 50% alloy)

120 mm
]
e 1166 mm
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Figure 2.3. Schematic cross sectional view of vacoflux-50 showing curvature surface
at one edge.

Figure 2.4 (a) shows the CATIA image of the electromagnet and its cross sectional
view is shown in figure 2.4 (b). The cross sectional view shows vacoflux-50 core
material is embedded in magnet. The figure 2.4 (c) shows the photo image of original
electromagnet of the VMMEF system. Subfigure of figure 2.4 (c) shows the series
current connection and parallel water connection of 8 segments of electromagnet to
improving the effective water cooling and magnet coil current. The physical
dimensions of a rectangular magnet are in 132 cm, 19.5cm and 14cm for length, width

and height respectively. The six replica of this electromagnet have been used for
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producing the multi-pole cusp magnetic field configuration. Figure 2.5 shows the six
electromagnets with embedded profiled vacoflux-50 core kept in the multi-cusp
configuration at 60° each over the cylindrical chamber having diameter 40cm and axial

length 1.5m length.

Vacoflux-50

Figure 2.4. (a) Electromagnet with embedded vacoflux-50 core material constructed in
CATIA software. (b) Cross sectional view of electromagnet with embedded vacoflux-
50 (c) A photograph of real electromagnet.
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Chamber

Figure 2.5. A photograph of Six-pole electromagnets over the periphery of cylindrical
vacuum chamber.

2.2 Simulation and mapping of the VMMF

The model for VMMF is constructed using FEMM tool, and the simulations are
performed with changing current in the magnets for vacoflux-50 core and also for air
core (by simply changing the property of core material in the model). Moreover, the
simulations are also performed with the changing of the edge shape of vacoflux-50
core material in the model, for observing the edge effect of core material on the

magnetic field lines. The results obtained from simulations are described as follow.
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Figure 2.6. Contour plot of the vacuum field lines in (r, 8) mid plane of device from
FEMM simulation when core is magnetized with 150 A, magnet coil current. Colour
code for magnetic field is same for all FEMM simulation figures until and unless
specified and maximum magnetic field is less than the saturation magnetic field of
core.
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Figure 2.7. A comparison of the mean magnetic field between simulated (Bs), and
measured (Bwm) along the radius through the cusp and non-cusp regions when the core
IS magnetized with magnet coil currents 100 A, and 150 A

Figure 2.6 shows the contour plot of the vacuum field lines in the (», 8) mid

plane of the device from FEMM simulation when core material is magnetized with
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150 A magnet coil current. It shows six electromagnets with embedded vacoflux-50
core, which are placed over a periphery of 40 cm diameter of the chamber. The
magnetic field is measured over the different (r, ) planes of the device using triple
axis gauss probe (F. W. Bell, model Z0A99-3202) and suitable gauss meter (F. W.
Bell series 9900). The radial variation of the measured magnetic field (Bm) along the
cusp region (6 = 0°) and the non-cusp region (the region exactly in between two
magnets, (6 = 30°)) are shown in figure 2.7 for two different magnet coil currents (Imag,
100 A and 150 A). It shows the simulated magnetic field (Bs) is matching well with the
measured value (Bm). The variation of magnetic field component B and By are given

in an appendix A.

Figure 2.8 shows contour plot of the vacuum field lines of an electromagnet
with air as a core (figure 2.8 (a)) and vacoflux-50 as a core (figure 2.8 (b)). For an air
core magnet, magnetic field lines pass through whole magnet. However, for the
vacoflux-50, magnetic field lines pass through only the core, resulting dense magnetic
field lines at the pole for vacoflux-50 core. Thus magnetic field is higher for vacoflux-
50 core at the pole as compared to the air core. The edge shape of core material which
affects the magnetic field lines has been also taken care. The sharp edge of core
material distorts the magnetic field lines which cause the non-uniform distribution of
field lines near the surface of the core. This sharp edge effect of core material on
magnetic field lines is overcome by making curved edge of core material as shown in
figure 2.9 (a). It shows the cross-sectional view of the vacoflux-50 material, the edge
of vacoflux-50, which is profiled in curved shape with a radius of curvature of 12.32
mm. Figure 2.9 (b) shows FEMM simulation of magnetic field lines at core edge is

curved and figure 2.9 (c) shows the edge of the core made sharp (rectangular). It is
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clearly visible from figure 2.8 (b) that magnetic field lines are uniformly distributed

over the curved edge vacoflux-50 core.

Figure 2.10 (a) shows the radial variation of magnetic field and 2.10 (b) shows
its gradient along the cusp region as well as along the non-cusp region for air core and
for vacoflux-50 core, when the core is magnetized with magnet coil current (Imag) 150
A. It can be clearly observed from both the figures that in the nearly field free region,
the gradient is weak and nearly equal for both cores. Beside near the pole (near the
edge of the device), the gradient in the magnetic field increases sharply for vacoflux-
50 core compared to air core along the cusp region. Figure 2.10 (c) shows the variation
of pole magnetic field (Bp, near the magnet at R = 20 cm) with respect to magnet coil
current for air core and vacoflux-50 core. The rate of change of pole magnetic field
(Bp) with respect to magnet coil current is very high (7.53 G/A) for vacoflux-50 core

compare to air core (2.15 G/A).

(a) (

)/ AN

Dy

0\

[

Figure 2.8. Contour plot of the vacuum field lines of electromagnet (a) for air core (b)
for vacoflux-50 core when core is magnetized with magnet coil current 150 A using
FEMM simulation. Colour code is same as figure 2.6, and maximum magnetic field is
less than the saturation magnetic field of core.
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Figure 2.9. (a) Cross sectional view of vacoflux-50 showing curvature surface at one
edge. Other two figure shows FEMM simulation of field lines for (b) edge of
vacoflux-50 is curved and for (c) edge of vacoflux-50 is sharp (rectangular) when core
is magnetized with 150 A magnet coil current (Imag). Colour code is same as figure 2.6,
and maximum magnetic field is less than the saturation magnetic field of core.

Figure 2.10 (d) shows the radial variation of the magnetic field in the cusp region
when magnets are energized with different magnet coil currents. It can be clearly
observed that the radius of nearly field free region is decreased with increasing magnet
coil current. Thus, using electromagnets with the core material, field values can be
varied by varying magnet coil current with the effect of using different permanent
magnets and the volume of nearly field free region (null region) also changed with

changing magnets coil current without changing the number of the poles.
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Figure 2.10. (a) Radial variation of magnetic field along cusp region and (b) its
gradient with respect to radial distance for vacoflux-50 and air core and magnet coil
current (Imag) is 150 A. (c) Variation of pole magnetic field (Bp) (at R = 20 cm, near the
pole of magnet) with magnet coil current for air Core and vacoflux-50 core. (d) The
radial variation of magnetic field along the cusp region when vacoflux-50 core is
magnetized with different magnet coil currents (Imag).

We also compared cusp magnetic field with empirical formula for cusp
magnetic field suggested by previous work in the same geometrey. With these
empirical formula, all the constants are calculated for our geometries allowing the
magnetic field to be calculated along the cusp region at different radial locations and to
be compared with the simulation and exprimentally measured values. Figure 2.11
shows the comparison of magnetic field between measured (Bwm), simulated (Bs), and
calculated magnetic fields using empirical formulas from the studies of Leung et al.[4]

and Kim et al.[5].
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Figure 2.11. Comparison of magnetic field between simulated (Bs), measured (Bm) and
calculated from empirical formula along the cusp region (8= 0°) when Imagnet IS 150 A.
Where, By is pole magnetic field at R = 20 cm (near the pole), y is geometrical factor
of the device, d is distance between two magnets, a is radius of chamber, N is number
of magnets and R is radial distance.

2.3 Adjustment of null region

These sets of magnets also provide the control over the number of null regions
to be formed inside the plasma at the desired positions. While the number of null
regions can be varied by energizing the required magnets, the position of the null
regions can be adjusted by changing the magnet coil current in required magnets.
Figures 2.12 (a) show the position of two null regions and 2.12 (b) shows the shifting
of the position of the null region for a different set of currents in the magnets simulated

in vacuum conditions using the FEMM software.
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Figure 2.12. (a), and (b) shows the contour plot of the vacuum filed line in (r,6) plane
of device from FEMM showing two null regions and their adjustment in (r,6) plane
respectively. (1 - Null region)

2.4 Different cusp magnetic field configurations

These sets of magnets also provide different magnetic field configuration by appying
current in the required magnets. Figure 2.13 shows the four-pole cusp magnetic field
configuration and it can be produced by appying current in four cross magnets. The
subfigure in figure 2.13 shows the separatix point. This configuration is widely used in
magnetic reconnection experiments [6-8]. Figure 2.14 shows the mirror configuration
of magnetic field and can be produced by applying current in two magnets. This
configuration is also widly used in basic plasma studies like plasma diffusion in a bad
curvature of magnetic field as well as different gradient forces on plasma species, loss

cone instabilities etc [9-11].

30



Versatile Multi-pole cusp Magnetic Field (VMMF) system

separator at the centre

Derty Mot: 18], Tesls

Figure 2.13. Shows the contour plot of four-pole cusp magnetic field configuration.
Subfigure shows separatix point.
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Figure 2.14. Shows the contour plot of a mirror magnetic field configuration.
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Chapter 3

Plasma production and diagnostics

Usually experimental systems are built with as many options possible to do many
experiments without compromising too much on the original main idea. An
experimental device has been designed and fabricated for experimental studies in space
plasma physics (viz. magnetic reconnection, magnetosonic wave), plasma turbulence in
inhomogeneous magnetic field, and active experiment (viz. ion acoustic wave, soliton
wave interaction, electron plasma wave, Landau damping, non-linear coherent
structure, wave-particle trapping and un-trapping magnetosonic wave etc.) in a
quiescent plasma. With these options the basic features which are considered for the

planed device are as follows.

Low plasma density to high density

e Operable at wide range of pressure to cover collision less to collisional regimes

e Having quiescence plasma allowing active experiments (viz. ion acoustic wave,
soliton wave interaction, electron plasma wave, Landau damping, non-linear
coherent structure, wave-particle trapping and un-trapping etc.) possible

e Control on magnetic coils to get different magnetic field configurations

e Having options of connecting various kinds of plasma sources as well as having

facility to connect sources from both the ends of the chamber.

