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Abstract

The thesis deals with a plasma diagnostic device, the Hairpin Probe, popularly

used for measuring electron density in rarefied gaseous plasma. Electron den-

sity, ne, is an important plasma parameter as electrons are mainly responsible

for inelastic collision with background neutrals resulting in ionization, exci-

tation, and various chemical processes in plasma. Besides, the basic plasma

parameters such as plasma frequency, Debye length, plasma permittivity, and

plasma conductivity are all based on ne. Therefore accurate measurement of

ne is fundamentally desirable for quantifying the state of plasma.

The underlying principle relies on measuring the effective permittivity of

medium surrounding the hairpin. If length of hairpin is chosen equal to a

quarter-wavelength of an incident microwave signal, a standing wave is set-up

along its length. Under this condition, a strong absorbance of incident em

signal is observed as hairpin is driven to resonance. When hairpin is immersed

in plasma, the cold plasma permittivity is related to ne. However if adjacent

dielectrics are present in the vicinity of probe, it can adversely affects the

measurement. As one of the practical applications of hairpin, high refractory

material is coated on the probe surface when applied to reactive etch plasmas.

However, the contribution of external dielectric on probe resonances in plasma

is an outstanding problem.

In this thesis, we have primarily addressed the above issues. A comprehen-

sive study is also devoted towards application of probe in strongly magnetized

plasmas. The electrons gyro motion modifies the plasma permittivity and re-

sults in the observance of dual resonances as compared with non-magnetized

plasmas. The other important issues addressed are different loss mechanisms

causing dispersion of resonance signal in plasma. This is particular topic of

interest in order to broaden the range of ne measurement by probe.
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ω angular frequency (rad s−1)
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uB Bohm velocity (ms−1)

kB Boltzmann’s constant (1.3807 × 10−23JK−1)

c speed of light in air (3.0 × 108ms−1)

mi ion Mass (kg)

Q electric Charge (C)

P power (Watt); Polarization per unit volume

J current density (Am−2)

σp plasma conductivity (Ω−1m−1)

ωpe,pi electron and ion Plasma Frequency (rad s−1)
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Γ particle flux (m−2s−1); reflection coefficient
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µi ion mobility (m2s−1V −1)

De electron diffusion coefficient (m2s−1)

Di ion diffusion coefficient (m2s−1)

Da ambipolar diffusion coefficient (m2s−1)

φ angle (rad)

n particle number density (ms−3); refractive index

k wavenumber (m−1); spring constant

Ti ion temperature (eV)
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N number of elementary dipoles
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Ap area of probe (m2)

a wire radius (m)

λ wavelength (m)
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R resistance (Ohm)

G conductance (Siemens)

δ skin depth (m)

X reactance (Ohm)
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β phase constant (m−1)
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CHAPTER 1

Introduction

Modern life-style is immensely dependent on plasma [3–5] technologies for com-

munication. Fast computer processors, memory storage devices, bio-medicine, food

packaging, plasma display, solar photo-voltaic, lighting, protective coatings, creation

of exotic new materials, rocket thrusters, bio-medical application are to name a few.

Plasma is the only means for producing fusion energy that can fulfill the energy

requirement for our growing future needs [6, 7].

Plasma diagnostics [8–10] play a key role in the basic understanding of complex

discharge properties. Typically plasma consists of electrons, positive and negative

ions present in quasi-neutral equilibrium in conjunction with energetic metastable

atoms and molecules. Plasmas are generally characterized in terms of its character-

istic temperatures of electrons and ions. Low temperature, non-equilibrium plasmas

are the ones in which Te >> Ti ≈ Tg. These plasmas are generally produced at low

pressures in an evacuated chamber by means of radio frequency or D.C. electric field

applied to a set of electrodes. Low temperature plasmas are widely used in plasma

processing industries for the manufacturing of Pentium chips, surface modification,
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coatings on glass surfaces, and several others [11, 12]. On the other hand an equilib-

rium plasma is described having, Te ≈ Ti. These plasmas can be either hot (fusion)

or cold (atmospheric plasmas). Plasmas can be also classified in terms of fractional

ionization. The fusion plasma in a Tokamak and in the sun are examples of fully

ionized gas as compared to partially ionized plasmas those used in plasma manufac-

turing industries, lightning application etc. The state of the plasma is not unique. It

depends on the manner in which the discharge is created and the constituent gases

that are used for creating the discharge. A typical example is the plasmas used for

manufacturing of integrated circuits in which a silicon wafer is processed through

a range of reactive gaseous plasma. The properties of these plasmas are highly

complex, as it comprise of different charge states of positive ions in conjunction

with electrons, metastable neutrals and negative ions. Quantification of the state

of plasma at various steps is therefore necessary for achieving unique property of

the processed substrate. Plasma diagnostics and monitoring techniques in terms of

real-time output of electron temperature, floating potential, and ion saturation cur-

rent, ability to track changes in plasma parameters are pivotal for ensuring unique

processing conditions, the health, and regular maintenance of the plasma tools used

in these industries. On the other hand fusion plasmas [13] are characterized by

strong magnetic field which confines the hot plasma of several millions of degree

Kelvin’s in a dough nut shaped vessel. The positive charged α-particles formed as

a byproduct during fusion of hydrogen / deuterium atoms are guided by the special

magnetic field to a diverter plate, neutralized, and pumped out. The plasmas close

to the diverter is an example of strongly magnetized non-equilibrium plasma which

comprise of dust generated from erosion of target wall materials. Another example

of strongly magnetized plasma is the ion beam source [14] used for the production

of neutral beams for plasma heating in fusion devises. Characterization of plasma

parameters in these devices is therefore important in determining the efficiency of

the source and the extraction of laminar beams.

Plasma diagnostics [8–10] can be classified in terms of invasive or noninvasive
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nature. Optical diagnostic is a common example of noninvasive method of charac-

terization of the plasma. It provides useful information about the plasma, such as

the relative ratios of the optical signal intensities gives the different gas constituents

in plasma. The basic principle is based on the excitation and emission of optical

light by species formed during the various processes occurring in the discharge [15].

For obtaining the actual plasma parameters such as electron number density, elec-

tron temperature etc.; the calculations are based on PIC or hydrodynamic models

which rely on experimentally produced cross-sections and accurate knowledge of the

boundary conditions. Another non-invasive measurement of plasma properties is

possible via gross measurement of voltage and current at the substrate or at the

path of the discharge circuit. Microwave interferometry [9, 16–18] is also an exam-

ple of noninvasive technique. The basic principle is based on probing a beam of

wavelength λ along the path z through the plasma and from the relative phase shift

of the wave gives the so-called line-integrated density. The density profile can be ob-

tained by taking number of independent measurements along different lines of sight.

While being non-intrusive these techniques have certain advantages however one has

to rely on intrusive diagnostic such as electric probes [5, 19–21] for comprehensive

and local measurement of plasma parameters. An electric probe usually a piece of

conducting wire inserted in the plasma is an invasive diagnostic technique. The pri-

mary principle is based on measuring the response of plasma species towards a given

steady state or time-varying perturbation imposed by the probe in the surrounding

plasma. For example, measurement of drifts and fields generated by currents are

measured using B-dot probes [22, 23]. Plasma potential, floating potential, electron

energy distribution, charge densities require a Langmuir probe [19] which is based

on discriminating fluxes of electrons and ions by means of biasing the probe with

respect to a reference electrode in contact with the plasma.

One of the important plasma properties is the electron number density. The

electrons are mainly responsible for different kinetics, discharge impedance, light

emission via excitation of neutrals etc. Measurement of electron density gives an
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1.1 Motivation

indirect measure of ion density in multi-component plasmas. Besides electron den-

sity is one of the fundamental plasma properties on which Debye length, plasma

frequency, dielectric property of the plasma is based. For measuring negative ion

density [24–28], laser photo detachment and probe is used in conjunction for the

measurement of photo-detached electron density etc. Therefore measurement of

electron density in a discharge is most crucial for basic understanding of plasma

phenomenon.

Though Langmuir probes are simple diagnostic tool for measuring electron den-

sity, however it has several disadvantages in terms of introducing strong perturbation

to the plasma, it needs a reference electrode for the return current path, complex

sheath properties in the case of strongly magnetized plasma [29–31] and highly sen-

sitive to the surface conductivity in the case of depositing plasmas such as PECVD

[32–34]. An ideal device must be free from these limitations and that can give direct

and accurate measurement of electron density.

1.1 Motivation

This thesis is motivated from a relatively new diagnostic device called Hairpin probe

for measuring electron density. The principle is based on measuring cold plasma

permittivity, which is directly related to the electron density. Though Stenzel [35, 36]

invented the technique around 35 years ago, however it became popular in the last

decade after the published work by Peijak et al in 2004 [2]. Since then the technique

has been used in wide range of plasma environments. However, the key application

of the technique has not been thoroughly investigated. Some of the key issues are

sensitivity, accuracy, repeatability of the device as it is susceptible to the influence

of additional dielectrics in the form of probes feed-through, insulating deposition on

the probes surface etc, which can lead to under-estimation of the measures electron

density. The practical range of density measurement is also limited to a range

between 109 − 1012cm−3, whereas in ECR, edge plasmas in Tokamaks the plasma
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1.2 Fundamentals Role of Plasma Electrons

density can be 2.0 orders in magnitude higher. So far the hairpin probe was used

only in weakly magnetized plasma. However in the presence of very strong magnetic

field one must consider the modified plasma permittivity because of the electron

cyclotron frequency. The magnetic field also makes the permittivity anisotropic

[11]. This implies that application of hairpin is sensitive to the manner in which

the probe is oriented with respect to the external field lines. A comprehensive part

of the thesis is devoted to the physical understanding of the hairpin in strongly

magnetized plasmas.

Before an in depth discussion of the subject a comprehensive discussion of the

plasma property is presented in the following section 1.2. In section 1.3 we present a

brief review of well-known techniques for measuring electron density in plasmas. In

the penultimate section 1.4, we present the historical perspective of hairpin probe

followed by an outline of the thesis in Section 1.5.

1.2 Fundamentals Role of Plasma Electrons

1.2.1 Debye Shielding

The plasmas can have the property similar to the conductors where the surface

charges arrange themselves so that the electric field becomes zero inside the material.

