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ABSTRACT

Diverging magnetic fields are found naturally in universe including our magnetosphere
and in solar coronal funnels. Diverging magnetic fields are used in expanding plasmas to
accelerate particles by electric fields produced by localized potential structures, called
double layer, formed self consistently inside the plasma. Acceleration of charged particles
in low temperature plasmas is of interest to surface function modification as well as to
development of electrostatic thrusters. This thesis devotes its study to find the role of
diverging magnetic fields in helicon source operation and self consistent potential
structure formation in bulk of plasma. A geometrically expanding (small diameter source
attached to a bigger diameter expansion chamber) linear helicon device along with various
diagnostics is designed and built with a diverging magnetic field. The helicon plasma
produced with an m = +1 half helical antenna powered by a 2.5 kW RF power source at
13.56 MHz is characterized. Mode transitions are observed and mode structures are
studied at low magnetic fields (<100 G). Though a monotonic increase in density with
magnetic field is expected for helicon plasma, multiple density peaks are observed for the
first time for field variations at low magnetic fields and are explained on the basis of
oblique resonance of helicon waves in a bounded geometry for the first time.
Characterization on both sides of the antenna at low magnetic fields revealed the role of
left circularly polarized waves in electron cyclotron absorption in bounded plasmas.
Changing the magnetic field topology at low magnetic fields, it is found that diverging
magnetic fields near antenna can increase the efficiency of the source as high as 80 %
from the zero field case. With a magnetic field ~ 100 G near the source and ~ 10 G at the
end of the expansion chamber, density peaks on axis are observed nearly two wavelengths
away from the antenna where the field is ~ 35 G. Helicon wave phase measurements show
that the wave does not propagate in the source region owing to the density cut-off of the
wave but starts to propagate in the downstream for lower densities and magnetic fields.
Finally, diverging magnetic fields and their gradient near the geometrical expansion
location are varied to create strong potential structures along the magnetic field direction.
The very first direct observation of multiple potential structures of varying strengths in

current free plasmas is presented in this thesis.
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at -18 cm, (c) Lsat +18 cm, (d) l,isat -18 cm and (e) R,

Figure 5.10 Variation of electron density (n,) with magnetic field for 300, 400 and 500 W at
pressure 1.4x107 mbar. (a) n. at +18 cm and (b) n. at -18 cm.

Figure 5.11 Variation of electron density (ne) with magnetic field for 500 W at pressures 8x1 07,
1.4x107 and 2.4x10”mbar. (a) ne at +18 cm, (b) ne at -18 cm

Figure 5.12 Variation of electron density (n.) with magnetic field for 500 W at pressure 1.4x10
Imbar. (a) “normal B” and (b) “reverse B”. n, at +18 cm, (b) n, at -18 cm. Inset of (a) at +18
cm “normal B” (open triangle) and “reverse B” (+).

Figure 5.13 Radial variations of axial wave field component of helicon waves measured at
z=+18 cm for both directions of magnetic field at (a) 12 G, “normal B” (open diamond) and
“reverse B” (open circle) (b) 30 G, “normal B” (open diamond) and “reverse B” (open circle). )
RF power is 500 W and pressure 1.4x10”mbar.

Figure 5.14: Axial variation of density and magnetic field, p:4x10'4mbar, power=400W, (a)
Reverse current in 7th coil & (b) no current in 7th coil.

Figure 5.15 Variation of helicon B, phase along axis for 88 G source magnetic field, 300W RF
power and 8x1 0 mbar neutral pressure.

Figure 5.16 Axial variation of density for 200W, 300W and 400W at there argon neutral
pressures of (a) 2x107° mbar, (b) 8x10* mbar & (c) 4x10* mbar. Magnetic field at antenna
centre is 88 G.

Figure 5.17 Axial variation of magnetic field for Cases A-D when 1 A current is passed in the
coil(s).

Figure 5.18 variation of density at z = +18 cm with applied magnetic field at antenna centre
for Cases A-D. RF power is 300W and pressure 8 X 10 mbar.

Figure 5.19 variation of density at z = —18 cm with applied magnetic field at antenna centre for
Cases A-D. RF power is 300W and pressure 8 X 1 0 mbar.

Figure 5.20 Variation of density at z = —18 cm with applied magnetic field at antenna centre
for Cases A-D. RF power is 300W and pressure 8 x 1 0* mbar
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Figure 5.21 Increase in efficiency from the zero field case to the efficiency at the density peak for
the four field topologies shown in Figure 5.20.

Figure 6.1 Ambipolar plasma expansion in diverging magnetic field.

Figure 6.2 Electric potential, electric field and space charge distribution inside a double layer

[13].

Figure 6.3 Potential distribution ®(x), and the ion and electron phase space distributions across
a DL with potential drop @y (and the corresponding internal electric field E). The hatched areas
indicate accelerated populations. The reflection of ions and electrons within the separatrices
(symmetrically placed broken and barred curves) are indicated by the arrows symbolizing
velocity reversal. lons or electrons with energy larger than @, (with very large initial velocity)
are not reflected but can pass through the DL, as indicated.

Figure 6.4 Chi-Kung source, axial applied magnetic field, measured axial plasma potential and
density at 250 W RF power, 0.2 mTorr and 130 G at source.

Figure 6.5 Axial variation of DC bias potential for different RF powers at Argon fill- in pressure
of 4 X 10~* mbar.the shaded region are the antenna circular ring positions.

Figure 6.6 Variation of DC bias potential with power near antenna ring at 7 = +9 cm at Argon
pressure of 4 X 10™* mbar.

Figure 6.7 Variation of DC bias potential with neutral pressure of Argon at RF power of 300 W
and magnetic field 200 G.

Figure 6.8 Variation of DC bias potential with magnetic field for three different gases: Helium,
Argon and Krypton at magnetic field of 200G and neutral gas pressure of 4 X 10™* mbar.

Figure 6.9 Experimental set up with new coil positions to study the role of magnetic field
gradient on CFDL formation.

Figure 6.3 Axial component of dc magnetic field and (c) its gradient for different coil current. 4
coils are placed at -24.5 cm, -6.5 cm, 12.5 cm, and 28 cm with +95 A. 5™ coil is placed at 46 cm
and given currents are +35 A, 0 A, -35 A, and -95 A.

Figure 6.11 Plasma potential variation on axis measured at z=18 cm with source magnetic field
for 100 W RF power and 2x10™* mbar Argon pressure.

Figure 6.4 Variation of floating potential near the wall and plasma potential at the axis
measured at z=20 cm in the source chamber with the last coil negative current. Current in four
other coils are 95 A each. RF power 100 W, pressure 2x10* mbar.

Figure 6.5 Variation of edge and central current density in the source chamber with the last coil
negative current. Current in four other coils are 95 A each. Rf power 100 W, pressure 2x1 0
mbar.

Figure 6.6 Variation of plasma potential along the axis of the device for different current in the
last coil; circle -95 Amp, square -35 Amp, Triangle 0 Amp and star =35 Amp. Current in other
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Figure 6.15 Radial variation of plasma potential with I, measured at z=18 cm with an L-shaped
emissive probe for I00W RF power and 2x1 0* mbar Argon pressure.
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Chapter 1

Introduction

This chapter initially reviews history of helicon wave research and its applications in brief. Later,
it reviews research on helicon physics relevant to the present thesis work. This will be followed
by the motivation and objectives of the thesis work. Finally, the content and important findings

of this thesis work will be summarized.

1.1 History of Helicon Sources

Plasma is a complex medium which supports many mechanical and electromagnetic
waves. Plasma waves are often classified as electrostatic or electromagnetic waves. Moreover,
the direction of propagation and polarization with respect to the magnetic field is often used for
detailed classification. Magnetic fields introduce anisotropy in the plasma medium for which
magnetized plasmas support a number of waves both in parallel and perpendicular directions.
Right circularly polarized electromagnetic waves propagating along the magnetic field are
typically referred to as whistler [1]. The name is derived from the whistling audio tones with
constant amplitude and declining frequency received in radio receivers during World War I [2]
which were mistaken as flying grenades. Barkhausen [3] explained this phenomenon as the
highly dispersive broadening of a sharp pulse, initiated by lightning that propagates in the
ionosphere. Storey [4] performed measurement on whistling atmospherics and described them as
right handed circularly polarized waves that propagate in free space where ion effects and
collisions were neglected. Helicon waves are whistler waves in a bounded plasma so that the

wavelength is of the order of the plasma dimensions. They are quasi-electromagnetic waves and



are different from classical whistler waves which are purely electromagnetic in nature. Helicons
can have both right and left handed polarizations compared to whistlers which have only right

hand polarization.

In 1960, Aigrain [5] suggested the possibilities of observing whistler waves in solid state
plasmas. Aigrain called the wave a helicon wave because the electric field traces out a helix
when the wave propagates along the magnetic field. In an accidental observation, Bowers et al
[6] reported experimental finding of helicon wave while measuring the hall resistivity of a pure
sodium metal using a static magnetic field parallel to the applied oscillating magnetic fields.
They observed a damped oscillation whose frequency was proportional to the applied DC
magnetic field instead of an expected decaying signal in the output of the receiver coil. They
identified the waves as those proposed by Aigrain. Detailed theory for the propagation and
damping of helicon waves was given by Legendy [7] for solid state plasmas and Klosenberg,
McNamara and Thonemann (KMT theory) [8] for gaseous plasmas. Following these theories,
Harding and Thonemann [9] carried experiment in indium and showed good agreement with the
theoretical prediction. Much of the early work on helicon wave was in solid state plasmas
because of an immediate use as a diagnostics for measuring Hall coefficients in pure metals.
Lehane and Thonemann [10] first observed helicon waves in gaseous plasma and found a very
good agreement with wave axial damping rates given by KMT theory. Gallet et al [11] used
helicon waves in gaseous plasma in toroidal ZETA fusion device as a diagnostics for
measurement of plasma density and static magnetic field by measuring the damping of the

helicon waves using magnetic probes.

First use of helicon waves as an efficient source for plasma production was demonstrated
by Boswell [12] who using a double loop antenna at 8§ MHz produced plasma of 4x10"/m’
density with a magnetic field of 1.5 kilo Gauss and RF power of 600 W. This density was higher
by an order from the conventional RF discharges with equal RF input power and magnetic field.
This high efficiency plasma production led to increased interest in helicon plasma physics as
well as its various potential applications. Today they are considered for many applications like
material processing, [13], negative ion production [14], Preionization [15-17] and current drive

[18-19] in fusion plasmas and for space propulsion [20-22].



The mechanism responsible for efficient coupling of RF power into helicon source plasmas is
still under investigation. Many collisional and collisionless processes are proposed in the last two
decades. The prominent models are Landau damping [23-27], parametric turbulence [28-29],
helicon to TG mode conversion [30-32], radially localized helicon modes [33-34] and nonlinear

trapping of electrons in helicon wave fields [35-36].

1.2 Review of Relevant Previous Work

Diverging magnetic fields in nature are found in our magnetosphere and solar coronal
funnels. Diverging magnetic fields are seldom used in helicon sources. Recent observation of
efficient helicon plasma production at low diverging magnetic fields [37] invites attention.
Diverging magnetic fields are used in low pressure helicon discharges to produce ion beams for
space propulsion and surface functionalization of semiconductor materials. Ion beams in helicon
discharges are produced when ions get accelerated in an electric field produced self consistently
in the bulk of the plasma. In a diverging magnetic field, design of efficient low magnetic field
(<100 G) helicon sources and creation of potential structures at high magnetic fields (>100 G)

are the topics of study in this thesis.

Helicon wave frequency lies in the frequency range w; K @ K Wge K Wpe Where Wi, w, Wee
and wp, are the ion cyclotron, RF source, electron cyclotron, and plasma frequencies
respectively. Most of the helicon source including the one presented in this thesis use 13.56 MHz
RF source. This correspond electron cyclotron frequency for axial magnetic field of 5 G.
Helicon sources normally operate with magnetic fields in the range of 200 G to 1000 G. This
makes electron cyclotron frequency is at least 15 times than applied RF frequency. This we will
call as normal magnetic field operation. However, when the magnetic goes down near to the
value where cyclotron frequency is few times the applied RF frequency we will call it low

magnetic field (“low-B”) operation.

Appearance of helicon mode is generally identified by mode transitions which involves a
transition from a capacitive to inductive to wave sustained discharge. The step like transitions

can be observed in measured plasma density and antenna-plasma resistance, obtained by either



increasing power at fixed magnetic field (B) of few hundred Gauss or vice versa. At high
magnetic fields, it is observed that the density increases with applied magnetic field when the
discharge is in helicon mode as per the dispersion relation. However, previous studies have
shown that at low magnetic fields of less than 100 Gauss, plasma density peaks at some specific
magnetic fields, generally between 20 Gauss to 50 Gauss in different experiments using 13.56
MHz RF system [37-44]. Unlike usual helicon discharge mode transitions at high magnetic fields
(few hundred Gauss), the observation of density peaks at low magnetic fields seems to be a

resonance phenomenon.

Chen [39] first reported this low magnetic peak in 2 cm diameter helicon discharge using
1600 W RF power where the density peak was observed at ~ 50 G with peak density of 6 X
1018 m~3 an increase of nearly 40% from the no field case. Degeling et al [38] have observed
density peak around 50G for RF powers in 500-2000 W in a 18 cm diameter source using single
loop antenna at 13.56 MHz. Wang et al [41] have shown that the a higher magnetic field is
required for the density peak to occur for a plasma formed using higher ion mass or a higher
source frequency. Recently Lafleur et al [37] have done extensive experiments in a diverging
magnetic field helicon experiment and have shown that the density can increase by an order from

the no field case.

Few explanations are available for the observed density peak at low magnetic fields.
Some of them are TG-helicon coupling [45, 47] at low magnetic fields, non-linear wave particle

trapping [37-38] and wall reflection [46].

More recently, helicon waves have been considered for space plasma propulsion. They
have been considered either as an ionizing source with a secondary stage for acceleration or as a
stand-alone propulsion device. Concept such as VASIMIR [20] utilizes helicon as an ionizing
source and worry about magnetic field detachment separately. Similarly, annular geometry
helicon plasma is being investigated as a primary stage for space propulsion [21] and will have to
address detachment and/or acceleration mechanism following the source. Another proposed
method to circumvent the problem of detachment is utilizing double layer formation in helicon
plasma [22]. The claim for this acceleration mechanism is that a sharp potential drop occurs
downstream at lower pressure (<1 mTorr) in helicon plasma which can accelerate ions to

supersonic speeds.



Double layer is a localized structure of layers of positive and negative space charges
giving rise to a localized electric field much higher than the electric field outside double layer
and is formed in the bulk of the plasma away from the boundaries unlike the sheaths which form
near the boundary. In general, various groups of trapped electron/ion and passing electron/ion are
postulated to maintain DL structure. All groups combinedly decide the net current across DL. A
non zero net current corresponds to current driven DL (CDDL) whereas zero net current
corresponds to CFDL. A large number of experiments on DL have been carried out in different
devices such as, discharge tube, double and triple plasma devices, Q-machines and expanding
plasma devices. [48-50]. Following Perkins and Sun’s prediction of CFDL in 1981 [51]
experimental observations were reported on CFDL by Chan 1981 [52] and Hatakeyama 1983
[53] in a triple plasma device. Subsequently, two new classes of CFDL were reported; one by
Hairapetian and Stenzel [54] and the other by Charles and Boswell [55] in expanding plasmas
produced by helicon antenna. Hairapetian and Stenzel have explained the existence of CFDL
based on two electron population. However, for expanding plasma in helicon devices four
prominent models [56-59] have been proposed. These models while not complete have described
experimental observation to some extent. All of these models include a thermal ion population in
the upstream and a flowing ion population downstream as well as a thermal electron population
upstream. They differ in their treatment of an additional electron population on the upstream side
of the double layer. Model by Takahashi et al [S9] proposes an electron distribution in the
downstream as a depleted energetic electron tail to overcome the potential drop of the DL and

neutralize the ion beam.

CFDL in a helicon plasma device is forced to be current free due to insulating source tube
allowing no net current. Since the reporting of low pressure helicon CFDL in 2003 [55] a lot of
work [60-69] has been focused on parametric study like effect of magnetic field, pressure, gas
mass, geometry of experimental set up and antenna frequency. lon beams created by acceleration
due to the potential structure are a potential option for space propulsion. The rapid potential
change near the expanding magnetic field with an associated acceleration of ions by the DL
electric field is now being employed in the development of plasma thrusters. Meige et al [70]
have done 1D simulation and found that finite wall charging is necessary for the CFDL
formation and it may be noted that this can be a reason that no CFDL formation is reported so far

without use of dielectric source tubes. So, it is important to understand the dependence of DL
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strength on various plasma parameters as well as magnetic field geometry along with the role of

wall charging on CFDL formation.

Charles and Boswell [71] studied the role of magnetic field on CFDL formation. By
increasing the magnetic field they have observed ion beam formation in downstream plasma for
a critical magnetic field of 50 G in the source. The source potential and density increased
simultaneously at 50 G but in the downstream plasma the effect was little. lon magnetization at
50 G is attributed to this transition from an expanding plasma to a plasma containing a CFDL.
When the ion is magnetized the ion loss to the radial wall decreases and amounted to the density
rise. Similar results were obtained by Takahashi et al [69] in EMPI source have shown that for
two different dielectric source tubes of radii of 3.25 cm and 2.3 cm, the CFDL is formed for
125 G and 195 G respectively the values of these magnetic fields also are the magnetic fields

where the ions got magnetized.

Though the observations of the CFDL were reported by many authors, the location and
strength of the CFDL dependency on magnetic field gradient and magnetic field topology is not
clear. The role of magnetic field gradient and its location was studied by Sutherland et al [67],
Byhring et al [63] and Schroder et al [64]. Sutherland et al. [67] showed that the CFDL strength
could be scaled by a factor of at least 2 in a bigger system and that the double layer presumably
forms in the vicinity of maximal gradient of the magnetic field. Byhring et al [63] changed the
magnetic field gradient by using an extra coil in which the current is passed in the same direction
as the other coils. So by increasing the current in their last coil they could decrease the magnetic
field gradient which location was much inside the source plasma. They have found that CFDL
vanished for higher last coil currents which were confirmed by RFEA measurements. A study on
independent effects of geometric expansion, magnetic field and field gradient along with its
location are studied by Schroder et al [64] in VINETA device. For magnetic field gradient

location coinciding with the geometric expansion they have found the CFDL strength is highest.

1.3 Motivation and objective

The primary objective of the work described here in the thesis is to develop a helicon
plasma source in geometrically and magnetically diverging configuration. Design, fabricate and

operation of each subsystems have been carried out during the thesis work. This thesis aims to



study characterizing discharge modes, investigating the mechanism responsible for low magnetic

field density peak, studying double layer and its relation with the wall charging.

1.4 Description of chapters and main findings

The work described in this thesis has two main elements; (1) Development of
experimental system and (2) Physics studies in the system. This thesis consists of seven chapters.
The first chapter is an introduction to helicon research and also includes the motivation and
objective of the thesis. The second chapter describes theory of helicon wave dispersion, wave
mode structure, physics of discharge mode transitions and power coupling to plasma. In the third
chapter experimental set up and its sub-systems along with various diagnostics used are
discussed. After describing the previous studies, experimental set up and diagnostics in chapter
1, 2 and 3, the initial characterization of the RF plasma produced in the linear plasma device is
described in Chapter four. Once the system is evacuated to 1x10° mbar, Argon gas is fed into
the system at 5x107 mbar pressure through the end flange connected to the source chamber.
After that RF power is slowly delivered to the antenna through the matching network. Gas
breakdown is observed at few W (< 10 W) of RF power with almost no reflected power without
magnetic field. We have obtained various plasma discharges in the pressure range of 1x10™
mbar to 1x10™ mbar by applying suitable magnetic field in the span of 0 to 280 Gauss and RF
power in the range of few Watts to 1.5 kW. Thus the neutral pressure, magnetic field and RF
power are the controlling parameters of our experiment. Mode transitions are studied by
measuring density and load capacitance values (a measure of antenna-plasma coupling) for
different pressures by varying the RF power. By increasing the pressure, Helicon operation
regime is achieved for 112 Gauss magnetic field. The values of RF power at which the
transitions occurred are lower for higher neutral pressures. Helicon m=+1 modes are
characterized by measuring the radial and axial wave profile. The axial wavelength of the
helicon waves are measured by measuring the axial phase variation using a single loop B-dot
probe with respect to another reference B-dot probe phase fixed at a constant radial and axial
location. Axial plasma potential is measured with a floating emissive probe at low pressure, 600
W RF power and 288 Gauss magnetic field. Plasma potential drops of ~8T. are observed
over~1000 Ap distance. These above mentioned preliminary results along with the details of the

experimental set up and its capabilities are published in Rev. Sci. Instrum. 83, 063501 (2012).



Low field helicon experiments in a diverging magnetic field configuration are discussed
in chapter five. Experiments are carried out using argon gas with m = +1 right helical antenna
operating at 13.56 MHz by varying the magnetic field from 0 Gauss to 100 Gauss (G). The
plasma density 18 cm away from antenna centre varies with varying the magnetic field at
constant input power and gas pressure and reaches to its peak value at a magnetic field value of ~
25 G. Another peak of smaller magnitude in density has been observed near 50 G. Measurement
of amplitude and phase of the axial component of the wave using magnetic probes for two
magnetic field values corresponding to the observed density peaks indicated the existence of
radial modes. Measured parallel wave number together with the estimated perpendicular wave
number suggests oblique mode propagation of helicon waves along the resonance cone boundary
for these magnetic field values. Further, the observations of larger floating potential fluctuations
measured with Langmuir probes at those magnetic fields values, indicate that near resonance
cone boundary, these electrostatic fluctuations are proposed to take energy from helicon wave
and dump power to the plasma causing density peaks. The results are published in Physics of
Plasmas 20, 042119 (2013). Asymmetry in density peaks on either side of an m = +1 half helical
antenna is observed both in terms of peak position and its magnitude with respect to magnetic
field variation. However, the density peaks occurred at different critical magnetic fields on both
sides of antenna. Depending upon the direction of the magnetic field, in the m = +1 propagation
side, the main density peak has been observed around 27 Gauss (G) of magnetic field. On this
side the density peaks around 5 G, corresponding to electron cyclotron resonance (ECR) is not
very pronounced whereas on the m = -1 propagation side, very pronounced ECR peak has been
observed around 5 G. Another prominent density peak around 13 G has also been observed on m
= -1 side. However, no peak has been observed around 27 G on the m = -1 side. The density peak
data is also supported by the light intensity measurements on both sides of the antenna.
Reversing the magnetic field direction symmetrically reverses all the density peak observations.
Observation of ECR peak around 5 G on m = -1 side is explained on the basis of the polarization
reversal effect of circularly polarized waves in a bounded plasma while the other peaks on either
side are explained with the help of cyclotron resonance for obliquely propagating helicon waves.
The measured antenna-plasma resistance, a measure of power coupled to the plasma by the
antenna, can only be explained if density variations on both sides of the antenna are taken into

account. The results are published in Physics of Plasmas 20, 012123 (2013). Experiments were



further performed by changing the divergence of the magnetic field near the helicon antenna. By
increasing the divergence it is observed that the antenna plasma coupling increases. A helicon
antenna generally has a k-spectrum but when the antenna is in a uniform magnetic field, the
resonance cone propagation is achieved only for a single mode at a certain magnetic field. With a
diverging magnetic field, many modes can have resonance cone propagation at a single magnetic
field value at the antenna centre. The efficient coupling is explained on the basis of multiple
mode absorption near antenna through resonance cone absorption for different magnetic fields
available near the antenna. This conjecture is further strengthened by the observed higher values
of density maintained for more values of magnetic field of 20 — 60 Gauss i.e. widening of the
density peak as the divergence is increased. The manuscript based on these results is ready for
submission. The resonance cone absorption is further studied at the downstream of the plasma
where the magnetic field reduces to ~10 Gauss from ~100 Gauss at the source. Phase
measurements show that helicon waves are stationary near the antenna and propagate only in the
diffusion chamber. Density peaks are observed in the downstream where the resonance cone
propagation angles are near the wave propagation angles. These results are reproduced for
different power and pressure values. Normal ECR absorption at location where magnetic field ~
5 Gauss, is observed in the downstream by varying the magnetic field configuration using an
extra coil and supplying negative current to it w. r .t to other coils. The manuscript based on

these results is ready to be submitted for publication.

Chapter six discusses the study of current free double layer near the geometrical
expansion region of the plasma and the relation of this potential structure to charging of the
dielectric wall and magnetic field gradient. Experiments are carried out to study the role of
magnetic field gradient near the geometrical expansion location. The experiments are done at
100 W RF power and 2x10™* mbar with different magnetic field gradients near the geometrical
expansion of the chamber. It is observed that the increasing the magnetic field gradient, the
CFDL structure evolved from a single weak CFDL to a multiple structure which consists of a
strong CFDL and a weak CFDL. The plasma potential in the source dielectric chamber is with
respect to the floating glass wall. The wall charges to a higher negative potential and lifts the
plasma potential in the source chamber to higher positive values at low pressures. So the
parametric dependence of dielectric wall charging caused by RF potential fluctuation induced

into the plasma through the capacitance of the glass tube is studied near the antenna for different
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RF power, neutral pressure, magnetic field and gas mass. Conclusions and future scopes are

presented in the last chapter.
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Chapter 2

Helicon Physics

2.1 Introduction

The low frequency right circularly polarized electromagnetic waves in plasma propagating
parallel to the magnetic field are known as the whistler waves [1]. Helicon waves are whistler
waves in bounded plasmas where the wavelength is of the order of the plasma dimensions.
Whistler waves lose their pure electromagnetic character and become quasi-electromagnetic
helicon waves when bounded. Helicons can have both the right and left handed polarizations
compared to the unbounded medium whistlers which have only right handed polarization.
Klozenberg, McNamra and Thonemann [2] first derived the detailed dispersion relation of
helicon waves with their mode structure in a gaseous plasma with a vacuum boundary. Blevin
and Christiansen [3] obtained the dispersion in a non-uniform plasma. Ferrari and Klozenberg [4]
derived the dispersion and attenuation of helicon waves in a plasma with perfectly conducting

boundaries.