It has been tried to accommodate as much as possible in the multi-pole line cusp

magnetic field plasma device (MPD).
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3.1 Vacuum Vessel

The vacuum vessel of MPD is made up of non-magnetic stainless steel (SS-
304L). It consists of two parts: a) conical chamber and b) main chamber. The figure 3.1
(@) shows an image of the integrated multi-pole cusp magnetic field plasma device
(MPD), and 3.1 (b) shows an image of the device without magnet system. Figure 3.2
shows the sectional view of the device. The figure 3.3 shows the sectional view and
isometric view of the main chamber. In both the figures all physical dimensions are in

mm.

The main chamber is having length 1.5 m and 40 cm inner diameter and is made up of
non-magnetic stainless steel (SS-304). It has a total 12 radial ports of DN 63 CF
standard welded at various axial locations and are distributed azimuthally as shown in
figure 3.3. These ports have been used for feedthroughs of electrical connections,
viewing inside the chamber and for movable probe diagnostics as shown in figure 3.3.
The main chamber also has slots over a periphery of main chamber to firmly support
the electromagnets by non-magnetic C-clamps as shown in figure 3.1 (b). The one end
of the main chamber is closed with a DN 400 CF flange and also this flange has different
DN 63 CF port and DN 35 CF port for plasma viewing and for plasma diagnostics
particularly for axial measurements. The other end of the main chamber connected with
conical chamber through DN 400 CF joint. The conical chamber has four DN 35 CF
ports distributed azimuthally 90° apart for feedthroughs of electrical connections to the
inside hot cathode source. The conical chamber is also capable to support hot cathode
source and has the facility to move the source along axis in main chamber volume. The
smaller end of the conical chamber is connected to a pumping system using L shaped

DN 160 CF joint. The pumping system consists of a turbo molecular pump TMP
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Figure 3.1. (a) Photograph of the multi-pole cusp magnetic field plasma device (MPD).
(b) Photograph of the multi-pole cusp magnetic field plasma device (MPD) without
magnet system.

(having speed 440 I/s and model TPH 521 PC) backed by rotary pump (having speed 3
I/s and model DUO 10 MC). This pumping system smoothly takes the system to a base
pressure of 1 x 10" mbar within 3 hours. The conventional Pirani gauge, and a hot
cathode ionization gauge (Hornet IGM-402 model) are employed to monitor the

pressure of the device. All the gauges have been placed away from the magnetic field
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using a suitable extension so as to reduce the effect of magnetic field on the filament.
The pumping system and gauge are controlled by DCU controller. The automatic
pressure controller is used for gas feed during plasma discharges. All joints and ports

in vacuum system in CF standard and copper gaskets are used for vacuum seal.

The whole vacuum system is mounted on a non-magnetic stand made up of
aluminium square bars. The stand containing conical chamber and pumping system can
be moved axially. The L shape connector and conical chamber has been brazed with

hollow copper pipe for cooling the wall.

409.4 382.5 1500

409. 4

Section view A-A

Figure 3.2. Sectional view of experimental setup. All dimensions in mm.
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Figure 3.3. Sectional view and Isometric view of main chamber. All dimensions in mm.

3.2 Plasma source

Hot cathode plasmas which are made using tungsten filaments are generally quiescent
[1]. Studying fundamental plasma phenomena such as Landau damping, non-linear
coherent structure, wave-particle trapping and un-trapping etc., requires reasonably
quiescent plasma of finite volume while the plasma, being in a field free region is an
added advantage. It is generally observed that the ratio of me/m; crucially controls the
finite beta effects [2]. Hence, it is desirable to have a source which can produce plasma
of gas species with different masses, especially with inert gases like Argon, Krypton
and Xenon etc. With these desired considerations, a tungsten filament based source has
been designed and fabricated. A two dimensional vertical array of joule heated

filaments situated at the one end of the chamber and biased negatively with respect to
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the grounded vacuum vessel has been used to produce plasma in MPD. This two
dimensional vertical array has five filaments each having length of 8 cm made of 0.5
mm diameter tungsten wire. The filaments are arranged at 2 cm spacing, the holding
system can also accommodate filaments arranged at 1 cm separation if the requirement
arises. This source is fitted from the conical reducer such that the filaments are inside
the main chamber itself where the magnetic field is low. Also it has been taken care to
push the source well inside the main chamber to keep it away from the long edge of the
magnets. The lighting photo of rectangular plasma source inside the vacuum chamber

is shown in figure 3.4.

Figure 3.4. Front view of glowing rectangular hot cathode plasma source inside the
vacuum chamber.

3.3 Plasma discharge mechanism

The filamentary Argon discharge plasma is struck between hot filaments based cathode
source and grounded vessel wall. These filaments are powered in parallel by a 500 A,
15 V floating power supply while it is normally operated at around 16-19 A per

filament. The chamber was filled with Argon gas through a needle valve many times
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before plasma discharge. The filament is biased with a voltage of -76 V with respect to
the grounded chamber walls using another discharge power supply. The discharge
circuit diagram is shown in the schematic diagram of the device as shown in figure 3.5
(@). The primary electrons emitted from the filaments travel in the electrical field
directions towards chamber wall anode, while they are confined by the cusp magnetic
field lines. The confined primary electrons move back and forth between two magnets
and ionized the background gas atoms. The figure 3.5 (c) shows the image of an Argon
plasma confined by multi-pole cusp magnetic field at Argon gas pressure 2 x 10 mbar

and 150A current in the magnets.

Magnet

Figure 3.5. Schematic diagram of (a) Experimental setup and (b) Chamber end cross
sectional view of the multi-pole line cusp magnetic field plasma device, (c) an image of
the Argon plasma taken from the viewport fitted at the end of the chamber of MPD
where LP-Langmuir Probe, Vg -floating Power supply for filament heating, V-

discharge power supply.

3.4 Plasma diagnostic

3.4.1 Langmuir probe

The Langmuir probe [3-7] is a conventional diagnostic for investigating plasma
parameters using fundamental techniques. In its simple form it consists of a bare wire

that is inserted in the plasma as shown in figure 3.5 (a). The wire is biased with respect

39




Plasma production and diagnostics

to a reference electrode or a grounded vessel and the current collected by the probe is
corresponding to biasing voltage measured across the resistance as shown in figure 3.5
(a). The variation of the probe current with respect to the biasing voltage is termed as
the I-V characteristics as shown in figure 3.5 (b). Some of the basic plasma parameters
like the mean plasma densities (n), mean electron temperatures (Te), plasma potential
(Vs) and mean floating potential (\Vr) are obtained from ramped (I-V) characteristic of a
Langmuir probe. The following points were taken care before using the Langmuir pore

IS necessary,

The effect of collisions on particles reaching to the probe is negligible

The probe is placed in a weak / No magnetic field i.e. Larmour radius >> probe
wire radius, so that the motion of ions / electrons reaching to the probe, is unaffected
by the magnetic field.

e Probe wire diameter >>> Debye length of plasma

e Allions/ electrons entering to the sheath are captured by the probe.

e The motion of the charged particles from the plasma reaching to the probe surface
is collisionless.

3.4.1.1 Ideal probe I-V characteristic

Figure 3.6 (b), shows an ideal 1-V characteristics of plasma. Conventionally, the
electron current collected by the probe has been considered to be positive and the ion
current to be negative. Vs is the plasma potential and Vs is the floating potential with
respect to the grounded vessel wall. When the biased voltage at the probe is equal to the
plasma potential, there is no electric field between the probe tip and the plasma, hence
electrons and ions are collected by the probe surface with their thermal velocities. The

mass of electron is much lower than the ion and temperature of electron is much higher
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than the ion thus electron flux at the probe tip is much higher than the ion. As a result,
the current collected by the probe tip is predominantly an electron current. If the bias
voltage at the probe tip is increased above the plasma potential (Vs), a sheath is formed
around the probe and thus the probe area increases with biased voltage. As a result, the
probe current slowly increases on increasing the probe potential above the plasma
potential as shown in the region A of figure 3.6. Now, decreasing the bias voltage to the
probe lower than the plasma potential, the probe becomes negative with respect to the
surrounding plasma thus plasma electron is reflected from the probe tip and entering in
region B, which is known as bulk electron region. The probe current is zero when the
electron current is equal to the ion current at the floating potential (V). Decreasing the
bias voltage further, all the electrons repel and only ions are collected by the probe
surface. The ion current changes very slowly with the bias voltage and this region is

known as the ion saturation region (region C).
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Figure 3.6. (a) A schematic of circuit diagram of Langmuir probe setup (b) An ideal I-
V characteristics of plasma obtained using cylindrical Langmuir probe, (c) Logarithm
variation of electron current with respect to bias voltage.

3.4.1.2 Estimation of electron temperature from ideal I-V
characteristics

When the plasma is completely in thermodynamic equilibrium the electron
energy distribution function will be maxwellian, and the electron temperature for

maxwellian plasma is defined by,

1 o
T=:m S v fdv..... B
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Here, me is mass of electron, v is velocity of electron, and f(v) is distribution function

of electron velocity.

The complete distribution function is covered in the V-1 characteristic of the
plasma by sweeping the bias voltage of the probe. The characteristics curve thus drawn
will have the information about the electron temperature. The electron current for given

voltage applied is given by the equation,

I, = l,cexp(e(Vg = Vo) [kpTs).ooovvviiaiiaina.. 3.2

Here, les is the electron saturation current, kg is Boltzmann constant, Vs is the plasma
potential, and Te is electron temperature. After little bit algebra (using equation (3.2))

the electron temperature is given by the equation,

edVp

KT, = — 3.3.
B'e ™ qani,)

Thus plasma temperature can be determined from the slope of the linear region of In(le)
vs Vg plot corresponding to the exponential region of the 1-V characteristics as shown

in figure 3.6 (c).

For a Maxwellian distribution of electron, the plasma temperature also can be expressed

by the equation,

kBTe
e

) NG 3.4.