When the electrostatic potential is introduced in to the plasma then the charged

particles redistribution takes place in order to shield the potential up to a distance

called the Debye length [6, 11, 37] which is given by the expression:

λ2
D =

ǫokBTe

e2ne
(1.1)

where Te is the electron temperature in eV, ne is the electron density in cm−3, and

λD is the Debye length in cm. Clearly, λD is independent of the particle mass and

hence generally comparable for different species in the plasma. The shielding effect

results in the formation of the boundary layer at the interface between plasma and a

material wall placed in the plasma. Thus, the plasma has its own scale length which
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1.2 Fundamentals Role of Plasma Electrons

defines over which the electric field penetrates into the plasma. It is the appropriate

scale of the transition region for the case when the wall or electrode assumes its

potential only via the plasma and no additional potential is applied to it. The most

important example of this is the Debye sheath which is defined as the formation of

non-neutral boundary layer in front of material surface in contact with plasma and

in the presence of electrical fields. It is generally few Debye lengths thick depending

upon the temperature and density of charged particles.

1.2.2 Plasma Frequency

Plasma tends to maintain approximate charge neutrality to a very high degree at a

distance larger compared to the Debye length. Any small deviation in the neutrality

give rise to self-generated electric fields in order to limit the charge builds up. The

quasi neutrality condition can be written as:

ΣQieni − ene = 0 (1.2)

where Qi is the ion charge state and sum is taken over all the ion species. In the

simplest case, but common, when the ions are positive we can write ni = ne. Small

perturbation results in disturbance of charge neutrality. A restoring force (electric

field) limits the charge accumulation in a region via restoring force as in the case

of a spring forcing the electrons to exhibits plasma oscillations [5, 6, 11, 37, 38].

Plasma has number of natural modes of oscillations. The most fundamental mode

is the electron plasma frequency. It is denoted by the symbol ωpe and is given by:

ω2
pe =

e2ne

ǫome
(1.3)

where, ǫo is the permittivity of free space. The ions can also oscillate at their own

natural frequency such as in standing acoustic waves. This is called the ion plasma

frequency, ωpi and is given by,

ω2
pi =

Q2e2ni

ǫomi
(1.4)
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where Q is the ion charge state, ne, ni are the electron and ion densities in cm−3

and mi is the ion mass in amu. Usually, the electron plasma frequency is in the

microwave band, some GHz; the ion plasma frequency is usually in the rf band, low

MHz.

1.2.3 Dielectric Permittivity

The dielectric permittivity is the intrinsic property of the medium which describes

how the charged particles respond to an externally applied time varying fields. It

depends on the applied frequency, temperature, and charge particles number den-

sities. Considering the case of insulator, conductor, and the plasma in to which

the external electromagnetic field is applied. The applied electric field polarizes the

medium and thus creating an electric dipole moment. The dielectric response of ma-

terial is studied by Lorentz Dielectric model where the charges in the material are

treated as harmonic oscillators. For free or unbound charged particles, it is called

Drude model [39–41]. For instance, the equation of motion for the bound electrons

in a dielectric for displacement x in presence of electric field ~E is given by:

mẍ = FE,local(= eE) + Fspring(= −kx) + FDamping(= −mγẋ) (1.5)

where, ẋ = dx/dt and the electric field is assumed to be acting in the x-direction

and there is a spring like restoring force due to the binding of the electron to the

nucleus, and a friction-type force proportional to the velocity of the electron. The

parameter γ is the collision frequency. The spring constant k is related to the

resonance frequency of the spring via the relationship ωo =
√

k/m or k = mω2
o .

Therefore, we may rewrite Eq. 1.5 as follows:

ẍ+ γẋ+ ω2
ox =

e

m
E (1.6)

By solving above differential equation one can obtain the displacement and veloc-

ity of the elementary dipole. Therefore, the polarization per unit volume for N

elementary dipoles per unit volume will be:
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P = Np = Nex =
Ne2

m E

ω2
o − ω2 + jωγ

≡ ǫo(ǫ(ω)− 1)E (1.7)

Thus, the effective dielectric permittivity ǫ(ω) is given by:

ǫ(ω) = ǫo +
Ne2

m

ω2
o − ω2 + jωγ

(1.8)

where, ω2
p = Ne2

mǫo
is so-called plasma frequency of the material.The real and imag-

inary parts of ǫ(ω) characterizes the refractive and absorptive properties of the

material. They are given by:

ǫ
′

(ω) = ǫo +
ǫoω

2
p(ω

2
o − ω2)

(ω2
o − ω2)2 + ω2γ2

(1.9)

ǫ
′′

(ω) =
ǫoω

2
pωγ

(ω2
o − ω2)2 + ω2γ2

(1.10)
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Figure 1.1: Real part of dielec-

tric permittivity versus applied fre-

quency.
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Figure 1.2: Imaginary part of dielec-

tric permittivity versus applied fre-

quency

Figs. 1.1 and 1.2 shows a plot of ǫ
′

(ω) and ǫ
′′

(ω). Around the resonant frequency

ωo, the real part behaves in an anomalous manner, that is, it drops rapidly with

frequency to values less than ǫo and the material exhibits strong absorption. The

term ’normal dispersion’ refers to an ǫ
′

(ω) that is an increasing function of ω, as
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1.2 Fundamentals Role of Plasma Electrons

is the case to the far left and right of the resonant frequency. It is also clear that

the imaginary part of the refractive index is only appreciable in those regions of the

electromagnetic spectrum where anomalous dispersion takes place.

To describe a plasma in relation of applied frequency and collisional frequency, the

simple model considered for the dielectrics can be specialized by choosing approx-

imation ωo = γ = 0. The corresponding effective permittivity becomes purely real

which is given by:

ǫ(ω) = ǫo

(

1−
ω2
p

ω2

)

(1.11)

In presence of external magnetic field, the plasma permittivity is similar to Eq. 1.9

which is given by:

ǫ⊥(ω) = ǫo

(

1−
ω2
p

ω2 − ω2
c

)

(1.12)

where ωc = eB/m is the electron cyclotron frequency. The subscript⊥ indicates that

the permittivity given in Eq. 1.12 pertains to wave electric fields perpendicular to the

external magnetic field. The permittivity for electric field parallel to the magnetic

field is still given by Eq. 2.3. In other words, the permittivity of a magnetized

plasma is anisotropic and depends on the direction of the electric field with respect to

the magnetic field. The appearance of the cyclotron frequency in the perpendicular

permittivity is expected because for perpendicular electric field, electrons undergoing

cyclotron motion are equivalent to those undergoing bound harmonic motion in

dielectrics.

1.2.4 Plasma Conductivity, Mobility, and Diffusion

Plasma Conductivity

Ohm’s Law defines the conductivity of the material. Plasma is conductive in nature

due to presence of free particles. The charged particles in it react strongly with

the electric and magnetic fields. To derive the relation for the conductivity, we use
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1.2 Fundamentals Role of Plasma Electrons

the formula for current density, J = Nev, where v can be evaluated by solving

differential equation given in Eq. 1.6. Therefore,

J =
jωNe2

m E

ω2
o − ω2 + jωγ

≡ σ(ω)E (1.13)

Thus, the conductivity can be written as follows:

σ(ω) =
jωNe2

m

ω2
o − ω2 + jωγ

=
jωǫoω

2
p

ω2
o − ω2 + jωγ

(1.14)

However, in a plasma the charges are unbound, we may take ωo = 0 in above

equation. Therefore obtain:

σ(ω) =
ǫoω

2
p

γ + jω
(1.15)

The plasma can be considered as dielectric ǫp or a conductor σp as per our usefulness

[11]. For low frequencies ω << γm, ωpe, we find that the σp becomes σdc,

σdc =
ǫoω

2
pe

γm
(1.16)

This is dc plasma conductivity under the cold plasma approximation. Similarly, for

high frequencies (ω >> γm), the plasma is represented as a dielectric with permit-

tivity given by Eq. 2.3. However, in the presence of externally applied magnetic

field the plasma becomes spatially anisotropic therefore conductivity is represented

by a tensor quantity.

Plasma Diffusion and Mobility

For a constant electron temperature, slightly non-uniform electron density, and in

the absence of electromagnetic forces in weakly ionized plasma, the diffusion equation

for electrons is given by [37]:

Γe = −De∇ne (1.17)

where the electron free-diffusion coefficient is given by:

10



1.2 Fundamentals Role of Plasma Electrons

De = −kBTe

meve
(1.18)

where, ve is the electron velocity.

Similarly, the diffusion equation for ions can be written as:

Γe = −De∇ne (1.19)

where the ion free-diffusion coefficient is given by:

De = −kBTi

mivi
(1.20)

From above expressions, we found that the diffusion coefficient is inversely propor-

tional to the masses of the charged particles. The electrons as the lightest particles

in plasma diffuse at faster rate and leave an excess of positive ions behind them.

This results in the creation of space charge electric field pointing towards the direc-

tion of particle diffusion. This electric field will accelerate the ions and retard the

motion of electrons in order to maintain the local flux balance. If the effect of space

charge electric field is negligible then the diffusion is known as free diffusion. In this

case, the electrons and ions diffuse independently in the plasma. In this situation,

the particle flux can be expressed in terms of the density gradient. However, as the

density increases and sufficient space charge is produced, free diffusion changes into

effective diffusion called the ambipolar diffusion. The ambipolar diffusion is greater

than ion diffusion but less than the electron diffusion. The net electron flux resulting

from electric field and diffusion is given by:

Γe = neµeE −De∇ne (1.21)

where,

µe = − e

meνe
(1.22)

is called the electron mobility. Similarly, the net ion flux is given by,
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1.3 Electron Density Measurement Techniques

Γi = niµiE −Di∇ni (1.23)

where,

µi =
e

miνi
(1.24)

is called the ion mobility. Under quasineutrality assumption, Γe = Γi = Γambipolar

and ne = ni = n, the ambipolar electric field is given by:

Eambipolar =
Di −De

µi + µe

▽n

n
(1.25)

Substituting this value of E into the common flux relation we get ambipolar diffusion

as follows

Γambipolar = −µiDe + µeDi

µi + µe
▽ n (1.26)

Based on the Fick’s law Γ = −Da ▽ n

Da = −µiDe + µeDi

µi + µe
(1.27)

This is known as ambipolar diffusion coefficient.

1.3 Electron DensityMeasurement Techniques

We briefly described the basic principle of some invasive and non-invasive plasma

diagnostic techniques for measuring the electron density in plasma. The invasive

techniques are Langmuir probes and resonance probes such as hairpin probe (HP)

[36], plasma absorption probe (PAP) [42], plasma oscillation probe (POP) [43],

wave-cutoff method (WCM) [44], LC resonance probe (LCRP) [45], and multipole

resonance probe (MRP) [46] while the commonly used non-invasive techniques are

optical emission spectroscopy [15, 47] and microwave interferometry [1, 48].
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1.3.1 Langmuir Probe

A Langmuir probe [5, 19–21, 30, 49–52] can be defined as any small metallic object

inserted into a plasma discharge whose potential is varied generally from -30V to

+30V in order to draw either electron or ion current from the plasma ensemble.