A brief derivation of the helicon dispersion from cold plasma dielectric tensor is presented.
Quasiparallel oblique propagation of right polarized electromagnetic waves is discussed with
importance to resonance cone propagation. The mode structure of helicon waves in cylindrical
uniform plasmas and the effect of density gradients on these structures are discussed. Another
important feature of helicon antenna produced plasma is the mode transitions. RF discharges can
be sustained by an electric field of capacitive, inductive or wave origin. An RF inductive plasma
is known to support both capacitive and inductive mode. Helicon plasma is a unique discharge in
which the discharge can be sustained by all the three modes namely capacitive, inductive and

wave or helicon.
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2.2 Derivation of dispersion relation

Ordinary fluids such as air or water can support only a few types of oscillations or waves. For
example, sound waves in air are due to the propagation of pressure disturbances. Water surface
waves are due to the cohesion (surface tension) and inertia of water. The dispersion relation
relates the wavelength to the frequency of the wave. This relation can describe the wave motion
by providing information about the wavelength and phase velocity for a given frequency. For

example, even a vacuum can support a type of wave: electromagnetic radiation.

2.2.1 Vacuum Waves
The dispersion relation for electromagnetic radiation can be found from Maxwell's equations in

vacuum (using SI units):

= 2.1)
V-B=0 (2.2)
— _98
VXE=-2 (2.3)
1 0E
VxB=—= (2.4)

By combining Equation 2.3 and Equation 2.4, one obtains the differential equation for the

electric field:

2.5)

Carrying out Fourier analysis while looking for harmonic  solutions of
type B, E = By, Ege'**=®D_ Equation 2.5 can transform spatial derivatives into wave vectors

and time derivatives into frequencies as

kxkxE=-2FE (2.6)
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revealing a relationship between electric field, wave vector, and frequency. Then, using a vector

identity and Eq. 2.6 one obtains an equation for the wave electric field:

(‘g—j—kZ)ﬁ=o 2.7)

For the non-trivial solution with & # 0, it is necessary that:

_:kz, or%:ic (28)

which is the dispersion relation for electromagnetic waves in vacuum. This dispersion relation
indicates that the phase velocity v,, = w/k is of constant magnitude c. The group velocity (the
velocity of energy flow, for a wave packet composed of many different wavenumbers vy, = ¢ is
the same for any wave number, so there is no dispersion in the sense that waves of different
wavelengths in a wave packet all propagate with the same phase and group velocities. The

situation can be very different in plasma, as will be seen later.

Plasma can be considered as a dielectric medium with long range electromagnetic forces leading
to collective behavior for which a perturbation at one place in plasma can affect the plasma at
other place. The motion of charged particles in the presence of electric and magnetic fields
created by the externally applied or self consistently generated sources of charge density and
current density makes the dynamics complicated. The dispersion relation relates the wave
frequency to the wave number in a medium and the wave phase velocity is defined as v = w/k.
The wave number of an electromagnetic weave in vacuum is related to the frequency by the
velocity ¢ = fA, so that wavelength can be obtained if frequency is given. But in a complex
medium like magnetized plasma with collective behaviour, the medium becomes anisotropic and
a detailed derivation of the dispersion relation is tedious. What follows now is the derivation of

the cold plasma dielectric tensor.
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Cold plasma is one in which the thermal velocities of the particles are much smaller than the
phase velocities of the waves (vy, < w/k). Magnetized plasma being an anisotropic medium for
electromagnetic waves supports various kinds of waves. Since plasma consists of light electrons
and heavy ions, characteristic frequencies range from low frequency ion cyclotron frequency to
high frequency electron cyclotron frequency. A general fluid description method considering
both ions and electrons will be presented for finding normal modes in collisionless, magnetized
plasmas. Cold plasma wave equations are derived by the ion and electron equations of motion in
the electromagnetic fields and the Maxwell’s equation [5]. The momentum equation gives the
evolution of current produced in the plasma because of applied (or self generated)
electromagnetic fields which in turn evolve following the Maxwell’s equations. The solutions of

these self consistent equations give out the normal modes.

The seed of theory of helicon wave lies in the theory of whistler wave. Since helicon wave is a
bounded whistler the theory becomes more involved and complex. It becomes even more
complex when plasma and/or magnetic field are non-uniform. Moreover, at the boundary the
very existence of surface wave (Trivelpiece-Gould mode) invites the possibility of coupling
between helicon and TG. The basic theory of whistler waves is covered in textbooks such as Stix
[5], Swanson [6] and Bellan [1]. In order to interpret and classify the wave experiments
considered in the present thesis, plasma waves are introduced theoretically in this chapter. The
derivation follows the well established approach of Stix [5], Swanson [6] and Bellan [1] and the
waves are classified by their different roots in the cold plasma wave dispersion relation. Starting
from Maxwell’s’ equations and the cold plasma particle equations, the cold magnetized plasma
dielectric tensor and the dispersion relation are derived in section 2.1.2 for both parallel and
perpendicular propagation. For the frequency ranges of interest of this thesis, taking electron
mass into consideration, two solutions as a slow and a fast wave are obtained. In section 2.3,
resonance cone propagation of an R-wave is discussed when the finite angle of propagation w.r.t
magnetic field, coincides with the resonance cone angle. Wave field components are derived in
section 2.4 for laboratory experiments where the plasma is bounded in a cylindrical boundary. A
brief discussion on the effect of non-uniform radial density profiles on helicon wave propagation
is presented in section 2.4. Different mechanisms of helicon power deposition in plasma leading

to dense plasmas are described in Section 2.6. Finally the summary of the chapter is presented.
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2.2.2 Plasma Waves

The reason plasma waves are so different from vacuum waves is that, in the presence of a
plasma, the source terms in Maxwell's equations are non-zero. Charge and current density play a
significant role in altering the simple character of vacuum electromagnetic waves. Maxwell's

equations become:

v.-E=L 2.9)
€0
V-B=0 (2.10)
JdB
VXE=-= 2.11)
1 0E
VXBZ[lo]-FC—ZE (2.12)

In the above equations, p and J (absent in vacuum) are respectively the charge and current
density and pug €, are permeability and permittivity of free space with ¢ as the speed of light.

Taking the curl of Eq. 2.11 and substituting into Eq. 2.12 results in a wave equation:

s . =s.oxgm_  10% aJ
VXVXE——C—ZE—[I()E (2.13)

The plasma current f due to a plasma wave is related to the particle velocities. Modelling the

plasma as a mix of fluids of several kinds of particles (electrons and different ion species),

j=Y.q.nv,=6-E (2.14)

where the index s in the sum denotes the plasma species (electron & ion), and the conductivity

tensor ‘o is defined by Eq. 2.14. By substituting the Lorentz force into Newton's second law
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(neglecting pressure term as this is a cold plasma model), one obtains the equation of motion for

the fluid of different species,

my == = q,(E + v, x B) (2.15)

Where mg and g, are the charge and mass of the particle and vg(7, t) is its velocity. Solving for

Uy in terms of the components of E, and plugging into Eq. 2.14 allows one to determine the

conductivity tensor elements.

To proceed to obtain a dispersion relation, again Fourier analyze Eq. 2.11 in time and space with

a look out for harmonic solutions like v, B, E = B, Eoei("" -wt).

ExExE’:—‘:—E—iuow‘&-E (2.16)

Suppose we consider “cold” plasma, meaning one in which plasma beta << 1. This corresponds
to the limit in which kinetic pressure is negligible. Each species of particle will also have an
equation of motion of the form Eq. 2.15. Linearizing this equation assuming zeroth order
quantity to be constant we can obtain equations with three components, the sign of charges,

+1, is given by €,

; _ &4 &4 _ &4
—iwv, s = s E, + . vyBy = . Ey+v,w, (2.17)
; | _&lp _
—lwv,; = s E, s vyBy = s E,—-v,w, (2.18)
. €
—iwv, = mLZ’EZ (2.19)
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Our goal is to obtain an expression for the current f in terms of the electric field, from which we
can get the components of ‘g. This relationship can be obtained by finding the velocities of the

individual particle species in terms of the electric field from the equations of motion.

Solving the z-component of the equation of motion above for v,

v, = i%lzz (2.20)
The current in the z-direction is thus,
]z,s = ne&gqu, (2.21)

We can now determine zz component of &,

jus = 0uEs = nq (i2LE,) = (i22) (2.22)

myw myw
nq?
msw

Therefore, o,, = i (2.23)

We can also consider the equation for the’x andy directions. Multiplying the X component of the

equation of motion by ®,

0, = ieswmiEx + iww,sVys (2.24)
S
Substituting the § components of the equation of motion,
—i =F, - 2.25
lwvy, s = mg Y VxsWc,s (2. )

. q €sq
We get, 0w, . =ie,w—E,+w (——E +v, W )
g X,S S m X C,S ms y X,S CcS

S
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— i q q 2
= leswm—sEx - eswc,S;sEy + vV, e

Isolating v, and dividing by the coefficient,

. q w €sq Wcs
Uys = l&g——S—5 Ly — 2_, 2 Ey
’ ms w2-wl ms wZ-wig

With the velocity we can form the current density

ng> o nq

i..—engv,.=i———— — TGS
Jxs sNQUy s My 02wk, X my wi-wl,

The current can also be written using conductivity tensor components,

jx,s = axx,sEx + o'xy,sEy + o'xz,sEz

Comparing the above two equations, we get conductivity tensor components as,

2 2
. nq w
0, , =i————;and o,, = —

xx ms w2-wky’ xy

nq )
2

FS wZ-wi
The susceptibility tensor is related to conductivity tensor by
x=(T+:2)

And also, we can relate the cross terms as,

We s
w Xxx

Xxy:i

Hence, the final expression for the susceptibility tensor is

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)
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2 2
Wp,s , Wcs Wpgs 0
w2 —w? t @ w2-w?
s s
|

H_I.wcls w,s w,s
Xs=|i— wz_”wés - wz_”wés 0 (2.33)
2
0 0 - “;f; /
The dielectric tensor can be formed
€=T+ Y, ¥s (2.34)
Where €'is the dielectric tensor and can be written as [5]
S —-iD O
€= (iD S 0) (2.35)
0 0 P
With Stix coefficients S, D and P are defined as
2
w .
S = 1_Zi=i'9rp¢f)z. (2.36)
cj
2
W Opj
D = Zj=i,ej]wz_pi,z, (2.37)
cj
P=1—Z--w—§j (2.38)
j=ie 2 .

As we are searching for harmonic solutions of the type B, E = B, Epe**~®t the Maxwell’s

equations 2.11 and 2.12 can be rewritten as,

ik XE = iwB (2.39)
ik X B = —iwpug€pe - E (2.40)
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Taking again the curl of equation 2.15 and using equation 2.16,

w2<—>
kx(kxE)z—C—ze-E

(2.41)

Taking n = C;, where n is the refractive index of the anisotropic plasma medium, Equation 2.41

can be rewritten as

n-E—n?E+€-E=0

The above equation can be written in a matrix form as

S—n?2 —iD nmn, E,
iD S-—n? 0 |-|Ey|=0
n,n, 0 P —-nZ| |E,
Withn, =nsinf
n, =ncoso
n? = nZ + nZ
Equation 2.43 can now be written as
S—n?cos’0® —iD n%sinBcosO] |Ex
iD S —n? 0 |Ey[=0
n?sin6cos O 0 P —n?’sin*0l |E,

44)

The non-trivial solution of the above equation can be expressed as [5]

An*—Bn?+C=0

(2.42)

(2.43)

(2.

(2.45)
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A =Ssin*0 + P cos? 0 (2.46)

B = RLsin? 0 + PS(1 + cos? 9) (2.47)
C = PRL (2.48)
R=S+D;L=S-D (2.49)

Since this is a quadratic equation in n?, there are always two solutions

n?=B+.(B%—-4AC)/24 (2.50)

The solution with the larger phase velocity (smaller n?) is called the fast wave, and the solution
with the smaller phase velocity (larger n?) is called the slow wave. When the solution is such

that one of the roots n? < 0, then that wave is evanescent, it cannot propagate.

The dispersion relation can be put into another form,

_ —P(n?-R)(n2-L)

2
tan”0 = (sn2-RL)(n%-P)

(2.51)

The dispersion relation for propagation at 8 = 0 and 6 = m/2 are quickly obtained as
For0=0:P=0o0orn?=Rorn* =1
For 0 =m/2; n? =% orn®=P
The most interesting features of the solution are resonances (n? — o) and cut-offs (n? - 0).
Perpendicular Propagation:

(k LBy 0 =1/2)

Within this work, waves propagating perpendicular to the direction of the magnetic field are not

investigated experimentally. For completeness, however, perpendicular propagating waves are
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introduced in brief. A more detailed analysis can be found in textbooks on plasma waves, e.g.

Swanson [1989] or Stix [1992]. For perpendicular wave propagation, there are two possibilities:
1. Ordinary waves: (n? — P = 0)

The dispersion relation for the O-mode wave reads

k*c? = w? — Y w3 (2.52)

The wave propagation is not affected by the magnetic field as the electric field vector is parallel
to the axial magnetic field. The dispersion has real solutions (the wave propagates) above the
cut-off w > wy, . As the dispersion depends on the plasma density only, O-waves can be used

for plasma diagnostics, e.g. reflectometry and interferometry.
2. Extraordinary waves: (Sn? — RL = 0)

The dispersion of the X-mode wave is more complicated as neither the resonances nor the cut-

offs can be seen straightforward

wZ g wZg
22 (I_st w (z;wcs >(1_st a)—(z’sw,_-s >
e oL Tolreme/l elomosen) (2.53)
wz wps
I—stz ")

—Wce

It propagates (has real solutions) in the two frequency regimes w; < w < w,p and w > wg. The

two cut-off frequencies are defined by

1/2

-\ 2 —
opp = |(25) + Wl + 0l oo (2.54)

2 - 2
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where the plus sign is attributed to w; and the minus sign to wg, respectively. The X-wave

resonates at the upper and the lower hybrid frequency: wfy = wf + wje and wpj =

_ -1
(wcewci) 1 + (w?)i + wgi .

They are called hybrid frequencies, because the wave resonates with a hybrid motion of the

electrons and ions (w;y) and the hybrid electron motion determined by density and magnetic

field (Cl) L H) .
Parallel Propagation:

(k Il By, 6 = 0)

For parallel propagation, 8§ = 0. So Equation 2.44 can be written again as

s—n? —iD 0] |Ex
iD S-n? 0| |Ey|=0
0 o prllE

The nontrivial solution is

[(§—n?)?-D?IP=0

Equation 2.56 has three solutions as described below
1. Plasma oscillation: P = 0
This is the simplest plasma motion which reads

w? = Xs wlst

(2.55)

(2.56)

(2.57)

This degenerate case is not a propagating wave as the group velocity is zero for all frequencies. It

represents an oscillation at the plasma frequency. Usually, this frequency is the electron plasma

frequency wp, as this term is by far the largest in the sum (a)pe > wpi).

2. R-waves: n2 —R =0
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The dispersion relation resulting from this root is

2
K:c? = w? — ¥ —bs (2.58)

WtEsWc g
There is one resonance at the electron cyclotron frequency w, . This wave is right hand circular
polarized and thus couples to the electron gyration at w.,. There is a cut-off at wg, but in
contrast to the O-mode and the X-mode, there is as well a propagating low frequency wave w <
W¢e. This part of the R-wave is the only electromagnetic wave mode that propagates at low

frequencies. It is called an electron whistler wave.

Helicon

I |

Figure 2.1 Dispersion of electromagnetic waves parallel to magnetic field
showing the range of operation of Helicon waves in n* — w diagram [7].

3.L-waves:n’  — L =0
The dispersion relation for the L-wave is

2
K:c? = w? — Y —bs (2.59)

W—EsWc g

The resonances are now at the cyclotron frequencies of the positive ion species in the plasma.

The wave is left-hand circular polarized and couples to the ion gyration. There is a wave cut-off
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at w;. For frequencies well above the ion cyclotron frequency, the magnetic field has no

influence on the ion motion. Low frequency L waves are called ion whistler waves.

Propagation at Arbitrary Angles:

R-waves in unbounded plasmas do not necessarily have to propagate purely parallel to the
ambient magnetic field. The angle between the wave vector k and the ambient magnetic field By

is called 0.

The dispersion relation Eq. 2.45 can alternatively expressed as Appleton-Hartree equation [1],

n? =14 _2@BO (2.60)
B-2A+ B2-4AC

Neglecting collision and ion motions for finding out the right circularly polarized high frequency
waves with quasi longitudinal approximation 6 = 0 and wg;p; K © < Wee K Wpe, the

dispersion relation has the following form

2
n2=1—— e (2.61)

w(wce €OS 0—w)

For the frequency range of interest, (Wpi K W < W K wpe) and taking

k k . . . . . . .
n= % and ncos @ = CTZ the widely used helicon dispersion can be written as the dispersion

relation becomes

2 _ kzcz _ wzz)e
=2 ®(wce COS 0—w) (2.62)
Rearranging this equation in terms of frequency we get,
k2c?
w = wcecosem (2.63)
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Two approximations can be derived from here. First, for short wave lengths k > w,,/c , writing
k% = kﬁ + k% where k, k; and k, are total, parallel and perpendicular wavenumbers, the above

dispersion equation simplifies to

@ = we, (2.64)

These waves are quasi-electrostatic and strongly damped. In helicon research they are commonly
referred to as slow mode waves or Trivelpiece-Gould modes. For long wave lengths k < wy./c

one obtains helicon waves and its dispersion relation becomes

2
W = Wee Ly (2.65)

pe

These two waves merge for a particular magnetic field as shown by Shamrai and Taranov [8]. He

finds a bi-quadratic equation which on neglecting collisions is as follows

150 ———————— 7T T T

N =55 )
1000 N=110 / -

4 / / /
s00 L -

Helicon Branch

1 L | L | L ] ! | 1 1 L |

0 20 40 60 80 100 120 140
B (Gauss)

Figure 2.2 Coupling of Helicon and TG modes at low magnetic
field for different N at density n, = 10Y7m™3 for m = +1 mode.

K2, = k2 ——(1-2a—2a*p* +V1—4a) (2.66)
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The slow wave with k, = k,;, corresponds to TG wave and the fast wave with k;, =k, _

corresponds to the helicon wave. They merge when a = 1/4. Figure 2.2 describes the two

solutions in plasmas with density n, = 1 X 1017m ™3 and for different parallel refractive indices.
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Figure 2.3 n-B diagram showing the parameter space of Helicon and TG

modes [8].

At low magnetic fields the modes are indistinct and at higher magnetic fields they are very much

apart in perpendicular wave numbers. The TG modes have very short wavelengths and are

confined to the plasma boundary. Figure 2.3 shows the propagation regimes of TG and helicon

modes including the cut-off conditions in the n-B parameter space [Shamrai et al 1996].

2.3 Oblique propagation and Resonance cone

The RCP dispersion can be written again as
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Where 6 is the angle between wave propagation direction and the magnetic field, k, = k cos 6.

The refractive index has a resonance for [1]

0

12 (2.68)
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Figure 2.4 Resonance cone showing the infinite potential surface of a
point source at cone apex.

and 0, 1s known as the resonance cone angle. When a wave propagates at an angle 6 = 0, ,
the wave number becomes infinitely large. The potential of a point source at the cone apex is
given by [1, 9-10]

1
@(r,z)0 S 22)1/2 (2.69)
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, where S and P are the Stix coefficients. r and z are the radial and axial directions of the cone

and the potential diverges for resonance cone angle tan@,,; =7r/z = +{/—S/P . As the cold
plasma in principle can have large wave numbers, the wave electric field increases near the
resonance cone boundary [1, 11]. Thermal effects come into effect when wave number k
becomes so large that the wave phase velocity becomes smaller than the thermal speed of the
particles. Fisher and Gould first observed the resonance cones [9] and the thermal effects [10]

where they have found that the potential near the resonance cone boundary is large but finite.

2.4 Helicon waves in a cylinder

So far, we have described plasma waves that propagate in an unbounded medium. Now we will
address bounded helicon waves. In the previous section the dispersion relation is derived which
has two solutions namely the TG mode and Helicon mode. There in equation 2.36, the values of
the parallel and perpendicular wavenumbers are continuous as also evident from Figure 2.2. But
when the wave is bounded in either a conducting or dielectric boundary we will see that the wave
numbers are discrete and quantized. Taking ions immobile and neglecting collisions in a cold
plasma the generalized Ohm’s law (Equation 2.40) gives the current J for an applied electric and
magnetic field.

m dJ

1
= — X —_—
E qn()] Bo + q*ng at

(2.70)

Taking the curl of the above equation, using the Maxwell’s equation and looking for harmonic

solutions in space and time

_Vx] (271)

Ignoring the displacement current [2] and rearranging

O0VX(VXB)—kVXB+6k;B=0 2.72)

34



Where § = w/wce, and kg = wp,/c. Equation 2.40 can be factorized as

(Vx -k, ) VXx—-k,_)B=0 2.73)

Here k, ,and k, _ are perpendicular wave numbers for a given axial wave number. The general

solution is the sum of individual solutions [2]

B=B,+B._ (2.74)
where VB, =k, B, (2.75)
VXxB_=k, B_ (2.76)

The helicon dispersion relation can still be obtained from equation 2.40 by letting w < w, i.e.

VXxB=k,B (2.77)

As wave magnetic field components are directly measurable quantities with a B-dot probe, a
solution for them is sought. The general behavior of equations 2.75 and 2.76 can be equation

2.77. Taking the curl of this equation gives

V’B =k’B (2.78)

Now assuming a harmonic solution in a cylindrical coordinate system (r,6,z) like B,E =

By, Egetmé+kzz=ot) "the solution for z component of B is

B, =AJ,,(k,r)+ BK,,(k,r) (2.79)
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Where [, is the Bessel function of first kind. A and B are arbitrary constants. K, is Bessel

function of second kind. K,,,(r) diverges at r =0 giving B=0.

So

B, = AJ (k1) (2.80)

Similarly the other components of B can be written as [Klozenberg 1968, Chen 1991]
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Figure 2.5 Mode structure of m=0, +1 modes in a plasma with cylindrical boundary.

B, = 5o [+ k) g (i) + (k= ) g (K1) (2.81)
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Bo = — 5 [(k + k)1 (i) = (k = ) s (i )] (2.82)

And the electric field components are obtained using the Faraday’s law by putting the B

components.
E,=0 (2.83)
E, = %Be (2.84)
Eo=—2B, (2.85)

The boundary condition is same for either a conducting or a dielectric boundary [12]

requiring B, (r)|,=, = 0. This lead to the boundary condition as [12]

mk,J,.(k, a) + kk,J,,(k,a) =0 (2.86)

Where the prime denotes first order derivative with respect to the radial coordinate. Equation
2.65 and the boundary condition equation 2.86 together can be used for a known density and

magnetic field to find out the two unknowns as k; and k.

2.5 Helicon mode structure in non uniform radial density

All the above calculations for helicon dispersion and mode structure are calculated for a uniform
radial density profile. The effects of realistic non-uniform density profile are on both dispersion
and mode structures. Aliev and Kramer [13] have shown that for a parabolic radial density
profile, the dispersion is w a k?, compared to w a k. Though the theory suggests for a uniform
plasma w a k, experiments by Degeling et al [14] have found a quadratic scaling of frequency
with wave number. Results of effect of peaked density profiles show that m= -1 modes cannot
propagate in a highly non-uniform plasma cylinder. So m= +1 modes can be used to produce less

dense plasma with high radial uniformity and m=-1 modes can be used to produce sharper radial
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profile with dense plasma at centre. M.P. Reilly [15] and Chen et al [16] have calculated the
mode structures numerically for different radial density profiles and has found that the wave field

profiles get more shrunken in radius with sharper density profiles.

2.6 Models of Helicon Power Deposition

Though rigorous theory and experiment has been performed in Helicon physics and helicon
discharges, the high efficiency of the helicon waves is still under study. At least five different

directions have been tried by many helicon physicists will be briefly outlined below.

Chen [12] has calculated the damping rate of Helicon waves through wave particle interaction
(landau damping) and has shown that the damping rates can explain the efficient ionization in
helicon sources. Molvik [17] has used a high acceptance angle retarding field energy analyzer
and observed electron beams in the helicon sources. These results are consistent with results by
Ellingboe et al [1995] who have observed phased light emissions from the plasma. Later
Blackwell and Chen [18] have shown that the number of fast electrons is very few to explain the
Landau damping mechanism. An analytical calculation by Chen et al [19] further estimated the

upper limit of Landau damping in a helicon discharge.

Shamrai et al. [8] have proposed that the efficiency of the absorption mechanism is not due to
Landau damping, as proposed by Chen [12], but to coupling to quasielectrostatic Trivelpiece-
Gould modes, which are rapidly absorbed as they propagate inward from the radial boundary.
Efficiency in power coupling to plasma by Trivelpiece-Gould modes is numerically shown to be
higher than the helicon waves by Borg and Boswell [20], Arnush [2000], Shamrai and Taranov
[8] and Shamrai and Shinohara [21]. Aliev and Kramer [22] have shown that for peaked radial
density profile the mode conversion from the helicon to TG mode is possible at lower densities
because of the modification of the wave mode structure by non-uniform radial density profiles.
Direct measurement of TG modes is difficult because these modes are localized near the plasma
boundary and also they have very short wavelengths in ~1 mm. However, Blackwell et al [23]
have measured the high frequency current profile with J probes to find evidence of TG modes in

a low field helicon discharge but there is no direct measurement so far of these short waves.
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Akhiezer et al [24] first theoretically proposed a non linear mechanism by which short scale ion
acoustic turbulence excited through a kinetic parametric process causes strong absorption of
helicon waves. Later Kramer et al [25] showed experimentally by cross correlation techniques
using electric probes and microwave back-scattering that helicon wave decays into a TG waves
travelling from boundary to inner plasma and ion acoustic fluctuations travelling from core to
boundary. These ion acoustic fluctuations are correlated with the strong absorption of helicon
waves. Lorentz et al [26] later found the threshold for parametric process and also the
frequencies of pump and decay waves along with wave numbering parallel and perpendicular to

magnetic field all obey the parametric decay process.

Degeling et al [14, 27] have shown both numerically and experimentally that the electrons in a
Maxwellian distribution with velocities slower than the wave get trapped in the longitudinal
component of the helicon wave electric field and are accelerated taking energy from the wave. It
is shown in this work that electrons in a 3 eV Maxwellian distribution can have high enough
energy to be near the maximum of Argon ionization cross section. The outcome of this model i.e.
ionization pulses will travel away from the source at the wave phase velocity has been proved
experimentally by Ellingboe et al [28] by measuring the Ar+ light emission pulses at RF period

by time resolved optical emission spectroscopy within a tenth of RF period.