T M

=V =5(

Here, kg is Boltzman constant, e is charge of electron, m; is mass of ion, me. is mass of

electron.
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3.4.1.3 Estimation of electron temperarue (7T.) in the presence of
energetic electrons

It has been known since long that the cusp magnetic field configuration confines
energetic primary electrons emitted from the filaments by mirror effects [1]. In the
presence of energetic electrons, the equation mentioned above cannot be used to
determine electron temperature because of negative shifting in floating potential. Hence
a correction needs to be incorporated for temperature estimation. For this experiment

the correction due to energetic electrons considered is as follows [8-9].

Usually a plasma with energetic electrons can have many maxwellians representing
many temperatures combined together. It is very difficult to pin down all these
maxwellians. But if the given plasma is mostly thermalized, but only a small fraction
of it is having energetic electrons, it can be assumed to have roughly two maxwellian,
one with hot electron temperature component (Tn) and another with cold electron
temperature component (Tec) [8-9]. For this type of plasma, an effective temperature
can be derived by assuming electron energy distribution function (EEDF) as bi-
Maxwellian, f(v) = af,(v) + (1 — a)f.(v) , where fn(v) is the distribution function of
the hot electrons and fc(v) is the distribution function of the cold electrons,a is the ratio
of hot electron current to electron current at plasma potential [8-9]. For this bi-

Maxwellian plasma, the effective temperature can be derived as [8-9]:

Teff = (1 — a)TeC + aTh .............................. 3.5.

For measuring the plasma parameters of plasma confined by multi-pole line
cusp magnetic field, a sweeping circuit (as shown in the figure 3.7 (a)) of frequency 1

Hz and a voltage sweep from -80 V to +30 V has been used. The figure 3.7 (b) shows
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the photograph of sweeping circuit. An analysis code has been developed in MATLAB

for quick processing of the data.
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Figure 3.7. (a) Schematic of Langmuir probe circuit diagram used for acquiring V-I
characteristics of plasma (b) A photograph of real swiping circuit.
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Figure 3.8. (a) Measured Langmuir probe V-1 characteristic of plasma, fitted ion
saturation current (lisat) and the electron current (le), at R= 0 cm (centre of the device)
and 2 x 10 mbar Argon gas pressure, and current in the magnets is 150 A (b) variation
of In(le) and In(le-1n) with probe potential (V).
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Figure 3.9. (a) Variation of first and second derivative of probe current (Ip) with probe
potential (Vp), (b) variation of the ratio of probe current to first derivative of probe
current with probe potential (Vp).

To estimate (Teff) using Eq. (5) the technique used by Siddiqui et al. [9] has been
followed. Firstly, the ion saturation current (lisat) iS obtained by removing the digital
noise from the Langmuir probe characteristics. The variation of electron current (le)
drawn by the probe with bias voltage can be obtained by subtracting the ion saturation

current (lisat) from probe current (lp). In this experiment, a typical probe I-V
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characteristics is shown in the figure 3.8 (a). The plasma electron current obtained by
subtracting ion saturation current has also been shown in this figure. The hot electron
temperature (Th) is then estimated from the slope of the flatter line of V, Vs In(le) curve
as shown in figure 3.8 (b). The contribution of hot electron current (In) in the probe is
estimated using this hot electron temperature (Th). The contribution of cold electron
current is then estimated by subtracting In from le. The temperature of cold electrons is
then evaluated from the slope of the V, Vs In(le-1n) curve as shown in broken line (see
Fig. 3.8 (b)). As discussed earlier, the ratio of hot electron current to cold electron
current at plasma potential (Vs) gives the value of «, using the value of a, T and Tec, Test

can be estimated from Eq. (3.5).

To cross check this value of effective electron temperature, the technique used
by Choi et al. [10] has been followed. In this technique, the electron temperature (Tep)
is estimated from the ratio of probe current to first derivative of probe current (Ip) with
respect to probe voltage (Vp) at the plasma potential (Vs). This analysis work has been
shown in figure 3.9 (b). It has been found that the electron temperature estimated from
both methods matched within the experimental error. It is also to be noted that the
plasma potential is measured from the inflection point of first derivative of V-I
characteristics of Langmuir probe (as shown in fig. 3.9 (a)). To ensure that, the second
derivative of V-l characteristics is used to check whether its value becomes zero at

plasma potential 3.9 (a).

3.4.1.4 Estimation of plasma density

In a collisionless single ion species plasma the ion saturation current to the probe is

given by the equation [11-13],

47



Plasma production and diagnostics

Lot =0.63enAp |[—. . iiiiiiiiiiiiiian 3.6.

m;

where, A; is the probe area, n is plasma density.

The densities are calculated using Eq. (3.6). The electron temperature obtained
after hot component correction has been used in the Eq. 3.6. The corresponding density

value for the typical I-V characteristics as shown in figure 3.8 (a) is 5 x 10'® m=3, Also,

it has been noticed that the for error calculation in density equation, %"=

Slicar\2 16T,\2 5 . . L. .
\/ (ﬂ) + (——e) + (—n) , Is considered, where dlisat/lisat €rror in ion saturation
lisat 2 Te nss

current, oTe/Te error in electron temperature measurement, (dn/n)s is the statistical
variation in density [14]. For the rest of this thesis, the effective electron temperature
(Ter) and densities are estimated using only Eq. (3.5) and Eq. (3.6) respectively until

and unless specified.
3.4.1.5 Fluctuations in plasma parameters

The plasma quiesence can be understood from the fluctuation levels in the
various plasma parameters. The fluctuations in plasma density and floationg potential
are measured using the single Langmuir probe. The fluctuations in density and potential
are obtained by measuring the fluctuating components of ion saturation current (I,s4;)
and floating potential (I7f). Figure 3.10 shows the circuit diagrams of Langmuir probe
setup for plasma density fluctuation measurements and floating potential fluctuation
measurements. For plasma denstiy fluctuation measuremnt the ac volage signal across
the 10 kQ resistance is measured when probe tip is biased to -100 V with respect to the
grounded chamber as shown in figure 3.10 (a). The floating potential fluctuation is

measured by recording the ac voltage across the 100 Q resistance measured when the
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probe is grounded through a series of 10 MQ and 100 € resistances as shown in figure

3.10 (b).

(@) Probe tip (b)

chamber

10M.2

— 100V

%‘ Lisar = Vm

Figure 3.10. A schematic of circuit diagram of Langmuir probe setup for (a)
measurement of plasma density fluctuation from ion saturation current (lisar), and (b)
measurement of floating potential fluctuation (Vr).

R=10ks2
100.2

In order to identify any intrinsic instabilities, the important characteristic
features such as fluctuations in plasma parameters, power spectra of fluctuations, cross
correlation functions, wave number-frequency spectra are necessary [17-18]. In this
regard a set of probes have been designed and made for characterising the different
modes (plasma noise) present in the system. These probes are used for sampling
fluctuations in ion saturation current and floating potential for examining the fluctuation
spectra, cross correlation, wave number-frequency spectra etc. The data (times series)
are acquired at different sampling rates and the record length. The MATLAB codes are
developed for analysis of fluctuation spectra, cross correlation, wave number-frequency
spectra etc. Linear spectral analysis is, however, of limited use when various spectral
components interact with one another due to some nonlinear or parametric processes.
In such a case, higher order spectral techniques, like the bi-spectrum (third—order
spectrum) analysis, are useful for completely characterizing the fluctuating signals.

Digital bi-spectral analysis technique for investigating nonlinear wave-wave interaction
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in plasmas as described by Kim and Powers [19] has been used in the spectral analysis

of the fluctuation data.

3.4.2 Emissive probe

Emissive probes are commonly used in plasma devices to measure the plasma
potential. In 1923, the intention of emitting probe was first proposed by Langmuir [15].
Electron emission from the probe provides an opportunity for direct measurement of
plasma potential. Usually the probe is heated to emit electrons and the electron emission
current depends upon the potential surrounding it. Thus if the current in the emissive
probe circuit is measured for a given probe temperature, one can estimate the potential
around the probe locally. Emissive probe is particularly useful for the measurement of
spatial gradient in plasma potential for determining electric field. The complete
operation of emissive probe is as follows: When a probe is biased more positive than
the local plasma potential, electrons emitted from the probe are reflected back to the
probe. When the probe is biased negative with respect to the plasma potential, electrons
from the emitting probe escape to the plasma and appear as an effective ion current.
This process is not sensitive to plasma flow and beams because it directly depends on

the plasma potential rather than electron kinetic energy.

There are three methods for determining plasma potential using emissive probe,
a) floating potential method, b) Inflection point method, c¢) separation point method. In
our experiment we have used floating potential method throughout this dissertation

[16].
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3.4.2.1 Floating potential method

The floating potential method is most commonly used for measuring the plasma
potential. The floating potential of a sufficiently heated emissive probe is close to local
plasma potential. Thus this is the most widely used method for plasma potential
determination using emissive probe. Different methods are used to heat the probe viz.
heated Ohmic heating using an isolated power supply, using a laser beam, or Ohmic

heating through collection of electron current from the plasma itself.

(a) (c)
|
/// / // // /////
€« V;
L L L Ll L LN L Tungstm
erc used Double bore  Filament
for stuffing  ceramic tube |l’
A

(b) I 10 MQ

Figure 3.11. (a) Emissive probe construction, (b) Image of emissive probe, (c) Emissive
probe circuit.

When an emitting probe is submerged into the plasma and sufficiently heated,
the floating potential of the probe is that potential at which the incoming electron current
from the plasma is balanced by the outgoing emitted current and the incoming ion
current. This is due to the fact that a current of electrons emitted from the probe has the
same sign as the current of positive ions flowing from the plasma to the probe. As the
emission of the probe is increased lesser amount of coming ion current is necessary to

balance the incoming electron current due to compensation by emitted current. Thus as
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the emission increases, the floating potential of the probe is shifted toward the plasma
potential until a kind of saturation is reached and further heating will be to no avail.
Then this value is assumed to be a sufficiently good approximation of plasma potential

(Vs).