The plasma parameters such as electron temperature, electron density, and space

potential of plasma can be calculated from the proper analysis of the measured

voltage drops and currents. Mott-Smith and Langmuir [19] have done extensive

study of the probe’s current-voltage characteristics. The basic principle is based

on how the local plasma particles response to a steady state and/or time varying

perturbation imposed within the plasma. Therefore, the technique itself is based on

the intrinsic property of the plasma.

Figure 1.3: Current-voltage characteristics of Langmuir probe.

The typical trace of current-voltage characteristics with the use of Langmuir probe

is shown in Fig. 1.3. It can be analyzed by considering three different regions as

follows:

The region-1 is corresponding to the values of the potential less than Vf where

floating potential Vf is defined as the potential at which the electron and ion flux
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towards the probe comes in an equilibrium and hence the net current from the plasma

is zero. Due to large mass of ions this current is generally small and negative. The

drawn current is mainly contributed by positive ions and gives ion density in plasma.

The region-2 is corresponding to values of potential between Vf and Vp, where Vp

is the plasma potential or space potential. At the beginning of this region from Vp,

the electrons are initially attracted to the positive potential of the probe and hence

form a sheath in order to shield the electric field produced. After the formation of

sheath, the probe surface becomes negatively charged so it will start attracting the

positive ions and repels the electrons to preserve the quasi neutrality of the plasma.

Since the electrons are mainly retarded therefore this region is called electron retar-

dation region. The retardation process continues until the ion and electron fluxes

become equal at floating potential.

The region-3 describes the situation where the potential is positive and greater

than Vp. Therefore, the electrons will be accelerated and positive ions will be repelled

from the probe. Increasing the bias will yield the electron saturation current such

that increase in voltage does not increase the current. In experiments, it is difficult to

achieve electron saturation current because of the increase of Debye length and hence

the collection area of the probe (Ap). This results in large collection of current and

also it creates significant perturbation in to the plasma. Since the electron density

is calculated from this branch of current-voltage characteristics using the formula

given by:

ne =
Ie,sat
eAp

√

2πme

kBTe
(1.28)

Therefore, it can produce significant error in the measurements of electron density.

In case of planar probes, the area of the probe is too large as compared to the sheath

thickness such that effective area of the probe is independent of sheath thickness.

This improves the measurement of Ie,sat. However, due to its large collection area

and application of positive bias strongly perturbs the plasma. Thus the use of planer

Langmuir probe is limited only to the measurement of ion density. The calculation of
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1.3 Electron Density Measurement Techniques

the other parameters is easily available in the literature [5, 19–21, 30, 49–52]. Here,

we have shown only the concern of accurate electron density measurements from

Langmuir probe. For cylindrical or spherical probe, the probe dimension should

satisfy the following condition

a[ln 1/2a] << λe, λe >> λD, Ip << Id (1.29)

where, a is the probe radius, λe,i is the electron and ion mean free path and λd is

the Debye length.

1.3.2 Resonance Probes

The plasma diagnostic based on resonance phenomenon is time honored idea [36, 53–

56]. However, it has found renewed interest in last few decades where numbers of

different approaches were realized for getting the information about the real state

of plasma medium. They can be defined as the small conducting object (few cm

in dimension) which is used to introduce a time varying local perturbation in to

the plasma of frequency varies from MHz to GHz in order to determine the plasma

permittivity from the relative shift in its resonance frequency. Due to lighter mass

of electrons, they perform oscillations at a frequency either close to or equal to

the plasma frequency, therefore by measuring the frequency one can get the value

of plasma frequency and hence the electron density. The idea is similar to cavity

resonance and interferometry method in the sense of introducing time-varying per-

turbation in plasma, but here the probes are developed for local measurement of

electron density. The major advantage of resonance probes over electrical probes is

to give local electron density without any need of temperature information. In this

case, the frequency measurements are independent of thermal effects as the phase

velocity of wave is much greater than the thermal velocity of particles in the plasma.

The dispersion relation of the electromagnetic waves propagating into the plasma

with no dc magnetic field or of an ordinary wave in a dc magnetic field is given by

[11]:
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1.3 Electron Density Measurement Techniques

ω2 = ω2
pe + c2k2 (1.30)

where, ω is the wave frequency, ωpe is the plasma frequency, k is the wave number,

and c is the speed of light in vacuum. The cold plasma permittivity κp is given by:

κp = n2 =
c2k2

ω2
= 1−

ω2
pe

ω2
(1.31)
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Figure 1.4: Plasma permittivity versus frequency applied electric field in

plasma where region - I and region- II corresponds to the range of permit-

tivity 0 ≤ κp ≤ 1 and −1 ≤ κp < 0 respectively.

By measuring the resonance frequency of the probe one can determine the cold

plasma permittivity and the plasma frequency or electron density can be obtained.

A plot of plasma permittivity versus f is shown in Fig. 1.4. The plot has two regions,

the region-I and II. In the region-I the permittivity is in the range 0 ≤ κp ≤ 1 while

in the region-II is −1 ≤ κp < 0.

The physical interpretation of the different regions is as follows: when the exter-

nal frequency f > fpe, the electrons respond in tune with the time-varying electric
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field unlike of ions and neutrals due to their significant difference in masses. There-

fore, the plasma permittivity is similar to the permittivity of free space; hence κp is

close to unity. As the frequency approaches the electron plasma frequency, the κp

becomes zero and wave encounters cutoff. A wave gets reflected from the plasma

medium at the plasma frequency, which gives the plasma frequency and hence the

electron density. Generally, the diagnostic using resonance probes are mainly based

on the frequency measurements either at cutoff condition or at frequency above the

plasma frequency. However, there are some techniques such as plasma absorption

probe [42] and plasma transmission probe [57] which works at a frequency below

the plasma frequency. In this condition the introduced electromagnetic waves in the

plasma becomes evanescent surface waves.

Among the different resonance probes [35, 36, 42–46], the HP is becoming in-

creasingly popular for application in low temperature plasmas for measuring the

electron density. The HP has been successfully applied in commercial plasma reac-

tors which are routinely used in microelectronics industries [2, 27, 28, 58–73]. The

detailed study about the operation of hairpin probe and its applications in reactive

plasmas, high density plasmas, and in magnetized plasma will be discussed in the

subsequent chapters of the thesis.

1.3.3 Optical Emission Spectroscopy

The basic principle of the technique is based on the detection of emission and ab-

sorption spectra of different wavelengths from atoms, molecules, and ions present in

the plasma ensemble [15, 74, 75]. On this basis, the plasma spectroscopy is classified

into passive method of emission spectroscopy and the active method of absorption

spectroscopy. The population of species in an excited state depends on the various

plasma parameters such as density and temperature of electrons and the heavy par-

ticles, radiating fields etc. Thus various population models such as corona model

(CM), collisional radiative model (CRM) [76–78] are developed in order to under-

stand the populating and depopulating processes for each individual energy level of
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particle. Precisely, the observables are shift, broadening, splitting, intensity ratios,

intensity distribution, intensity, and the plasma parameters that can be obtain are

ion velocity (vi) from peak shifting, ion temperature (Ti) from Doppler broadening,

magnetic field from Zeeman splitting, electric field from Stark splitting, electron

temperature (Te) and density (ne) from intensity ratios, and ion density (ni) from

intensity.

Generally, the line-ratio technique is applied for measuring the electron density

and temperature using OES [79]. In this technique, the dominant production and

depopulation processes are considered in the population model for a given pair of

excited levels which emit light of particular intensity. The model consists of set of

rate balance equations of these two excited levels and therefore one can solve for

population density ratio. By fitting the density ratio with the measured emission

intensity, one can obtain the plasma parameters. Depending on the plasma discharge

conditions, the technique is classified mainly into two kinds for measurements in

argon plasmas. First method uses a CM for the plasma operates at low pressure

and with low ionization ratio. Second method uses a CRM for the plasma operates

at high pressure and relatively high ionization ratio. The accuracy of the results

from OES depends on the quality of cross sections and rate coefficient data for the

collisional-radiative processes.

The excited atom population distribution is generally affected by the electron

density, electron temperature (Te), and the gas temperature (Tg). However, the

Te and Tg are nearly constant for the low temperature collisionless plasmas. For

instance, consider the higher excited levels such as Ar(3p1) and Ar(5p5) in low

pressure argon plasma where the levels have very small excitation cross sections

from the metastable since the angular momentum quantum number (J) is zero in

this case. The governing electron-impact population transfer processes and rate

equations can be found in the literature. One can obtain the electron density using

the following relation [75]:
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IAr(3p1)

IAr(5p5)
=

Q
Ar(3p1)
exc

Q
Ar(5p5)
exc

×
1 + ne

neC,5p5

1 + ne

neC,3p1

(1.32)

Where, Qexc is an effective rate coefficient of the electron-impact population ex-

citation process and neC = A/Qtrans is the characteristic electron density with A

as Einstein coefficient and Qtrans electron-impact population transfer process. The

neC is corresponding to the low energy electrons which contributes to the transfer

process where as high energy electrons mainly contribute to the excitation. The

above equation ne values should be comparable with the neC otherwise the intensity

would be independent of the electron density.

1.3.4 Microwave Interferometer

Figure 1.5: Block diagram of a conventional microwave interferometer [1] (RF

is the phase shifted mw signal, LO is the reference signal from local oscillator,

and DC indicates the voltage proportional to the detected phase shift).

The microwave interferometer [1, 9, 16, 17] is a device which is based on the principle

of interference between two or more waves by coherent addition of electric fields.

Depending on the type of interference whether constructive (in phase) or destructive

(out of phase), the intensity will be modulated. The idea behind the measurement

of electron density is to measure the phase shift of a microwave signal transmitting

through the plasma and from the relative phase shift of the wave we can get the
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so-called line-integrated density [10, 16, 80].