Briezman and Arifiev [29] have shown analytical calculations for non-axisymmetric modes
(Im| = 1) for small longitudinal wave numbers with w a k2 that radially localized surface wave
type helicon modes which are decoupled from the TG modes can be excited in a radially non-
uniform plasma, which can deposit energy through the process of wave particle interaction
(Landau damping). With their lower wave frequency compared to normal helicons, the Landau
damping rates are higher than normal helicons in uniform plasmas. Experimental radial density
profile is used by Chen et al [30] to show RLH mode excitation and power deposition with

frequencies close to the exciter frequency.

2.7 Mode Transitions in Helicon Discharge

Mode transitions are studied in RF capacitive, inductive and Helicon plasmas. In case of a RF
capacitive plasma the discharge changes from a low density a discharge to a high density y

discharge by increasing the RF voltage [31-32]. It is shown that the transition happens when the
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ionisation by the electrons emitted by secondary emissions is equal to the ionisation by the bulk

electrons bouncing between the sheaths of the capacitive discharge plates.

In case of Inductive discharges the discharge is maintained by the induced electric fields
produced by the antenna currents. This inductive electric fields drive plasma currents in order to
oppose the magnetic fields produced by the antenna currents. At low density the plasma is
maintained by capacitive electric fields as the skin depth is more so that the RF electric fields
produced by the antenna high voltage can couple directly. But as the density is increased, the
skin depth decreases and the electromagnetic fields decay exponentially within a very thin layer
of plasma. This is the reason an inductive discharge is characterized by a hollow radial density
profile. Also the RF electric field modulation of the plasma potential is much less compared to

capacitive discharges. Capacitive and inductive discharges do not need an external magnetic
field.

When an external magnetic field is applied to plasma, the dielectric of the plasma changes and
can have normal modes which are of electromagnetic in nature. So, magnetized plasma allows
certain frequencies depending upon parameters such as density and magnetic field for
electromagnetic wave to penetrate to the core of the plasma. The electric field of these
electromagnetic waves can deposit energy through either collisional or collisional processes.
ECR and helicon sources are good example of wave sustained discharges but helicon can operate
in all the three discharge regimes depending upon the density which can be increased either by

RF power or magnetic field [33].
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Figure 2.6 Mode transition in a helicon discharge by changing magnetic field [33].

2.8 Summary of the Chapter

Cold plasma dielectric tensor is derived from equation of motion and Maxwell’s
equation. Solutions for parallel to magnetic field propagation suggest longitudinal plasma
oscillations along with transverse electron and ion cyclotron waves. Whistler dispersion relation
and its bounded version as helicon wave dispersion relation are derived. Resonance cone
propagation of right polarized waves is discussed in the context of quasiparallel wave
propagation. Helicon wave field structure is calculated from generalized Ohm’s law and
Maxwell’s equations. Finite electron mass effect is shown to give another solution as
quasielectrostatic TG modes along with the normal quasielectromagnetic helicon modes. Helicon
radial magnetic field profile for m=0 and m=1 modes are presented pictorially. Different
coupling mechanisms to plasma by helicon waves are discussed. Mode transition in RF

discharges is explained for capacitive, inductive and helicon discharges.
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Chapter 3

Experimental Set up and Diagnostics

3.1 Introduction

The experimental works presented in this thesis are performed in a linear magnetized plasma
device (Figure 3.1) produced by RF electric fields. The magnetic field is produced by a set of
water cooled electromagnets arranged to give a uniform magnetic field in the source chamber.
The RF antenna powered by a 2.5 kW RF generator along with an L-type matching network
produces the plasma. The antenna is installed around a cylindrical glass tube connected to a
cylindrical vessel made of SS304. This chapter describes the apparatus and diagnostics. The
apparatus can be divided into three main sections: the vacuum system, the electromagnets and
the RF system. The RF system consists of half helical helicon antenna, RF power source,
matching network and RF shielding and grounding. Diagnostics used are various Langmuir
probes for density, temperature and floating potential measurements, emissive probe for plasma
potential measurement, magnetic probe for measuring wave field amplitude and phase,

Rogowski for antenna current measurements.

3.2 Vacuum Vessel and Vacuum System

The total length of the experimental chamber is approximately 120 cm, which comprises
of two linear chambers of cylindrical cross section of different radii, as shown in Figure 3.2. The
first chamber, called the source chamber hereafter, measures 70 cm in length and is made up of
borosilicate glass tube of 10 cm diameter with wall thickness of 0.4 cm. The RF antenna is
installed around this cylindrical glass tube. One end of this glass tube is closed with an insulated
end flange to make the plasma system current free and the other end is connected to a cylindrical

diffusion chamber made up of stainless steel having an inner diameter of 21 cm and length of 50
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cm. As the plasma diffuses to this chamber from the source chamber it is called the diffusion

chamber. A stainless steel metal flange closes the other end of the diffusion chamber.

Figure 3.1 Picture of Helicon experimental Set up.

The plasma is produced in the source chamber and has four orthogonal diagnostic ports for
diagnosing the source chamber plasma. The diffusion chamber has 15 radial ports on its

periphery and three ports on the diffusion chamber end flange for various diagnostics.
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Figure 3.2 Schematic of the helicon experimental set up.
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The vacuum chamber is Helium leak tested up to 1 x 107 mbar-liter/sec. A 1000 liter/s diffusion
pump backed by a rotary pump is used to evacuate the system up to a minimum base pressure of
1 x 10® mbar. The pressure is measured in the diffusion chamber by an Alcatel Vacuum make
AHC 2000, hot cathode-crystal combo gauge. The operational or fill-in pressure is varied from 1
x 10 mbar to 5 x 10~ mbar. Gas is filled through a Pfeiffer make gas-dosing valve connected to
the end flange of the source chamber, which allows fine changes in the system neutral gas

pressure. Argon gas is used most of the times unless otherwise stated.

3.3 Electromagnets

The axial magnetic field is created by seven electromagnets made up of hollow copper
pipes of 0.6 cm inner diameter and 0.8 cm outer diameter. The hollow pipes facilitate forced
water flow to cool the electromagnets at high current for steady state operation. These tubes are
wound over a PVC pipe of 33 cm outer diameter and with wall thickness 0.4 cm, which is
supported on both sides by rectangular hylam blocks (60 cm x 60 cm) of 1.6 cm thickness. The
inner diameter of each coil is 31.5 cm and the height and width are 6 cm each. Self-adhesive
cotton tape of 500 micron thickness is used to achieve layer to layer insulation up to 1.5 kV. In
each coil there are six layers each having six turns totaling 36 turns. Each magnet has a
resistance of ~ 40 mili-Ohms. These magnets are then placed on an aluminum stand with proper
mechanical support to withstand the electromagnetic forces acting on them. The placement of the
magnets is shown in Figure 3.2. The magnets are aligned very carefully to make axis of magnets
collinear with the vacuum vessel. A Sorensen make variable power supply rated 60 V, 167 A is
used to power the electromagnets to achieve a maximum magnetic field of ~ 400 Gauss. Before
mounting the electromagnets, each of them is separately tested for water flow, magnetic field and
resistance. After assembling the magnets, a current of 52.5 Amp is passed through six magnets
(as shown in Figure 3.2 excluding the seventh coil) connected in series and the magnetic field
value on the axis of the chamber using is measured using a H-W. BELL Hall probe. The
magnetic field is also simulated with EFFI code [1] by using the real coil dimensions such as
average coil diameter, width, height and current density. Figure 3.3(a) shows the simulated and
the measured axial magnetic field values along the axis of the chamber with six magnets. The
measured magnetic field matches very well with the simulated values. To achieve different

gradients in the axial direction we simulated the axial magnetic field profile with all the seven
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magnets by varying the current in the seventh coil. Figure 3.3(b) clearly shows that several
different gradients of magnetic field in the axial direction can be achieved in the machine

varying the current in the seventh coil.
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Figure 3.3 (a)Plot for magnetic field produced by 6 magnets at -47.8, -38.5, -
20,-3.5, 13, 30 by passing a positive current of 52 Ampere and (b) additional
variable current in the seventh coil at 47 cm to get a variable gradient.
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Parameter (Unit) | Values for Argon gas

B (Gauss) 1-400

P neutral (Mbar) 4x10°-1x 10"

n (10" em™) 0.1-5

T, (eV) 3-8

A Debye (cm) | 1.8 x107-2.1x 107

re (cm) 0.01-10
r; (cm) 1 - 460
f.. (GHz) 0.87 — 6.28
fee (MHz) 2.8-1105
f.i (kHz) 0.37-15
f. (kHz) 50 - 3267
fi.n (kHz) 0.466 - 30

Table 3.1 Parameter regime, length scales and time scales of the present helicon experiment.

3.4 Antenna and RF Matching Circuit

As the half wavelength antenna is shown to be more efficient [2] compared to the full
wavelength antenna, we have designed and fabricated a half-wavelength helical m = +1 antenna
with diameter of 12 cm and length of 18 cm. Picture of this antenna is shown in Figure 3.4. The
antenna is connected to matching network through a shielded twin coaxial transmission line of
diameter 3.5 cm. The helicon antenna is placed around the source (glass) chamber and RF

shielding of the antenna is done by putting a 2 mm thick hollow coaxial copper cylinder of 20 cm
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inner diameter and 25 cm length around it. The remaining part of the glass chamber is covered
by two layers of brass mesh of 30% transparency. The full grounding and shielding scheme is
elaborated in Figure 3.2. Proper RF shielding is ensured by measuring the radiation fields outside
the antenna region by a Narda make field meter and is found to be less than 5 V/m in 1 meter
radius from the antenna. A 13.56 MHz Advance Energy make MOSFET based RF amplifier is
used to power the antenna. The amplifier has characteristic output impedance of 50 Ohm and it
can supply RF power up to 2.5 kW with maximum reflection of 400 W. It contains an inbuilt

power meter, which displays the forward and the reflected power.

Figure 3.4 Picture of the inside of the match box showing the
variable Load and Tune Capacitors with auxiliary inductors.

The matching network used is a CESAR make 5 kW capacitive L-matching network designed

for an inductive load [3]. The picture of the matching network is shown in Figure 3.4. There exist
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two variable capacitors in the matching network, one is a load capacitor (Cy), which can be tuned

from 20 to 1000 pF and another is a tune capacitor (Cr), which can be tuned from 5 to 500 pF.

3.4.1 The Antenna

Various antennas are used to produce helicon plasma [4]. A right half helical antenna is
used for the present work. The helical antenna consists of two helical windings wound around
the outside of the glass tube each azimuthally 180 degree displaced. Antenna is placed on two
teflon spacers of about 3mm thick at the antenna ends fixed from the outside of the glass tube.
The current in each winding is in the opposite direction to each other. This antenna is constructed
with one length of copper plate with the two winding joined by a half loop at one end as shown
in Figure 3.5. The helical antenna has a higher selectivity of parallel wavelength [5] than the
double saddle coil [6] thus decreasing its useful wavelength range. For present experiment the

length of the antenna chosen is 18 cm.

Figure 3.5 Picture of the half helical m=+1 antenna just before installation.
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3.4.2 Matching Network

To ensure that the transmission line from the RF transmitter is terminated at its
characteristics impedance the antenna is incorporated into an L-network, where the antenna
predominantly behaves like an inductor as shown in Figure 3.5. When there is no plasma the
resistance is the electrical resistance of the antenna. Once plasma is formed the resistance will
increase. The output impedance (50 Q) of the RF source was matched to the impedance of
antenna-plasma load for maximum power transfer. We used a commercial impedance matching
network (AE, VM 5000 W) with a tuning unit. The tuning unit contains the matching
components (variable capacitors and inductors), two dc motor servos, and RF sensors to provide
feedback to the dc motor servos. L-type matching network is employed with two vacuum
variable capacitors. Original capacitors initially provided by the vendor were not enough to
match the impedance of the plasma under variety of experimental conditions. So we opted for a
set of inductors in series with the capacitors and used different inductors as per experimental
requirement. To have the confidence on the matching network a rough calculation has been

made.
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Figure 3.6 Schematic of the matching network attached to RF generator and
a load composed of the antenna and plasma.
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In Figure 3.6 we show the equivalent circuit of the L-type network is shown in which: L, stands
for the antenna inductance, resistance Rp is the electrical resistance of the antenna when the
plasma is switched on, which increases when plasma is on. It is necessary to estimate the load
and the tuning capacitance (Cy, Cy) for better designing of the L-network. Let us group L4, Rp

and Cr and call them the tune arm. Its impedance is

. 1
ZT = leA +E+RP (31)

that can be written dividing real from imaginary part as

Zr =il +R, (3.2)

where, L = wL, — 1 (3.3)

wCT
Now let's assume that the tune capacitance does not completely cancel out the antenna
inductance, and then the load capacitance can balance the net inductive impedance of the tune

arm. The admittance (i.e. the inverse of the impedance) of the tune and load arm can be written

as
_ R _a
T'™ RZ+I2  RZ+L2 (34)
So that the total admittance Y of the L-network is given by
Y=Yr+Y, (3.6)

To find values of C; and C7, a resonance condition (i.e. along the tuning arm we only see real
impedance) is imposed; then the total conductance (i.e. the real part of the admittance) will equal
the inverse of the total line impedance Zr, and the susceptance (i.e. the imaginary part of the
admittance) of the two arms will cancel. These conditions give us, respectively, the following

equations

L[> =R,(Zr — R,) 3.7
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C, =— (3. 8)

" RpZrw

For the antenna, plasma and transmission line we are using, it is possible to assume that Z; >

Rp so that equation (3.7) gives

L= /R,Z; (3.8)
Now combining equations (3.8) and (3.9) one can get the formula for the load capacitance
CL=—— 3. 10
L — wm ( . )
and substituting equation (3.9) into (3.3) the formula for the tune capacitance is
Cr L (3.11)

Figure 3.7 Smith Chart showing operational matching regimes of the
current matching network attached to an inductive helicon antenna.
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Taking a typical case with Ly = 500 nH, Rp~ 1 Ohm, Z1=50 Ohm and w = 85.2 MHz and using
Equations (3.10) and (3.11) we get: C, = 1650 pF and C7 = 330 pF. Two COMET make vacuum
variable capacitors are used. By adding suitable inductors (water cooled) in series with the
capacitors, the normal operation in a helicon regime of discharge requires values of C; and Cr as
~ 700 pF and ~ 100 pF respectively. The matched region with these capacitors and inductors is
shown by the region bordered with the red line in Figure 3.6. The load capacitor (Cr) can be
tuned from 20 to 1000 pF and the tune capacitor (Ct) can be tuned from 5 to 500 pF so that zero
reflection matching can be done for Rp = 0.1 Ohm to 2 Ohm. Both the capacitors are mounted
inside the tuning box, which is made of silver coated copper, so that it acts as a Faraday cage. On
the top side of the tuning box a fan is mounted to ensure cooling for the two capacitors.
Measuring the power coupled into the plasma is very important for defining correctly the plasma
parameters. The antenna radiation resistance is the principle measure of the efficiency of an

antenna.

For a mismatched load both the voltage and current along with their phase measurement are
necessary to estimate the power delivered to the load. However for a matched load with
negligible reflection, antenna will see plasma as a resistive load only. To evaluate this load we
assume that when plasma is on, the resistance of the antenna is given by the resistance of the

antenna plus that of the plasma

RT:RA+RP (3 87)

The power dissipated by the antenna can be written as [7]

I3R; = Pr — Py (3. 13)

Measuring R without plasma we find, from the last two equations, a formula for R,,, which is

the load of the antenna-plasma coupling

— R, 3. 14)
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During measurements the power is monitored on the control panel of the RF generator. The

matching network usually achieves reflections less than 1%.

3.5 Diagnostics

The RF produced plasma properties and plasma phenomena are characterized by different
electric and magnetic probe diagnostics. Measurement principle, probe operation principle,
design considerations of the probe, analysis methods and effect of different types of noise

including the RF plasma potential fluctuations are discussed.

3.5.1 Single Langmuir Probe

Electric probes are one of the most widely used diagnostics used for basic
characterization of the plasmas of widely ranging spatial and time scales. Though simple in
construction and analysis for getting the plasma parameters, the techniques have evolved [8-15] a
lot in the last century to characterize more and more complex phenomena. The theory is as old as
the first electrical discharges. The simple theory was developed by Langmuir [8], which gives it
the name. Langmuir probe theory attempts to explain the interaction of a metallic probe and
plasma through a non-neutral region of charged particles called the sheath. A metallic probe is
biased at different potentials and current is collected. This gives the current-Voltage (IV)
characteristics of the Langmuir probe, where the drawn current is a non-linear function of the
bias voltage. When a bias other than the space potential of the plasma is applied to the probe, a
space charge sheath is formed around the probe surface to shield the electric field. So, the sheath
limits the current to a space charge limited current thus by acting as a resistance. This dynamic
resistance is called the sheath resistance and depends on the plasma parameters such as density,
temperature and gas mass. The value of this sheath resistance in the electron collection regime is
the ratio of electron current and temperature i.e. I, /T, and near the floating potential is the ratio

of ion saturation current to electron temperature [16]. So,

R, xn/\[T, (3.15)

In experiments to measure the probe current, a shunt resistance R,, is normally used as a

current sensor and the voltage drop across it is measured. This shunt resistance has to be chosen
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carefully as it becomes a part of the Langmuir probe circuit. In low temperature and low density
plasmas this resistance cannot be very small as then the current signal will be comparable to the
noise level of a practical LP circuit. At the same time to quantify the response of plasma, all the
probe bias voltage should drop in the sheath for which the shunt resistance should not be large

enough that a significant portion of the bias voltage drops across R,, only.

In plasma, the electron flux onto a plasma exposed electrically floating probe is more than that of
ions because of mainly two reasons. First, the electrons are lighter than ions and secondly,
random thermal velocity is higher for electrons compared to more or less cold ions. So for a
floating object, the more mobile electrons impinge first. As the probe is electrically floating, the
probe gets charged to a negative potential such that the electrons are repelled and ions are
collected. The potential of the probe settles to a negative potential w.r.t. the plasma potential
such that the fluxes of electron and ion are equal. This equilibrium potential is called the floating
potential of the probe. There are two ways in which the probe current can be made zero or
negligible and the floating potential can be measured. This is done either by changing the bias to
collect negligible current in which case the measuring resistance is much less than sheath
resistance or by removing the bias and making the measuring resistance much higher than the

sheath resistance such that the probe collects a negligible current.

When a probe is biased negative w.r.t. the floating potential an ion rich sheath is formed.
Normally for bias voltages less than four times electron temperature (in volts) less than the
floating potential in Maxwellian plasma, almost all the electrons are repelled and the collected

current in the probe is Bohm current due to ions. This current is called the ion saturation current.

When the probe bias is equal to the space potential of the plasma, then virtually there is
no sheath around the probe as there is no electric field to be shielded. So, all the electrons in the
Maxwellian distribution are collected randomly. This is the maximum electron current and is

known as the electron saturation current to a probe.

When a probe is biased with a potential less than the plasma potential, electrons are
repelled as per their energy. One can scan the entire energy distribution of the electrons just by
varying the probe bias w.r.t the plasma potential. As the bias approaches the floating potential,

only tail electrons in the Maxwellian distribution are collected by the probe and so the current
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decreases. As we will see in the subsequent sections, the current collected in the region between
the plasma and floating potential of the I-V characteristics, has a slope from which electron

temperature can be derived.

The saturations mentioned in the last section are seldom obtained. Ideally the saturations are
obtained for the extreme positive and negative bias values of the I-V characteristics. But when
the bias is increased, the sheath edge extends more into the plasma to accommodate higher
electric fields, so that the sheath or collection area increases and so is the probe current. For thick
sheaths, where sheath thickness is more than the probe radius, saturation current is independent
of the bias voltage for planar probes where as saturation current in spherical probes varies as
proportion to bias voltage and in cylindrical probes the saturation current varies as square root of
bias voltage [8]. Recent work by Sheridan [17-18] has estimated probe area correction factors
while estimating density from ion saturation current. The sheath thickness can be approximated

from the following expression [18-19]:

1 3

- (2 (2

Where, s is the sheath thickness and Vj, is the voltage drop in the sheath.

The Langmuir probe theory for magnetized plasmas is discussed by Demidov et al [20]
and Hutchinson [21]. These theories provide an equilibrium solution for the portion of the IV
characteristic where the probe potential is less than the plasma potential so that always an ion
sheath is formed around the probe. The electrons are electrostatically repulsed by the sheath
electric field, and are modeled as a Maxwell-Boltzmann velocity distribution modified by the
Boltzmann factor. The total current from the plasma to the probe I (V) as a function of bias
voltage V, in a plasma with plasma potential Vis then sum of the electron current and the ion

current,

I(Vp) =n,ed, (:,_ei)l/z [% (:::)1/2 exp (%) —3—: exp (%)] (3.17)

The first term is the contribution from the electrons and the second term from the ions. Here n,,

is the density of unperturbed plasma away from the probe surface, A, is the probe surface area, e
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is the electronic charge, m; is ion mass, m. is the electron mass, T, is electron temperature, Ag is

the sheath surface area. A probe diameter can always be chosen such that the radius of the probe

is much larger than the sheath thickness so that the ratio % is nearly unity. This is called the
p

planar sheath approximation. Differentiating the probe current w.r.t. the probe bias,

dl e dig
S U—1)+ % (3. 18)

Where I is the ion saturation current given by

1

Is = exp (5) nwed, (32)° (3. 19)

Assuming, dIg/dV « dI/dV, the electron temperature is determined from

— (I_Is)
e Tdr/dv

(3.20)

Relation between Plasma potential and Floating Potential:

As for the reason described earlier for not getting saturation in a cylindrical probe and also for
high density plasmas like helicon sources one needs to collect a large amount of current to get
the plasma potential, the floating potential where a very less current is collected can give an
estimate of the plasma potential. The floating potential is defined as the potential at which the
probe current goes to zero. The ion flux I'; to a probe at a potential less than plasma potential is

given by

;=5 (5) (3.21)

The electron flux I',, at a bias equal to the floating potential is given by

I, =3n; (8"“)% exp (‘”’f ) (3.22)

mm kT,

Equating both the fluxes
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1 1
kT.\z _ (8kT.\z evy
( M ) - (nm) eXp (kTe) (3.23)
And taking logarithm of both sides we get,
1kT, 2mm
V=32 (Z2) (3.24)

This is the potential attained by a probe w.r.t. the plasma potential when exposed to plasma and
drawing no current. As the ions are heavier than electrons, a floating probe will always be

charged negative w.r.t. the plasma potential.

For Argon gas used in our experiment Vi@l — 4.7T,. Additional -0.5T, drop in the presheath to
satisfy the Bohm criterion, the plasma potential can be expressed for argon gas as V,@ V¢ +

5.2T,.
Effect of Magnetic field on Langmuir Probe data analysis:

When a probe is used in plasma with an external magnetic field, the probe current to the
plasma depends on the magnetization of the charged particles. The probe radius has to be
carefully chosen to consider the effect of magnetic field. There are three cases to be considered.
Low magnetic fields: Both electrons and ions have the larmour radius larger than probe radius.
Here the theory of probe collection in unmagnetized case is still applicable. In the intermediate
magnetic fields, the electron larmour radius is smaller than the probe radius but not the ion
larmour radius. In this case the electron current collection in the surface perpendicular to the
magnetic field is reduced. So the ratio of electron and ion saturation current is decreased. We
worked in this regime of magnetic fields. As we are calculating the density from ion saturation
current, the results are unaffected by magnetic field. In case very high magnetic field, both
electron and ion have larmour radius smaller than the probe dimension such that the all the

saturation currents are affected.

Sheath Ionization and its signature:
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A sheath becomes collisional if the electron-neutral collision length can be
accommodated inside the sheath width. This in our system can happen for a low density high
pressure plasma discharge conditions. When a bias more than the plasma potential is applied, the
electrons before being collected can do an ionizing collision. The lionization leads a secondary

plasma formation near the sheath.
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Figure 3.8 Typical 1V characteristics of Langmuir probe with
sheath ionization.

This secondary plasma is sometimes called as an anode double layer and its existence
solely depends on a critical current which in turn depends on the electron number density (which
is more near plasma potential), gas species, collision cross-section and neutral gas pressure. The
IV characteristics instead of being saturated, has a sudden rise in current for incremental increase
of the probe bias above plasma potential. A typical IV characteristics obtained at high pressure

(8x10% mbar) is shown in Figure 3.8.

Probe cleaning:

The probe if not a clean surface can lead to many problems including
erroneous/irreproducible 1V characteristics, degassing, secondary emission etc which will
ultimately lead to irreproducible data. Impurities on the probe surface can be cleaned by heating

the surface. This is done by keeping the probe in electron saturation mode for longer times. As
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the magnitude of electron current is more, this will heat the probe surface through Jule heating
and the surface gets cleaned. Some impurities can stick to the surface of the probe which can be
cleaned by bombarding ions on to the probe by keeping the probe in the ion saturation regime.

The ions hit the surface and clean it by sputtering the probe surface.
Probe, probe holder, and shaft Size limitations:

The planar sheath approximation has the basic assumption that the sheath thickness is
smaller than the probe radius. When the sheath thickness is high, large currents can now flow,
the sheath resistance decreases. . The frequency response (x 1/R; Cs) of a Langmuir probe is
inversely proportional to the sheath resistance. So when the sheath resistance decreases with
bigger probe size, the small fluctuations get amplified and affect the DC characteristics. Also a
bigger probe reduces the space resolution. They can also disturb the plasma by taking a large
amount of current. When you have a bigger probe holder which is most of the time an insulator,
it can disturb the plasma electron energy distribution (EEDF). If the rate of loss of high energetic
plasma electrons to the probe holder or shaft is more than the rate of replenishment of these fast
electrons by thermalization processes in the plasma, the EEDF will be significantly affected. The
probe shaft is generally a grounded metallic body which can significantly disturb either by taking

current from the plasma or by disturbing any potential structure if at all to be studied.
Design:

The probe tip is made of 0.5 mm cylindrical tungsten wire with a plasma exposed length
of 3 mm. The probe tip is silver brazed with a copper cable which is connected to a coaxial cable
for signal transfer. The probe tip is inside a ceramic bid and the bid is connected to a machinable
ceramic holder. The probe holder is connected to a SS 304 metallic probe shaft which has
vacuum compatible connection at the other end for both vacuum and electrical integrity. The
probe shaft is housed in a Wilson vacuum feedthru for linear and rotational motion without
breaking the vacuum. A floating source of £150 V made of batteries in series is used to bias a
high power amplifier (PA-85) which amplifies a triangular ramp signal of 5V produced by a
signal generator at a frequency of 1 Hz. This time varying signal is applied to the probe through

a coaxial cable. A shunt resistance of 1 kOhm is used to measure the probe current. The output
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voltage across the measuring resistance is obtained in the oscilloscope through a unity gain

optical isolation amplifier. The schematic of the measurement circuit is shown in Figure 3.9.