A thin 0.125 mm tungsten wire has been used to make the emissive probe. The
two ends of this half-loop are pulled through the two bores of a double-bore ceramic
tube and are at the other end connected by feedthroughs to an external power supply.
Thus the loop can be heated to the necessary temperature (white glow = 2500 K).
Contact between the leads of the wires connected to the power supply and the tungsten
filament is made by squeezing the filament and the connecting wire into the bore of the
ceramic tube as shown in Figure 3.11 (a). The figure 3.11 (b) shows the image of
emissive probe. Plasma potential has been measured using the floating potential
method. The measurement is not affected by magnetic field and large number of
measurements can be carried out using this method very quickly. The filament is heated
by passing current through it using a floating power supply with a very good isolation.
The emissive probe circuit is shown in Figure 3.11 (c). The potential between the
floating hot emissive probe and the grounded vessel is measured across 10 MQ
resistances as shown in figure 3.11 (c). The length of the emissive probe was held
perpendicular to the magnetic field lines to minimize magnetic field effects on the

electron emission from the probe.
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Figure 3.12. Variation of floating potential of emissive wire (probe) with increasing in
heating current.

Figure 3.12 shows the variation of floating potential with increasing filament
heating current. When there is no emission current in filament the probe remains at the
floating potential, as we increased the heating from the no emission current, the floating
potential rapidly rises at first and plateaus at the plasma potential. After this point,
increasing the emission only slightly changes the floating potential due to space charge

effects.
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Chapter 4

Characteristics of plasma confined in

a versatile multi-pole line cusp

magnetic field VMMF

The Multi-pole line cusp magnetic field linear Plasma Device (MPD) designed and
fabricated for the controlled study of Basic plasma physics in a quiescent plasma.
Before embarking in the proposed experiments it is required to characterize the plasma
in this magnetic field geometry. In this chapter, the results of the basic plasma
characterization with different magnetic field values have been described along with
plasma confinement. The profile of the plasma parameters (plasma density, floating
potential, electron temperature) and particle confinement times have been presented.
The variations of these plasma parameters profiles with different magnetic field values

have also been given.

Figure 4.1, (a) shows a schematic diagram of experimental setup and figure 4.1
(b) shows end cross sectional view of experimental set up of the MPD. All experimental
measurements, as well as the radial profile of plasma parameters, are measured along
the non-cusp region and are carried out at mid (», ) plane of the device which is z = 65

cm away from the filaments.
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Figure 4.1. Schematic diagram of (a) Experimental setup and (b) Chamber end cross
sectional view of the multi-pole line cusp magnetic field plasma device, where LP-
Langmuir Probe, Vy;;-floating Power supply for filament heating, V- discharge power

supply.

The variation of plasma parameters with the different control parameters is
studied with Langmuir probe. A cylindrical probe with radius 0.5 mm and length 5 mm
has been used to measure the plasma parameters. The base pressure of the system is 1
x 10 mbar, and the system is filled with Argon gas a number of times before striking
the discharge. Steady state Argon plasmas were produced in MPD and its characteristics
are presented in this chapter. In the present experimental results, the six multi-pole cusp
magnetic field configuration has been used as well as the pressure of Argon gas fixed

at the 2 x 10 mbar.

4.1 Plasma confinement

In this section, the variation of plasma parameters at the centre of the device
(null region of magnetic field) with changing current in the magnet coils has been
presented. Figure 4.2 shows the variation of plasma density with respect to the change

in the confining magnetic field. As expected the density is increasing with the magnetic
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field. But at r = 0 cm the field is almost zero irrespective of the pole field value in the
cusp region. For a Argon plasma, the plasma potential and the corresponding floating
potential are related to the temperature by the equation (Vs-Vi) = 5.4 keTe [1,2]. Since
the cusp magnetic field configuration is expected to confine more primary electrons
when the field is increased, it is expected that the temperature will increase with the
field. But it is found that the case is not so. So it is tried to plot factor (Vs-Vi)/ keTe with
respect to magnetic field to confirm the validity of the above equation. Instead it is
found the factor is increasing with respect to magnetic field as shown in figure 4.3.
Since the plasma potential is not changing much with the magnetic field, it is concluded
that the floating potential is increasing with magnetic field. Figure 4.3 shows the
variation of plasma density and factor (Vp-Vr)/ ks Te with changing current in the magnets
at the centre of the device R = 0 cm respectively. Hence it is found that the plasma
density and factor (Vs-Vs)/ keTeare increasing at the centre of the device with increasing
field value at the pole even though there is no change in the magnetic field values at R
= 0 cm. One needs to revisit the basic confinement mechanism in cusp configurations.
When there is no magnetic field, the plasma flux will hit the surface walls along the
confining chamber. But in cusp configuration the plasma flux will leak to the wall only
in the cusp region and the amount of leaking flux will depend on the width of each cone
in the cusp region as shown in figure 4.4. Previously [3-7], many different experiments
have been performed to quantify the leak width. Bosh et al. define the leak width (d) of
the quasi-neutral plasma flowing out of a cusp, with the cross-field diffusion is

dominated by Bohm diffusion, as given by [3,4]

D, L
CS

d=CLy 4.1)
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where, D, is diffusion coefficient across the magnetic field near the pole of the

magnet, L is the scale length of the magnetic field (B) and c is the ion acoustic speed.
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Figure 4.2. Variation of the plasma density with pole magnetic field (Bp) by varying
currents in the magnets at the centre of the device (R =0 cm) and 2 x 10 mbar Argon
gas pressure.
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Figure 4.3. Variation of factor (Vs-Vf)/Te with pole magnetic field (Bp) by changing
current in the magnets at the centre of the device (R =0 cm) and 2 x 10 mbar Argon
gas pressure. The value of factor (Vs-Vi)/ksTe is 5.4 for maxwellian Argon plasma for
reference.

60



Characteristics of plasma confined in a VMMF
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Figure 4.4. Schematic representation of leak width at the cusp region.
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Figure 4.5. Comparison of leak width calculated from two different formulas at R = 16
cm in cusp region as a function of the current through magnet coils.

At low background gas pressure, R. Jones related the leak width (d) to plasma
turbulence. Micro-instabilities, which are unstable in a cusp sheath (e.g. drift wave, ion

cyclotron waves) give rise to Bohm-like diffusion [5, 6]. The relationship between the
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dn,

relative electron density fluctuation level /ne and the leak width (d) for turbulent

line cusp [3, 4],

on, T,
d > ni:T—eiri ..................... 4.2)

where n, is the electron density, r; is the ion larmor radius, Te and T;are electron and
ion temperature respectively. Hershkowitz et al. [8], studied experimentally the leak
width for plasmas produced using different gases and proved that the leak width varies

with hybridgyro-radius of electron and ion larmor radius,

where rj and re are ion and electron Larmor radius respectively.

For the estimation of leak width for this device using equations (4.2) and (4.3),

basic plasma parameters have been measured at R = 16 cm close to the pole in the cusp

ne _ blesat

region along with density fluctuations. In equation 4.2, has been

Ne esat

considered for the density fluctuation, where 1,4, the electron saturation current is
measured in the cusp region at R =16 cm and the ion temperature (7;) is assumed to be
approximately 10 times lesser than the electron temperature (Te). The electron
temperature (Te) and electron saturation current (lesat) are measured from same single
Langmuir probe at R=16 cm near the pole of the magnet. The leak widths (d) from
equation (4.2) at different pole field values are calculated and plotted as shown in figure
4.5. For comparison, the leak widths calculated from hybrid gyro-radii d = 2(rire)*®° [8]
are also plotted in the same figure 4.5. The leak width of plasma decreases with the
increase of current in the magnets and hence decreasing the loss rate of bulk plasma

through the cusp. As a result, plasma density at the centre of the device is increased
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with the increasing field values at the pole. The leak widths from both expressions are
found to be matching well at high magnetic field values but the values are found to be

different for low magnetic field values.

Figure 4.6 shows the variation of floating potential of plasma with changing of
current in the magnets. The floating potential is negative and it becomes more and more
negative with increasing pole field values of the cusps as higher field values allow more
primary electrons to be confined [9-10]. This can also be verified by measuring the
primary electron density and tracing the ion saturation current profile in the afterglow

plasma. Leung et al. [9], had defined the primary electron density by the equation,

2mev
= =(550) Alf i, (4.4).

where me is electron mass, v, = 2eVq is primary electron velocity, A, is probe
P M, p

area and dl/dV is slope of I-V characteristics as shown in figure 4.7. Figure 4.8 shows

the variation of typical I-V characteristic of plasma after subtracting the ion saturation

current at the centre of device with different current in the magnets. It is observed from
the figure 4.8 that the slope dI/dV increases with the increasing pole magnetic field

values. This shows that the primary electron density increases with the increasing

magnetic field values.
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Figure 4.6. Variation of floating potential (V) at the centre of the device (R = 0 cm)

with pole magnetic field (Bp) by changing current in the magnets and 2 x 10 mbar
Argon gas pressure.
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Figure 4.7. Langmuir probe I-V characteristics after subtracting the ion saturation
current [9].
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Figure 4.8. Variation of I-V characteristics of plasma after subtracting ion saturation
current for currents in the magnets at the centre of the device (R =0 cm) and 2 x 10*
mbar Argon gas pressure.