The block diagram of the microwave interferometer setup is shown in Fig. 1.5. The

arrangement is based on the Mach-Zehinder interferometer where the input signal

is split into reference signal passed in the absence of plasma and transmitted signal

passed through the plasma. The phase shift of the microwave signal happens in one

arm due to plasma medium which is given by:

∇φ =

∫

(kplasma − ko)dl =

∫

(N − 1)
ω

c
dl (1.33)

where, ko = ω/c and kplasma = Nω/c are wave number in vacuum and in plasma

respectively and N is the refractive index of plasma. Under cold plasma approxima-

tion for uniform magnetic field free plasma, the above expression can be simplified

in terms of density over the path length L of mw signal as follows:

ne =
2cmeǫoωmw

e2L
∆φ(rad)or ne(cm

−3) = [7.3× 1010 ×∆φ(deg)]L(cm) (1.34)

The advantage of this technique is being non-invasive and hence it does not require

any information about the sheath. It is also unaffected by deposition or sputtering in

particularly reactive plasmas. However, the major drawback of using interferometry

is that it gives spatially averaged electron density in plasma. Besides, it requires

complicated experimental setup as compare to the probe techniques.

1.4 The Resonance Hairpin Probe - Literature

Review

Historically, the hairpin probe has been briefly introduced by Stenzel [35] in 1971,

where local electron density in the magnetized plasma is obtained from the mea-

surement of cold-plasma perpendicular dielectric constant using a small parallel wire

resonator. Later on in 1976 [36], he presented the detailed paper about the technique

where it was named as microwave resonator probe. Around that time there were
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other groups [26, 58, 81–84, 84–86] also involved in similar methods of measuring the

electron density. This method of measuring electron density was considered to be

superior to electrical probes because it gives electron density without any knowledge

of electron temperature [36]. The method is found to be least perturbative since the

probe works at a floating potential and also does not need any reference electrode.

The measurements are also found to be independent of the sheath effects if proper

attention is given to its design. Denisov et al [81] presented the detailed study of

non-linear effects in a parallel wire conductor due to the pronounced localization of

the electromagnetic field near the conductors. Kim et al [58, 82, 83] applied this

probe for measuring spatially as well as temporally variation of electron density

generated by a semiconductor bridge device for related input energy and electrode

material probe. They termed as ’novel diagnostics technique employing a microwave

resonator probe’. Kondrat’ev et al [84] revisited the theory by Denisov and showed

that the probe operated in a non-linear mode could be useful for electron tempera-

ture measurements. One of the new applications of probe is for finding the negative

ion density in conjunction with the laser photo-detachment technique is presented

by Hebner et al [26]. Unlike the traditional microwave techniques, this method offers

the possibility of spatially resolved negative ion density measurements. The probe

operation was modified by implementing a hybrid system that used a coaxial cable

loop antenna to excite the parallel wire resonator and a horn antenna as a sensor.

Looking at the literature, the technique is intermittently used until its revival

in 2004 through pioneering work by Piejak et al [2, 60]. In his work, the probe

theory and its new designs for determining the probes resonance frequency were

explored and the probe is denominated as ’Hairpin resonator probe’ because of its

physical structural resemblance with the hairpin. The authors also accounted for

the vacuum sheath around the resonator wires and proposed the modified electron

density formula, which further enhanced the accuracy of the technique. There were

two types of hairpin probes introduced in his work; one is based on transmission

type and the other on reflection type operation. Precisely, these designs eliminate

21



1.4 The Resonance Hairpin Probe - Literature Review

the bulky insulated bridge in Stenzel’s probe design and the glass tube in Hebner’s

probe design, thus resulting in a compact design with reduced probe volume, smaller

plasma perturbation, and less plasma depletion around the probe. However, the

novel idea of reflection based hairpin probe comes from Prof. Hideo Sugai as per

Piejak et al’s expressed appreciation in his article [2]. Another paper by Haas et al

[87] shows the study of electron and ion sheath effects on the resonant properties of

HP.

At the same time, the development of floating probe is independently started

by other groups [27, 57, 60, 63–67, 67–69, 71, 87] [Karkari et al, Booth et al, and

Braithwaite et al]. Karkari et al showed one of the major contributions in doing the

time resolved electron density measurement using floating hairpin probe in number

of plasma reactors such as dual frequency CCP, DC magnetron discharge, Laser ab-

lation plume similar to those that are commonly used in microelectronics industries.

Recent work by Sirse and Conway [27, 28] has also shown HP as a useful device

for negative ion diagnostic when used in conjunction with laser photo-detachment

technique. Besides, the systematic study of probe resonances in strongly magnetized

plasma by Gogna [73] showed for the first time the dual resonance property of the

hairpin resonator. This will be subsequently discussed in details in the course of the

thesis. The collaborative research work [71] of Curley et al and Gogna et al shows

a hairpin probe as an important diagnostic tool for validating the results obtained

using optical emission spectroscopy.

Recent studies on the application of hairpin probe in the collisional plasma from

Sands and Sugai group [72, 88] widen the research area of investigation. Recently,

Sugai and coworkers proposed a new compact design of hairpin probe called curling

probe [89] for electron density measurements in reactive plasmas. In this case, the

spiral slot instead of U-shaped hairpin is excited by a monopole antenna. The HP

investigated in this thesis work is floating reflection type hairpin probe based on the

work of Piejak [2].
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1.5 Thesis Outline

The thesis is covered in total of six chapters that are outlined in this section. The

chapter-1 provides a detailed statement of objectives of the study and describes the

fundamentals of plasma physics on which the diagnostic theory is actually based for

density measurements. The last part of the chapter provides research background

and motivation behind studying the hairpin probe technique.

Chapter-2 reviews the basic theory behind the hairpin resonator probe. This

includes the study of resonant properties of hairpin, ponderomotive effects, and prin-

ciple of measuring the electron density. Apart from this, we presented the various

designs of hairpin and its methods for detecting the resonance signal. Besides, the

electric field distribution around the resonator and its resonant characteristics is

obtained using FDTD simulation software. The results are compared with the ex-

perimental data. Furthermore, the preliminary density measurements by the probe

are also presented.

Chapter-3 deals with the study of resonances of hairpin probe in the presence of

adjunct dielectrics near its vicinity. The analytical models are proposed for correct-

ing the electron density for two specific hairpin designs (1) Partially shielded hairpin

(2) Hairpin covered with uniform dielectric sleeves. The models are experimentally

verified.

Chapter-4 deals with the study of the resonant properties of the probe in

presence of externally applied magnetic field. Due to anisotropic nature of the mag-

netized plasma, the probe measurements become direction dependent with respect

to the magnetic field. The analysis of effective plasma permittivity observed by

hairpin for specific probe orientation with respect to the magnetic field is presented.

The influence of tunable parameters such as vacuum resonance frequency, plasma

frequency, and gyro-frequency on the resonant properties of the probe is studied and

experimental results are discussed.

Chapter-5 deals with the factors influencing the dispersion of the resonance

signal. The hairpin resonator is theoretically studied based on its transmission line
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properties. Besides, the experimental results are discussed in support of the theory.

The factors such as electron-neutral collisions, radiation losses, losses due to the

excitation of the warm plasma modes at high densities and presence of strong mag-

netic field are qualitatively discussed. These factors act adversely on the sensitivity

of the frequency measurements during the plasma operation.

Chapter-6 concludes the thesis work and presents the future recommendation

of the resonance hairpin probe for plasma diagnostics.
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CHAPTER 2

Fundamentals of Hairpin Resonator Probe

2.1 Introduction

The hairpin probe can be treated as a dipole antenna formed by joining two-quarter

wavelength conductors joined back to back giving a total length of λ/2. This is

conveniently formed by bending a piece of wire at the center in to the shape of a

hairpin as shown in Fig. 2.1 [39–41].

The hairpin can be also visualized as two wire parallel wire transmission line

with one end shorted while the other end is left open. When suitable frequency

from a signal source is applied to the shorted-end, maximum coupling takes place

at the specific frequency whose quarter wavelength equals the length of the pins.

Under this condition the probe is said to be under resonance. This condition is

characterized by observing maximum time-varying electric potential at the open

end while maximum time-varying magnetic field is observed at the short-circuited

end.
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2.1 Introduction

Figure 2.1: Standing wave formation in quarter-wavelength hairpin structure

(a) l = λ/4 (b) l = 3λ/4.

Another way of looking at the hairpin is a waveguide supporting l = λ/4 standing

wave. If an electromagnetic wave is excited from the short-circuit end, the energy

propagates along the length of the probe at a speed determined by its dielectric

permittivity ǫ of that characteristic medium surrounding the probe. The propagation

constant k of the wave is given by [36]:

k =
ω

c

√
ǫ =

2π

λ
(2.1)

where, c is the speed of light in vacuum, ω is the angular frequency, and λ is the

wavelength. For a given frequency, k is directly proportional to the background

permittivity.

Section 2.2 discusses the physical mechanism of resonance condition. For de-

tecting the resonance condition, a loop antenna is generally placed close to the

short-circuited end which picks up the time-varying magnetic field. Section 2.3 and

2.4 presents various designs of hairpin probes and methods for detecting its reso-

nance frequency respectively. Section 2.5 presents an FDTD simulation [90] used

for of simulating the spatial electric field duration between the pins. The simulation
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is also used for benchmarks of experimental data in vacuum or air. This is followed

with some practical examples of electron density measured in inductive coupled

plasma reactor as presented in section 2.6. Summary is given in section 2.7.

2.2 Resonance of the Hairpin in Plasma Medium

By substituting λ = 4L in Eq. 2.1, we can obtain the resonance frequency. This is

expressed as [36]:

fr =
c

4l
√
ǫ
=

fo√
ǫ

(2.2)

where, fo = c/4l is the resonance frequency in vacuum (ǫ = 1), which is inversely

related with the hairpin length (l). When the space between the pins is filled with

dielectrics the resonance frequency tends to shift to a lower value than in vacuum

since the relative permittivity of dielectric is greater than unity.

Plasma can also be treated as dielectric. If the thermal motion of electrons can

be considered weak as compared to the electric field set-up between the pins, then

one can model the plasma permittivity based on cold plasma approximation, which

ignores the thermal motion of electrons. At low pressures, the electron neutral

mean free path can be larger than the separation between the pins. Hence plasma

permittivity is given by [11]:

ǫp = 1−
f2
pe

f2
(2.3)

Plot of plasma permittivity as a function of frequency is shown in Fig. 1.4. At

very high frequency plasma, permittivity approaches to 1.0 (as in case of vacuum).