\ILI

mg ISO SCOPE

Figure 3.9 Schematic of SLP measurement circuit.

Capacitive Pick-Up limits sweep frequency:

The cable capacitance used to give a variable bias to the probe or RFEA limits the
frequency of the ramp. The representative electrical circuit is shown in Figure 3.10. The
sweeping voltage acts as a source which drives a displacement current in the current
measurement circuit and as the measuring resistance is in series of the source, a voltage drop
corresponding to the differentiated input signal is obtained and it is expected that this signal in all

the experimental conditions be less than the original conduction current.
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Figure 3.10 Equivalent electrical circuit of a Langmuir probe for
time varying bias and current measurements.

The output voltage measured across the measuring resistance when there is no plasma is solely
because of the displacement current generated through the stray capacitance of the cable used. So

the voltage drop across the measuring resistance is

Vo=1;%XR (3. 25)
The displacement current can be written as
_ g g% _s0AdV
I; = gpA = d ot (3. 26)

Taking V as a sinusoidally varying voltage signal with frequency w ,

I; =CwV (3.27)

So the amplitude of voltage drop in the measuring will be

Vo=1I;XR= RCwV (3.28)
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Figure 3.11 Voltage drop across a measuring resistance in the absence of plasma for

different bias frequencies applied to Langmuir probe through a RG 58 coaxial cable
of 2 meter length showing the limitations of bias frequency.

Using a triangular sweep of 70 Vpipk, a resistance of 1 k-Ohm and an RG-58 cable of nearly 2
meters, the output voltage across the measuring resistance is plotted with triangular sweep
frequency and is shown in Figure 3.11. It is seen from experiment and calculations; the output
voltage is proportional to frequency. The output characteristic has a form of a square wave as it
should be a differential form of the input signal. This kind of output characteristics in a signal
confirms it to be of capacitive pick up. It should be noted that for low density plasmas, one need
to take care of this sweep frequency, where the generated displacement current can be of the

order of the ion saturation currents.

3.5.2 Wall Probe

When a material body is inserted inside an electron-ion plasma, the floating body is
negatively charged by the electrons. This negative potential is known as the floating potential of
the material and it accelerates the less mobile ions so that the total current to the floating object is
zero. This floating potential depends on electron temperature and electron to ion mass ratio and

is expressed as (Equation 3.24)

1kT, 2mm
Ve = 571“< M >'
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Where, k, T,,m and M are the Boltzmann’s constant, electron temperature, electron mass and ion

mass respectively. Asm < M, V; is always negative with respect to the plasma potential.

When a high frequency voltage is applied by a metallic antenna on the outer wall of a
dielectric glass tube, a potential is induced in the inner wall of the glass tube through the
capacitance of the glass which is exposed to the plasma. The plasma electrons respond quickly
compared to the heavier ions. This creates an imbalance in the currents flowing to the dielectric
body and the electrons have to charge the body to a negative potential such that the electron and
ion currents are equal to maintain the floatingness of the dielectric glass wall. This can also be
understood as the rectification of the RF potential by the sheath which has a nonlinear IV
characteristic. For a dielectric wall this process was first explained by Kino and Butler [22].

Figure 3.12 shows how a sheath generates a DC potential and subsequently charges the wall.

This potential is sum of the floating potential of a DC plasma system as described earlier
and another potential because of additional different response of electrons and ions to the high
frequency oscillating electric field. This potential is known as the DC self bias and the total

potential is expressed as per Chabert [23] as

Vo =2 on () 1 (29 5.2

Where Iy is the zero-order modified Bessel function and for sufficiently low RF applied
voltages compared to temperature, its value tends to unity, so that the contribution to floating

potential from the RF can be neglected.
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Figure 3.12. (a) Instantaneous flow of excess electrons to the wall in response to an RF voltage in
an RF cycle. (b) Subsequent decrease in the average value of induced voltage i.e. floating potential
of the wall [22].

The DC self bias is measured using a different Langmuir probe as shown schematically in Figure
3.13. This consists of a molybdenum planar probe tip of Smm diameter. This is connected to a

ceramic probe holder which is subsequently connected to an L-shaped probe shaft.
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Figure 3.13 Schematic of the wall probe measurement
arrangement.
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An RG-178 coaxial cable is used to take the voltage output. The probe measures the floating
potential while sliding on the glass surface very close only to ensure that the wall potential is as
close as to the probe potential. The voltage drop is measured across a high impedance of 10 M-
Ohm. Aanesland et al [24] have used this static method to measure the wall potential in helicon
plasma. The floating potential can also be measured by a dynamic method, changing the bias on
the probe and finding the bias at which the current to the probe changes sign. The picture of the

wall probe attached to the source end flange is shown in Figure 3.14.

Figure 3.14 Picture of the wall probe for DC bias measurement.

3.5.3 RF Compensated Probe

Apart from applied bias, probe diameter and ion mass the current collected by a
Langmuir probe depends on density, temperature and plasma potential. So any fluctuation in the
later stated quantities will change the I-V characteristics of the Langmuir probe. The Langmuir
probe has a non-linear IV characteristic which rectifies any harmonic fluctuations superposed on
it. The probe has finite capacitance which limits it to respond to low frequencies only.
Garscadden [25] has calculated the effects of these fluctuations on probe characteristics. In this

thesis only the effect of space potential oscillations will be discussed for their predominance over
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the other oscillations. For presence of space potential oscillations of amplitude V,, the
instantaneous electron current to the probe can be written as [25],

Vs—Vp+Vyssin wt)

i—lnev Aex (
=3 th P T,

(3.30)

Where n is the electron density, e is the electronic charge, v, is the mean velocity of of
electrons, A is the probe area, V5 is the DC plasma potential, V, is the probe bias, V¢ is the
amplitude of RF plasma potential oscillations, T, is electron temperature and w is the RF

frequency at which plasma potential is oscillating.

As the probe can see only the average electron current, the time average over a full cycle of RF

time period gives

N 1,T1 (Vs—Vp+V, s sin wt)
(i) =1 [ inevyA exp (" — e )dt 3.31)
As we know
1T .
?fo exp(asin wt) dt = I(a) (3.32)

Where I,(a) is the zero-order modified Bessel function with argument a and for a = 0, its value

tends to unity.

Therefore the average electron current collected by the probe can be expressed as

(i) = 2 evyA exp (VST‘:’”) I, (""T’—f) (3.33)

Taking the logarithm of the average current

In(i) = @ +1In(SevyA) +In|Ig (‘f:f ) (3. 34)
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Where the first two terms on the RHS are same as the DC case, the third term is the vertical shift
of the IV characteristics for which temperature estimation will be erroneous. The horizontal DC
shift in the floating potential AV is obtained by flux balance of electrons and ions in the presence
of RF oscillations [23]

AVy =T, In|I, (e"rf)] (3.35)

Te

Compensation techniques:

The techniques for using a Langmuir probe in RF environment will be discussed as it has
evolved in the years. Chen [26] increased the ramp frequency up to 1 MHz range. All the other

methods can be broadly divided into two parts: active compensation and passive compensation.
Active Compensation:

Braithwaite [27] applied the attenuated and phase shifted voltage of the powered
electrode of a capacitive discharge to the Langmuir probe. Anartone [28] fed the probe tip with
an RF signal from outside and varied the phase and amplitude of the outside signal of same
frequency till the maximum positive floating potential is reached. This above method is called
the active compensation. Because the sheath has a finite capacitance, higher harmonics of the RF
signal from plasma can be generated and the probe needs to be fed with harmonic frequencies
and also the probe needs to be compensated for every change in the plasma conditions which

may be tedious.

Passive Compensation:

Cantin and Gangne [29] used a unity gain amplifier and fed the RF voltage oscillations
on a floating electrode to the probe. But the amplifier has a voltage limitation of 9 volt peak-to-
peak. The other method known as the passive compensation method was introduced by Paranjpe
et al [30] who used a copper rod unexposed to the plasma to couple the RF signal to the current
measuring probe exposed to the plasma. Sudit and Chen [16] used a reference electrode exposed

to the plasma having area larger than the probe area and used a coupling capacitor to couple the
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RF fluctuations to the probe. They have used inductors as RF chokes which offer high
impedance to the RF signals at fundamental and higher harmonics. As the compensating

electrode is kept near to the probe, the compensation need not be changed every time.
Design:

Two single Langmuir probes are used out of which one is compensated and the other is
an uncompensated only for comparison. The picture of the probes is shown in Figure 3.15. The
uncompensated probe is same as described in the last section. The tungsten probe tips are
covered with thin ceramic pipe of 0.7 mm diameter and length 10 mm leaving an exposed tip of

3 mm length and 0.5 mm diameter for both the probes.

Figure 3.15 Picture of the RF compensated probe along with an
uncompensated probe.

A winding of 30 turns of 125 micron tungsten filament is done over the ceramic pipe whose one
end is connected to one end of a ceramic capacitor of 10 nF capacitance which is kept inside the

hollow ceramic probe holder.
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Figure 3.16 Schematic of the RF compensated probe along showing the
compensating winding, coupling capacitor and the self resonating RF chokes.

The other end of the capacitor is connected to the probe tip from inside the probe shaft. The
probe length after the capacitor connection towards the measurement circuit is connected in
series with two self resonating inductors which act as chokes for RF frequencies of 13.56 MHz

and 27.12 MHz as shown in Figure 3.16.
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Figure 3.17 Comparison of IV characteristics of compensated and
uncompensated Langmuir probe.

The current signals from the plasma are carried by RG 174 coaxial cables which are connected to

Vacuum BNCs at the end of the flange connected to a vacuum feed-through. The IV
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characteristics obtained at 250W RF power, 8x10™* mbar and 100 G magnetic field are shown in
Figure 3.17 which shows a change in floating potential of ~ 15 V and the temperature obtained

are ~ 3.1 eV for uncompensated and ~ 2.9 eV for compensated probe.

3.5.4 Double Langmuir Probe

Though single Langmuir probes suffice as an electrostatic probe diagnostics in most of
the cases to determine density and temperature, they have certain limitations in specific plasmas
and plasma conditions. Single Langmuir probes always take the reference of the vessel wall
which in turn is in contact with the bulk plasma. This vacuum wall references are not available in
the case the plasma is produced in a dielectric chamber and also in electrodeless discharges.
Another limitation comes from the amount of probe current that is drawn to characterize the
plasma. In dilute, after glow and decaying plasmas where the probe current can be a significant
part of the discharge current, the probe may disturb the plasma. This is because of the larger
surface area of the vacuum vessel sheath. To get rid of these above stated problems Johnson and
Malter [31] have proposed a double Langmuir probe procedure in which another probe is placed
nearby to act as a reference and becomes the return path for the probe current. As this floating
probe draws a maximum current equal to the ion saturation current it can be used in dilute

plasmas.
Principle of operation:

The basic theory of operation can be understood from the electrical circuit diagram as
shown in Figure 3.18. When a bias is applied between the two probes, the probes collect current

but as the system is floating the currents to the probes are equal and opposite.

Let’s say, after a voltage V is applied to the probes, the two floating probes P, and P, attain

potentials of ¢, and ¢, respectively.

Therefore

V=g, -0 (3.36)
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Figure 3.18 Schematics of Double Langmuir probe measurement circuit.

Let the plasma potential be @p - The current in P1 of area A; be I; and in P, of area A, be I, is

sum of the respective electron and ion currents.

I = — 2207 exp e @) + n eugd, (3.37)
Rearranging,
ng Ve —ePp\ _ (12 —egy
T4 exp( T, ) - (E nsuB) exp( T, ) (3.38)

Similarly the current in P1 can be expressed in terms of plasma potential as

ST o (Z02) = (81711 — njug)exp (-;‘Pl) (3. 39)
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So,

(eI,TZZ - nsuB) exp (_Z’Z ) = (eI,Tll — nsuB) exp (_;(Zl) (3. 40)
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Figure 3.19 Determination of temperature from
double probe IV characteristics.

As to the floating probe the total current is zero, so the current in each probe is [ = 1; = —I,.

So, replacing the currents and using Equation 3.40,

I <1 + ;‘—: exp (‘Te")) = n,uged, <1 — exp (‘Te")) (3. 41)
1= nugedy [exp (&) — 1] [exp (&) + 2] (.42

For a symmetrical double probe with A; = A, , the current in each probe is [using the identity

for tanh (ax)],

eV
2kT,

I= I, tanh || (3. 43)

75



Where the ion saturation current Ig,; = ngugeA. Taking the slope near V' = 0 as shown in

Figure 3.19.
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Figure 3.20 Double Probe characteristics measured at z=22 cm for
different RF for powers 50-500 W with 4x1 0° mbar pressure and 55
Gauss magnetic field.

dl _Isq

avly—g = v,

eV e

= [IsatTeTe sech? (ZkTe)]V . =Tgq X 2T, (3. 44)

(3.45)

tanh ax has slope of a for x = 0, we can calculate the temperature by just finding the slope of

the line passing through the origin of IV characteristics as shown in Figure 3.19. The double

probe characteristics measured at 4x10™ mbar and 55 Gauss for powers 50-500 W are shown in

Figure 3.20.
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Design:

The double probe is made of two identical tungsten probe tips of 0.5 mm diameter and 3
mm exposed length. The bias is given by a floating power supply and the current flowing
through a series measuring resistance gives a voltage drop. This voltage is measured by an
oscilloscope through a unit optical isolation amplifier. The schematic of the measurement circuit

is shown in Figure 3.18.

3.5.5 Triple Langmuir Probe

Single Langmuir probe is widely used as a probe diagnostics for measurement of density
and temperature in plasmas. A metallic probe exposed to the plasma is biased w.r.t. the vessel
reference and the current collected is passed through a measuring resistance. The voltage drop
across the resistance is used to calculate the collected current. The probe current Vs bias voltage
gives the I-V characteristics of the probe. Temperature is deduced from the slope of the electron
collecting region of the probe characteristics. Density is obtained from the measured ion
saturation current and the deduced electron temperature. The first and foremost stringent
requirement is that the measurement needs a good reference of an appreciable area. Second, SLP
draws a large amount of current in the electron collection regime, which may be a part of the
discharge current in some plasma systems like afterglow plasma. Third, the amount of bias
applied even in case of a low temperature plasma can be very high when the plasma potential (or
floating potential) is of very high magnitude (either positive or negative). High bias voltages
often put a larger demand on the current measurement circuit. The above mentioned problems
are overcome by using a double Langmuir probe which does not need a reference and uses one
of the probe tips as a reference and also it draws a maximum current of ion saturation current.
The other problem involved in SLP which is not overcome by a DLP is the tedious data analysis,
which also cannot give the instantaneous values of temperature and density in case of time
varying plasma. If a high frequency bias is given, capacitive pick up as shown in Figure 3.11,
can generate noise currents comparable to ion saturation currents. This noise current produces a

voltage drop which may be comparable to the fluctuation (time varying parameters) signals.

To overcome all the previously mentioned shortcomings in SLP and DLP, a third probe is used
with a DLP. The third probe in addition to DLP constitutes the triple Langmuir probe (TLP). As

in DLP one of the probes collects ion current while the other collects the electron current, here in
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TLP also one probe collects electron current equivalent of the ion saturation current collected by
a second probe with a third probe kept floating. The potential difference between the floating
reference probe and the electron current collecting probe is a measure of temperature if the later
collects an amount of electron current equal to the ion saturation current. The probe circuit
consisting of the reference probe and ion saturation collecting probe can accommodate a series
resistance across which the voltage can be measured to deduce ion saturation current in the
circuit. This ion saturation current along with the temperature obtained gives the density. As the
potential difference between floating probe and electron collecting probe is proportional to

electron temperature, instantaneous temperature fluctuations can be obtained using a TLP.
Working Principle:

In its simplest form [32-33] the triple-probe method employs three separate Langmuir
probes of identical shape and dimension placed a small distance apart and individually biased to
three different potentials (Figure 3.21) The probe potentials are less than the plasma potential so
that negatively biased sheaths exist around each probe. The spacing between probes must be
large enough to adequately shield them from one another. The current to each probe is the sum of
the ion saturation current and the electron current. By combining these conditions with the
current density equations, the triple-probe equations are derived. As all probe potentials are less
than the plasma potential, an ion sheath is formed around all the three probes. One of the
assumptions is that all the probes see the same plasma so that different characteristics do not

exist for different probes.

A triple Langmuir probe (TLP) [32] to get the instantaneous density and temperature is
used. If the potential of the three probes Py, P, and P are respectively Vi, V, and V3 as shown in

Figure 3.22, we can define the following potentials and currents [33]

Var =V, —-V4 (3. 46)
Viz=V3-V, (3.47)
11212+13 (348)
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PLASMA
P2 P1 P3

Figure 3.21 Schematics of the triple Langmuir probe circuit

The Currents as shown in Figure 3.22 to all the three probes are I;, I, and I3 respectively and can

be written as

—eV

—I; = —1 5 €Xp (— %) +1, (3. 49)
—eV

—I, = —1 5 €Xp (— %) +1, (3. 50)
—eV

—I3 = —1 50 €Xp (— ;3) +1, 3. 51)
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Figure 3.22 Potential diagram of TLP.

Where 1, is the ion saturation current which is the same for all the three probes if they are of

equal area. I, is the electron saturation current and T, is the electron temperature in eV.

If we keep our second probe P, floating as shown in Figure 3.23 then I, = 0 and I; = I3 by
Equation 3.48. Now we measure V,;, and this way the density and temperature is calculated. For
the floating measurements using TLP by optical isolation of which input reference is P, and

output reference is data acquisition system.

I1+1, _ l_exp(_eTl;dz)

Ij+l3 1—exp(_‘;:d3)

(3.52)

In our system we have kept probe P, as floating so there is no current flowing in P, so that [,=0

and we measure only the differential voltage between P, and P, which is V5.
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I;=I3as I, =0 (3.53)

So the new set of relations for deducing temperature and density will be

PLASMA
P2 P1 P3

1
(;

adoag <]

Figure 3.23 Modified circuit of TLP with optical isolation for
instantaneous display of ion saturation current and temperature.

1 1—exp(_eTI;dz)
E - 1_exp(—eTVed3) (3.54)
_ 1+exp(_eTVd3)
I, =1 P— (_ids) (3. 55)

In the case, eVy3 > 2T,, the expression for temperature is T, = 1.44V,;,. This value of

temperature when used in ion saturation current expression gives density. We have given a
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floating bias of 30 V which is more than twice of every temperature range in our experiment. For

ion saturation current, I, @1 for eV;; > 2T,.
Design:

Three probes of 0.5 mm diameter and 3 mm length are used as probe tips. All the
connections are made with RG 174 coaxial cables. Two optical isolation amplifiers are used to
isolate the measurement reference (P;) and the acquisition circuit reference (scope) for ion
saturation and floating voltage measurements. These amplifiers have bandwidth of 250 kHz.
Low pass filters (mini-circuits make low pass filters) have been used to filter out RF interference

if any.

3.5.6 Emissive Probe

Plasma potential and its fluctuations are important parameters that can characterize
electric fields and their fluctuations inside plasma. Using a cold probe we have seen in section
3.5.1that, plasma potential can be estimated from the floating potential when you have the
information of the electron temperature. But the estimation of electron temperature is often
tedious. Also in the presence of electron beams or drifted electrons floating potential cannot give
correct values of plasma potential. So, hot probes are often used to find the plasma potential. The
hot or emissive probe works on the principle that the emitted electrons compensate for the ion
sheath for probe biases below the plasma potential, so that the floating potential of the hot probe
is always near the plasma potential (no ion sheath) for high enough emission irrespective of

presence of fast or drifted electrons.
Working Principle:

The current in I-V characteristics has components from the collected current and emitted

current. Neglecting the space charge effects, the emitted current can be expressed as [34]:

Iemo exp|—e(Vy —V,)/Ty|f(Vs — V),V =V,

(3.56)
IemO ’ Vb < Vp

Iem(Vb) = {
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Where V;, is the probe bias, V}, is the plasma potential, T,y is the wire temperature, f(Vb — Vp)
accounts for orbital angular momentum of emitted electrons (depends on the wire radius and the
dimensions of the sheath separating the wire from the virtual anode formed by the plasma). Here
lemo 18 the temperature limited emission current given by the Richardson-Dushman equation
expressed as

Iomo = AT3S exp (22, 3. 57)

w

Where A is the Richardson’s constant, ¢,, is the work function of the wire material, S is the
surface area of the wire. In case of emission of the filament inside the plasma, the emitted current
is constant for bias less than plasma potential because the emitted electrons do not see any
retarding potential (neglecting space charge effects). So the emitted electrons behave like
collection of ions by the probe, so that the overall current is replenished by these emitted
electrons below the plasma potential. When a bias above plasma potential is applied, the
electrons feel a retarding force for the plasma acts like a cathode and the emission current
decreases rapidly. As the emitted electrons are in equilibrium with a temperature of the order of
the probe temperature which is of the order of few tenth of eV, the transition region of constant

emission to almost no emission is very sharp.

The collected current is the current collected by a cold Langmuir probe and can be expressed as

I exple(Vy, —V,)/T.] .V, <V,

, (3. 58)
IeOf (Vb - Vp) 'Vb > Vp.

Ie(Vb) = {

Where, I is the electron saturation current, T, is the electron temperature in eV and f '(Vb —

Vp accounts for the orbital angular momentum of collected electrons. When the bias is very
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Figure 3.24 IV characteristics of an emissive probe showing the
bias dependence contributions from emission current and
collection current [35].

negative w.r.t. plasma potential, the probe collects ion saturation current and then when the bias
is increased the probe starts collecting electrons and all the electrons are collected near plasma

potential and the collected current ideally becomes constant near or above the plasma potential.
Methods of Emissive Probe:
Floating potential method:

The floating potential of a sufficiently heated emissive probe is close to the local plasma
potential, and this is the most widely used method for plasma potential determination and the
most convenient method [36]. When a probe emits thermionically, the sheath potential drop in
front of the emissive probe decrease for the emitted electron currents compensate for the ion
currents. When the probe is strongly heated such that there is no sheath in front of the probe, the
floating potential of the probe approaches the plasma potential. As can be seen from the figure
the saturated floating potential of the probe is close to the plasma potential. When measuring

floating potential we are using a high series resistance which will have a load line almost parallel
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to the voltage axis of figure 3.25. This load line intercepts the prove IV characteristics of each
curve near the floating potential i.e. current to the probe is almost zero. As the heating current
increases the incremental shift in floating potential decreases and saturates for high enough

heating current. This saturation floating potential corresponds to the plasma potential.

—— ——
——
——

CURRENT

l INCREASING T,

BIAS VOLTAGE

Figure 3.25 Plasma potential determination by floating potential method
where an emitting probe’s floating potential approaches the local plasma
potential for strong emission [37].

Inflection point method:

For an emissive probe when the bias is less than the plasma potential, the current in the
probe circuit is because of both emission and collection currents. When the bias is near or more
than plasma potential, the current to the probe is changes as the total current is now only the
collection current with no emitted electrons are accepted by the plasma. So the differentiated IV
characteristic of an emissive probe shows a peak at the plasma potential [35]. This is illustrated

in Figure 3.26.
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Figure 3.26 Plasma potential determination by inflection point method,
where the differentiated IV characteristic of a partially emitting hot
probe has an inflection point near the plasma potential [35].

Separation point method:

The potential at which characteristics of a cold probe and strongly emitting probe start to
deviate is known as the plasma potential [38-39] as shown in Figure 3.27. But to ensure that the
probe is strongly emitting, the electron saturation current of the cold probe must be equal to that
of the ion saturation current of a strongly emitting probe. But as in many cases, either because of
RF field effects or geometry effects we do not get the electron saturation, this method has short

comings of space charge effects as one would work in a strong emission conditions.
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Figure 3.27 Plasma potential determination by separation point method where
the 1V characteristics of cold and hot probes separate from each other.

86



Effect of space charge limited emission:

When the emission current is less such that the floating potential of the emissive probe is
less than the plasma potential, an ion sheath is formed around the emissive probe. The emitted
electrons thus see a monotonic potential and get accelerated to the plasma. But when the
emission current is increased a condition comes when there is no sheath around the probe.
Further increasing the emission, the emitted electrons make a virtual cathode which can send
back all or part of the emitted electrons back to the probe [40]. This is called the space charge
limited emission and observed for high emission currents. This is a drawback of floating
potential method of plasma potential determination using emissive probe. One can always check
for the space charge effect by increasing the emission current to a level where the floating
potential value saturates but does not decrease upon increasing heating current. That’s why in
floating potential method very high heating currents are not used. The inflection point method
has overcome this problem as the plasma potential can be determined for low heating currents

without strong emission.

Ye and Takamura [40] have done the analytical calculations including the space charge effect

and found a relation between the floating potential and plasma potential as

T,
V=V, +a(Z) (3. 59)
, where a has the value of -0.95, -0.99 and -1.01 respectively for hydrogen, helium and argon.
Effect of RF potential fluctuations:

When the plasma potential oscillates with a frequency such that the emissive probe

cannot follow the potential fluctuations, then the average current collected by an emissive probe
. . . . . (1
has two slopes. In case of inflection point method when the emission current is low, % has two

peaks for potential fluctuations more than electron temperature with the two peaks corresponding
to the minimum and maximum value of the RF amplitude [41-42]. The value of the plasma
potential then is given by the average value of these two peaks. In the case of floating potential
method however with strong emission, the value of plasma potential obtained so remains

unaffected.
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Effect of Magnetic field:

When the probe radius is larger than the electron larmour radius, the electrons that leave
the surface of the filament can come back to the filament so that a space charge region will be
formed. When the filament arch surface is perpendicular to the magnetic field a JXB force acts
on the filament and there is a chance that it may get deformed or broken [36]. But as we are
using a thin filament of 0.125 mm for which the current requirement for strong emission is less

all the two problems discussed above can be neglected for the magnetic fields used in this thesis.
Measurement accuracy and errors:

The plasma potential obtained using an emissive probe is accurate up to potential
equivalent of probe temperature T,,/e. In floating potential method the probe potential is
measured with a high series impedance when the emission is strong for which a finite current
passes through the filament. Therefore a finite voltage 2AV drops across the filament. This
voltage has to be subtracted to find the real floating potential. But for that it is necessary to know
out of two legs to which the measuring circuit is connected. Marvlag et al [43] have shown that

when emission current is equal to the electron saturation current (or for strong emission)

Ve=V;+AV (3. 60)

Where the sign depends on which leg is connected to the measurement circuit.
Design:

The loop of the emissive probe is made of tungsten filament of 0.125 mm. The length of
the filament is 10 mm and diameter of the loop is ~ 3mm. The tungsten loop is inserted inside a
twin bore ceramic tube of 2.5 mm outer diameter (Figure 3.28). The electrical connections are
made by spiraling the tungsten filament’s extended length over small copper strands. Tungsten
wires 0.5 mm diameter and 6 mm length are used to fill the gaps inside which also act to decrease

the filament heat load.