The particle confinement time of the plasma needed to be studied different field
values. The particle confinement time can be estimated from the temporal evaluation of
the profile of ion saturation current in an afterglow plasma. The afterglow plasma is
usually created and studied by switching off the filament discharge power. Repetitive
afterglow plasmas can be created by using a possible switching ON/OFF mechanism in
discharge circuit. The schematic of switching circuit is shown in figure 4.9. The
discharge power supply is switched OFF and ON for 500 ms and the dc ion saturation
current across the 10 kQ resistance is recorded simultaneously using the same circuit as
shown in figure 3.10 (a). Figure 4.10 shows the typical time evolution of normalized
ion saturation current (lisat) in an afterglow plasma, when probe is located at R =0 cm
and pole magnetic field is 1.1 kG. The time taken by ion saturation current to decrease
by 1/e of its initial value is defined here as the particle confinement time. From figure
4.10, it can be observed that the time evolution of ion saturation current has two
exponential regions representing the plasma to be associated with two particle

confinement times [11]. As the cusp magnetic field confines the primary electrons, after
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switching off the discharge power supply, the confined energetic (primary) electron
move back and forth along the field lines and ionize the background gas. First rapid
exponential decay is due to plasma bulk electron and second exponential is due to the
energetic trapped electrons in cusp magnetic field [10]. Figure 4.11 shows the variation
of particle confinement time with changing current in the magnets. Since the leak width
of plasma is decreased with the increasing magnet current (or magnetic field), because
of that plasma density at the confined region is increased and a leak rate of plasma is
decreased, thus particle confinement time increases with magnet current (or magnetic

field) as shown in figure 4.11.
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Figure 4.9. Switching circuit for discharge power supply is switched OFF and ON.
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Figure 4.10. Temporal evolution of the normalized ion saturation current in the
afterglow plasma at the centre of the device when current in the magnets (Imag) is 150A,
and 2 x 10 mbar Argon gas pressure.
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Figure 4.11. Variation of particle confinement time with pole magnetic field (Bp) by
changing current in the magnets and 2 x 10 mbar Argon gas pressure.
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4.2 Radial variation of plasma parameters with

magnetic fields.

The confined bulk plasma in cusp magnetic field diffuses across the magnetic
field lines and also streams out along the magnetic field lines. Because of its diffusion,
gradients are formed in steady state of plasma parameters. In the device, the field value
on the electromagnet pole can be changed by changing the magnet current, and because
of that associated equilibrium profiles of plasma parameters are also changing
accordingly. In the present study the relevant plasma parameters, with different magnet
current values (50 A, 100 A and 150 A) are considered. The corresponding magnetic
field values at the pole face of cusp (near the magnet, R = 20 cm) are 0.45 kG, 0.75 kG
and 1.1 kG respectively. The radial variation of plasma parameters and their fluctuations
(plasma densities, electron temperature, and floating potential) for these field values are
measured along the non-cusp region and at the mid (r, 8) plane of device (the plane
from z = 65 cm from the filament) as shown in figure 4.12. The Argon gas background

pressure is also fixed at 2.0 x 10" mbar throughout this measurement.

Figure 4.12. Shows the location of the Langmuir probe along the non-cusp region for
measurement of radial profile of plasma parameters.
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Figure 4.13. Radial variation of plasma density measured along the non-cusp region
when current in the magnets are 100, 150, and 200 A and Argon gas pressure is 2x10
mbar.

The radial profiles of plasma density and electron temperature are shown in figure
4.13 and 4.14 at different magnetic field values along the non-cusp region. The nearly
flat density and temperature up to a radial distance of 5 cm implies the presence of
uniform plasma along a cylindrical region of about 10 cm diameter in the centre. From
the radial electron temperature profile, it is also observed that the field free region is
hotter up to 5¢cm and after that temperature decreases radially outwards. This is due to
the primary electrons along the axis which rush axially to the other edge with very less
collisions because of very low magnetic field. But with a small increase in radius, the
field increases, though slightly, the electrons get magnetized and start following the
magnetic field and hence heating all the neutral and ions on the way. Beyond 5 cm, the
number of collisions becomes higher and hence the temperature starts decreasing.
Moreover, it is also noticed that, the radial constant plasma density domain of plasma

density across the magnetic field along the non-cusp region is increasing with the
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magnetic field: 4 cm, 5 cm and 6 cm for 100 A, 150 A and 200 A magnet current
respectively as shown in figure 4.13. As we increase the magnetic field the leak width
of plasma decreases thus parallel diffusion lose rate decreased. Therefore, plasma
density increases with decreasing leak width, thus plasma species make more collisions
with each other. As a result, perpendicular diffusion coefficient increases and hence
radial plasma density uniformity is increasing with the increasing magnetic field
(magnet current) values. The axial variation of plasma density is given in an Appendix

B.

——100A | |
—»—150A
—+—200 A

T (eV)

1

0 5 10 15
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Figure 4.14. Radial variation of electron temperature measured along the non-cusp
region when current in magnets are 100, 150, and 200A and Argon gas pressure is 2 X
10 mbar.

Figure 4.15 shows the radial variation of floating potential across the magnetic
field along the non-cusp region. The cusp magnetic field confines the primary electrons
in the null region and scavenges these electrons across the magnetic field thus floating
potential is highly negative at confined region and decreases radially outwards across
the magnetic field. The floating potential of the confined region also becomes more and

more negative with the increasing magnet current because confinement of primary
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electrons is increased with the increasing magnet current. The scavenging radial length

across the magnetic field (i.e. floating potential becomes nearly -5 V at radial distance

7 cm, 6 cm, and 5 cm for 100 A, 150 A, and 200 A magnet current respectively)

decreases with increasing magnet current. Thus VMMF scavenges the primary

electrons across the magnetic field and acts as a filter, and it has control over filtering

strength (scavenging length). The confined primary electron at confined region move

back and forth between two poles and make collisions with background gas atoms, these

collisions may ionize or excite the Argon gas atom. In figure 4.16, the violet to pale

lavender blue colour is first excitation energy of Argon atom and it takes place only

when the temperature of the electron is more than 3 eV thus violet to pale lavender blue

colour shows the path of primary electrons, moving towards.
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Figure 4.15. Radial variation of floating potential measured along the non-cusp region
when current in the magnets are 100, 150, and 200 A and Argon gas pressure is 2x10™

mbar.
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Figure 4.16. An image of the Argon plasma taken from the viewport fitted at the end of
the chamber of MPD with magnet current at 150 A, and Argon gas pressure is 2x10*
mbar. Side figure for reference of MMF.
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Chapter 5

Plasma fluctuations at different

plasma regions of the device

In general, plasma diffusion across inhomogeneous magnetic fields has been a
matter of great concern, both in laboratory and space plasma experiments, as it plays an
important role in the efficiency of plasma devices [1-3]. Hence, the study of such plasma
diffusion has received a great deal of attention in basic plasma experiments. It has been
recorded that the plasma diffusion usually gets enhanced by many different instability
mechanisms in different field configurations, thus resulting in anomalous transport.
Drift wave turbulence is thought to be one of the dominant source of anomalous
transport in the aforementioned devices [4-11]. Thus drift wave instabilities are
considered as “universal instabilities” observed usually in magnetically confined
plasma devices. These instabilities have relatively longer wave length and they affect

the transport of particles and energy across the magnetic field.

In the Multi-pole line cusp Plasma Device (MPD) [12] there lies an opportunity
to study the fluctuations as mentioned before. The device has been also constructed in
such a configuration that the volume of edge region (low-p) is comparable to the volume

of central region (high-f).
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5.1 Quiescence level of plasma
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Figure 5.1. Temporal evolution of ion saturation current fluctuation (representing
density fluctuation) at different radial location along the non-cusp region at current in
magnets is 150A and Argon gas background pressure is 2 x 10 mbar.

Figure 5.2. The schematic of mid (r, 6) plane of the device showing location of
Langmuir probe along the radial direction.
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snin (%)
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Figure 5.3. Variation of fluctuation level of density radially along the non cusp region
with changing current in the magnets are 100 A, and 150 A, and Argon gas background
pressure is 2 x 10 mbar.

Figure 5.1 shows the typical fluctuations of ion saturation current at different radial
locations along the non-cusp region and at the mid (r, 8)plane of device (the plane from
z =65 cm from the filament) as shown in figure 5.2. The dotted line in figure 5.2 shows
the location of Langmuir probe along the non-cusp region. These fluctuations are
measured across a 10 kQ resistance, when probe is biased at -100V as shown in figure
3.10 (). It can be observed that the fluctuations are increasing radially outward. Figure
5.3 shows the radial variation of level of fluctuation along the non-cusp region. It can
be observed that the ion saturation fluctuations are (6n/n) < 1% up to a distance of R
=6 cm. Itis to be noticed that the fluctuation levels are very low in spite of the presence
of small gradient in temperature in that low magnetic field region (up to R = 6 cm as
shown in figure 4.14) though the temperature measurement may need more refinements.
This cylindrical region of about 10 cm diameter in the centre has been identified to have
uniform plasma density (as shown in figure 4.13) and the plasma is in a quiescent state.
The plasma confined in this central cylindrical region can be utilized to study different

fundamental plasma phenomena. Figure 5.4 shows the variation of time profile of ion
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saturation current fluctuation at the centre of the device for different magnetic field
values. It can be observed that the fluctuation in plasma density is decreasing with
increasing magnetic field which shows that the quiescence of plasma is also
controllable. The decreased in fluctuation of plasma density indicates that the stability
of plasma increased. Thus it can be concluded that the plasma in the axial region, up to
R < 6 cm, is having very low fluctuations and they can still be reduced by increasing

magnetic field in the cusp regions.

-20 -10 0 10 20
Time (ms)

Figure 5.4. Variation of temporal evolution of ion saturation current fluctuation
(representing density fluctuation) at the centre of the device with changing current in
the magnets (Imag) and 2 x 10 mbar Argon gas pressure.

From the figure 5.3, it can be observed that, in the region beyond R = 6 cm, the
fluctuation level increases slowly while there is a sharp jump around R = 10 cm and it
reached almost 11% at R = 15 cm for magnet field values of 1.1 kG at the pole. To

identify the source of these fluctuations the following studies have been done in detail.
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5.2 Equilibrium Profiles

The confined plasma in the cusp magnetic field diffuses across the magnetic field
lines and streams out along the magnetic field lines. Because of their diffusion,
gradients get formed in equilibrium profiles of plasma parameters. It is thought that
these gradients help to generate free energy sources and these energies are transported
through fluctuations. To identify these fluctuations, it is necessary to record and study
the relevant plasma parameters. The radial variations of plasma density and electron
temperature are measured along the non-cusp region using single conventional

Langmuir probe for different pole magnetic field values.