While it has negative values for frequencies f < fpe and singularity at f = fpe. For

f > fpe, we observe that the frequency dependent plasma permittivity is less than

1.0. Therefore, Eq. 2.2 suggests that the resonance frequency expected to shift to a

higher value as compared to that in vacuum.
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This can also be understood from the concept of wave velocity in a medium from

the given equation:

v =
c

√
ǫp

= fλ (2.4)

The above equation can be further simplified in terms of wavelength as follows:

λ = 4l =
c

f

√

1− f2
pe

f2

(2.5)

The above equation suggest that the electromagnetic wave gets elongated to infinite

as the applied frequency approaches the plasma frequency. This is particularly the

case of plasma absorption phenomenon where the incident wave suffer full absorption

of its energy in the plasma. Therefore, the plasma frequency acts like a cutoff

frequency below which wave cannot propagates.

On substituting Eq. 2.3 in Eq. 2.2 and replacing f with fr, we obtain the dispersion

relation given by:

f2
r = f2

o + f2
pe (2.6)

The above equation can be simplified to obtain the electron number density [6, 11]

as given by:

ne[10
10cm−3] =

meǫoω
2
pe

e2
= 1.23

[

(

fr
GHz

)2

−
(

fo
GHz

)2
]

(2.7)

The electron density formula can also be expressed in the following form:

ne[10
10cm−3] = 1.23

(

fo
GHz

)2
(

1

ǫp
− 1

)

(2.8)

where, me is the mass of electron, e is the electronic charge and ǫo is the electric

constant. The above analysis also holds for the magnetized plasma as long as fce <<

fr, where fce is the electron gyro-frequency. The effect of strong magnetic field on

the probe’s resonance frequency is dealt in chapter-4 of the thesis.
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2.3 Design and Construction of Hairpin Probe

The hairpin probe has three key elements: (1) 50 Ω coaxial line feed through, (2)

Loop antenna and (3) the hairpin. These are schematically shown in Figs. 2.2 and

2.3.

Figure 2.2: 50 Ohm Coaxial Line for Hairpin Probe.

Figure 2.3: Assembly of Hairpin probe.

1. 50 Ω coaxial line feed-through

The function of the coaxial line is to carry the microwave (a few dbm power)

from the signal source to the loop antenna. This is commonly made of semi-

rigid coaxial cable or can be constructed using refractory materials such as

quartz, tungsten wire and copper tube to with stand high heat during opera-

tion in plasma environment.

For 50 Ohm coaxial, the dimensions are related according:

Zo =
138

ǫ0.5
log(D/d) (2.9)
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where, d is diameter of center conductor, D is inner diameter of cable shield

and ǫ is dielectric constant. The coaxial is encased inside ceramic tubing which

protects the outer conductor, usually copper from being exposed to plasma.

One end of the coax is fitted with the SMA (Sub-Miniature version A) for

feeding in microwave signal from the generator.

2. The loop-antenna

The center conductor at the open end of the above 50 Ω coaxial line is formed

as a loop and soldered to the outer conductor. Typical size of the loop antenna

may vary from 2.0 to 3.0 mm depending on the size of the hairpin. In some

cases dual loop antenna are used, one for carrying the signal from the source

while the other is used for detecting the resonance signal as shown in figure

below:

Figure 2.4: Stenzel’s transmission type hairpin probe.

Dual loop antenna attached to individual coaxial are commonly described

as transmission type hairpin probe. While single loop system used for both

transmitting the signal to the loop antenna as well detecting the resonance is

known as reflection type hairpin probe. This shall be discussed in the next

section.

3. The hairpin
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Figure 2.5: Piejak’s transmission type hairpin probe [2].

The hairpin is formed by bending a piece of wire to form a U-shape structure.

The short circuited end is placed close to the loop where a fixture is used to

hold it with the 50 Ω coaxial feed-through structure. The wires of the hairpin

resonator are generally made of tungsten with typical length between 10.0 mm

to 30.0 mm long and separation between the pins of usually 3.0 mm to 4.0

mm.

Typical hairpin probes are as follows:

Transmission type hairpin probe

The transmission types are shown in Figs. 2.4 and 2.5. They were originally

used by Stenzel [36]. In this case one loop is used for exciting the hairpin

while the other loop is used for detecting the emf generated the time-varying

current flowing through the hairpin at the point of resonance.

In a slight modification from Stenzel’s design, Peijak soldered the hairpin

directly to the input loop antenna used for exciting the resonator while the

other is used for the detection of the resonance. This compacts the design as

compared with Stenzel’s probe.

Reflection type hairpin probe

A further simplification of hairpin probe design was proposed by Peijak [2]

who used the same loop antenna for excitation as well as for the detection of
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the resonance signal. Hence single coaxial line and a loop antenna are used.

The hairpin was directly attached to the loop antenna. This revolutionized

the application of hairpin since 2004.

Following that several groups researched in to various design aspects of the

hairpin to make it electrically isolated from the loop antenna. Important

ones are those published by Briathwaite [59], Karkari [65, 68], and Booth [67].

Because the probe is floating, it allows the probe to be used in high amplitude

rf plasmas typically used for plasma processing in micro-electronic industries.

Figure 2.6: Piejak’s reflection type hairpin probe [2]: (a) dc coupled hairpin

probe (b) fully floating hairpin probe.

The floating hairpin has advantage because the sheath around the pins is

smaller. Because of this reason, the fully floating reflection type hairpin probe

is investigated in our thesis work. In this thesis work, we shall be using the

reflection probe for the study. The measurement of resonance peak is discussed

in the next section.
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2.4 Resonance Signal Detection and Data Processing Methods

2.4 Resonance Signal Detection and Data Pro-

cessing Methods

Main components for the detection of resonance signal is the variable frequency

source (2.0 to 8.0 GHz), a directional coupler, and a zero-bias Schottky diode as

shown in Fig. 2.7.

Figure 2.7: Hairpin probe setup for detecting the resonance frequency signal.

The directional coupler is positioned between the microwave source and the hairpin.

It allows to measure the reflected power emerging from the closed end of the 50 ohm

coaxial line terminated by the loop-antenna. The amplitude (r.m.s value obtained

using the Schottky diode) of the reflected signal at all frequency is monitored on

the oscilloscope. If the input signal frequency approaches the resonance frequency,

maximum power coupling takes place between the loop and the hairpin. Therefore

the reflected signal amplitude drops drastically. This is shown in the Fig. 2.8.

When immersed in plasma the probes resonance frequency shift to higher frequency

as shown in Fig. 2.9, since the relative dielectric constant of plasma is less than that

of the vacuum.

In some cases imperfection in SMA connection of the feed-through may result

in unwanted reflected wave interferences in the background signal. This can be

eliminated by subtracting the reflected signal obtained at one time in vacuum from
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2.5 Simulation of Hairpin Resonator

Figure 2.8: Resonance frequency sig-

nal in vacuum.

Figure 2.9: Resonance frequency sig-

nal in vacuum and in plasma.

that obtained in plasma. An example of this is shown in Fig. 2.8 where the first

peak corresponds to the fundamental frequency (l = λ/4) of the hairpin whereas

other is its harmonic (l = 3λ/4). The subtraction is applied with the hairpin on

and removed from the vicinity of the loop in order to obtain the common-mode

background.

2.5 Simulation of Hairpin Resonator

In this section, the electromagnetic field simulation of the hairpin using CST MI-

CROWAVE STUDIO [90] based on the FDTD (finite difference in time domain) is

presented. The software simulates the microwave signal transmitted in and reflected

from the hairpin probe. The primary objective is the simulation of electric field dis-

tribution around the hairpin. Secondary is to perform comparative study of probe’s

resonance signal in simulation and in experiments.

2.5.1 Model of Hairpin Resonator

The diagram of the hairpin resonator and coupling loop antenna is shown in Fig.

2.10. The length of the hairpin is shown by L, separation between wires by w, and
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2.5 Simulation of Hairpin Resonator

Figure 2.10: Simulation model of hairpin resonator probe.
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Figure 2.11: Typical resonance curve showing resonance frequency and signal

width (FWHM).
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2.5 Simulation of Hairpin Resonator

radius of the wire is a. The microwave power near the closed end of hairpin is

supplied by defining the port type, impedance, location, and excitation signal. The

coupling loop antenna is completely isolated from the hairpin in order to act hairpin

as floating.

A small microwave power is fed to the closed end of hairpin and the reflected signal

from the input port given by S-parameter S(1,1) is measured. At resonance, the

reflected signal goes to minimum, which result in full transfer of microwave energy

into the hairpin resonator. Typical resonance signal obtained in the simulation is

shown in Fig. 2.11. The central frequency of the resonance curve is the resonance

frequency and full width at half maxima (FWHM) ∆f is signal width. The parame-

ter that defines the quality of the resonance curve is called the Q-factor. It is defined

as the ratio of the central frequency to the signal width. For instance, a broader

peak has smaller value of Q-factor. The detailed discussion about the signal width

of the probe signal is discussed in chapter-5 of the thesis.

2.5.2 Electric Field around Hairpin Resonator

Different E-field regions around hairpin resonator

Figure 2.12: Different field regions around the hairpin resonator.

The antenna [40, 41] can be used for two main purposes: one is for the energy prop-

agation into a medium and the second is for storing energy in a small volume. On

this basis, the field regions of the antenna are characterized as reactive field and ra-
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2.5 Simulation of Hairpin Resonator

diative field. The reactive field is the region where the standing (stationary) waves

exist which represents the stored energy. The radiation field is the region where

the propagating waves transfer energy from one point to another. There is another

intermediate region called Radiative Near-field or Fresnel region where the radiation

fields are dominant and the field distribution is dependent on the distance from the

antenna. The Far-field also called Fraunhofer region where the field distribution is

independent of the distance from the antenna i.e. for the propagating waves. The

region between the far-field and near-field is the transition zone. Although the hair-

pin resonator supports standing waves, the part of the energy can be dissipated via

radiation in the medium. The regions around the hairpin are sketched in Fig. 2.12.

E-field distribution in the near field region of hairpin

Figure 2.13: Vector plot of E-field around the hairpin resonator.

In the simulation, the electric field distribution around the hairpin resonator is

obtained. The vector plot of field is shown in Fig. 2.13. It is obvious that the

electric field is mainly concentrated between the wires. In addition to the field

component in the plane of the hairpin it also has strong fringing field components.

The absolute value of E-field and one of the strongest x-component for different cut-

planes are presented from Figs. 2.14 to 2.19. On the basis of these results, we can
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2.5 Simulation of Hairpin Resonator

Figure 2.14: Absolute value of E-field

from front.

Figure 2.15: Absolute value of E-field

in mid-plane.

Figure 2.16: Absolute value of E-field

from top.

Figure 2.17: Ex component of field

from front.