The copper strands used to wrap the filament are then soldered with the current carrying
copper wires and the wires are taken outside using vacuum BNCs. The heating current required

for 0.125 mm diameter tungsten wire is in between 2.5-3 Ampere which is supplied by an Aplab
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floating power supply. The floating potential of the probe is measured by a 10 M-ohm

impedance in the case of the floating potential method. The variation of floating potential with

heating current is shown in Figure 3.29.

Figure 3.28 Schematic of the emissive probe for measurement of plasma
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Figure 3.29 Floating potential variation of emissive probe with filament heating
current in plasma measured at z=50 cm for 200 G source magnetic field, 100 W RF

power and 2x 1 0* mbar pressure
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3.5.7 B-dot Probe

B-dot probes are widely used to measure magnetic field fluctuations in plasmas [44-51].
Multiple loop B-dot probes are often used to increase the output signal strength. However, in
case of RF plasma, significant oscillating potential differences [47] can be present between a
magnetic probe and plasma (and antenna). A magnetic probe can couple capacitively to these
oscillating potentials in the plasma or antenna. This pick up signal depends on the potential
amplitude, the capacitance between the probe and plasma and the terminating resistance. Often a
50 Ohm terminating resistance is used to reduce the electrostatic pick up. But sometimes this is
not enough at least when the wave field amplitudes are small. To get rid of this capacitive pick
up some techniques like hybrid combiners or baluns are often used. Another method, that has an
inherent capacitive pick up rejection can be used is a single loop B-dot probe made of a co-axial
cable as shown in Figure 3.31. The use of this kind of probe is limited to higher frequencies

though.

Single loop B-dot probes are used to characterize the mode structure of helicon waves [4] and to
measure the parallel wave length of the helicon waves. The magnitudes of perpendicular wave
magnetic field components are measured to characterize and confirm m=+1 helicon modes. Two
probes are used to measure helicon wave axial wavelength. This is done by taking one probe as
reference probe and its phase as the reference for phase measurement. The other probe is
translated axially and the phase variation along axis is noted. The slope of the phase variation is

used to estimate the wavelength or the wave number of the helicon wave.
Working principle:

Whenever a time varying magnetic flux cuts a surface of a conducting loop, a voltage is
induce in the ends of the loop. As per faraday’s law
dB

V><E=—E (3.61)

Integrating over the surface area of the coil and taking sinusoidal variations of fields,

J(VXE).dAf = — [ w B.dAR (3. 62)

Where dA is the differential area and 1 is vector normal to the plane of the coil. Using Stoke’s

theorem
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$E.di = —wB. AR (3. 63)

Where A is the total area of the coil and dl is a differential line segment along the perimeter of

the loop. This gives the induced voltage in the loop which can be expressed as

Vieop = ®NBA cos 0 (3. 64)

Figure 3.30 Picture of the single loop B-dot probe made of a
coaxial cable.

For we are interested only fluctuations in the 13.56 MHz, we have used a single loop B-dot
probe, which reduces the parasitic capacitance and the inductance and gives enough signal to
noise ratio. The area of the coil is 10 mm?® and the radius of the loop is 3 mm. It is made up of a
RG174 coaxial cable of 1.8 mm diameter. At one end the cable is looped and after the loop the
centre conductor is connected to the nearest shielding of the loop as shown in Figure 3.30.
Electrostatic pick up is reduced in this design. The probes are checked for electrostatic pick up
noise by rotating the probe 180 degree. The results for measurement of amplitude of helicon
wave axial component B, for 300W RF power, 2x10 mbar and 30 G magnetic field using this
probe inserted from a radial port at z=22 cm is shown in Figure 3.31. The probe axis when
rotated by 180 degree shows a phase variation of 180 degree and also the signal amplitude is
same as 0 degree as expected for a voltage output induced in the probe due to magnetic field

oscillations only. This confirms the inherent capacitive pick up rejection of this single loop
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coaxial B-dot probe. The shielding helps in two ways. One it forms a part of the loop and at the
same time acts as shield for electrostatic signals inside the plasma, which are because of the high
RF voltage fluctuations of the plasma potential. Also the low frequency signals in kHz range of

frequencies cannot induce enough voltage more than the noise level of the probe to get detected.
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Figure 3.31 The graphs showing the inherent electrostatic pick up rejection
by use of a single loop b-dot probe. The probe output for 0 deg (red), 180 deg
(black) and 360 deg (blue) showing the capacitive pick up is negligible.

3.5.8 Antenna-Plasma Load Measurements

A rogowski or RF current probe (CT) is used to measure the antenna RF current flowing
in the antenna circuit. The antenna current is a measure of antenna-plasma resistance and RF
power transfer efficiency in any RF plasma system when the reflected power is negligible when
compared to the forward power. A Pearson 410 [ref] rogowski is inserted around the antenna
transmission line leg just after the match box. This rogowski has the high frequency 3 dB point at
20 MHz, a peak current value of 5 kA and peak RMS current value of 50 A. The output of this
CT has a calibration factor or sensitivity of 0.1 V/A. The CT has a BNC output which is
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connected to a 50 Ohm BNC and subsequently the output is monitored with a digital
oscilloscope of 1 M-ohm input impedance which necessitates a termination of 50 Ohm before
connecting to the oscilloscope. Using the above mentioned calibration factor the output voltage
is noted and later converted to current values. Having the knowledge of the values of forward
power Py, reflected power P, the RMS current value the total antenna resistance can be written
as for reflections <1% as [7]

Reoe = L2 (3. 65)

RMS

Here R;,; is the sum of the antenna vacuum resistance R and the antenna-plasma resistance Rp.
The antenna vacuum resistance is calculated by powering the antenna without plasma and noting
down the RMS value of antenna current. This vacuum current is used to drive the antenna
resistance which is actually the sum of skin resistances (of antenna, transmission line, and match
box inductors), contact resistances of all the frictional electrical connections and eddy current
losses. Once Ry is known, the plasma resistance Rp is calculated by subtracting the value of Ry
from Ry which is obtained in the presence of the plasma. Rp is the sum of all the plasma
processes leading to heating, ionization and maintaining the plasma thus is a sum of all the
capacitive, inductive and wave coupling depending upon the discharge conditions. The power
transfer efficiency 7 is the ratio of absorbed power P, and the total supplied RF power Py, and
is expressed as follows

— Pabs — RP
Pyt  RptRy

(3. 66)

The efficiency and plasma resistance both increase when the discharge transitions from a

capacitive to inductive to Helicon wave mode.

3.6 Summary of Chapter 3

A linear helicon plasma device with controllable magnetic field gradient is designed and
developed. Vacuum levels of 1x10 mbar are achieved. RF matching is done using an L-type
matching network with less than 1 % reflection. Various probes with their electronics are
designed, developed and tested in plasma with low level of noise. Working principles of all the

probes are discussed.
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Chapter 4

Helicon Characterization

Helicon mode characterization and initial plasma experiments performed in the newly built
diverging magnetic field helicon experiment described in Chapter 3 will be presented in this
chapter. Radio frequency (RF) plasma is produced in the experimental set up with all the vacuum
systems, electromagnets, RF circuitry and diagnostics which are tested individually. Helicon
mode is identified at low magnetic fields (<200 Gauss) by observing the mode transitions of a
helicon discharge, radial density profiles and wave field measurements. Initial physics
experiments to observe current free double layers are discussed. The chapter will describe
antenna efficiency measurements, discharge mode transitions, mode structure at low magnetic

field and CFDL observation.

4.1 Antenna Efficiency

The half helical m = +1 antenna is designed for two purposes, one for RF plasma
production and the other is helicon wave excitation with the later dependent on the density
produced by the former through the helicon dispersion relation for a certain ambient magnetic
field. So it is necessary to find out the efficiency of the antenna and its associated circuitry to
deliver significant power to the plasma. The power transfer efficiency The RF power transfer
efficiency has been calculated to estimate the RF power absorption in the plasma, using the

relation [1-2]

Rp

n= 4.1)

o Rp+Ry

Where n is the power transfer efficiency, R, is the plasma resistance and Rgy is the
vacuum resistance. The equivalent circuit of the antenna (Figure 3.3) is composed of an effective

inductance, La, a circuit resistance, Ra, which includes all Ohmic and contact resistances, and
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any eddy current losses relevant to the antenna, transmission line and the matching network. The
plasma resistance, R, includes all power losses attributed to the plasma, including power losses
due to capacitive, inductive and wave coupling. Since the total reactance of the combination of
antenna and plasma is matched under every measurement condition and the observed reflected
power is < 1%, total input power from the RF generator must be dissipated in the combined
antenna-plasma system. The total current in the antenna is related to the total effective antenna

loading resistance, Resr = Ra + Rp, and the net power flow to the antenna is given by [2]

Pp—Pp = IzmsReff 4.2)

Where Pr and Py are the forward and reflected powers respectively and I,s = Irf/\/2 with I+ is the
amplitude of the sinusoidally varying current measured by a RF current probe coaxially held
around the reference leg of the transmission line. The external circuit resistance Ry is estimated

by measuring the antenna current in the absence of plasma.
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Figure 4.1 Variation of antenna RMS current and antenna
resistance with RF power in vacuum at 5 x 107> mbar.
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Figure 4.1 shows the variation of antenna current in vacuum with RF power at 5 X 107> mbar.
The estimated value of the antenna resistance Ry is = 0.34 Ohm. In this case all of the input
power is dissipated in the matching network-antenna system. Figure 4.2 (a) shows the variation
of antenna current, I, with input power in the presence of plasma. Using the known power
output from the generator (calibrated with a 50 Ohm resistive load) and measured reflected
power, the plasma resistance is calculated from Equation 4.2. The variation of plasma resistance
with input power at constant gas fill-in pressure of 2 x 10~ mbar and a constant magnetic field of
100 Gauss near source is shown in Figure 4.2 (b). It can be clearly seen from Figure 4.2 (b) that
at low input power, the plasma resistance remains low (= 0.16 Ohm) before increasing to around
0.8 Ohm above 500 W of input power. Figure 4.2 (b) also reveals that the value of plasma

resistance does not change monotonically but exhibits jumps at specific values of input power.
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Figure 4.2 (a) Antenna current and (b) estimated antenna-plasma resistance variation
with RF power at 2 x 107 mbar Ar and 100 G magnetic field measured at Z=22 cm.
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These jumps in plasma resistance at around 40 W and 450 W of input power are indicative of
transitions from capacitive to inductive mode and inductive to helicon mode respectively, which
will be discussed elaborately in the next section. After determining the plasma resistance, the
power transfer efficiency n has been calculated. For low input powers (< 50 W), the power
transfer efficiency is less than 30% and it rises up to 75% for input power of > 1200 W which is

typical for a helicon discharge [1].

4.2 Discharge mode transitions

As discussed in Chapter 2, the discharge mode transitions are observed in all RF
discharges. In helicon literature [3] the modes are named E, H or W depending on the dominant
electric field responsible for maintain the discharge is of capacitive, inductive or wave origin
respectively. EHW mode transitions in helicon discharges are observed by changing source
parameters either of RF power [1, 3-4] and ambient magnetic field [5]. These transitions are
observed by monitoring the density [3-6], Q-factor of matching circuit [6], plasma potential [7]
or antenna plasma resistance [8]. In this thesis mode transitions are studied by increasing the RF
power at 110 G magnetic field with four different argon neutral pressures (3 X 10™* mbar,
6 X 10~* mbar, 9 x 10™* mbar and 40 x 10~* mbar) and measuring density in the upstream
region at z = 22 cm along with load capacitance values of matching network for zero RF power
reflection. The helicon dispersion (Equation 2.x) suggests transition to helicon mode at lower

density i.e. lower RF power for a lesser ambient magnetic field.

Figure 4.3 (a) shows the variation of plasma density with RF power as measured by a triple
Langmuir probe at z =22 cm. At 3 X 10™* mbar (lowest pressure) the transition from capacitive
to inductive discharge though possible in the applied RF power range, the transition to helicon
sustained discharge is not visible. But in all the other three higher pressures clear transitions to
helicon discharge are possible. As per the design of the matching network [Chapter
31CLal/ \/R_ , the value of the load capacitor gives an indirect feedback of the antenna-plasma
resistance. So the C; values are noted and their variations with RF power are plotted in Figure 4.3
(b). As evident from the figure, the transitions in density values of Figure 4.3 (a) are magnified in
C, plots with clear and distinct transitions well visible. The reason for antenna-plasma

resistance or C; value to be more sensitive to external plasma parameters is because it represents
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a macroscopic change of the discharge in total corresponding to antenna plasma resistance
whereas the density measurement using Langmuir probe is a single point local microscopic
sampling. For the lowest pressure there is only one transition (E-H) but for all other higher
pressures there are two transitions (E-H and H-W). The transitions to helicon mode from an
inductive mode happened at a lower RF power for a higher pressure. Another observation from
this study is that the slope of density variation is different in all the sustained modes indicating

different mechanisms of sustaining the discharge.
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Figure 4.3 Mode transitions observed at 100 Gauss for different Argon pressures.
Transitions are observed (a) in density variation with power at z=20 cm and (b) in load
capacitor values of the matching network.
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However, from all these above-mentioned observations we can conclude that at low powers (<
50 W) the plasma discharges are capacitive in nature i.e. the power is coupled to the plasma
capacitively. As we increased the input power > 50 W up to < 500 W, the power is coupled to
the plasma inductively and higher densities compared to the capacitive mode are observed. At
higher powers (> 5S00W), the power coupling to the plasma happens due to the direct coupling of

antenna fields to helicon wave fields as the density rises more sharply compared to the inductive

mode.
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Figure 4.4 Radial density profile for two different RF powers (50Wand 600W)
at pressure ~2 x 10~ mbar and magnetic field ~100 G measured at Z=22 cm.

The existence of inductive and helicon modes are further supported by the measurement of
density profile at 22 cm away from the source as it is expected that for an inductive mode the
power deposition will be away from the center and near the boundary unlike the helicon mode in

which maximum power is deposited away from the radial boundary of the discharge [4, 9-10].
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At low input power (~ 50 - 500 W), radial profile of electron density remains hollow (Figure
4.4), a signature of inductive mode discharge. However, at higher input power (>500 W) peaked
radial profile of density is observed (Figure 4.4), indicating the existence of helicon mode in the

plasma.

4.3 Mode structure at Low magnetic field

Excitation of helicon m = +1 mode is confirmed by measuring the axial component of
wave magnetic field along the radius. Figure 4.x shows the variation B, amplitude normalized to
unity, measured with a single loop B-dot probe at z = 22 cm with 300 W RF power and 2 X
1073 mbar pressure. Along with are shown theoretical m = +1 curves of B, of helicon waves

in a cylindrical boundary [24] with a perpendicular wave number of 76 m™.
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Figure 4.5Radial variation measured B, (circles) at 30 G, 300W and 2 x 1073 mbar. The
solid lines are theoretical curves of pure m = +1 mode along with mixed modes with 25%,
50%, 75% and 100% additional m = 0 mode content. All values are normalized to 1.

104



The variations are asymmetric with respect to the origin and also the minimum on axis is
shifted to negative radius values. These kinds of variations at low magnetic field have been

reported earlier [11-13]. The reason for m = 0 antenna field structure is not clear.

To see the effect of pollution, theoretical B, radial profiles are plotted in Figure 4.5 for a mixed
mode with 100% m = +1 mode content in addition to a variable % of m = 0 mode. m = +1 is

basically a J; (k, r) function which is asymmetric in radius (argument) for a given value of k| .
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Figure 4.6 Radial variation of Bz amplitude in normalized units for 300W RF power,
30 G and Argon neutral pressure of 2 X 10~3mbar measured at Z=40 cm.

But as we measure the peak-to-peak values we cannot distinguish the positive and negative
amplitudes. Whereas, m = 0 mode is symmetric with respect to the argument of the Bessel

component it consists of. So on one side of radial variation has values decreased and the other
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side the values are increased, the total radial variation which on normalization gives an

asymmetrical behavior.

Though it is expected that the induced fields (or antenna fields) will die down in a thin skin
depth, the application of magnetic field has already been proposed by Chen [14] to increase the

skin depth giving rise to an anomalous skin depth.
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Figure 4.7 Variation of axial magnetic field of Helicon wave along the axis for 600
W RF power at pressure ~ 2 x 107 mbar and magnetic field ~ 100 Gauss.

Figure 4.5 shows that a pollution of ~ 25% m = 0 mode is there. To confirm that the antenna
fields are causing the asymmetric radial variation, B, in the downstream plasma is measured at
z=40 cm. Figure 4.6 shows a radial profile which is symmetric which confirms that m = 0 mode

pollution is negligible. So, the mode structure measured near the antenna shows m = +1 mode
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excitation with pollution from m = 0 mode with a pure m = +1 mode downstream of the

source.

The existence of helicon wave in the plasma at higher input powers (>500 W) is further
substantiated by the measurement of axial profile of wave magnetic field using a single loop B-
dot probe as shown in Figure 4.7 for 600 W RF power and a pressure of 2 x 10 mbar with 100
Gauss magnetic field . From the slope of the axial phase variation of the wave magnetic field, the
wavelength was calculated ~ 22 cm in the source region and ~19.5 cm in the diffusion region

using the phase axial slope as shown from Figure 4.8.
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Figure 4.8 Axial variation of helicon wave phase measured at r=0 with a single
loop B-dot probe at ~2 x 10~ mbar, 300W and 100 G magnetic field.

4.4 Axial density profile

One of the primary aims of this thesis is study of CFDL. CFDL in a helicon discharge are
typically performed in an expanding geometry and an expanding magnetic field with 100’s of

Gauss in the source chamber and 10’s of Gauss in the diffusion chamber [15-19]. The combined
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effect of both geometry and magnetic field expansion sets up a density gradient in the axial
direction which gives rise to an ambipolar potential drop. This potential drop evolves into a free
standing often stable potential structure as the neutral pressure is reduced. An experiment is
performed to look for density gradients set up in the axial direction at 2 X 10™3 mbar and 110
Gauss magnetic field near the antenna. Figure 4.8 shows axial variation of density measured by a

double Langmuir probe for three different powers at r = 0.
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Figure 4.9 Axial variation of density measured at r=0 for three powers 200W,
300W and 400W, source magnetic field of 100 G and 2 X 10~ 3mbar Ar pressure.

Upstream-to-downstream density ratios of ~ 2.7, 5.3 and 8.8 are obtained for RF input power of
200 W, 300 W and 400 W respectively. The variation of upstream and downstream densities
shows that the maximum power deposition is happening near the source only. But one of the
interesting features is a hump in the density near axial locations of z = 35-55 cm in the diffusion
chamber, the hump getting peaked for higher RF powers. Though the occurrence of downstream

density peaks much away from the antenna are reported in high power and high magnetic field
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experiments [20-22], these downstream density peaks which are observed here at low magnetic
field low RF power are not reported so far. Thorough investigation of these downstream density

peaks will be discussed in Chapter 5.

4.5 Observation of Current free double layer

CFDL formation in the expanding helicon plasma is studied at 600W RF power, 280 G
magnetic field and Argon neutral pressure of 1.2 X 10™* mbar. On axis plasma potential is
measured along the axial direction with a saturated emissive prove in floating potential method
(discussed in chapter 3) by passing a filament current of 2.7 Ampere in a 0.125 mm tungsten
filament. The variation of plasma potential and density are shown in Figure 4.3 (a) and (b)

respectively. The axial magnetic field profile used for this experiment is shown in Figure 3.3.
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Figure 4.10 Axial variations of (a) plasma potential and (b) plasma density at
2 X 10 3mbar and 1.2 x 10~*mbar of Argon with RF power of 600W and
280 G magnetic field in source.
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Plasma expansion leads to a density fall with upstream and downstream densities of 5.5 X
10%%/m® and 1.7 x 106/ m’ respectively with a nearly equal temperature of T, ~ 6 eV in the
potential fall region. The axial density is measured by a double probe and electron temperature is
measured by a RF compensated Langmuir probe. For this expansion to be a Boltzmann
expansion which relates upstream (ng, Vo) and downstream (n,, V,) densities and plasma
potentials by V, —Vy = =T, (eV) X In(n,/n,y) [15, 17, 23], the maximum drop should be ~ 7.5
V. This observation plasma potential drop of ~ 50 V in bulk plasma is more than the local T, can
be termed as a CFDL as it cannot be explained through a simple Boltzmann plasma expansion.
The average thickness of the CFDL is ~ 1000 A, taking into consideration of upstream and

downstream plasma density and electron temperature.

Measurement of density and plasma potential at a higher pressure of 2 X 1073 mbar is presented
in Figure 4.3 (a) and (b) respectively where a potential drop of ~ 6 V is observed which is of the
order of the local electron temperature of ~ 5 eV and for this the expected plasma potential drop

due to a Boltzmann plasma expansion is ~ 4.4 V.

So, we have observed a CFDL in the source chamber plasma before the geometrical expansion
into the diffusion chamber with a potential drop ¢p;A8T, and thickness of ~ 1000 A, which
form at low pressure and are not observed at higher pressure. Though this kind of CFDL with
thickness > 50-100 Ap are observed in few recent experiments [15-16], there are experiments
with observation of sharp CFDL with thickness < 100 Ap [17-19]. Further studies on sharp

CFDL formation and the effect of magnetic field gradient will be presented in Chapter 6.

4.6 Summary of Chapter 4

Antenna resistance is measured without plasma. Helicon antenna efficiency is shown to
increase with RF power in the presence of plasma. Discharge mode transitions are observed at
different pressures. At lower pressure the transitions are obtained at higher RF powers for a
constant magnetic field. Radial density profiles are shown to confirm the inductive and helicon
modes. Helicon wave excitation with half helical m = +1 mode is confirmed by measuring the

radial variation of the axial component of magnetic field. Additionally, the mode is shown to be
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polluted by the antenna fields near the antenna and pure away from the antenna in the diffusion
chamber. Axial variation of the phase of the helicon wave gives a wave length of 22 cm in the
source and 19.5 cm in the diffusion chamber. Axial density profiles in a diverging magnetic field
configurations shows upstream-to-downstream density ratios of ~ 2.7, 5.3 and 8.8 are obtained
for RF input power of 200 W, 300 W and 400 W respectively. Downstream density peaks are
observed in the diffusion chamber which gives indication of helicon power deposition away from
the antenna. Current free double layer is observed at low pressures with a potential drop of ~ 8
kT/e and thickness of ~ 1000 4. The double layer vanished at higher pressure with the potential
drop of the order of Te and can be explained through a simple Boltzmann expansion. The DL is

formed inside the source chamber and in the bulk of the plasma aligned to magnetic field.
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Chapter 5

Low Magnetic Field Helicon Studies

5.1 Introduction

A Helicon source operates in the frequency range between ion cyclotron and electron
cyclotron frequencies usually with magnetic field of few hundreds of Gauss to few kilo Gauss.
Appearance of helicon mode is generally identified by mode transitions which involves a
transition from a capacitive to inductive to wave sustained discharge [1]. The transitions are can
be observed from the step like transitions in measured plasma density and antenna-plasma
coupling, obtained by increasing power at fixed magnetic field (B) of few hundred Gauss or
vice versa. At high magnetic fields (>100 Gauss) it is observed that the density increases with
applied magnetic field when in helicon mode as per the dispersion relation. However, previous
studies have shown that at low magnetic fields of less than 100 Gauss, plasma density peaks at
some specific magnetic fields, generally between 20 Gauss to 50 Gauss in different experiments
using 13.56 MHz RF system [2-9]. Unlike usual helicon discharge mode transitions (see Chapter
2 and 4) at high magnetic fields (few hundred Gauss), the observance of density peaks at low

magnetic fields seems to be a resonance phenomenon.

Chen [3] first reported this low magnetic peak in 2 cm diameter helicon discharge using
1600 W RF power where the density peak was observed at ~ 50 G with peak density of 6 X
10 m~3 an increase of nearly 40% from the no field case. Many other experiments
subsequently reported similar observations of a density peak at magnetic fields between 10-50 G.
Degeling et al [2] have observed density peak (Figure 5.1) around 50G for RF powers in 500-
2000 W in a 18 cm diameter source using single loop antenna at 13.56 MHz. Wang et al have

shown that the a higher magnetic field is required for the density peak to occur for a plasma
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formed using higher ion mass or a higher source frequency. He measured the plasma resistance

and has shown that the plasma resistance is well correlated with the density variations.
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Figure 5.8 Density variation with applied magnetic field in the
WOMBAT experiment. Degeling et al [2].

An experiment by Eom [10] has shown that for a high frequency RF discharge operating
at 98 MHz, the peak occurs at 140 G. Recently Lafleur et al [9] have done extensive experiments
in a diverging magnetic field helicon experiment and shown that the density can increase by an
order from the no field case. Their density variations were well correlated with the measured
variations of antenna-plasma radiation resistance and Q-value of the RF circuit for different RF

powers and pressures in a helicon discharge produced by a double-saddle coil antenna.