In the present study the relevant plasma parameters and their fluctuations, with only
two different magnet current values (100 A and 150 A) have been considered in which
very dramatic variation of fluctuations have been identified. The corresponding
magnetic field values at the pole face of cusp (near the magnet, R = 20 cm) are 0.75 kG
and 1.1 kG respectively. The radial variation of plasma parameters (plasma densities,
electron temperature, and floating potential) and the relevant fluctuations for these two
field values have been measured radially along the non-cusp region and at the mid (r, )
plane of device (the plane from z = 65 cm from the filament) as shown in figure 5.2.
The Argon gas background pressure is 2.0 x 10 mbar, discharge current (Ig) and
discharge voltage (V) have been kept at 5 A and -76 V throughout this experimental

study.

The figure 5.5 and 5.6 show the radial variation of electron temperature (Te) and
plasma density (ne) along the non-cusp region. The central region of plasma is hot
(electron temperature is high), uniformly dense and confining mostly primary electrons

up to 5 cm. The central bulk plasma diffuses along as well as across the magnetic field.
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Because of this diffusion, gradients in plasma density and electron temperature are
formed as shown in figure 5.5 and 5.6. The presence of gradients in plasma parameter
profiles (like n and Te) usually gives the hints about the sources of fluctuations in the
respective regions. But to identify the sources, one needs to study the gradient length
scales carefully along with correlations between the respective parameters. It will also
be necessary to identify the frequencies involved and then which species is responsive
to these frequencies need. For this purpose initially the gradient scale length of density
and temperature are identified, then spectral studies along with correlation studies have
been done. Figure 5.7 shows radial variation of theoretical plasma beta (e, the ratio of

plasma pressure to magnetic field pressure [1]) along the non-cusp region. In the region

away from the centre it has been observed that fe is less than \/m,/m,, thus it has been

identified that the instabilities in these regions will be mostly electrostatic in nature.
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Figure 5.5. Radial variation of mean of electron temperature (Te) along the non-cusp
region at two different pole magnetic fields Bp=0.75 kG and Bp= 1.1 kG, when magnets
are energized with magnet currents 100 A, and 150 A respectively and 2 x 10 mbar
Argon gas pressure.
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Figure 5.6. Radial variation of mean of plasma density (ne) along the non-cusp region
at two different pole magnetic fields Bp= 0.75 kG and Bp= 1.1 kG, when magnets are
energized with magnet currents 100 A, and 150 A respectively and 2 x 10* mbar Argon
gas pressure.
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Figure 5.7. Radial variation of plasma beta (fe) along non-cusp region when magnets
are energized with current (Imag) of 150 A and Argon gas pressure 2 x 10 mbar. The

horizontal line shows the value of plasma beta line y = \/m,/m; for reference.
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5.3 Comparison of gradient scale length of plasma
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Figure 5.8. Radial variation of mean of electron temperature (Te) with spline fitting
along the non-cusp region at two different pole magnetic fields B, = 0.75 kG and By =

1.1 kG.
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Figure 5.9. Radial variation of mean of plasma density (ne) with spline fitting along the
non-cusp region at two different pole magnetic fields B, = 0.75 kG and By = 1.1 kG.

To calculate the gradient length scales from the discrete data points, appropriate

curve fittings need to be done. The smoothing Spline fitting has been used on the radial

profile of density (n) and electron temperature (Te) as shown in figure 5.8 and 5.9.Then
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using them the density scale length (Ln) and temperature scale length (Lte) estimated.
Here the scale length is defined by the equation; L, = |x/(dx/dR)|, and suffix x is n
and Te. Considering these plasma parameters scale lengths, plasma of the device has
been divided into three regions. First region, from radial distance R = 0 to 6 cm the
plasma density and electron temperature is uniform and plasma is nearly quiescent. In
the second region, from 6 to 10 cm, Ln > Lre (Lhn=50 cm, and Lte =6 cmatR =7 cm
for pole magnetic field Bp=0.75 kG case), the temperature gradient is steeper compared
to density gradient. In the third region from 12 to 17cm Lte>Ln the density gradient is
sharp as compared to temperature gradient. In third region at R = 14 cm L, and Lt are
12 cm, 50 cm for pole magnetic field B, = 0.75 KG respectively and L, and Lte are 4.27
cm, 60 cm for pole magnetic field Bp = 1.1 kG respectively. The inequality in scale
length, Lte> Ln supports the drift wave instability in third region [13], and the inequality
in scale length, Ln> Lte supports the temperature gradient driven instability in second
region [14-16]. Figure 5.10 shows the schematic representation for comparison between
plasma density scale length (Ln) and electron temperature scale length (Lte) at the

different region of the device along the non-cusp region.
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Figure 5.10. The schematic representation of plasma density scale length (L,) and
electron temperature scale length (Lte) at the different region of the device along the
non-cusp region.

5.4 Drift wave turbulence in the third plasma
region of the device

In linear machines studied before [10, 17-19], with axial magnetic field produced
by solenoid coils surrounding the cylindrical chamber there could be radial density
and/or temperature gradients, (pressure gradient VP) because of finite boundary. These
gradients may be unstable under certain conditions. Let us consider the direction of the
uniform magnetic field (B;) is taken in the z-direction. In a fluid picture these VP can
produced diamagnetic drift velocity (VP X B)/qnB? in the azimuthal direction. If the
pressure gradient is dominated by density gradients the diamagnetic drift will become
same as the E x B drift where perturbed E field is due to the density gradient. Due to
this perturbing radial electric field and axial magnetic field the plasma species get
diamagnetic drift velocity (Vq) in @ direction as shown in figure 5.11 which can be

trigger an instability /turbulence. These phenomena have been studied before
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extensively [17-19]. But in a device like the multi-pole cusp magnetic field plasma
device the magnetic field is directed in the +6 direction along the non-cusp region and
density gradient is in radial direction. Hence E x B in +z direction as shown in figure
5.12. In this geometry the direction of magnetic field also changes in alternate non-cup
region so the direction of drift velocity also changes as shown in the figure 5.12. This

diamagnetic drift instabilities have certain properties listed as follow:

e Gradient lengths need to be appreciably small, while Lte >Ln

e edVy/T, = én/n, as expected from Boltzmann relationship.

e 6n leads 6V, as expected from linear theory (the phase angle between them less
than /4).

e Fluctuation in density and potential measurements and the variation of fluctuations
follow the gradient variations.

o Direction of perpendicular wave-number depend on the direction of the gradient and

magnetic field.

In the third region of plasma of this device, conditions are favouring a density
gradient driven drift wave instability; to confirm that more specific studies have been

done in this geometry.
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Figure 5.11. Schematic of diamagnetic drift in a cylindrical plasma having axial
magnetic field [11].

(b)

Vi —3
LP

Figure 5.12. Schematic diagram of drift velocity (Vq) along the z-axis (a) in (7, 6) plane
and (b) in (r, z) plane of the MPD device.
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Figure 5.13. Temporal evolution of density fluctuations measured through ion
saturation current, at R = 14 cm for two different pole cusp magnetic fields B,= 0.75
kG and Bp= 1.1 kG, when current in the magnets is 100 A, and 150 A respectively. The
Argon pressure is 2 x 10 mbar.

The figure 5.13 shows time profile of plasma density fluctuations at radial
location R = 14cm and for different pole cusp magnetic fields B,=0.75 kG and Bp=1.1
kG case along the non-cusp region. The figure 5.13 clearly shows the increase in
fluctuation for higher pole magnetic field values (1.1kG). The density fluctuation is
deduced from the fluctuation in ion saturation current. A single Langmuir probe has
been used to measure ion saturation current fluctuation across the 10 kQ resistance with
sampling rate 2.5 MSa/sec and record length 500K point using KEYSIGHT

DSOX2024A (200 MHz band width and 2 GS s sampling rate) CRO.
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Figure 5.14. Radial profile of normalized density fluctuation level for two different pole
cusp magnetic fields Bp= 0.75 kG and Bp= 1.1 kG, when current in the magnets is 100
A, and 150 A respectively. The Argon gas background pressure is 2 x 10 mbar.

Figure 5.14 shows the radial variation of normalised plasma density fluctuation
level at two different pole cusp magnetic fields Bp= 0.75 kG, and Bp= 1.1 kG case. It is
clearly observed from figure 5.14 that radial variation of normalized density fluctuation
level follows the mean plasma density profile for both cases. The maximum normalized
density fluctuation level are 6% and 11 % for pole cusp magnetic fields B,= 0.75 kG,
and Bp= 1.1 kG case respectively. The normalized density fluctuation level is high for
pole cusp magnetic fields Bp= 1.1 kG because of the gradient in density is high for the
same. These observation support the presence of density gradient driven drift wave

instability [18].

5.4.1 Spectral analysis

The other important characteristic features such as power spectra of fluctuations,
cross correlation function, wave number-frequency spectrum are necessary to identify
the instability. Figure 5.15 shows the auto power spectrum of density fluctuations for
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two pole magnetic field values (0.75 kG and 1.1 kG). It is observed that power spectra
has mean frequency peak at 3 kHz for pole cusp magnetic fields Bp= 0.75 kG case and
the power spectra become broad band with significant power while the central
frequency is at 15 kHz for pole cusp magnetic fields By= 1.1 kG case. The frequency
shift from 3 kHz to 15 kHz can be attributed to the increase in density gradient. The
density fluctuation power spectra also follows a power law ~1/f > for £ < 20 kH to 90

kHz as shown in figure 5.16 as per drift wave turbulence [10, 20].