Figure 2.18: Ex component of field

in mid-plane.

Figure 2.19: Ex component of field

from top.
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2.5 Simulation of Hairpin Resonator

say that the spatial resolution of the hairpin is roughly given by its dimensions as

the electric field is mainly concentrated between the wires. The typical dimensions

of the hairpin are 25 mm in length and 3 mm of wire separations. Therefore, if

the plasma has a steep gradient in electron density smaller than the dimension of

hairpin then the probe gives average of the electron density near its vicinity.

2.5.3 Typical Characteristics of Hairpin Resonance Sig-

nal

Effect of hairpin dimensions on the resonance frequency

The resonance frequency is ideally obtained when the effective path length 2L+w =

λ/2. In most cases the L >> w therefore it is assumed that L ≈ λ/4. However for

shorter hairpin the finite width cannot be ignored. This is shown in the Fig. 2.20.
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Figure 2.20: Resonance frequency versus length of hairpin (w = 3.0 mm).

For longer hairpins, all the results match very well. For shorter hairpins fo = c/4L

gives an overestimated value of resonance frequency because of ignoring the finite

width. The typical resonance signals obtained for different length of hairpins in

simulation and experiment are shown in Figs. 2.21 and 2.22 respectively. The
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Figure 2.21: Typical resonance sig-

nal obtained in simulation for differ-

ent lengths of hairpin.
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nal obtained in experiment for dif-
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signal amplitudes and their widths are found to be dependent on the resonance

frequency. The signal widths are calculated for each signal and they are plotted in

Fig. 2.23. The Q-factor of the resonance signal defined as fcenter/∆f is plotted in

Fig. 2.24. Increase in the signal width results in the decrease of Q. Lower values of

Q implies lossy signal as the energy stored in the resonator is dissipated by Ohmic

heating of the wire. However, the comparison between simulated and experimental

values of quality factor in Fig. 2.24 indicates that the experimental Q is greater

than the simulation one. The simulation could have been improved to give the

better quality factor by increasing the amount of microwave energy coupled into

the hairpin structure. Besides, the physical trends of the Q-factor on increasing the

length are in good agreements with each other. In our present study, the numerical

values of Q does not have significant importance as our primary concern is to study

the physical factors influencing the Q-factor of probe.

The Ohmic resistance in ohm per meter depends on the wire radius, the electrical

conductivity (σline) of the wire material and inversely proportional to the skin depth

which depends on the frequency. The resistance is hence defined as [91]:
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Figure 2.23: Signal width vs probe

frequency.
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Figure 2.24: Q-factor vs probe fre-
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R =
1

2πaσlineδ
(2.10)

The skin depth of the conductor is given by δ =
√

2ρ
ωµoµr

where, ρ = is bulk resistivity

(ohm-meter), ω = frequency (Hertz), µo is permeability constant (Henry/meter)

=4π × 10−7, and µr is relative permeability (usually one). Therefore the resistance

offered will increase with operating frequency. Hence lower values of Q is expected

when at higher frequencies. This fact is consistent with the experimental observation

in Fig. 2.24. The relative plots of the resonance signal for different frequencies in

Fig. 2.25 show that the amplitude of the signal drastically reduced at 5.86 GHz as

compared to 2.346 GHz. Therefore it is important to work with longer hairpin for

achieving better signal to noise ratio.

The quality-factor of the resonance signal also depends on the type of resistive

material used for making the hairpin. Figs. 2.26 and 2.27 below shows typical

resonance curves for different wire material such as copper (A), molybdenum (B),

Nichrome (C), and Aluchorme (D).

The signal width and Q-factor as a function of probe resistivity is presented in

Figs. 2.26 and 2.27 respectively. The simulations results are found to be in good

agreement with the experiments.
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Figure 2.25: Normalized resonance signal for difference resonance frequencies

where the normalization is done by dividing the frequency axis by resonance

frequency of individual signal.
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probe resistivity.
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2.5 Simulation of Hairpin Resonator

Measurement of dielectric constant of a medium using resonance frequency shift of

hairpin

In principle, the hairpin measures the effective permittivity surrounding the pins.

This can be expressed in the form,

ǫ =
f2
o

f2
r

(2.11)

where, fo and fr are the resonances measured in vacuum and in the medium. In

order to verify the above formula we devised an experiment in which the hairpin

was immersed in silicone oil of known permittivity 2.55 as shown in Fig. 2.28.

Figure 2.28: Setup for measuring the dielectric constant of the medium sur-

rounding the hairpin using resonance frequency shifts.

When the hairpin is partially immersed in the silicone well, it sees an effective

permittivity due to air and oil. The effective permittivity approaches the dielectric

constant of the silicone (2.55) when the probe is fully immersed in the oil as shown

in Fig. 2.29. A similar feature is also observed in simulation where the hairpin is

completely filled with a Teflon dielectric (ǫ = 2.1) register a shift which gives an

dielectric constant of Teflon as shown in Fig. 2.30.
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2.5 Simulation of Hairpin Resonator

Figure 2.29: Experimentally mea-

sured effective dielectric constant

for hairpin surrounded by air and

silicone oil as shown in Fig. 2.28.
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Figure 2.30: Typical resonance signals

obtained for the cases when hairpin is

surrounded by only vacuum (black peak)

or Teflon medium (red peak).

Effect of mutual coupling on the probe’s resonance signal

Figure 2.31: Picture shows the hairpin and coupling loop antenna where d is

the separation between them.

The position of the loop antenna from the hairpin has dramatic influence on the

resonance frequency. For systematically studying this effect, we performed an ex-

periment by fixing the position of the loop while the hairpin was moved away from

the loop and the corresponding resonance signal was recorded. Schematic of the

setup is shown in Fig. 2.31 while the experimental and simulation results are shown

in Figs. 2.32 and 2.33 respectively.

The deviation from the actual resonance due to change in the position of the loop

are plotted in Figs. 2.34 and 2.35. Both simulation and experimental results points
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Plasma
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Figure 2.32: Resonance signals ob-

tained for different separation (d) be-

tween loop and hairpin in experi-

ments.
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Figure 2.33: Resonance signals

obtained for different separation

(d) between loop and hairpin in

simulation.

towards similar effect, while in the simulation the drop is 1.9 % as compared to 0.7

% as obtained from experiment. Similarly, the percentage change in magnitude of

signal width in simulation is 87 % and in experiments it is 30 %.

Drop in signal amplitude is due to decrease in the coupled microwave energy into the

hairpin. On the other hand, shift of resonance frequency towards the lower side is

due to the increase in effective capacitance of the hairpin as the separation between

loop and hairpin increases.

2.6 Electron Density Measurements and Typ-

ical Resonance Signals in Plasma

For measuring electron density in plasma, the hairpin was introduced in an inductive

radio-frequency source. The typical resonance signals in plasma are shown in Fig.

2.36. The background noise is subtracted from the data. The amplitude of the

resonance peak is found to decrease with the increase in electron density. This may
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Plasma
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between coupling loop and hairpin

where (fo)max is the frequency cor-

responding to best coupling case.
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be attributed to losses due to radiation, Ohmic heating and dielectric losses in the

presence of plasma. At very high densities typically 1012cm−3, we observed complete

loss of the resonance signal against the background noise. A comprehensive study

of the factors influencing the quality of resonance signal is presented in chapter-5.

As expected the electron density is found to scale with the discharge power as

plotted in Fig. 2.37. Fig. 2.38 shows the electron density as a function of discharge

power for two dimensions of hairpin with wider and smaller separations such that

total physical length i.e. 2l+w remain fixed. The density measured using the various

probes are found to be independent of hairpin dimension. Similar results obtained

for high and low Q probe as well as hairpins of two different resistive materials in

Figs. 2.39 and 2.40 respectively. The high and low Q probe in Fig. 2.39 have been

designed by changing the separation between the coupling loop antenna and the

hairpin resonator.

The variation in the shape of the hairpin can result in shifting the vacuum fre-

quency as the resultant of inductance and capacitance is slightly modified. However
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no significant difference in the measured density is observed as shown in Fig. 2.41.

In the case when pins are tapered towards the end, it may be likely that the over-

lapping sheaths of both pins can result in measuring an under-estimated density as

compared with the ideal or the wider case.

2.7 Summary and Conclusion

We have described the fundamental property of the hairpin resonator and its princi-

ple of measuring electron density measurement. A comprehensive experimental and

simulation study is presented which highlights some of the important aspect about

the performance of hairpin which is directly linked with the plasma properties and

the basic construction of the hairpin. Besides, we have presented the brief descrip-

tion about the various designs of hairpin probe used by different research groups

and effective method for detecting resonance signal. The hairpin probe investigated

in this thesis is fully floating and based on the reflection mode operation.

48



CHAPTER 3

Electron Density Measurement with Fully-Shielded and

Semi-Shielded Hairpins

Ideally the hairpin should be a perfectly parallel conductor with its pins immersed in

the plasma completely. However, if an additional dielectric with relative permittivity,

κd > 1, is attached or placed adjacent to the hairpin, it effectively modifies the

permittivity. Therefore, the characteristic resonance frequency tends to shift towards

the lower frequency f∗
o as compared with the ideal probe in vacuum fo (κd = 1).

This can be understood from the following relation,

f∗
o =

fo√
κd

(3.1)

If ∆fo is the shift in vacuum frequency from the ideal scenario, we can write,

f∗
o = fo −∆fo (3.2)

With the same probe placed in plasma, it is expected that the resultant effect would

be cumulative. Hence the shifted resonance frequency f∗
r in plasma is given by,
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f∗
r = fr −∆fr (3.3)

Plugging Eq. 3.2 and Eq. 3.3 in electron density formula given in Eq. 2.8 we obtain,

ne(10
10cm−3) = 1.23[(f2

r − f2
o ) + error] (3.4)

where, the error term is expressed as,

Error = (∆fr)
2 − (∆fo)

2 − 2[fr(∆fr)− fo(∆fo)]. (3.5)

Typically the non-zero Error term in the above equation is negative. This leads to

underestimated electron density measured by such hairpins.

The presence of adjunct dielectrics is a practical problem while designing the support

structure for the hairpin probe. The first important case addressed in this chapter

is related to the probe-tip holder. Typically a dielectric fixture as shown in Fig.

3.1 helps in attaching the short-circuited end to the 50Ω coaxial. In certain cases,

the hairpin is directly glued to the probes feed-through using castable ceramic or

glassy material that supports the short-circuited end of the hairpin [2, 36, 62]. This

is required for keeping the hairpin at the pre-calibrated position giving maximum

coupling from the loop antenna.