Very few explanations are available for the observed density peak at low magnetic
fields. Degeling et al [2] and Lafleur et al [9] interpreted this by invoking wave particle trapping;
however the dependence of the trapping on magnetic field is not clear. Lafleur et al have also
mentioned of a direct transition from a capacitive discharge at no applied magnetic field to a
helicon discharge at the peak magnetic field (where the density peaks). But it is not clear why the
discharge is not maintained for magnetic fields higher than the peak magnetic field and transits
back to a capacitive discharge. Chen [11] suggested through the HELIC code results for a loop
(m = 0) antenna that the density peak at low magnetic field is due to the constructive interference
between m = +1 mode propagating along the magnetic field and the m = +1 mode generated due

the source end wall reflection of m = -1 mode propagating opposite to the magnetic field

115



direction. The axial power absorption was shown to be in the near field of the antenna and the
radial power absorption was near the plasma boundary. This radial boundary power absorption
was shown to be due to TG modes. Again, it is not clear why the reflection occurs only at certain
low magnetic fields and why similar density peak is not observed for high magnetic fields.
Shamrai and Taranov [12] analytically derived the wave dispersion relation for waves
propagating parallel to the magnetic field in a bounded plasma medium taking into account the
finite mass of electrons. They found that the wave dispersion relation has two modes, one
helicon (fast) and other is TG (slow) mode. Furthermore, they have predicted the possibility of
mode conversion from helicon to TG mode in helicon plasmas. These two modes are well
separated at higher magnetic field (> 200 Gauss for 13.56 MHz); however at low magnetic fields
(< 100 Gauss for 13.56 MHz) they get coupled naturally under some typical conditions. Later
Cho [13] studied the dispersion characteristics of the radial eigenmodes and resistive loading of
helicon plasmas to explain the occurrence of the density peak at low magnetic fields. He
concluded that in case of helical antenna the occurrence of density peaks are due to TG-helicon
mode coupling at specific low magnetic fields where the perpendicular wave numbers of the
helicon and TG modes are equal. Though TG modes are detected indirectly by Blackwell et al

[14], their direct absorption has not been measured.

Most of the works at low magnetic field helicon discharges have shown a density peak away
from the ECR magnetic filed ~5 G for 13.56 MHz source frequency. In this thesis for the first
time experimental observation of two density peaks (excluding the ECR peak) are reported in a
helicon discharge carried out in low magnetic field (< 100 Gauss). The occurrence of density
peaks is explained with the help of resonance of obliquely propagating right circular polarized
electromagnetic (helicon) wave. These results are discussed in section 5.2. Plasma density and
visible light intensity are measured on both sides of the antenna along with the antenna plasma
resistance to look for the role of m = -1 modes. The observations and explanations are discussed
in Section 5.3 in the light of polarization reversal of m = +1 modes. Some of the high uniform
magnetic field helicon discharge experiments have shown the peaking in axial density away from
the helicon antenna. But with a low diverging magnetic field downstream density peaks have
been observed nearly two wavelengths away from the antenna centre. This results on
downstream density peaking are discussed in Section 5.4 for different RF power and neutral gas

pressure. Though all the experiments of low field density peak are done earlier by many authors
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in uniform magnetic fields the recent results by Lafleur et al [9] shows that a for a single coil
near the antenna the density rises nearly ten times. So, the density peaking phenomena along
with the antenna-plasma coupling is studied for four different magnetic field topologies near the

antenna and will be discussed in Section 5.5.

5.2 Multiple Density Peaks

After achieving a base pressure of ~ 1 x 10 mbar in the system, argon gas is fed into the system
at different pressures to produce plasma by powering the helicon antenna. The plasma density is
measured using a double Langmuir probe placed in the source chamber 20 c¢m away from
antenna centre towards the diffusion chamber. Figure 5.2 shows variation of measured axial
plasma electron density at z = 22 cm with applied magnetic field near the antenna in the source
chamber for different RF power and pressure. As the magnetic field is slowly increased from 0
G, the density also increases and goes through the ECR point around 5 G. Beyond the ECR point
density continues to increase monotonically till 25 G to 30 G before falling sharply to half of its
peak value near 40 G. However, increasing the magnetic field above 40 G, the density again
increases and attains a peak around 50 G. It is clear from the figure that the magnitude of the
main density peak at ~ 25 G increases with both pressure and power. Density rises approximately
three times from 6 x 10'°m™ to a peak value of ~2 x 10'"m™ at higher pressures (~ 2 x 10”mbar).
Whereas, at lower pressure of ~0.4 x 10 mbar, density only rises to ~ 40% of its initial value.
The second peak is much clearly visible at low fill-in pressures. Figure 5.2 further shows that the
main density peak always occurs at magnetic field values between 20 G to 30 G with the peak
shifting towards the higher magnetic fields for higher power and pressure much like other
reported results at low magnetic fields [7,9]. This kind of resonance density peaking with

magnetic field seems likely to be the result of wave coupling rather than transitions of EHW

type.
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Figure 5.2 Plasma density on axis at z =20 cm versus magnetic field. (a) 300, 400, and 500 W RF
power, p =2 x 107 mbar, (b) 300, 400, and 500 W RF power, p = 0.8 x 10~ mbar, and (c) 100, 200,
and 350 W RF power, p = 0.4 x 10~ mbar.

Figure 5.3 shows the variation of matching network Cp values for corresponding values of RF
power, fill-in pressure and magnetic field for which density is measured (Figure 5.2). The C.

values, as mentioned in Chapter 3 are measure of the antenna-plasma coupling (Rp) through the
relation C,a 1/,/Rp. So a dip in Cp value is indicative of a peak in Rp. Multiple Rp peaks in

magnetic fields can be deciphered from the C; variations shown in the above figure consistent

with the corresponding density variations except at low RF power and low fill-in pressures.
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Figure 5.3 Cy values of the matching network at z = 20 cm versus magnetic field. (a) 300, 400, and
500 W RF power, p =2 x 107 mbar, (b) 300, 400, and 500 W RF power, p = 0.8 x 107 mbar, and
(c) 100, 200, and 350 W RF power, p = 0.4 X 1073 mbar.

118



It should be noted that at low densities, the changes in Rp are very less beyond the first peak, so
that the changes in C; are not resolvable through the previously mentioned inverse square-root
dependence on Rp. Another feature to be noted is that though C; variations have appreciable
dips around 5 G for almost all the plots, the density variations do not show significant density

peaks.

The existence of the helicon wave is established in our experiment by measuring the amplitude
and phase of the axial wave magnetic field, B, using a single loop B-dot probe. In Figure 5.6
magnitude of axial wave magnetic field along the z-axis is plotted for two different magnetic
fields (25 G and 50 G) where the 1st and 2nd density peaks are observed. The measurements are
done by positioning the magnetic probe 10 cm downstream from the antenna and moving it along
the z-axis for discharges with argon fill-in pressure of 0.4x10™ mbar and 350 W RF power. As
seen from figure 5.4, a hump in B, around 20-40 cm has been observed, which is because of
beating between the fundamental and higher order radial modes as established earlier [15-16].
The time difference between the reference probe and scanning probe gives the phase and the

phase variation as a function of distance is plotted in Figure 5.5 for B = 25 and 50 G.
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Figure 5.4 Axial profile of the axial component of the wave
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fields.
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The effective travelling wavelength is calculated from the slope of the fitted straight lines to the
experimental data using the expression 4;=360(d¢/dz)~1, where z is the axial distance and ¢ is
the phase. Parallel wavelengths for B= 25 G and 50 G come out to be ~18 ¢m and 40 cm
respectively. Corresponding parallel wavenumbers are k; =34 m’ and k, =157 m™ and

parallel refractive indices (n)|) are 123 and 55 respectively.

Investigating the experimental results further, we revisited the wave properties of helicon
plasma. The relevant mode in helicon regime is the R-wave with w << w,, also known as the
whistler wave. Bounded whistler waves are referred as helicon waves. The dispersion relation for

R-wave in cold magnetized plasma can be rewritten as follows (Equation 2.61):

27,2 2
R (5.1)

w? W(WHIV—wWeCc0s0)
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Where n is the index of refraction, k? = ki + k%,cos6 = k;/k with k, kj and k, are
respectively total, parallel and perpendicular wavenumbers.w, wpe and wce are respectively the
wave, electron plasma and electron cyclotron frequencies, v is the electron collision frequency
and c is the velocity of light. In the frequency range, << W< wceKwpe, the dispersion relation

becomes

c?k? Whe (5.2)

w2 W (WeeC0S8—w—iv)

This equation has two solutions for k. Since in helicon antenna produced plasma parallel
wavenumber k) is set by antenna so it may be wiser to consider rewriting the dispersion relation

in terms of k , following Shamrai and Taranov [12]

k2, = kﬁﬁ(l—Za—Zazﬂz +V1—4a) (5.3)
Where,
_ Wpe _ 0wnj
‘= wczenﬁ ’ ﬂ B wz%e

The above equation shows that there are two values of k related to slow and fast wave.
k,, corresponds to TG perpendicular wave number and ki;- corresponds to helicon
perpendicular wave number. It is seen from equation 5.3 that necessary condition of propagation
of both the waves is @ < 1/4 i.e.,w5e < Wmax = (1/4)wnf considering collisionless wave
propagation. In addition to this, the bracketed term in right hand side of Equation 5.3 should be
positive for helicon wave to propagate. This happens when f < 1 or wge > Whin = OWeeNE.
Hence, helicon wave propagates radially outward from higher to lower density with § 11 and
a = 1/4 are the lower and higher cut-off conditions for helicon respectively. For plasmas with a

radial non-uniformity, helicon mode propagates in the interior of plasma where a<1/4 and
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f < 1. It then stops propagating beyond fB1. TG mode propagates in the outer plasma where
a < 1/4 and B > 1 and stops propagating in the interior where, a<1/4 and < 1.
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Figure 5.6 radial density profile for different powers measured at z=20 cm for 30 G
magnetic field and 2x10” mbar

Helicon mode and TG mode are well separated at higher magnetic fields. There is a natural mode
confluence at critical magnetic field corresponding to @ = 1/4 and f @ 1 (ki+=k.-). In the
present experiment, for B = 25 G and measuredn; = 123, a = 1/4 corresponds to a density ~
2.3x10"m~ which is higher than the maximum density achieved in the system even for high

pressure (2x10~mbar). For lower pressures, the experimental density at the critical magnetic
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field is even lower. This means @=1/4 natural mode confluence point (high density cut-off for
helicon) does not exist in the system and hence TG-helicon coupling does not seem to explain
the observed density peaks in our experiment. Further the measured radial density profiles at z =
22 for different RF powers and fill-in pressure of 8x10™* mbar as shown in Figure 5.6 does not
show any localized power absorption at the plasma boundary as observed in HELIC code

simulations by Chen [11].

The experimental evidence of presence of radial modes illustrates the possibility of obliquely
propagating helicon modes. Taking the mass of the electron m, = 0, the boundary condition for
helicon wave propagation gives the perpendicular wavenumbers for cylindrical plasma which
can be obtained by the zeros of the Bessel component of wave magnetic fields. For the first and
the second zeros of first order Bessel function (J;), k,; and k,, are given by 3.83/a and 7.02/a
respectively where a is the effective plasma radius. Taking a = 5 cm in our case, we get k11~76
m-1 and k , ~ 140 m~1. Similar values of k, are reported in similar experimental setup and

conditions by Lafleur et al [9, 17]. Once the k and k. are known, the angle of propagation can

be found from the expression cos® = ky/k =ky/ [kf +k%. To understand the relation

between the angle of propagation and critical magnetic field where density peaks let us look into
the resonance cone behaviour of obliquely propagating helicon wave. For obliquely propagating

R-wave, the cold plasma dispersion relation following Stix’s notation can be written as

. P(n?>-R)(n?*-L)
S(n2—RL)(n%2-P)

tan?0 = (5.4)

Where n is the refractive index and coefficients P, R, L and S are given in reference 18.

At resonance, (n? — ), this requires,

tan?0,,, = — = (5.5)

S
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This equation defines the resonant angle 6, for given plasma parameters. It means the wave
ceases to propagate when its wave vector coincides with 6,.,. However, it propagates within a
cone (called resonance cone) 0<O<68res as discussed in Chapter 2 (section 2.3). In the limit,

wci<<w<wce<wpe,

2
tan?0,.s = % — 1 and therefore c0s8,..s = wi (5.6)

ce

The resonance cone angle from the above equation comes out to be 6,.,,= 78.9° and 84.5° taking
the experimental values of magnetic field values of B= 25 G and 50 G respectively at which the
density peaks. Calculated wave propagation angle values of 6 =76.2° from measured
wavenumbers, k; and k,, considering measured 1* axial mode (kj1=34 m~1) and estimated pnd
radial mode (ki2=140 m-1) and 6 = 83.6° considering measured 2™ axial mode (kj2=17.5

m-1)and estimated 2" radial mode ki12=140 m~!, using the relation cosf = k;/k =

ky/ |k# + k% match quite well with the values estimated from Equation 5.6. This analogy

clearly indicates that when the helicon wave propagates near resonance cone angle, the density

peaks in our system.

Strong absorption of helicon wave correlated with the excitation of convective electrostatic
fluctuations with frequency >100 kHz for magnetic fields > 100 G are reported in many
experiments [18-22]. In search of a possible secondary wave generation near B = 25 and 50 G,
we measured the floating potential fluctuations using a double probe and observed a very
systematic variation of floating potential fluctuations, whose spectra have a broad maximum
around 10 to 20 kHz near these magnetic fields. Analytical works by Arnush et al [23], Boswell
[24] and Boswell et al [25] suggested that for oblique wave propagation near resonance cone the
wave can have large spatial gradients of electric field which can trap and amplify a non-
convective ion acoustic wave in the low frequency range. Figure 5.7 shows the variation of
floating potential fluctuation amplitude with applied magnetic field for three different powers at
pressure p = 0.8 x 10° mbar. It is very clear from the figure that the fluctuation increases

significantly at those magnetic fields where the density peaks are observed.
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Therefore, oblique helicon wave propagation along the resonance cone boundary in this
experiment seems to be generating a non-convective electrostatic wave, which is transferring the
energy to the plasma from helicon waves creating density peaks at specific magnetic fields and

hence describes the dependence of density peaking at those specific magnetic fields.
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Figure 5.7 Floating potential fluctuation amplitude variation with magnetic field measured

for RF powers of 200 W, 300 W and 400 W with argon fill in pressure of 0.8 x 10~ mbar.

Further, the observed dependency of density peak occurrences at specific magnetic fields on
source frequency with similar conditions of RF power, neutral pressure, source tube radius and
antenna in reference 7 (Figure 6) can easily be explained using our model as keeping the RF
power, neutral pressure, source tube radius and antenna same, the ratio of kj;/k remains
constant, and to satisfy the resonance cone propagation condition expressed in Equation 5.6, the

density peak should occur at higher magnetic fields for a higher source frequency.
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5.3 Polarization reversal and asymmetric density peaking

Lot of studies has been carried out to understand the density peak at low B away from
ECR point in helicon plasmas. One of the interesting observations of last section (Figure 5.2 and
Figure 5.3) is that the capacitance values have large dips around 5 Gauss but the density plots do
not show peaks ~ 5 Gauss. As mentioned earlier, the Cy, values are measure of plasma resistance
and show the macroscopic behavior of the plasma. The source frequency of 13.56 MHz
corresponds to the electron cyclotron resonance (ECR) for magnetic field ~ 5 Gauss. The
observation of non-absorption of ECR wave is anti-intuitive. One of the possible reasons may be
polarization reversal. The electromagnetic wave propagating along the direction of magnetic
field is a right hand polarized wave (RHPW) and that propagating in a direction opposite to
magnetic field is left hand polarized wave (LHPW). The polarization of the launched mode is
maintained only at the axis and the boundary condition (Ey = 0) for a bounded wave needs the
wave to have a linear polarization. This process is shown theoretically and experimentally for
microwave frequencies for electron cyclotron waves that an LHPW can have its polarization

reversed to an RHPW or vice versa in bounded plasmas.

However, not much literature is available for the process of polarization reversal in range of
radio frequencies. As it is a well-known fact that the right polarized wave should be absorbed
near the ECR point, however, the small or nonexistent density peak near ECR point observed in
the previous helicon experiments warrants detailed studies. Lafleur et al [9] reported that the
peaking phenomenon is magnetic field direction independent. Parametric studies are carried out
by changing both the magnetic field magnitude and direction at different powers and pressures.
The magnetic field direction along the positive z-axis is referred to as “normal B direction” and
“m = %1 sides” is referred to the sides towards which the conventional m = £1 helicon modes

propagate (Figure 5.8).

The plasma density is measured by a movable double Langmuir probe (DP) and an RF
compensated Langmuir probe, which is also used for temperature measurement. Two collimated
optical probes (lens-fiber combination) are used to collect the visible light from the same
locations that of the Langmuir probes and transmitted to photodiodes through optical fibers and

subsequently converted to voltage signals by current to voltage converters. A Pearson make
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Rogowski coil (sensitivity = 0.1V/Amp up to 50 MHz) is used to measure the RF current in the
antenna near the reference leg of the transmission line. The reflected power Py is always less

than 1% (0-2 W for all experiments) of the forward power Pr.
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Figure 5.8 m=|1| propagation direction for normal and reverse field directions

shown schematically.

Experiments are done by keeping the magnetic field direction along the positive z-axis (normal B
direction), i.e., towards the diffusion chamber. Since the antenna is a right helical antenna, the
conventional m = +1 mode propagates towards the diffusion chamber in this case. Figure 5.9
shows the variation of plasma density and light emission with magnetic field at z = £18 cm in
the plasma produced with fill in pressure of ~ 1.4 x 107 mbar and RF power of 500 W. A
significant electron density peak has been observed in the diffusion side i.e., in the “m = +1

side”, at an applied magnetic field value of ~ 30 G (Figure 5.9 (a)). On the “m = -1 side” i.e.,
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towards the source end plate side, density peaks are distinctively different compared to the “m =

+1 side” both in terms of magnitude and required magnetic fields as shown in Figure 5.9 (b).
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Figure 5.9 Variation of electron density (n.), visible light intensity (I,;;) and
antenna plasma resistance (R,) with magnetic field for 500 W at pressure
1.4x10°mbar. (a) n, at +18 cm, (b) n. at -18 cm, (c) IL,sat +18 cm, (d) L, at -
18 cmand (e) R,
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In contrast to the “m = +1 side” a very prominent density peak has been observed at 5 G which
corresponds to the electron cyclotron peak. Another peak in density has been observed around 12
G and a tiny hump in density around 50 G. In this “m = -1 side”, not only the density peak
around 30 G is absent, a decrease in density has been observed at this magnetic field. Further,
the magnitude of density peak on “m = -1 side” around 12 G is almost 1.5 times higher than the
density peak observed at ~ 30 G in the “m = +1 side”. The density data on either side is further
substantiated by recording the collimated total light emission from z = +18cm as shown in
Figure 5.9(c) and 5.9(d). The light intensity variations closely follow the ion saturation current
variations on the respective sides for all RF powers and this non-intrusive method removes any

doubt regarding contamination of results due to the disturbances created by the Langmuir probes.
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Figure 5.10 Variation of electron density (n.) with magnetic field for 300, 400
and 500 W at pressure 1.4x107 mbar. (a) n, at +18 cm and (b) n. at -18 cm.

The characteristics behavior of density in the “m = +1 side” with the magnetic field direction

towards the same side, shows features similar to those described in Section 5.2. The variation of
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antenna plasma resistance, Rp with the applied magnetic field is shown in Figure 5.9 (e). The
measurement clearly shows that the variation of Rp does not follow the plasma density or total
light emission measured at either side of the antenna. However, the sum of variations of plasma
density or total light emission from both sides of the antenna matches quite well with Rp. This is
quite expected, as Rp is the macroscopic response of the plasma produced on both sides of the
antenna. So, the discrepancy observed in last section about the C, dips and no-occurrence of 5 G

ECR peak on m =+1 side is understood now.
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Figure 5.11 Variation of electron density (n.) with magnetic field for 500 W at
pressures 8x107, 1.4x107 and 2.4x10”mbar. (a) n.at +18 cm, (b) n, at -18 cm.

In order to establish the results further, the experiments are repeated for three different values of

fill in pressures as well as for three different values of input powers. The density and total light
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emissions variations with magnetic field for different powers and pressures are plotted in Figure

5.10 and Figure 5.11 respectively.

The magnitude of density peaks at 12 G and 50 G in the m = -1 side for normal B operation
increases with increasing power (Figure 5.10) while little variations of other peaks are observed.
Increasing the fill in pressure further from 1.4 x 10 mbar and keeping the input power constant
at 500 W the density peak at ~ 5 G dominates over peak at 12 G in magnitude in the “m = -1

side” for normal B operation.
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Figure 5.12 Variation of electron density (n.) with magnetic field for 500 W at
pressure 1.4x107mbar. (a) “normal B” and (b) “reverse B”. n. at +18 cm, (b) n.
at -18 cm. Inset of (a) at +18 cm “normal B” (open triangle) and “reverse B” (+).

Reversing the magnetic field direction symmetrically reverses all the density peak observations.

The plasma density measured on both sides of the antenna is plotted in Figure 5.12. The figure
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clearly shows that the density peak at ~ 30 G is now observed on the other side of the antenna
(towards the end plate) as the conventional “m = +1” mode now lies in this direction after
changing the magnetic field direction. Similarly the prominent density peak at ~ 5 G is observed

at positive z direction (towards diffusion chamber) as the “m = -1” mode now lies on this side.

By changing the magnetic field direction we notice that the density signal by the probe
positioned at +18 c¢m for normal B is very similar to density signal by the probe positioned at -18
cm for reverse B. This clearly indicates density peaking is a mode activity. To establish this fact,
the radial profile of axial component of wave magnetic field is measured at 12 G and 30 G
magnetic fields for both normal and reverse magnetic field directions at z = +18 cm. The profiles

are shown in Figure 5.13.
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Figure 5.13 Radial variations of axial wave field component of helicon waves
measured at 7 = +18 cm for both directions of magnetic field at (a) 12 G, “normal B”
(open diamond) and “reverse B” (open circle) (b) 30 G, “normal B” (open diamond)
and “reverse B” (open circle). ) RF power is 500 W and pressure 1.4x1 0 mbar.
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It is very clear from the figure that in both configuration of magnetic fields, the helicon wave
exists in our system and have the characteristics of |[m| = 1. Further, the observations of wave
fields for both configurations of magnetic field measured at one side of the antenna ascertain the
existence of the wave fields on both sides of antenna in case of the magnetic field being applied
in any one direction. The simultaneous measurement of wave field on both sides of the antenna

is not possible due to the availability of radial port only on one side of the antenna.

Measurements of plasma density on both sides of the antenna by varying the applied magnetic
field in the low magnetic field regime have revealed two important observations, which to best of
our knowledge are never reported before. First the observation of a strong density peak near ECR
point on “m = -1 side”, which should be more pronounced conventionally on “m = +1” side
where it is almost nonexistent. Second, the observance of many density peaks other than at ECR
point on both side of antenna occurring at different applied magnetic fields. On “m = +1 side” a
peak is visible at 30 G whereas on “m = -1 side” an additional peak is visible at 12 G but the 30

G peak is absent.

Multiple density peaks observed in the m = +1 side for both the normal and reversed magnetic
field directions can be understood through oblique cyclotron resonance of helicon waves when
propagating in the resonance cone boundary. In the present experiment, k; @ 34 m~'has been
estimated from the slope of axial variation of phase of B;, shown in Figure5.5 obtained using

magnetic probes and the plasma radius of 5 cm sets the 1% perpendicular wave number k,; ~
76 m~1 and second perpendicular wave number k;, ~ 140 m~1. This corresponds to c0SO =

1/2.2 with k,; and cos@ = 1/4.2 withk,,. Hence the first resonance should occur
approximately at B ~ 11 G and second resonance at B ~ 22 G. These values of magnetic field are
quite close to the ones for which the density peaks are observed on m = +1 side for both the
normal and reversed magnetic field directions. This analysis suggests that resonating obliquely
propagating helicon waves are responsible for the observed density peaks on m = +1 side for
both the normal and reversed magnetic field directions. The detailed mechanism of observed
density peaks due to the oblique propagation of helicon waves along the resonance cone

boundary can be explained as in Section 5.2.
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As the wave absorption profile is affected by the wave polarization profile, the observed density
peaks in the m = -1 side cannot be directly described by the resonance phenomena because it is a
very well known that the right handedly polarized wave (RHPW) can only be absorbed via
resonating with electrons while a left handedly polarize wave (LHPW) is not related to ECR [ ].
However, the wave absorption is quite possible on the m = -1 side, if the polarization reversal
occurs for the LHPW into RHPW. It has been observed both theoretically [26] and
experimentally [27-28] that in bounded plasma, polarization of a RHPW or LHPW is strictly
maintained at the axis, but polarization can be reversed at some or many radial locations, where
LHPW becomes RHPW and RHWP becomes LHWP. In bounded plasma with cylindrical
boundary, the electromagnetic wave has radius dependent perpendicular electric field
components E,. (1), E,(r),and Eg(r), which decide the wave polarization. The polarization
index S can be expressed [26] in terms of the perpendicular wave electric components as

_ |Er+iE9|
|Er_iE9|

S 5.7)

For 0 < § < 1 the wave is right polarized and for 1 < § < oo the wave is left polarized. S = 0,
S =1 and S = o correspond to right circular, linear and left circular polarization. Depending on
the plasma parameters and their radial variation the polarization can change from LHPW to
RHPW or vice versa. The weak density peak near ECR point on the “m = +1” side may be due to
conversion of RHPW into LHPW. The reason for much higher densities observed for the
reversed m = -1 mode compared with the reversed m = +1 mode as shown in Figure 5.12 is not
fully understood and is under investigation. The density mismatch on either side may be related

to polarization reversal radius where an RHPW is polarization-reversed to LHPW or vice versa.

5.4 Downstream Density Peak

Another type of density peak has also been observed by Chen et al [29] and Tysk et al
[30]. While measuring axial density along the axis they reported/observed a downstream density
peak far away from the antenna for a uniform magnetic field. This phenomenon has been
explained as a consequence of decay in electron temperature away from the source [31]. They

explained at this location “the ionization rate is low and the diffusion rate is large, so that
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production and loss mechanisms would not be expected to produce a peak”. However,
performing an energy balance, they were able to show a density rise due to temperature decay.
Additionally, since nearly all power is absorbed in the near field antenna region of the helicon
discharge the density peak was not due to any significant wave absorption downstream [31].
Another group to have observed this effect is Tysk et al [30] but little is mentioned regarding the
observation. In both the observation the magnetic field at the location of density peak is almost

same as that near the antenna.
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Figure 5.14: Axial variation of density and magnetic field, p=4x10~mbar, power=400W,

(a) Reverse current in 7th coil & (b) no current in 7th coil.
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In the present experiment, density measurement shows usual density peak when magnetic field is
varied. In addition, for constant but axially non-uniform magnetic field axial density scan shows
density peak at a particular axial location away from the antenna in the expansion chamber.
Axial components of wave magnetic field reveals that for 88 G source magnetic field no helicon
wave propagation in the source region whereas in the downstream where magnetic field is less

than 40 G or so wave propagates giving rise to a density peak in the downstream.