Figure 5.17 and 5.18 show the time evaluation of normalized density fluctuation
and floating potential fluctuation at R =14 c¢m for the pole magnetic field values 0.75kG
and 1.1kG. These measurements are carried out using two simple Langmuir probes of
dimension 5 mm length and 0.5 mm diameter tungsten tip and distance between the two
Langmuir probe is 5 mm. From both figures it can be clearly seen that density
fluctuations follow the potential fluctuations. To find the correlation between them, the
cross correlation function has been measured. The cross correlation function between
the normalized values of density fluctuation (dn/n) with floating potential (eVi/ ksTe) is
found to be strongly correlated for both cases of magnetic field, as shown in figure 5.19.
This helps to confirm that we are in presence of the density gradient driven drift wave
instability. The correlation coefficients obtained is c¢(z) ~ 0.8. There may be a slight
spatial de-correlation as the probes used are not located on the same radial location.
Also the phase angle between density and floating potential fluctuation is less than 45°

[21-22] which also confirms drift wave instability.
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Figure 5.15. Auto-power spectrum of density at R = 14 cm and two different pole cusp
magnetic fields Bp= 0.75 kG and Bp= 1.1 kG when magnets are energies with magnet
currents 100 A, and 150 A respectively.
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Figure 5.16. Log-log scale variation for Auto-power spectrum of plasma density
fluctuation at R=14cm and 150A magnet current.
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Figure 5.17. Temporal evolution of normalized density fluctuation and floating
potential fluctuation at R=14cm when current (Imag) in the magnets is 100 A and 2 x 10°
“mbar Argon gas pressure.
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Figure 5.18. Temporal evolution of normalized density fluctuation and floating
potential fluctuation at R = 14 cm when current (Imag) in the magnets is 150 A and 2 x
10* mbar Argon gas pressure.
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Figure 5.19. The cross correlation function ¢ (t) between normalized time series of
density and floating potential fluctuation at R = 14 cm and two different pole cusp
magnetic fields B,= 0.75 kG, and Bp= 1.1 kG when magnets are energized with magnet
currents 100 A, and 150 A respectively.

5.4.2 Wavenumber-frequency spectral analysis

Since the cusp magnetic field configuration will have different magnetic field
direction at alternate non-cusp regions, the drift velocity is expected to change the
direction in those alternate non-cusp regions as shown in figure 5.12. This can be
established from the wave number-frequency spectrum S (k;, w). In figure 5.20 the
contour plots of wave number-frequency spectrum S (k;, w) clearly captures this
phenomenon. These figures have been plotted using density fluctuations, measured
from two simple Langmuir probes separated by 1cm along the z-axis at radial location
R =14 cm for two different pole cusp magnetic fields Bp= 0.75 kG [5.20.(a) & 5.20.(b)
for alternate non-cusp region] & Bp= 1.1 kG [5.20.(c) & 5.20.(d) for alternate non-cusp
region]. These data were recorded with sampling rate 2.5 MSa s, and record length

500K point using a same CRO. Then the drift velocity (Va) is calculated by noting the
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associated wave number (k;) at the peak frequency (w) from the wave number-

frequency spectrum S (k;, @) and compared with the calculated drift velocity (Vq) from

density scale length formula [17, 22-23], dekﬁszTe/eBLn, where, kg is

Boltzmann constant.

For Bp= 0.75 kG, the spectrum S (k,, @) shows peak at frequency 3 kHz as
shown in figure 5.20 (a) and its associated wave number (k;) and wavelength (1) of this
mode are 0.11565 cm™ and 54 cm respectively. The drift velocity obtained from S (k;,
w) spectrum is 1.15 x 10° cm/s which matches the theoretically calculated value 1.0 X
10° cm/s , obtained from the density scale length formula at radial location R = 14 cm.
From figure 5.20 (a) and (b) it has been observed that at the alternate non-cusp region,
the direction of the drift velocity changes its sign which leads to negative wave number.
Similarly, for Bp= 1.1 kG the spectrum S (k;, w) broadens at central frequency 15 kHz,
as shown in figure 5.20 (c), and the associated wave number (k;) & wavelength (1) of
this mode become 0.3665 cm™& 17 cm respectively. The drift velocity is obtained from
the slope of line fitted at broadband frequency of S (k;, @) [as shown in figure 5.20 (c)].
In this case the drift velocities from S (k;, ) spectrum and calculated from the density
scale length at radial location R = 14 c¢m are 2.9 x 10° cm/s and 2.55 x 10° cm/s
respectively. Figure 5.20 (d) shows the wave-number frequency spectra S (k. w)
opposite non-cusp region. The drift velocity observed at peak frequency from spectrum
S (k;, w) is nearly matching the one with calculated from density scale length form =1
for Bp=0.75 kG and m = 2 for Bp= 1.1 kG drift wave mode and the wavelength of mode
(4) is also very large compared to ion gyro radius (p;) for both cases. The mode number
is calculated using the equation v; = (fL,/m) where L, is plasma size (75 cm) of the

system.
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Figure 5.20. The contour plot of joint wave number and frequency specturm at R = 14
cm; (a) and (b) at pole cusp magnetic fields Bp=0.75 kG, (c) and (d) at pole cusp
magnetic field B,= 1.1 kG in non-cusp region. Here (b) and (d) are contour plots in
alternate non-cusp region.

5.5 Electron temperature gradient (ETG)

turbulence in the second plasma region of the

device
In the second plasma region of the device, from 6 to 9 cm, Lyn>Lte (Ln =60 cm, and
Lte =6 cmat R =7 cm for pole magnetic field Bp= 1.1 kG case), the temperature gradient

is large compared to the density gradient. The inequality in scale length, Ln> Lte
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supports the temperature gradient (ETG) driven instability in second region [14]. This

ETG instability have certain properties listed as follow;

e Comparison in scale length, L, >Lte support the condition for ETG instability.
e The linear calculation for ETG shows the value of 7e >>2/3, where 7e =Ln/Lre.

e The mode frequency fall in the lower hybrid range Qi < 2nf << Qe.

eSVf
Te

— 6n/n, density fluctuation are negatively correlated with floating potential.

e The phase angle between én and 6V is close 1.

e The frequency power spectra follow the power law, p~f =39,

In second plasma region of this device a conditions are favouring an ETG instability to

confirm that more specific studies have been done in this geometries.

The linear calculation for ETG shows the value of #e (17e =Ln/Le) iS must be more
than 2/3 [14-16] for ETG turbulence. Figure 5.21 shows the variation of ETG parameter

ne with radial distance. This ETG instability condition is satisfied in our case.

10

R (cm)

Figure 5.21. Radial variation of ETG threshold (#7.=Ln/Lte) when current (Imag) in the
magnets is 150 A and 2 x 10 mbar Argon gas pressure. The red dashed line shows
11e=2/3 for reference.
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5.5.1 Spectral analysis
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Figure 5.22. The cross correlation function ¢ (t) between normalized time series of
density and floating potential fluctuation at R =7 cm when current (Imag) in the magnets
is 150 A and 2 x 10“mbar Argon gas pressure.

The important characteristic features for identifying the temperature gradient
(ETG) driven instability are obtained from the measured power spectra and cross
correlation function. The measured correlation coefficients between two physical
quantities are shown in figure 5.22. The cross correlation function between the
normalized values of density fluctuation (dn/n) with floating potential (eV#/ksTe) IS
found to be strongly anti-correlated. The correlation coefficients c(t ) ~ -0.8. Which is
characteristics of ETG turbulence [15-16]. The phase between floating potential and
density is more than 170 degree. The negative cross correlation is also captured from

the simultaneous measurement of normalized time series of density and floating
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potential as shown in figure 5.23 and oblate phase space distribution of density and
floating potential fluctuation in figure 5.24. The observed instabilities has one peak at
5 kHz with significant power in density power spectra at R = 7 cm as shown in figure
5.25. The power spectra of density also follows power law of 1/f3° for f < 20 kHz to
150 kHz as per ETG turbulence [15-16]. The frequency of the mode lies in the lower
hybrid range Qi < 2nf << Q¢ [14]. All above characteristics indicate that the basic
instability drive ETG turbulence. A more detailed analysis, comparing these
experimental results with theoretical model calculations for this geometry, will be

carried out in future.

I MO’ i

Time (ms)

Figure 5.23. Temporal evolution of normalized density fluctuation and floating
potential fluctuation at R = 7cm when current (Imag) in the magnets is 150 A.

95



Plasma fluctuations at different regions of the device

0.08 T T T T

0.06

0.04

0.02

derlTe
[=]

-0.02

-0.06

-0.08

_0-1 1 1 1 1 1 1 1 1
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05
in/n

Figure 5.24. The phase space diagram of normalized density fluctuation and floating
potential fluctuation at R =7 cm.
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Figure 5.25. Auto-power spectrum of density fluctuation at R = 7cm when current (Imag)
in the magnets is 150 A and 2 x 10" mbar Argon gas pressure.
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Chapter 6

Conclusion and Future Scope

The last chapter of this dissertation is divided into two sections. The first section
gives an account of brief summary of the work described in this dissertation followed
by the conclusions drawn from it. In the second section, a brief discussion on the further

experimental works that can be carried out is presented.

6.1 Summary

In this Thesis work an Argon plasma was produced in a multi-pole cusp
magnetic field and their characteristics have been studied in detail. The device mainly
consists of a vacuum chambers, plasma sources (hot cathode), pumping system, magnet
system and plasma diagnostics. A multi-pole cusp magnetic field system has been
designed such that a cylindrical high beta region is formed surrounded by a comparable
volume of low beta region. This has been achieved by placing six electromagnets (with
embedded profiled vacoflux-50 core and double pancake winding) over a large
cylindrical chamber having dimension 103cm axial length and 40cm diameter. The
unique feature of this VMMF is that it is profiled using a core material of the
electromagnets which allows changing the field values with the effect of using different
permanent magnets. This multi-pole cusp magnetic field (VMMF) system has been
made to be versatile such that many different plasma confinement configurations and
field values can be studied. The 2-D simulation of the VVVMF has been performed using
the Finite Element Method Magnetic software and has been validated by experimentally
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measured values. The magnetic field simulation results show that the generated VMMF
has full control over a nearly field free region (null region) without changing poles of
magnets and the that rate of change of pole magnetic field with respect to magnet current
is very high for vacoflux-50 core compared to simple air core. The sets of magnets
system of this device can also provide different magnetic field configuration viz.
quadrupole cusp magnetic filed configuration and mirror magnetic field configuration

by applying the current in the required magnets.