Figure 3.1: Partially shielded probe

(PSP) using perspex.

Figure 3.2: Hairpin with uniform di-

electric quartz sleeves.

Another practical application requires the surface of the metallic pins to be in-

sulated from the plasma using suitable dielectric coatings that helps in protecting

50



3.1 Experimental Setup

the metal body exposed to reactive etch plasmas. This can be achieved by introduc-

ing quartz or ceramic sleeves as shown in Fig. 3.2. Covering the outer surface can

improve the longevity of the pins; improve the quality of the resonance signal while

maintaining the plasma clean.

In both of the above examples, the semi-shielded or fully-shielded hairpins ends

up measuring underestimated electron density. We address these specific cases in

the following sections.

In section 3.1 we present the experimental setup used for the study of external

dielectrics on probes resonance frequency. In section 3.2 and 3.3 we take specific

cases required for the calibration of measured electron densities for the semi-shielded

hairpin and the resonator pins with insulating sleeves. Summary and conclusion is

presented in section 3.4.

3.1 Experimental Setup

Figure 3.3: Basic Radio frequency Ion Source (BARIS).

The experimental device used for the systematic study of hairpin properties is carried

in the Basic Radio Frequency Inductive Source (BARIS) [92–94] as shown in Fig.
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3.2 Characteristics of Semi-Shielded Hairpin Probes

3.3. The source consists of a helical antenna enclosed in a glass tube and mounted on

the axis of a 90.0 cm long stainless steel cylindrical discharge chamber with internal

diameter of 20.0 cm. One end of the reactor is closed with a 1.5 cm thick Pyrex

window and the other with a stainless steel flange. The helical antenna is inserted

through the flange that has a 5.0 cm port. The antenna is driven at 13.56 MHz

through an automated impedance matching unit. All experiments were carried out

with the argon at pressures 10 mTorr and 20 mTorr. The rf power was varied from

50 Watt to 500 Watt. The flow rate is maintained constant at about 50 sccm using

mass flow controller. The plasma parameters of the reactor are very reproducible.

The plasma profile has a gradient in electron density along the radius but is

uniform density along the radial plane. Therefore we positioned the pins such that

they lay exactly in the same plane and pointing towards the axis of the chamber.

Because the plasma in the device is highly reproducible, we used a manually operated

gate valve for inserting and replacing with dielectric probes without disrupting the

vacuum. For experimenting with semi-shielded hairpins, dual bore Teflon (κd = 2.1)

and Perspex (κd = 3.42) blocks were used. Three different lengths designated as

Perspex-1, 2, 3 and Teflon-1, 2, 3 respectively for 7.0 mm, 15.0 mm, and 18.0 mm

was used in the experiment. The dimension of the hairpin is about 25.41 mm, width

of 3.0 mm and wire diameter of 0.25 mm.

For experimentation with dielectric sleeves three different dimensions (in mm) of

quartz sleeves S1, S2, and S3 are 0.4×0.55, 0.6×0.84, and 0.9×1.1 respectively were

used for covering the entire surface of the pins. The chosen length of the hairpin is

25.0 mm and the width is 4.0 mm.

3.2 Characteristics of Semi-Shielded Hairpin

Probes

A systematic experiment was carried out to study the effect of fractional coverage of

the hairpin inside the dielectric on its characteristic resonances in vacuum. This was
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3.2 Characteristics of Semi-Shielded Hairpin Probes

Figure 3.4: Arrangement for the study of additional dielectrics affects on the

resonance frequency of the hairpin.

achieved by inserting the dielectric blocks of Teflon and Perspex on to the hairpin.

We varied the covering length both from the short-circuited end as well from the

open ends as shown in Fig. 3.4. The results are presented in section 3.2.1. In section

3.2.2 we present a method for the calibration of electron density obtained by the

semi-shielded hairpin. The results are discussed in section 3.2.3.

3.2.1 Experimental Results

Fig. 3.5 shows typical resonance signals with the partially shielded probes as com-

pared with those obtained in vacuum. The Perspex having higher value of κd = 3.42

as compared with Teflon κd = 2.1 shows more shifting of the resonance frequency

towards the lower frequency according to Eq. 3.1.

In Fig. 3.6, when the dielectric was systematically placed from the short-circuited

(SC) end we observe its influence to be significant above 20% coverage. A factor of

2.0 drop in the resonance frequency is observed for fully shielded hairpin. The effect
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3.2 Characteristics of Semi-Shielded Hairpin Probes

is higher in the case when the dielectric is introduced from the open end as the open

end that the short-circuited end because of the electric field is more pronounced at

the open ends.

Also observed in Fig. 3.7 that the relative shifts in the resonance signals with

the addition of dielectric performed in vacuum are not proportionate as obtained in

plasma. The results indicate that the electron density measured by shielded hairpins

can significantly underestimate the electron density. Fig. 3.8 shows electron density

obtained using various dielectric shielded probes as compared to those obtained with

the dielectric free probe at different operating powers of the discharge. The results

clearly suggests that the probe gives underestimation in density if the contribution of

dielectric material in the measured resonance frequencies is not taken into account.

3.2.2 Method of Calibration of Density for the Semi-

Shielded Probe

The equation that relates the effective dielectric permittivity with the relative shifts

in the resonance frequencies in presence of vacuum/air (fo) and dielectric (fr) can

be written as:

κeff =
f2
o

f2
r

(3.6)

Consider a simple geometry by considering the short-circuited end is covered inside

a dielectric with permittivity κd as shown in Fig. 3.9. We use the nomenclature fm
o

for the measured resonance in vacuum and fm
r for the plasma. The original vacuum

frequency fo = c/(2l + w) which can be easily calculated knowing the physical

dimension of the hairpin.

Considering Eq. 3.6, one can obtain an effective permittivity κeffv of the hairpin in

vacuum as follows:

κeffv =
(fo)

2

(fm
o )2

(3.7)
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3.2 Characteristics of Semi-Shielded Hairpin Probes

Figure 3.9: (a) semi-shielded probe (PSP) (b) reference probe (RP).

similarly in plasma,

κeffp =
(fo)

2

(fm
r )2

(3.8)

The effective dielectric permittivity observed by hairpin is obtained by considering

weighted average of the dielectric constants. The method of expressing the cumula-

tive dielectric in this form has also been applied in microstrip resonator for measur-

ing permittivity on substrates having horizontal and vertical dielectric permittivity

components [95–97]. It is also applied for calculating the surface impedance of the

dielectric [98]. Thus, the effective permittivity observed by semi-shielded hairpin in

vacuum and in plasma may be expressed as:

κeffv =
ζκd + κv(= 1)

ζ + 1
(3.9)

κeffp =
ζκd + κp
ζ + 1

(3.10)

where, ζ is an weighted factor that takes the values anything between 0.0 and 1.0.

The value of ζ = 0 indicates absence of dielectric while, ζ =1 is the situation when

the hairpin is completely covered inside the dielectric.

From Eq. 3.7 and Eq. 3.9, the value of ζ can be obtained in terms of fo’s and κd as

ζ =

(fo)2

(fm
o )2 − 1

κd − (fo)2

(fm
o )2

(3.11)

Similarly, by equating Eq. 3.8 and Eq. 3.10 the plasma permittivity can be written

as:
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3.2 Characteristics of Semi-Shielded Hairpin Probes

κp = (ζ + 1)
(fo)

2

(fm
r )2

− ζκd (3.12)

The above equation gives the relation of cold plasma permittivity as a function of

resonance frequency, weighted factor, and the dielectric constant of the material.

Using equation fr = fo/
√
κp , the cold plasma permittivity can also be written as:
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Figure 3.10: Plots of resonance frequency versus electron plasma frequency

where resonance frequencies are calculated using Eq. 2.6 for dielectric free

hairpin and Eq. 3.16 for semi-shielded hairpin).

κp =
1

1 +
f2
pe

f2
o

(3.13)

Therefore, equating equations 3.12 and 3.13 one can obtain the corrected plasma

frequency from that the electron density as follows:

ne[10
10cm−3] = 1.23

[

(fm
r )2 − (fm

o )2
]

× C.F. (3.14)

where, C.F. is the correction factor given by

57



3.2 Characteristics of Semi-Shielded Hairpin Probes

C.F. =
(κd − 1)(fo)

4

κd{(fm
r )2 [(fm

o )2 − (fo)2] + (fo)2(fm
o )2} − (fo)2(fm

o )2
. (3.15)

If κd = 0, we find that the Eq. 3.14 reduces to its ideal form given by Eq. 2.7. Also

Eq. 3.14 can be expressed in following form:

(fm
r )2 =

(κd − 1)(fo)
2(fm

o )2

(κd − 1)f4
o − κdf2

pe[(f
m
o )2 − (fo)2]

(f2
o + f2

pe) = C.F.× (f2
o + f2

pe) (3.16)

Inspecting equations 3.14 and 3.16, it suggests that C.F. is sensitive to the back-

ground electron density, the dielectric constant of the material and the vacuum res-

onance frequency modified by the presence of external dielectric. The relationship

between the measured resonance frequencies corresponding with electron density is

shown for various cases in Fig. 3.10.

An important advantage of using a semi-shielded probe suggests higher plasma den-

sities can be measured at reduced frequency. Generally, the suitable range of fre-

quency measurements is from 2.0 GHz to 6.0 GHz. Therefore partially shielded

probes can help in covering wide range of plasma densities that are otherwise lim-

ited to 1012cm−3.

3.2.3 Results and Discussion of Semi-Shielded Probe

The values of the weighting factor ζ as a function of normalized length (l′/L) are

plotted in Fig. 3.11, where l’ is the length of the dielectric block. The experiments

are systematically done for different hairpins of lengths 15.0 mm, 20.0 mm, 25.0

mm, and 29.0 mm. A sharp rise in the ζ values is observed on increasing the

shielding length. Equation 3.11 suggests that the value of parameter ζ depends on

hairpin dimensions, dielectric constant of the material used for shielding the hairpin,

and volume occupied by dielectric material in the vicinity of hairpin. For a given

hairpin dimension, the sharp rise in ζ value is observed in case of material with

smaller dielectric constant. Therefore, it is recommended to use material of higher
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3.2 Characteristics of Semi-Shielded Hairpin Probes
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Figure 3.11: ζ versus normalized length of dielectric (l’ ) by hairpin length (L)

for Teflon (κd = 2.1) and Perspex (κd = 3.42).

dielectric constant such as Al2O3 for partial shielding of the hairpin. Practically, if

the value of ζ is close to zero means smaller affect of adjunct dielectric on frequency

measurements.