The magnetic field in the source region is kept at around 88 G and it starts falling from z=~15cm
to the end of the expansion chamber where magnetic field is ~ 7G. Density is measured axially.
In the downstream when the magnetic field is decreasing an axial peak in density is observed. A
typical trace is shown in figure 5.x.b for pressure p= 4x10™ mbar and at RF power of 400 W for a
source magnetic field around 88 G. Magnetic field is decreasing away from the source. As
density was scanned axially density decreases from source region as expected. However, further
down axially it is noticed that density again increases before it finally goes down. Position of this
density peak corresponds to a position where magnetic field is approximately 20 G at z=50cm.
Chen [31] explained this downstream density peak phenomenon by particle and power balance in
the downstream region. However in the present case, the magnetic field is decreasing
downstream. This kind of density behavior indicates local deposition of power around z=50 cm.
This is more apparent when the magnetic field gradient is made sharper by passing same amount
of opposite current in 7™ coil. This brings the ECR location (5G) inside the expansion chamber.
Fig 5.14 shows the density and magnetic field traces for two different magnetic field gradients.
Fig 5.14 (b) shows the traces when there is no current in the 7" coil, i.e., ECR location 5G is
almost at the end of the expansion chamber. Density trace shows a peak at z=50 cm where
magnetic field is around 20 G. Later, same amount of current is passed in 7™ coil but in the
opposite direction. This is shown in Fig 5.14 (a). Density traces shows a peak at z=44 cm where
magnetic field is around 5 G. Cyclotron frequency corresponding to 5 G is 14 MHz and applied

rf frequency is 13.56 MHz. Hence, the local density peak is attributed to cyclotron resonance.

To understand this downstream peak further, wave propagation of helicon wave was studied
experimentally. RF power and pressure were kept constant at 400 W and 4x10™ mbar
respectively while the magnetic field (with six coils) at the source was maintained around 88 G.

The phase of B, was measured using a fixed reference probe positioned near the antenna edge at
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20 cm downstream from the antenna centre and oriented to measure B,. The radial position of the
scanning probe was placed in the centre at the same axial location as the reference probe to begin
with. It was then moved axially by 1 or 2 cm toward expansion chamber. Signals from the
scanning probe were plotted with respect to fixed probe for phase shift measurement. Measured
time difference between the fixed probe and scanning probe was translated to the phase variation
with distance. This is plotted in figure 5.15. Straight line fitting of the curves gives us effective
travelling wavelength calculated from the slope using the expression A = 360(d¢/ dz)_1 ,
where z is the axial distance and ¢ is the phase. From Figure 5.15 it is seen that phase is nearly
constant up to z~42 cm showing no propagating wave. Beyond z=42 cm phase is changing.
Corresponding wavelength and parallel wave number (k;) become ~ 35 cm and 17.94 m’

respectively.
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Figure 5.15 Variation of helicon B, phase along axis for 88 G source
magnetic field, 300W RF power and 8x10™* mbar neutral pressure.

This means wave is propagating with parallel wave number of 17.94 m™". Density rise from this
points till z=50 cm is because of resonance of helicon wave propagation at an oblique angle. This

has been explained earlier in Section 5.2. Measured parallel wave number ( k; ) is 17.4 m™". The
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perpendicular wave number (k) for cylindrical plasma, was calculated from the zero of the
Bessel functions. For the second zero root of 1* order Bessel function (J;), k; is given by 7.02/a
where a is effective plasma radius in the diffusion chamber. Taking a = 10.5 cm we get k; =
66.8 m~1. Hence, cosf = ky/k = 0.26. So, from the resonance condition, w — wscosf = 0,
we find B~18.5 Gauss which is close to the experimentally observed magnetic field (B=20
Gauss) near the density peak. Hence, local deposition of power by obliquely propagating helicon

wave is producing the axial density peak.
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Figure 5.16 Axial variation of density for 200W, 300W and 400W at there argon neutral

pressures of (a) 2x1 0° mbar, (b) 8x1 0 mbar & (c) 4x1 0 mbar. Magnetic field at antenna
centre is 88 G.
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Parametric studies were carried out at different pressures for different powers. Axial density is
measured at different pressures and powers and plotted in figure 5.16. Magnetic field is also
plotted in the same figure6. For, high pressure, p:4x10'3mbar density peak is at z=46 cm where
B is around 25G. Keeping pressure same peak decreases with power. As lower pressures, p =
8x10™ mbar or p = 4x10™ mbar, there are two humps in density trace, one is at B=20 G and other
being at B=40G. The higher magnetic field hump may be because of higher k,(lower

wavelength).

5.5 Efficient Low Field Helicon Source

Helicon waves propagating near the electron cyclotron resonance cone angle boundary
can excite electrostatic fluctuations which subsequently can dump energy in the plasma. This
process is described in Section 5.2 and is shown to be responsible for peaking in density as well
as antenna plasma coupling in low field helicon discharges, where the helicon wave propagates
at a resonance cone angle with respect to the applied magnetic field. Though much of the
experiments to study the low field helicon discharges have used a uniform magnetic field,
recently Lafleur et al [9] using a diverging magnetic field near the antenna have obtained a ten
fold increase in density from the density at no magnetic field. Also reported in this work is that
using another coil (described as exhaust coil in their report), the density did not rise as much
compared to the single coil. The source coil current was varied by keeping the current in the
exhaust coil constant at one of the values between 0-5 A in 1 A steps. As for 1 A current in the
exhaust coil current, the density value must have decreased as with the case with only source
coil. Now, on top of this any current in the source coil will increase the magnetic field near the
antenna and the densities will follow the only source coil case after 1 A if the coils are taken as

identical as is the case.

When we have a magnetic field which is uniform near the antenna, as per section 5.2 the oblique
cyclotron resonance for a single mode will happen at a particular magnetic field. But in case of a
diverging magnetic field near the antenna, all the radial and axial modes in the system will have
resonance due to the availability of different magnetic fields. So it seems that magnetic field
profile near the antenna dictates the density peaking phenomena. To see the effect of magnetic

field gradient near the antenna we have used 4 different magnetic field configurations with
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completely uniform magnetic field near the antenna to the most diverging field one can obtain

with a single coil.
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Figure 5.17 Axial variation of magnetic field for Cases A-D when 1 A current
is passed in the coil(s).

Figure 5.17 shows axial variation of magnetic field when 1A current is passed for four different
magnetic field topologies used. The left most coil as shown in the experimental set up (Figure
3.2) is the first coil and the right most coil is the seventh coil. Case A corresponds to a magnetic
field profile when 1 A current is passed through 6 coils as is the case described in Section 5.3
and 5.4. Case B magnetic field is produced by taking out the first coil and keeping the other 5.
Case C magnetic field is obtained by removing the first and second coils from left and keeping
only 4 coils. Case D magnetic field corresponds to 1 A current in fourth coil by removing the

first, second, third, fifth and sixth coils.
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Double Langmuir probe is placed at z = £18 ¢m from the antenna axial centre to measure the
ion saturation current. Both the probes have probe tips of 0.5 mm diameter tungsten wires and
are of length 3 mm. Electron temperature is measured by a RF compensated probe +18 cm away
from the antenna centre. A rogowski coil is used to measure the RF current in the antenna near
the reference leg of the antenna from which the power transfer efficiency, 1 = Rp/ (Rp + Ry) is

calculated.
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Figure 5.18 variation of density at z = +18 cm with applied magnetic field at
antenna centre for Cases A-D. RF power is 300W and pressure 8 X 10 mbar.

Figure 5.18 shows the variation of density measured at z = +18 cm for all the cases outlined
above. As for density peaks studied so far, here also for m=+1 side the ECR peak is very small or
non-existent. Density peaked around 30 G for Case A, B and C. For the most non-uniform case
D, the density peaked ~ 50 G. As the coils are removed or field non-uniformity is increased from
Case A-case C, density at ~30 G increased but for Case D the density decreases as compared to
Case C. As the probe is kept at z = +18 cm, for case D the magnetic field decreases rapidly and
the measured density becomes less in the diverging field region. Also on the m=+1 side, the

volume of the plasma is more than m=-1 side, so the particle loss on m=+1 side will be more.

141



T T T T T T
- I I I IH}!‘HSGA-
8 ©— Case B__]
—— Case C
—_ - Case D
B
s 60
—
=]
= L
e’
<
=4
72}
=
D L
a
2_
T R T T T

0 20 40 60 80 100 120

Field at Antenna Center (Gauss)

Figure 5.19 variation of density at z = —18 cm with applied magnetic field at
antenna centre for Cases A-D. RF power is 300W and pressure 8 X 1 0 mbar.

Density variations on m = -1 side are shown in Figure 5.19 for the different magnetic field cases
A-D. The ECR peak around 5 G is well visible this side as it is described in Section 5.2. The 12
G peak which is described in Section 5.2 is present for Case A. For case B-D, there is another
peak in between 20-25 G. For case D, the density at each magnetic field increases and there is a

peak around 50 G.
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Figure 5.20 Variation of density at z = —18 cm with applied magnetic field at antenna
centre for Cases A-D. RF power is 300W and pressure 8 X 1 0 mbar
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The calculated plasma resistance is shown in figure 5.20 for all the four cases. For every case the
plasma resistance has a peak ~ 5 G corresponding to the electron cyclotron resonance absorption.
For nearly uniform magnetic field cases (Case A, B and C), the plasma resistance peaked ~ 30 G.
For the single coil case D, the plasma resistance is highest and occurs ~ 50 G. As it was
discussed in Section 5.2, the plasma resistance explains the behavior on both sides of the
antenna. This behavior of density rise on both sides of antenna is different from Lafleur et al [9]
as in their case the plasma boundary on the m= -1 side is just 5 cm from the antenna and they

have measured the density in the centre of the antenna.
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Figure 5.21 Increase in efficiency from the zero field case to the efficiency at the density
peak for the four field topologies shown in Figure 5.20.

143



The efficiency of the antenna is calculated using Equation 3.66. For the most uniform magnetic
field case (case A) the increase in efficiency of antenna plasma coupling from the zero field to
the peak magnetic field is nearly 21%, where as for the most non-uniform case the increase is ~
80% (Figure 5.21). As low field helicon sources are proposed recently for space propulsion [32],

using a diverging magnetic field near the antenna is well suited.

5.6 Conclusions

Multiple density peaks are observed for the first time in a helicon experiment operated at
low magnetic fields. The density peaks are shown to be observed near the resonance cone angles
of obliquely propagating helicon waves. Resonance cone propagation leading to excitation of
electrostatic fluctuations are confirmed, the amplitude of fluctuations being large at the magnetic
fields where the propagation angle coincides with the resonance cone angle. Energy transfer
from helicon waves to these fluctuations which deposit energy in the plasma is proposed to
explain the density peaks. This proposition helps in explaining the results of Wang et al where
the density peaks are observed at higher magnetic fields for higher source frequencies which is
required to satisfy the resonance condition. Measurement of density, visible light intensity and
antenna plasma resistance at low magnetic field (< 100 G) clearly shows density peaking
phenomena on both sides of the antenna at different applied magnetic fields. The density peak
observed at the electron cyclotron resonance point around 5 G, where the cyclotron frequency is
close to the source frequency of 13.56 MHz, always has higher magnitude in the “m = -1 side”,
compared to m = +1 side. This is explained by the polarization reversal of LHPW to RHPW. The
reason behind non-occurrence of 30 G peak on “m = -1 side” is not clear. The wave field
measurements have shown that |[m| = 1 character is present near all the peaks. The antenna
dumps power on both sides simultaneously as the plasma resistance behavior can only be
explained when taking into account of the variations on both sides of the antenna. With a source
magnetic field of 88 G, density peaks are observed far away from source in the diffusion
chamber near locations close to having fields around 30 G. Phase measurements in the axial
direction show propagating and non-propagating regions. In the diffusion chamber the density
peak is explained by oblique resonance as explained in Section 5.2 by considering the measured
parallel wave number and estimated perpendicular wave number. Four different field topologies

near the antenna is used to look for effect of magnetic field gradient. It is shown that for the
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availability of different magnetic fields near the antenna, the density on both sides along with the
antenna-plasma coupling increases which is proposed to be through a multimode oblique

resonance.
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Chapter 6

Current Free Double Layer

6.1 Introduction

Monotonic potentials form in the boundary of a plasma vessel or any material inserted in
plasma and these potential structures are known as sheaths. Double layers (DL) or double
sheaths are potentials formed in the bulk of the plasma. Normally DLs are formed in the
interface of two different plasmas and need a current to maintain this potential. Current free
double layers are potential structures formed self consistently in a current less plasma. Recently
many experiments reported observations of DLs in current-less systems. Most of the works on
current free double layer (CFDL) are reported in low pressure geometrically expanding helicon
plasma systems with a diverging magnetic field. Still many experiments are going on to find out
the formation mechanism of CFDLs as well as to find out the role of different external
parameters like neutral pressure [1], antenna frequency [2], magnetic field [1, 3-4] as well as the
strength and location of magnetic field gradient [5-8]. Electric fields can be created in the bulk of
geometrically expanding plasmas with or without diverging magnetic fields either by the normal
Boltzmann plasma expansion [8-10] or by DL like self consistent potential structures [1-8].
Ambipolar plasma expansion and subsequent potential formation is discussed in Section 6.2
followed by an introduction to double layers in Section 6.3. A DL normally needs finite relative
ion-electron drifts or a current to be sustained [39]. Current free plasmas can also sustain
potential structures in an expanding geometry. These CFDLs are explained in Section 6.4 along
with recent experimental and conceptual developments in CFDLs produced in low pressure
helicon discharges. One of the common features of helicon CFDL experiments is a dielectric
source tube around which a helical antenna is wrapped to produce plasma. It is believed that
finite amount of charging of this dielectric wall is necessary to form a CFDL [37-38]. In RF

discharges a floating object can acquire a negative potential known as the DC-self bias. In this
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thesis work a borosilicate glass source tube is used and its charging dependence on various
external parameters like RF power, gas mass, gas pressure and magnetic field is studied and the
results are described in Section 6.5. Role of magnetic field gradient and the location of maximum
field gradient are studied in a low pressure and low power RF plasma and the results are

presented in Section 6.6.

6.2 Boltzmann Plasma Expansion

For Maxwellian electrons in a plasma, electron temperature, density and plasma potential
are related. Plasma density decreases when relatively denser plasma expands from the source
region of a discharge to a vacuum chamber with area larger than the source. This density

decreases creates a potential fall away from the source.

Consider a plasma source where density near source as n, and plasma potential V = 0 and take
two points A and B away from the source. The potential and temperature are respectively V, and

T, 4 at location A. Density n,, for a Maxwellian plasma electrons at A can be expressed as

N,y = ngexp(—V,/Teys) (6.88)

Similarly for a location B, if the potential and temperature are respectively Vy and T,p then

density n,p for a Maxwellian plasma electrons there can be expressed as

n,g = ng exp(—Vg/Tep) (6.89)

From the above two equations we can have

ln(m)z"—B—V—A (6.90)

nzp Tep Tea

So if the temperature at location A and B are equal with T,4 = T,g = T, then the potential
difference Vz — V4, = VV between location B and A can be written as

VW = —T.In (22) (6.91)

nzp
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So if n,4 > n,p i.e. if the density drops from location A to location B then a potential drop will

be created as per Equation 6.4.

When a plasma expands in a diverging magnetic field, the magnetized electrons will follow the
field lines and flow in a larger area. When the magnetic field strength decreases, the flux tube
area increases. If the magnetic flux tube area and field strength at x = 0 are A,, By and at x

are A, B, [Figure 6.1] then

AoBo = A,B, (6.92)

As the magnetic field diverges, the plasma density decreases and the density n, at x = 0 is

related to density n at x by

—_=—=20 (6.93)

Flasma contained in flux tube

Flasma source

Flasma acceleration

Figure 6.1 Ambipolar plasma expansion in diverging magnetic field [12].
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Assuming ions entering the location x = 0 at Bohm velocity ug, the ion continuity equation will

be

n(x)u(x)A(x) = ngugi, (6.94)

, where u(x) is the velocity at x. The ion velocity can be found from the energy conservation

equation as

%Muz(x) = %Muﬁ + qV(x) (6.95)

Thus when the plasma expands, density decreases and a potential V' (x) is set up which
accelerates the ions. This kind of ambipolar plasma expansion with or without a diverging
magnetic field is reported by many authors in RF discharges. Lafleur et al [8] have reported ion
acceleration over a length of 15 cm with ion beam energy of 18 eV in an expanding low pressure
(A 4.3 x 10~* mbar, Argon) helicon plasma source at low magnetic fields of ~ 20 G using a
retarding field energy analyzer (RFEA). Corr et al [9] have observed ion beams with energy ~ 50
eV in a geometrically expanding capacitive discharge. Longmier et al [10] have observed
ambipolar ion acceleration over a length of 10*-10° Debye lengths with ion speeds four times ion
sound speed at 30 kW RF power and 1.7 kG magnetic field in low argon pressures of @2.6 X

10~ mbar.

6.3 Double Layer

A double layer (DL) in its simplest form is a sandwich of two oppositely charged space
charge layers. It is different from the normal sheath as the DL forms in the bulk of the plasma
where as the former forms on boundary of any material inserted into the plasma or on the
boundary of the vessel containing the plasma. A typical potential, electric field and space charge
density profile of DL in a plasma is given in Figure 6.2. Though the total charge of the DL is
zero, quasi-neutrality is violated inside the DL. A DL can have extended pre-sheaths on both

sides much like a sheath to match the conditions of the quasi-neutral plasma on either side.
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Figure 6.2 Electric potential, electric field and space
charge distribution inside a double layer [13].

The potential drop inside the DL can be as large as 2000 times [14-15] the electron temperature
(in Volts) to an order of electron temperature [16] with the former known as the strong DLs and
the latter as the weak DLs. There are DLs which can have drops even less than electron

temperature which are known as the ion acoustic type DLs (IADL). Chan et al. [16] reported the
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first laboratory evidence of such structures. The existence of IADLs was confirmed by
experiments by Sekar and Saxena [17] in 1985. The formation of strong double layer requires the
existence of four distinct groups of particles namely trapped and accelerated electrons and ions
as shown in Figure 6.3, while weak double layers may be constructed with only three out of

these four groups. DLs can be stationary [1-8] or propagating [18-19]. They are formed in both

electropositive [1-8] and electronegative [20] plasmas.

~
bttt bt
S

AN

N NN NONONNN
ST NN NS SN NSNS S

a

S N

\
)

i s i sz s s s s 3 3 A bl NN

//// 9 I e

<V
7/
xV

Figure 6.3 Potential distribution ®(x), and the ion and electron phase space distributions across
a DL with potential drop @y (and the corresponding internal electric field E). The hatched areas
indicate accelerated populations. The reflection of ions and electrons within the separatrices
(symmetrically placed broken and barred curves) are indicated by the arrows symbolizing
velocity reversal. lons or electrons with energy larger than @, (with very large initial velocity)

are not reflected but can pass through the DL, as indicated [21].
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Electric fields inside the plasma are often interesting as they can be used as source of thrust for
space propulsion [22-23] and also accelerated ions can be used to functionalize materials [24] of
interest to semiconductor industry. As a source for charged particle acceleration, they are
believed to explain some important astrophysical phenomena like aurora formation [25]. Alfven
[25], suggested that a DL present in the magnetosphere can accelerate electrons to earth’s upper
atmosphere which leads to the precipitation and the subsequent observation of aurora. With
rocket-borne detectors Mcllwain [26], found the presence of mono energetic electrons which
suggested electrostatic acceleration. Later Satellite observations by Forrest Mozer [27] in the
magnetosphere have revealed electrostatic shocks aligned to magnetic field. It is recently
proposed that double layers may play a significant role in supplying and accelerating plasma in

magnetic coronal funnels [28].

6.4 Current Free Double layer

Perkins and Sun [29] analytically suggested that current free plasmas can sustain a
potential drop in a diverging magnetic field by solving the Vlasov equation. Hatakeyama et al.
[30] observed the first experimental CFDL by mixing two plasmas of unequal electron
temperature in a triple plasma device. Hairapetian and Stenzel [31] created two-electron
temperature plasma and then allowed its expansion. Adjusting the individual temperatures of the

two groups of electrons they have observed CFDL formation.

6.4.1 Helicon CFDL experiments

Charles and Boswell [11] observed the first helicon CFDL in which they have measured a
sharp potential drop of 45 V in ~ 50 A, along the magnetic field. The experiment was performed
at 250 W RF power and a pressure of 0.4 mTorr with 130 G magnetic field in the source
chamber which decreased to few tens of Gauss in the diffusion chamber. The experimental set
up, the axial potential profile and axial density profile are shown in Figure 6.4. Argon and
Hydrogen plasmas were used for CFDL formation and ion beams accelerated in the CFDL are
observed in the downstream by a retarding field energy analyzer [32]. The formation of double
layers in current-free plasmas and associated ion beams were confirmed by similar experiments

[1-5,7,33-35].
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Figure 6.4 Chi-Kung source, axial applied magnetic field, measured axial plasma
potential and density at 250 W RF power, 0.2 mTorr and 130 G at source [11].

Charles and Boswell [36] also did the time evolution study of the CFDL formation and found
that the current-free double layer was formed in the first 100 us of the discharge. Charles [37]
also showed that CFDL formation was accompanied by negative charging of the source walls.
Meige et al [38] in 1D PIC simulations have shown that finite amount of source wall charging is

necessary for CFDL formation.

6.4.2 Helicon CFDL Models

After the observation of CFDL in helicon plasmas, many models have tried to explain the

observations of CFDL formation in low pressure helicon discharges by taking various groups of
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trapped and free electron distributions. A current driven DL is modelled using four groups of

particles as free and trapped electron and ions [39].

Taking a Maxwellian upstream electron population, with no additional energetic electron
population Chen [40] considered a Boltzmann plasma expansion in the diverging magnetic field.
As the plasma expands in a diverging magnetic field, the density and plasma potential fall
according to Boltzmann expansion. For a potential drop of 0.5 kT, /e, the ions get accelerated
and attain the Bohm velocity after which their density decrease is slower than that of electrons.
So the plasma expansion is considered to be a simple Boltzmann expansion until the point where

quasi-neutrality breaks down (n = ngpe 12

) and the double layer forms. The double layer potential
is self-consistently set such that equal electron and ion fluxes can flow across it, and it is
therefore current free. As to a floating material inside plasma the ion and electron fluxes are
equal, this double layer structure thus evolved is current free in nature. For Argon plasma a
CFDL drop of ~ 5.2 kT./e was proposed. This model does not take into account the collisions and

also cannot explain the 165 eV ion beams observed by Weibold et al [35] for a 14 eV plasma.

Lieberman et al [41] in a diffusive model used a group of fast electrons being accelerated
by the CFDL towards upstream plasma along with the four group of particles needed for a
current driven DL. These fast electrons will get reflected from the source end wall sheath to
ensure that the DL formed is current free. As the source diameter is less than the diffusion
chamber diameter in all the CFDL experiments, the loss of electrons in the upstream will be
higher upstream. This electron loss is compensated by the extra accelerated group of particle
travelling towards the source from the diffusion by increasing the ionization in the source region.
Their explanations can explain the pressure dependency of CFDL strength observed in the
experiments. For very low neutral pressure where collisions are sparse, additional ionization in
the source cannot happen and the CFDL vanishes and for higher pressures there is no longer a
need for ionization by the energetic electrons and the double layer vanishes. But so far in
experiments these fast electrons are not observed though there is experimental evidence that the

source ionization increases [2] with CFDL formation.

Ahedo et al [42] used a Bi-Maxwellian electron distribution and shown that for
collisionless plasma, the ratio of hot electron density and temperature to Maxwellian electron

density and temperature plays a role in CFDL formation.
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Takahashi et al [43] measured the electron energy distribution in an expanding low
pressure helicon discharge. In the upstream they found a Bi-Maxwellian distribution with free
and trapped electrons. The break energy of the distribution upstream was found to be the CFDL
potential drop so that the hotter population escapes the source. The temperature of the trapped
electron was higher than the free electrons as the trapped electron stay for longer time being
trapped in the wall sheath and the CFDL potential. The fast electrons stay considerably for a
lesser time in the source. The faster electrons which go to the right side grounded wall sheath get
reflected and then again get accelerated when they enter the upstream. So a single source of Bi-
Maxwellian electrons can sustain the CFDL. In the downstream they have observed only the

hotter population which has escaped from the source.

6.4.3 Helicon CFDL instabilities

Observation of two different types of low frequency instabilities are reported in helicon
CFDL experiments. Aanesland et al [1] have observed an instability in the frequency range of
10-20 kHz concurrent with the CFDL in a low pressure helicon discharge. Electrons accelerated
from the downstream plasma through CFDL were believed to excite an ionization instability in
the upstream plasma. They have done a theoretical calculation for excitation of ionization
instability by an electron beam in the low pressure upstream plasma and found the dispersion of
the ionization instability and its growth rate. The theoretically calculated pressure dependency of

the ionization instability frequency matched quite well with the experimental data.

Thakur et al [2] reported observation of ion acoustic instability of 17.5 kHz, that is
excited when the source frequency is below 12 MHz. For frequencies between 12-15 MHz stable
CFDL formations was reported along with increase in signal-to-noise ratio in all electrostatic
probes, upstream plasma density and velocity of ions downstream. For low RF frequencies the
coupling to plasma is shown for their system to be better, so that a strong CFDL tries to form but
that results in formation of high energy beams through acceleration in the high potential drop
which were proposed to drive the ion acoustic velocity. They proposed that this electrostatic

instability will self limit the formation of strong CFDL formation.

The above mentioned results are different from each other as in case of Aanesland et al [1] the
instability is concurrent with the CFDL where as for Thakur et al [2] the CFDL formed only after

the ion acoustic instability got suppressed at higher source frequencies.
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6.4.4 Effect of Magnetic field Strength and Gradient
Charles and Boswell [3] studied the role of magnetic field on CFDL formation. By

increasing the magnetic field they have observed ion beam formation in downstream plasma for
a critical magnetic field of 50 G in the source. The source potential and density increased
simultaneously at 50 G but in the downstream plasma the effect was little. lon magnetization at
50 G is attributed to this transition from an expanding plasma to a plasma containing a CFDL.
When the ion is magnetized the ion loss to the radial wall decreases and amounted to the density
rise. Similar results were obtained by Takahashi et al [4] in EMPI source have shown that for
two different dielectric source tubes of radii of 3.25 cm and 2.3 cm, the CFDL is formed for
125 G and 195 G respectively the values of these magnetic fields also are the magnetic fields

where the ions got magnetized.