The whole chamber is pumped down to a pressure 10 mbar using a Turbo
Molecular Pump (TMP) backed by a rotary pump, while a combination of the lonization
and Pirani gauges are used for pressure measurement. The Argon gas is filled to a
pressure of the order 10 mbar for plasma production. The plasma discharge has been
struck between two dimensional vertical array of tungsten filament based cathode
source and grounded chamber wall. The cathode source is fitted well inside the main
chamber and inside the field free region of magnetic field to avoid the edge effects of
the magnets. These filaments are powered by a 500 A, 15 V floating power supply (Vf;;)
while it is normally operated at around 16 - 19 A per filament. The source is biased with
a voltage of - 76 V with respect to the grounded chamber walls using discharge power
supply (Va). The primary electrons emitted from the filaments travel in the electrical
field directions, while they are confined by the cusp magnetic field lines. Because of
mirror effects due to cusp configuration, electrons move back and forth between the
poles and they ionize the background gas atoms and thus an Argon plasma is produced.
A number of diagnostics have been developed for characterizing the plasma viz. simple
Langmuir probe for plasma parameters (electron temperature, plasma density, and
floating potential) measurement, an emissive probe for plasma potential measurements.

A MATLAB script has been written for quickly processing the single Langmuir probe
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I-V characteristics for determining the plasma parameters. A set of rack probes for
simultaneous measurement of density and potential fluctuations in the plasma has been
developed. The MATLAB scripts for frequency power spectra, cross-correlation
function, and wave-number frequency spectra are written to analyse the fluctuations
data obtained from these rack probes for detailed experimental study of instabilities in
MPD. Thus in last it can be concluded that the MPD in a DC plasma state is ready for

controlled study of space plasma physics as well as basic plasma.

The Argon plasma thus produced and confined by multi-pole line cusp magnetic
field is found to be have different characteristics at different regions. The central high
beta plasma volume is found to be quiescent (dn/n < 1%) and uniform and also it is
found that to be controllable in size and plasma characteristics by changing the magnet
current. This volume would be beneficial for basic plasma studies (viz. ion acoustic
wave, soliton wave interaction, electron plasma wave, Landau damping, nonlinear
coherent structure, wave-particle trapping and un-trapping etc.). While the edge regions
surrounding the central high beta region is found to have many interesting phenomena,
which are studied in detail. The plasma characteristics, radially along the non-cusp
region, were recorded for different magnetic field values at the poles using Langmuir
probes. The profiles of electron density, temperature, floating potentials with different
magnetic field values at the poles helped to complete the plasma characterization. One
of the key parameters involved in the plasma confinement in the cusp magnetic field is
the effective leak width of plasma (the width of the profile of plasma escaping through
the cusp). The estimated leak width has been compared with model calculations from
previously published different scaling and is found to be matching well. The
experimental results show that the leak width of plasma decreases with increasing of

current in the magnets. Thus the plasma loss rate at the anode (at the leak width) where
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plasma meets vessel chamber wall decreases with increasing current in the magnets,
hence the confinement of primary electron at the null region of magnetic field increases.
These confined primary electrons move back and forth between two poles of cusp
magnetic field and also collide with background Argon gas. As a result, the plasma
density at the null region of magnetic field increases with the decreasing of leak width
of plasma. All the plasma parameters are increasing with the decrease of the plasma
leak width thus stability of plasma also increases, which can be clearly observed from
the decrease of the density fluctuation. All the above functional flexibility and wide
range of operation regimes make this device an instrument of choice for carrying out

studies of fundamental plasma phenomena.

The bulk plasma at the central region is uniform and dense (null region). This plasma
diffuses across the magnetic field and streams out along the magnetic field lines toward
the cusp, as a result, gradients in plasma parameters (plasma density, electron
temperature, and floating potential) are formed. The radial variation of plasma
parameters measured along the non-cusp region (across the magnetic field) and scale
length of plasma parameters are measured. Using the different measured scale lengths
of plasma parameters, the whole plasma can be divided into three regions. The central
plasma region is uniform and quiescent where density and electron temperature scale
length are very high. In the mid profile region of the plasma, the temperature gradient
is dominating compared to the density gradient. Finally in edge region, the density
gradient is dominating compared to temperature gradient. These gradients are also
controllable by changing magnetic field values. The fluctuations and hence instabilities
due to the gradients in the density and temperature have been studied to identify the
sources of free energy. The role of the magnetic field in these fluctuations has also been

studied for 100 A, and 150 A of magnet current. It has been observed that the frequency
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of the instability changes explicitly with the density gradient. Moreover, the scale length
of the plasma parameters, frequency spectrum, cross-correlation function, and
fluctuation level of plasma densities has been measured in order to identify the
instability. In this chapter we have reported the experimental observations of density
gradient driven drift wave turbulence in low-f plasma confined by an inhomogeneous
cusp magnetic field. The generated instability has been identified by explicitly studying
the following properties:

e Comparison of scale lengths of plasma parameters, as for example inequality in
scale length, Lte >Ln support the condition for drift wave instability.

¢ In time evolution of density profile, fluctuations have been observed when the
density gradient present, whereas these fluctuations are suppressed in uniform
plasma confined region. This radial variation of normalized density fluctuation
level follows the density profile which excites drift wave instability.

e The density fluctuation frequency power spectra has power index 5.5.

e The strongly correlated cross correlation function between normalized floating
potential fluctuations and density fluctuations hold the relation (on/n) =
(eVi/ksTe) with a phase angle difference of nearly to n/4 between them both are
proving that the density fluctuations lead floating potentials fluctuation for
density gradient driven drift wave turbulence.

e Lastly, the cross field drift velocity due to the fluctuations in plasma parameters
have been measured from the wave number- frequency S (k;, ) spectra and are
compared with the theoretical values, obtained from density scale length
formula. Also the wavelength of the mode (1) is very large compared to the ion
gyro radius(p;), which leads to “anomalous diffusion” across the

inhomogeneous magnetic field.
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Thus all above diagnostics confirm the instability in non-cusp region is drift wave
instability due to the density gradient along the radius and across the magnetic field
(Bg). Thus the particles drift due to density fluctuation along the axial direction (z-
direction). Moreover, it has been the first time observed that, the direction of the drift
wave velocity changes its sign in alternate non—cusp region.

In the second plasma region of the device, from 6 to 9 cm, the temperature
gradient is large compared to the density gradient. The inequality in scale length, Ln>
Lte supports the temperature gradient (ETG) driven instability in second region. This
ETG instability have been identified by the properties listed as follow;

e Comparison in scale length, L, >Lte support the condition for ETG instability.
e The linear calculation for ETG shows the value of 7e >>2/3, where 7e =Ln/Lre.

e The mode frequency fall in the lower hybrid range Qi < 2nf << Qe.

b : : . . : .
V- én/n, density fluctuation are negatively correlated with floating potential.

e

e The phase angle between 6n and &V is close .

e The frequency power spectra follow the power law, p~f~39°.

6.2 Future scope

The experimental studies presented in the Thesis can be extended to some numerical
and experimental studies to give deeper insight in particular study. Some of these are
listed follow.

The plasma confined in this magnetic field configuration is quiescent and the level of
quiescence is also controllable. Thus the next plan of our experiment will be to study
the magnetic reconnection, magnetosonic wave, soliton wave interaction, and ion
acoustic soliton wave propagation perpendicular to the magnetic field in a quiescent
plasma. Moreover, in low background gas pressure, R. Jones (1981, [1, 2]) studied the
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leak width (d) of plasma and conclude that micro-instabilities are unstable in a cusp
sheath (e.g. drift wave, ion cyclotron waves). The detailed analysis of these instabilities
with changing pole magnetic field values has still not been studied yet and is accessible
to the study in the future using this device.

In this multi-pole line cusp configuration of the magnetic field, plasma can be also
produced by various methods depending upon requirement. These methods include RF
discharge, which includes helicon discharge and both capacitively and inductively
coupled discharges, microwave discharge, etc. [3-5]. The effect of magnetic field values
on this type discharges will be studied in future.

The sets of magnets of this device also provide different magnetic field
configuration viz. quadrupole cusp magnetic field configuration and mirror magnetic
field configuration by applying the current in the required magnets. The quadrupole
cusp magnetic field configuration is widely used in magnetic reconnection experiments
[6-8] and the mirror magnetic field configuration is also widely used in basic plasma
studies like plasma diffusion in a bad curvature of magnetic field as well as different
gradient forces on plasma species, loss cone instabilities etc [9-11]. Since in this device
poles of magnetic field configuration made by the electromagnets thus variable

magnetic field with this configuration is an added advantage.

Many results have been published about the measurement of the width of plasma
leakage at the cusp (near the pole magnet) and still an exact scaling for the amount of
plasma being leaked in a given cusp configuration is yet to be ascertained. Though many
scaling exists, ranging from electron gyro-radius to ion gyro-radius apart and also the

so-called ‘hybrid gyro-radius’ [12-17]. The exact scaling of plasma leaking through a
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cusp magnetic field still an open issue. In addition, the variation of leak width of plasma

with changing pole magnetic field values has still not been studied before.
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Appendix A:

A complete magnetic field mapping should have the individual directional
components also. Accordingly, two plots have been added in a new appendix. They
show the variation of By, Bg and mean B along the cusp region (figure A) and the
non-cusp region (figure B) at a coil current of 100 A in the magnets. In the both
edges of the magnets, B, components will also be present. But since the
experimental interests are there in the central region where B; is almost zero, B;

component variation has been excluded.
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Figure A: Radial variation of By, Bg and mean B along cusp region at 100A
magnet coil current.
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Figure B: Radial variation of By, B and mean B along non-cusp region at 100A
magnet coil current.

Appendix B:

During the machine characterization, axial variation of plasma density has been
indeed measured. It was performed using a single Langmuir probe inserted from the
flange at the opposite end of the machine towards the source and the mean plasma
density was measured along the axis. A typical axial profile of density has been

shown in the figure C. It has been observed that the density gradient scale length
(L;t = —%Z—Z) is nearly 0.6 m. It was felt that this gradient length much more for

the purview of this Thesis. Also even if the cantilever effects (because of the long

shaft) and / or shadowing effects, the gradients lengths are going to more than this.
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Figure C: Variation of mean plasma density along the axis of the device in field free
region at 100A magnet current.

111



Conclusion and Future Scope

112