Though the observation of the CFDL were reported by many authors, the location of the
CFDL with respect to the geometrical expansion point and also with respect to the maximum
magnetic field gradient location was not clear. The role of magnetic field gradient and its
location was studied by Sutherland et al [7], Byhring et al [5] and Schroder et al [6]. Sutherland
et al. [7] showed that the double-layer strength could be scaled by a factor of at least 2 in a
bigger system and that the double layer presumably forms in the vicinity of maximal gradient of
the magnetic field. Byhring et al [5] changed the magnetic field gradient by using an extra coil in
which the current is passed in the same direction as the other coils. So by increasing the current
in their last coil they could decrease the magnetic field gradient which location was much inside
the source plasma. They have found that CFDL only formed for up to 8 A in the last coil which
was confirmed by RFEA measurements. For their case CFDL formed 6 cm downstream of the
geometrical expansion location. A study on independent effects of geometric expansion,
magnetic field and field gradient along with its location are studied by Schroder et al [6] in
VINETA device. For magnetic field gradient location coinciding with the geometric expansion
they have found the CFDL strength is highest. For low magnetic fields the CFDL formed nearer
to the diameter change location but for higher magnetic field the DL was pushed to the
downstream plasma. They have also reported that for the geometric expansion location nearer to

the source stronger potential drops are formed.
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6.5 Study of Dielectric Wall Charging

Current free double layers (CFDL) are observed [11] in diverging magnetic field low
pressure helicon experiments with an RF antenna wrapped around a cylindrical source tube made
of dielectric material and it is believed [37-38] that dielectric glass wall charging lifts the plasma
potential in the source chamber of this kind of discharges. Meige et al [38] have done 1D
simulation and found that finite wall charging is necessary for the CFDL formation and it may be
noted that this can be a reason that no CFDL formation is reported so far without use of dielectric
source tubes. The plasma potential of the source region of helicon CFDL experiment depends on
the loss rate of electrons and ions whereas the flux of ions to the dielectric wall determines the

wall potential.

When a material body is inserted inside an electron-ion plasma, the floating body is
negatively charged by the electrons. This negative potential is known as the floating potential
(V¢) of the material and it accelerates the less mobile ions near the wall so that the total current to

the floating object is zero. This floating potential depends on electron temperature and electron

to ion mass ratio and is expressed as Vy = (kT,/2e)[In(2rm/M)], where k, T,, m and M are the
Boltzmann’s constant, electron temperature, electron mass and ion mass respectively. As

m<<M , V,is always negative with respect to the plasma potential.

When a high frequency electric field is applied to a floating dielectric which is exposed to
the plasma, the plasma electrons respond quickly compared to the heavier ions. This creates an
imbalance in the currents flowing to the dielectric body and the electrons have to charge the body
to a negative potential such that the heavier ions are accelerated resulting in a flux balance of
electrons and ions. Emeleus and Garscadden [44] have shown this DC voltage generation as
process of rectification by a non-linear sheath in response to harmonic oscillation of RF voltage.
Butler and Kino [45] have given a detailed theory of this sheath rectification process for an
antenna outside a glass vessel which acts as a capacitance along with measurement of the DC
bias voltage inside a glass wall surface exposed to the plasma. This potential is sum of the
floating potential of a DC plasma system as described earlier and another additional potential

because of difference in response of electrons and ions to the high frequency oscillating electric
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field. This potential is known as the DC self bias and the total potential is expressed as per

Chabert [46] as

Var =52 ;10 (57) ~in 1o ()]

Where [ is the zero order modified Bessel function and V; is the RF volatge induced in the inner
wall exposed to plasma through the capacitance of the dielectric wall. A parametric study of wall
potential in the source region of a low pressure helicon discharge is performed with variation in
RF power, neutral gas fill-in pressure, gas mass and magnetic field. Wall probe inserted form the
source end flange as shown Figure 3.13 is used to measure the floating potential in a static
method as used by Aanesland et al [5] by touching the probe tip to the wall. The molybdenum tip
of the wall probe is 3 mm in diameter and its planar surface touches the glass wall curved surface

while moving axially. DC floating potential is measured using a high impedance of 10 M Ohm.
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Figure 6.5 Axial variation of DC bias potential for different RF powers at Argon fill-
in pressure of 4 X 10”* mbar.the shaded region are the antenna circular ring
positions.
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Figure 6.5 shows the variation of DC bias voltage with RF power at 200 G and 4 x 10~*
mbar of Argon neutral pressure. The axial locations close to the antenna straps have higher wall
potential and near the ring connected to the live side of the matching network wall charging is
high, the behaviour being more pronounced for higher RF powers. Figure 6.6 shows the variation
of wall potential at z = +9 cm (near the antenna ring) with RF power at 4 X 10™* mbar. As
increasing the RF power increases the RF voltage on the antenna, according to Equation 1, the

DC bias increases.
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Figure 6.6 Variation of DC bias potential with power near antenna ring at z = +9 cm at
Argon pressure of 4 X 10~* mbar.

To see the effect of neutral gas pressure in detail, DC bias is measured near both the
antenna rings at z = +9 cm and z = -9 cm for different pressure at 300 W RF power and is shown
in Figure 6.7. The DC bias increases as the pressure is decreased from 4 x 10~ mbar at a

magnetic field of 200 G and for pressures less than 6 x 10™ mbar it again starts to decrease. It
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may be noted that the flux of ions reaching the wall decides the wall potential. For higher
pressures the ion flux to the wall is higher as the ionization as well as diffusion of ions to the
wall is high. As the pressure is decreased the collision length as well as the ionization decreases
leading to a lesser flux to the wall which in turn requires increased wall charging. The observed
variation of wall charging with pressures less than 6 x 10™ mbar is not expected and cannot be

explained.
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Figure 6.7 Variation of DC bias potential with neutral pressure of Argon at RF power of 300
W and magnetic field 200 G.

As the DC bias is produced because of less ion flux to the wall and as the ion flux
depends on the ion magnetization, effect of magnetic field has been studied by varying the
source applied magnetic field at 4 x 10 mbar and measuring the wall potential near the right
ring of antenna at z = +9 cm for different gases. The variation of wall potential with applied

magnetic field for helium, argon and krypton gas is shown in Figure 6.8. When the ions are not
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magnetized the flux of the ions to the wall is more. As the magnetic field is increased the
larmour radius decreases and the ion loss to the wall decreases linearly with the applied magnetic

field till the larmour radius is equal to the source radius of ~5 cm with a flux which is ion mass

dependent.
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Figure 6.8 Variation of DC bias potential with magnetic field for three different gases: Helium,
Argon and Krypton at magnetic field of 200G and neutral gas pressure of 4 X 10~* mbar.

As the ion larmour radius becomes smaller than the source radius of 5 cm for further
increase in magnetic field, ions and electrons both are magnetized and the ion loss is dependent
on the electron loss. So when the ion larmour radius becomes comparable to the source radius,
the ion loss rate changes to give an inflection point in wall potential magnetic field variation for

the magnetic field required for ion magnetization. By taking an ion temperature T; ~ 0.2 eV [48],

the calculated thermal velocities for helium, argon and krypton using vy, ; = /8kT;/TM are
3.45x 103m/s, 1.1 x103m/s and 0.76 X 103m/s respectively. The magnetic field so

required for magnetization of helium, argon and helium are 30 G, 95 G and 137 G respectively
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compared to magnetic fields at the respective inflection points of 42 G, 91 G and 135 G in Figure
6.8.

6.6 Experimental Observations of multiple CFDL

In current driven double layers (CDDL) the potential structure is obtained by forcing two
plasmas with different properties like plasma potential, temperature or velocity distribution to
mix. They need an external current to sustain the electric field in the DL. Anode double layer
(ADL) is a CDDL in collisional plasma (high neutral pressure) where potential structure forms
on a positively biased electrode in contact with plasma. So the ADL is formed between the
newly formed plasma (with high plasma potential) around or near the electrode and the pre-
existing plasma (lower plasma potential). The potential drop is nearly the ionization potential of
the gas used. In the presence of an ADL if the potential of the anode is increased, multiple

double layers are reported.
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Figure 6.9 Experimental set up with new coil positions to study the role of magnetic field
gradient on CFDL formation.

Stronger potential drops in CFDLs are proposed to be limited by beam driven instabilities [2].
Increasing source magnetic field, the CFDL strength was shown to saturate for higher magnetic

fields when ions are magnetized [3-4]. Decreasing the neutral pressure though the strength of DL
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increases, the DL vanishes for very low pressures [1]. As a CFDL is fundamentally current-less,
parameters important to increasing the source plasma potential in a controlled manner without
disturbing the plasma matching conditions are unknown. Instability free strong and stable

CFDLs are need of space plasma thrusters employing helicon sources.
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Figure 6.9 Axial component of dc magnetic field and (c) its gradient for different coil
current. 4 coils are placed at -24.5 cm, -6.5 cm, 12.5 cm, and 28 cm with +95 A. 5™ coil is
placed at 46 cm and given currents are +35 A, 0 A, -35 A, and -95 A.
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A new magnetic field configuration is used to study the role of magnetic field gradient on CFDL
formation and structure. Five coils located at z = -24.5 cm, -6.5cm , 12.5 cm, 28 cm, and 46 cm,
are used to produce axial magnetic field in source and expansion chambers (Figure 6.9). While a
single power supply is used to power Coils I-IV in series, an independent power supply feeds the
current I, to the Coil V. Thus by keeping current Ii-I;, in coils I-IV fixed, the current I, can be
varied to achieve different gradients near the interface and the field configuration in expansion
chamber. Plots of axial magnetic field and Magnetic field gradient for a fixed current of +95A in
Coils I-IV and different values of I, (from 0 A to -95A; negative sign implying a current

direction opposite to that in Coils I-IV), are shown in Figure 6.10.
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Figure 6.11 Plasma potential variation on axis measured at z=18 cm with
source magnetic field for 100 W RF power and 2x1 0 mbar Argon pressure.

Plasma is produced with Argon gas introduced in the expansion chamber using a mass flow
controller and pressure is maintained at ~ 2 x 10™ mbar. RF power of 100 W is applied to the
Helicon antenna with reflected power <2%. With I, = 0OA, plasma potential variation with
magnetic field produced by only four coils is shown in Figure 6.11. For magnetic field ~ 90 Gin
the source chamber, a jump in plasma potential is evident and for magnetic field values more

than 90 G, the change in plasma potential is very less. Charles and Boswell [3] have already
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shown that the source plasma potential increases for a magnetic field value at which the ions are
magnetized. With an ion temperature of 0.2 eV [48], the experimental value is quiet close to the

calculated value for an ion to magnetize in a ~ Scm plasma radius source.

To see the effect of magnetic field gradient plasma potentials are measured using an
emissive probe, as a function of I, at z= 18 cm (inside the source) at the axis and are shown in
Figure 6.12. It is seen that the plasma potential, on the axis, increases initially as I, is changed
from O to I, = -35 A. Further change of I, results in decrease of this potential till I,= -50 A.
Finally, for larger negative values of I, plasma potential starts increasing again and continues
rising and saturates near I, = -95 A. It may be noted that the magnetic field in the source region
does not change significantly as I, is changed fromOA to -95A. The gradient at the interface,

however, changes from 4.7 Gauss/cm to 11 Gauss/cm.
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Figure 6.10 Variation of floating potential near the wall and plasma potential at the axis
measured at z=20 cm in the source chamber with the last coil negative current. Current in
four other coils are 95 A each. RF power 100 W, pressure 2x10™* mbar.

168



To understand the reason for plasma potential increase in source chamber for increase in
magnetic field gradient scale length near the throat, floating potential (Figure 6.12) near the
source tube wall, and Plasma densities, at edge as well on the axis are measured in the source

chamber at z = 17cm (Figure 6.13) as a function of I,
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Figure 6.11 Variation of edge and central current density in the source chamber with the
last coil negative current. Current in four other coils are 95 A each. Rf power 100 W,
pressure 2x1 0 mbar.

Edge density is observed to increase, as I, is made more negative, whereas, there is marginal
change in central density. This means there is an extra source of ionization at the edge. Electrons
are lost to the wall by two mechanisms. One is through ambipolar diffusion in presence of the
radial electric and the other one is the motion along the magnetic field line which cut the

dielectric wall. The increasing negative current I, increases the divergence of magnetic field lines
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at the interface and more field lines pass through the wall of the insulated source chamber. This
will lead to trapping of the magnetized electrons reaching the dielectric wall, as proposed by
Takahashi et al. [49].The electrons bounce back and forth between the field lines cutting the
source tube wall on one side and the sheath on the insulated end plate of the source chamber on
the other side. This back and forth motion of electrons, causes additional local ionization. The
area of the shell of the terminated field lines not going to expansion chamber increases as I
becomes more negative. As edge density increases/decreases wall charging should
decreases/increases. This should lead to lower/higher floating potential near the wall. This is
evident from the floating potential measurement near the source chamber wall (Figure 6.12). As
the edge density increases floating potential decreases. Additional ionization near the edge leads
to reduction in the radial loss of ions and hence electrons from the bulk plasma. Now to maintain
electron energy balance, the plasma potential in the source has to increase to facilitate more axial
electron loss and thus compensate less electron loss in the radial direction. The decrease of this
plasma potential between I, = -35A and -50A is a new feature which may be due to very strong
divergence of field lines near the interface. In addition to strong gradients and divergence, as
discussed below, an axial null and a radial cusp gets formed for negative values of I,. The
positions of the null and cusp are within the expansion chamber for [,= -50A. The increase in the
potential, for I, -50A may be the effect of presence of the null and the cusp in expansion

chamber.

Further studies were made by scanning plasma potential axially for different I,. Figure 6.14
shows the axial plasma potential variation for 95A current in the first four coils and I, = +35 A,
0A, -35A and -95A. For I, = +35 A, the plasma potential is constant from z=15-20 cm and falls
smoothly, from ~ 100V to ~ 50V over a distance of ~ 8 cm remaining constant at 50V beyond
z=28 cm and thus indicating the presence of a broad CFDL. Upstream plasma density and
temperature are ~ 3x10"cm™ and ~ 6 eV respectively. This corresponds to a Debye length (Ap)

of 0.1 mm and therefore a CFDL with potential drop of ~ 8 kT./e and width ~800 Ap is formed.

For I, = OA, the plasma potential structure evolves to a narrower DL structure. A constant
potential of 150V up to z=20cm, is followed by a sharp fall to 100V, within ~ 4 cm and a further
slower fall to ~50V at z= 34cm, beyond which the potential remains constant at SOV. Upstream

density and temperature at the axis remains same. The potential in the region of z=20-34 cm,
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thus, exhibits a knee like structure, with total drop of 100V, the drop in within first 4 cm
(~400Ap) being ~50V.
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Figure 6.12 Variation of plasma potential along the axis of the device for different
current in the last coil; circle -95 Amp, square -35 Amp, Triangle 0 Amp and star =35
Amp. Current in other four coils placed at 30.5 cm, 18 cm, 10.6 cm, 3cm are +95 Amps
each.

As 1, is changed further to -35A, the potential in the region z=15-20 cm rises to 156V and drops
within ~ 4 cm to 100V followed by a slower drop to 54V from z=24 cm to z= 34 cm, beyond
which it becomes constant at ~ 54V. The knee like feature seen in case of I, = OA becomes more
prominent in this case with an initial drop of ~ 56V in ~ 4cm (~400Ap) followed by further fall
of ~46V over ~10 cm.

Finally, as I, is changed to -95A, instead of the knee like structure seen in above two cases, a

multiple DL structure is seen. The potential between z=15-20 cm now goes up to 300V and this
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is followed by a sharp fall (~1.8 cm) to 180V at z ~ 22 cm. This is designated as 1% DL with drop
of 120 volts within ~1.8 cm (~ 180 Ap). The potential remains nearly constant at 180V till z~27
beyond which the potential drops to ~120V within ~7cm. This drop of potential by ~ 60V within
~7 cm is designated as 2" DL, Beyond z=34 cm the potential remains nearly constant at120V till
z~40 cm and a slower drop in observed beyond ~40 cm. So a sharp DL (~120V; ~ 1.8 cm) is
observed which is followed by a shallower DL (~ 60V; ~ 7 cm) for this value of I,. As there is a
quasi-neutral region exists in between the two DLs, the total structure formed in this case is

termed as a multiple CFDL structure.

A sharp drop of potential in first three cases as well as 1* DL in last case, are located well within
the source chamber around z ~ 20 cm; the 2" DL in last case and the knee like structure
observed in cases of I, = 0 and -35 V, are all located closer to the interface, but still within the
source chamber. In all cases, the potential between, z=15-20 cm, rises sharply as I, is changed
from +35A through O A to negative values (consistent with observations presented in Figure
6.12), while the potentials in the expansion chamber beyond z=35 cm, for all these cases, also

increase but not as strongly as within the source chamber.

The observed increase in the strength of CFDL may be due to increasing field gradient at the
interface and increasing divergence of filed lines, as discussed above. Besides increasing the
magnetic field gradient, the negative I, also changes the configuration of the magnetic field in
expansion chamber such that an axial null and radial cusp are formed in expansion region, the
location of which depends upon the relative strength of I, and current in Coils I-IV. Magnetic
field maps are generated for different I, values to identify the location of the null and strength of
the cusp. It may be noted that the increase in the axial potential in source region (z=18 cm;
Figure 6.12) described earlier, for increasing negative I, occurs till the null point is outside the
expansion chamber (for negative values of the null is outside the system till I, .--35A).When the
null and cusp are, however, inside the expansion chamber, the cusp geometry results in the
improved confinement in the axial direction. This improved confinement, and hence reduced
axial loss, forces plasma potential to decrease in the source chamber. Higher the I, better is the
cusp confinement till the null comes close to the interface. The plasma potential in source region,
thus, decreases continuously till I,~ -50 Amp, when null is located at z ~40 cm. As the null

approaches the source chamber more and more field lines cut the source tube wall resulting in
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increased particle loss along the field lines to the source chamber wall. This leads to more
electrons to bouncing back and forth between the end wall sheath and sheath near the inner wall
of the source following the magnetic field lines which intersect the source tube wall, leading to
higher edge density as observed. So there are two processes involved. One is reduced loss in
axial direction due to the magnetic cusp and the other is reduced loss in the perpendicular
direction because of increase in number of lines intersecting the source wall, which subsequently
leads to edge ionization. Under this situation the plasma potential in the source chamber has to
go up to increase the loss and maintain electron energy balance. Thus stronger DL is observed as

the null moves closure to interface and in the process the cusp becomes stronger.
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Figure 6.15 Radial variation of plasma potential with I, measured at z=18 cm with
an L-shaped emissive probe for 100W RF power and 2x10™ mbar Argon pressure.

The saturation in the source plasma potential with I, can be understood looking at the radial
plasma potential profile shown in Figure 6.15, measured at z=18 cm using an L-shaped emissive
probe. With the increase in source plasma potential, the radial electric field increases and
enhances the radial loss of ions to the wall, so that the process of increasing the plasma potential

by increasing magnetic field gradient is limited. The loss of more ions for higher values of I is
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also evident from the measured lower values of wall potential (Figure 6.12) and higher values of

edge density (Figure 6.13).

Diverging field with strong magnetic field gradient at the interface, results in the formation of
strong CFDL (50-100V corresponding to 8-16 kT./e with widths ~180-400Ap) in source region.
Change of I, from positive values through OA to negative values increases the strength of CFDL
and at I, = -95A, a multiple CFDL is formed, with 2" DL located in source chamber close to the
interface in the region of strong field gradient. For negative I, values, an axial null and an
asymmetric radial cusp is formed which move closer to the interface with the cusp becoming
stronger for larger values of negative I,. The change of trapped and free particle populations in
source and expansion chamber, due to the presence of the null and the cusp, may be responsible
for the observed features. Even though the exact role of null and cusp geometry near the
interface is not clear, it is clear from the experimental observation that it is possible to have a

control on the strength of the DL by changing magnetic field gradient.

6.7 Summary of Chapter 6

Double layers and Current free double layers are discussed with emphasis on helicon
CFDLs. Effect of neutral pressure, magnetic field, RF frequency, and magnetic field gradient on
CFDLs are discussed. Wall charging is studied to see the effect of RF power, neutral gas
pressure, ion mass and magnetic field. Ion magnetization is shown to play role in wall charging
and also on source plasma potential. Observations of multiple CFDLs by changing the magnetic
field gradient near the throat of an expanding helicon source are discussed and the results are
explained on the basis of ion loss to wall as well as cusp field formation near throat. This process
seems to be limited by the radial electric fields produced concurrent with higher source plasma

potentials which will increase the radial loss of ions to the wall.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

A geometrically expanding linear helicon plasma device with a diverging magnetic field is built
from scratch. Vacuum levels of 2x10® mbar are achieved. RF matching is done using an L-type
matching network with less than 1 % reflection. Various probes with their electronics are
designed, developed and tested in plasma taking into consideration of electrical noise. Antenna
vacuum resistance is measured without plasma. Helicon antenna efficiency is shown to increase

with RF power in the presence of plasma from ~34 % at low powers to ~70% at high powers.

Discharge mode transitions are observed at different pressures by varying the RF power at fixed
magnetic field of 110 G. At lower pressure the transitions are obtained at higher RF powers for a
constant static magnetic field. Measured radial density profiles confirm the inductive discharge
at low RF power and helicon modes at high RF power. Helicon wave excitation with half helical
m = +1 mode is confirmed by measuring the radial variation of the axial component of
magnetic field. Additionally, the mode is shown to be polluted by the antenna fields near the
antenna and pure away from the antenna in the diffusion chamber for low magnetic fields. Axial

variation of the phase of the helicon wave gives a wave length of 22 cm in the source region.

Axial density profiles in a diverging magnetic field configurations shows upstream-to-
downstream density ratios of ~ 2.7, 5.3 and 8.8 are obtained for RF input power of 200 W, 300
W and 400 W respectively at 2x10~ mbar. Current free double layer is observed at low pressures
of 1.2x10™ mbar and 600 W RF power with a potential drop of ~ 8 kTe/e and thickness of ~
1000 Ap. The double layer vanished at higher pressure with the potential drop of the order of
kT./e which can be explained through a simple Boltzmann expansion. The DL is formed inside

the source chamber and in the bulk of the plasma aligned to ambient magnetic field.
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Multiple density peaks are observed for the first time in a helicon experiment operated at low
magnetic fields. The density peaks are shown to be observed near the resonance cone angles of
obliquely propagating helicon waves. Resonance cone propagation leading to excitation of
electrostatic fluctuations are confirmed, the amplitude of fluctuations being large at the magnetic
fields where the propagation angle coincides with the resonance cone angle. A mechanism of
energy transfer from helicon waves to these electrostatic fluctuations which can deposit energy
in the plasma is proposed to explain the density peaks. This proposition helps in explaining the
results of Wang et al [ ] where the density peaks are observed at higher magnetic fields for higher
source frequencies. Measurement of density, visible light intensity and antenna plasma resistance
at low magnetic field (< 100 G) clearly shows density peaking phenomena on both sides of the
antenna at different applied magnetic fields. The density peak observed at the electron cyclotron
resonance point around 5 G, where the cyclotron frequency is close to the source frequency of
13.56 MHz, always has higher magnitude in the “m = -1 side”, compared to m = +1 side. This is
explained by the polarization reversal of LHPW to RHPW. The reason behind non-occurrence of
30 G peak on “m = -1 side” is not clear. The wave field measurements have shown that [m| = 1
character is present near all the peaks. The antenna dumps power on both sides simultaneously as
the plasma resistance behavior can only be explained when taking into account of the variations
on both sides of the antenna. Density peaks are observed far away from source in the diffusion
chamber near locations close to having fields around 20 G with source magnetic fields of 88 G.
Phase measurements in the axial direction show propagating and non-propagating regions. The
observations are explained on the basis of resonance cone propagation leading to density rise.
Four different field topologies near the antenna is used to look for effect of magnetic field
gradient. It is shown that for the availability of different magnetic fields near the antenna, the
density on both sides along with the antenna-plasma coupling increases which is proposed to be
through a multimode oblique resonance. Antenna efficiency increased 80% (for single) of its

value without magnetic field for the most diverging magnetic field near antenna case.

Study of wall charging is described in the experimental set up for different RF power, neutral gas
pressure and ion mass along with effect of magnetic field. lon magnetization is shown to play
role in wall charging and the rate of increase of wall charging decreases thereafter. Multiple
CFDLs are observed changing the magnetic field gradient near the throat of the expanding

helicon source. When the magnetic field gradient is increased, more number of magnetic field
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line cross the dielectric glass wall. This leads to edge ionization by trapped magnetized electrons.
This edge ionization by electron trapping is explained to decrease the perpendicular ion loss to
the wall from the bulk of source plasma. This is confirmed by wall potential measurements. To
maintain the electron energy balance, the source plasma potential increases and an axial electric
field is et to enhance particle loss in parallel to magnetic field direction till there is a cusp inside
the diffusion chamber. After a cusp is formed for negative currents in the last coil > 35 A, axial
loss is reduced and the plasma potential decreases in the source chamber. For higher magnetic
field gradients with negative current > 50A, the ionization near wall becomes strong and
perpendicular ion loss is decreased, which forces an increase in the source plasma potential. This

leads to formation of multiple CFDL.

7.2 Future Work

Sharpness of EHW transitions needs to be studied in detail at higher magnetic fields. A balance
transmission line using a balanced-to-unbalance transformer needs to be used for less radiation
levels at higher RF powers. Variable frequency RF generator can be used to further study
resonance cone propagation as the resonance condition says low B peak will be obtained at a
higher magnetic field for a higher source frequency. Detailed studies on nature of electrostatic
fluctuations should be carried out to understand the exact mechanism of power deposition. Wave
polarization can be measured on both side of the antenna to find the polarization reversal radius
and how this radius depends on radial density gradients. Cusps of higher strengths near the
geometrical expansion should be studied to know the role of cusp in electron trapping. Cusps
inside source can be used to increase the radial loss of ions which can in principle increase the

source plasma potential.

High radial electric fields produced in case of strong CFDLs. The role of these electric fields in
ion loss to the wall and the subsequent effects like rotational instability needs to be studied.
Diverging B-field along with the cusp seems potentially strong candidate for future helicon

double layer thruster.
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