The Perspex blocks are used for the experimental verification of the analytical

model for partially shielded hairpin presented in previous section. The hairpin used

has length = 25.0mm and width = 4.0mm. The blocks of length l′=7mm, 15mm,

18mm having width = 7mm and height = 4mm are typically used in experiments.

The corresponding measured resonances in vacuum are fm
o = 2.777GHz, 2.694GHz,

2.512GHz, and 2.386GHz respectively which is lower than theoretical fo (2.777GHz)

calculated using the formula fo = c/(2l + w).

For demonstrating the model, the experiment is performed in argon plasma

by varying the rf power to reach a highest possible density of 3.0 × 1011cm−3 at

approximately 3.0 cm away from the inductive antenna of the BARIS.

Figs. 3.12 to 3.14 shows the electron density measured by the semi-shielded

probe (PSP) and the reference probe (ref-probe) that is close to give actual density.
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3.2 Characteristics of Semi-Shielded Hairpin Probes

Figure 3.12: Plot of ne versus

power, where l’=7mm (28% of hair-

pin length) and pressure is 5 × 10−3

mbar.

Figure 3.13: Plot of ne versus power,

where l’=15mm (60% of hairpin

length) and pressure is 5 × 10−3

mbar.

The partially shielded probe shows lower density than those measured by the ref-

probe. However by applying the correction formula the shielded probe data matches

reasonably well with that obtained from the ref-probe. There is a small discrepancy

at lower densities ≈ 1010cm−3. This may be because of sheaths created around the

insulating block that the model does not take in to account.

Using the above model, it is shown in Fig. 3.15 that the electron densities can be

reliably obtained with the partially shielded hairpins up to 60% to 80% embedded

inside the dielectric.

Fig. 3.16 shows the graph of density measured using hairpin shielded with Teflon-

1 and Perspex-1. The corrected densities for both Teflon and Perspex are in good

agreement with the density measured by the ideal ref-probe. This highlights the

fact that the model is independent of the choice of dielectric.

Based on the above observations it is reasonable to conclude that the model can

be applied for correcting densities greater than 1010cm−3. It may be improved to

work at lower densities as well by suitably incorporating the sheath effects. The

semi-shielded probe can be promising for measuring higher plasma densities.
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3.2 Characteristics of Semi-Shielded Hairpin Probes

Figure 3.14: Plot of ne versus power,

where l’=18mm (72% of hairpin

length) and pressure is 5×10−3 mbar.

Figure 3.15: Plot of ne versus nor-

malized length of dielectric in Argon

plasma at 400 W and 5×10−3 mbar.
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Figure 3.16: Plot of ne versus rf power in Argon plasma at 10mT using hairpin

covered with Teflon-1 and Perspex-1.
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3.3 Investigation of Hairpin Resonator with Uniform Dielectric Sleeves

3.3 Investigation of Hairpin Resonator with

Uniform Dielectric Sleeves

In this section we present the influence of dielectric sleeves on the performance of

hairpin probe. Just as in the case of semi-shielded hairpin, the introduction of

sleeves over the pins will result in the shift of vacuum resonance towards the lower

frequency. In section 3.3.1, we present a model for correcting the electron density in

the case of dielectric column of arbitrary thicknesses covering the entire surface of

the pins. This is followed by experimental data and discussion in the section 3.3.2.

3.3.1 Model for Density Correction

Consider the case when a thin dielectric sleeve (κd = 3.8) is introduced over the

pins as shown in Fig. 3.17. Because κd > 1, the new characteristic resonance falls

below fo. When such a probe is immersed in a plasma the measured resonance

peak will be also lower compared to the dielectric-free hairpin. Substituting fr in

Eq. 2.7 leads to erroneous measurement of the electron density. We address this

problem by modeling the effective capacitance of the sleeve and the plasma. In

the first approximation, we ignore the sheath contribution to the effective dielectric

permittivity. We choose the quartz as the dielectric material because of its high

secondary electron emission yield. This has the advantage in reducing the sheath

width which forms around the hairpin wires.

Figure 3.17: Hairpin covered with uniform dielectric sleeves.
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3.3 Investigation of Hairpin Resonator with Uniform Dielectric Sleeves

Figure 3.18: Hairpin probe covered with the dielectric sleeves (a is wire radius,

b, is sleeve outer radius and 2h is the separation between the wires).

This will result in an additional capacitance between the individual pins with respect

to the mid-plane. Fig. 3.18 shows schematic of the different capacitances associated

with the hairpin on introducing the dielectric sleeves. The additional dielectric shifts

the resonance signal from fo and fr to some lower values, denoted by fm
o and fm

r in

vacuum and in plasma respectively. Therefore, fm
o is given by:

fm
o =

c

2(2l + w)

√

κeffv

=
fo

√

κeffv

(3.17)

where, κeffv is the effective dielectric permittivity due to vacuum and sleeves. Simi-

larly, for the plasma:

fm
r =

c

2(2l + w)
√

κeffp

=
fo

√

κeffp

(3.18)

where, κeffp is the effective permittivity due to plasma and the sleeve.

Considering a first approximation of homogeneous plasma around the hairpin, the

total capacitance per unit length can be written as:

CT =
πǫoκ

eff
p

ln(h/a+
√

(h/a)2 − 1)
(3.19)

where, a is the probe tip radius and 2h is the separation between the axis of wires.

Assuming that dielectric sleeve is perfectly fitted on the hairpin wires we can write
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3.3 Investigation of Hairpin Resonator with Uniform Dielectric Sleeves

the total capacitance of the system as two capacitors connected in series: capaci-

tance Cd due to the dielectric sleeve with inner radius a and outer radius b and the

capacitance Cp due to the plasma. The Cd and Cp can be written as:

Cd =
2πεoκd
ln(b/a)

(3.20)

Cp =
πεoκp

ln(h/b+
√

(h/b)2 − 1)
(3.21)

where, κp is given by Eq. 2.3. The total capacitance is given by the series combina-

tion of Cd and Cp. Substituting the values of capacitances from Eq. 3.20 and Eq.

3.21 we obtain:

CT = πǫo
κdκp

κd ln(h/b+
√

(h/b)2 − 1) + κp ln(b/a)
(3.22)

Equating Eq. 3.19 and Eq. 3.22, one can solve for f2
pe, alternatively, the plasma

frequency corrected in the presence of a dielectric sleeve may be directly expressed

as:

f2
pe =

(fm
r )2 − f2

o

A

{

ln(b/a)
κd

+B
}

1− f2
o

(fm
r )2 × ln(b/a)

κdA

(3.23)

where, A = ln(h/a +
√

(h/a)2 − 1), B = ln(h/b +
√

(h/b)2 − 1), and the plasma

density can be found directly from relation, ne =
meπ
e2

f2
pe.

3.3.2 Results and Discussion

The experiment was performed using the set-up discussed in section 3.1. The mea-

surements were done systematically at one time with the ideal hairpin containing

no dielectric sleeves followed by introducing quartz sleeves on the same probe. The

density measurement was repeated at a different time but without disrupting the

vacuum or the chamber condition to ensure the plasma is reproducible.
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Figure 3.19: Resonance signals

of hairpin covered with sleeves
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Figure 3.20: Electron density measured

in argon discharge at 10mTorr using uni-

formly covered hairpin with quartz sleeves.

In the experiment the rf power is varied up to 250W at a given pressure of about

10mTorr with constant flow rate of about 50 sccm. In first case, the measurements

were taken with the ref-probe, followed by introducing quartz sleeves of different

thicknesses over the reference probe. The plasma densities are recorded as a function

of the RF power at a given operating pressure. The hairpin resonator used in the

experiment has length (l) of 29.5 mm, width (w) of 3.65 mm, and wire diameter (2a)

of 0.25 mm. Different sleeves S1, S2, and S3 of standard thickness (ID×OD) in mm

0.4 × 0.55, 0.6 × 0.84, and 0.9 × 1.1 respectively are used in the experiment, where

S2 and S3 are added on top of S1.

The electron density using standard formula given in Eq. 2.7 is calculated for the

dielectric probe then compared with that obtained with the ref-probe. However, the

corrected densities are calculated using Eq. 3.23.

Fig. 3.19 shows some typical resonances obtained with different quartz sleeves (κd =

3.8) introduced to the ref-probe. Contribution of quartz sleeve on the effective

permittivity increased with the thickness giving rise to larger shift from fo towards

the lower frequency as expected.

Plots of density measured with different probes on the log scale in Fig. 3.20 shows

that the probe having maximum contribution of the dielectric measures lower density
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as compared with the ref-probe without any sleeves.
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Figure 3.21: Plot of ne versus dis-

charge power at 10 mTorr for hairpin

covered with quartz sleeve S1.
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Figure 3.22: Plot of ne versus dis-

charge power at 10 mTorr for hairpin

covered with quartz sleeve S1 and S2.

Density measured using individual sleeves S1 and S1+S2 is plotted in Figs. 3.21

to 3.24 with those measured by the ref-probe for 10 mTorr and 20 mTorr over a

range of operating powers.

Consistently the density measured with the dielectric probe is lower than the

ref-probe. However, ne obtained using new formula is found to match very well

with those obtained from the ref-probe. This result is consistent for different sleeve

thicknesses except for lower densities.

Fig. 3.25 shows the plot of densities as a function of b for the same plasma

conditions. It shows that without applying correction model, the density begins

to fall significantly with increasing b. However, by applying the new formula, the

corrected electron density remain almost constant for b/w ≈ 0.08. For b/w > 0.08,

the model is not so accurate as the sheaths around the dielectrics can be influential.

For the practical application of the model, one needs to choose the hairpin width

larger than the effective sheath radius. The sheath radius is relatively larger at
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Figure 3.23: Plot of ne versus dis-

charge power at 20 mTorr for hairpin

covered with quartz sleeve S1.
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Figure 3.24: Plot of ne versus dis-

charge power at 20 mTorr for hairpin

covered with quartz sleeve S1 and S2.
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Figure 3.25: Plot of ne versus

quartz sleeve radius at 241 W

and 10 mTorr.
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Figure 3.26: Plot of ne versus discharge

power at 10 mTorr for hairpin covered with

Al2O3 sleeve having κd = 10.
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lower densities hence occupying significant portion of the space between the pins.

Therefore the correction overestimates the densities in Figs. 3.21 to 3.24 at lower

operating powers since rf rectification resulting in greater sheath width is higher

at lower plasma densities. In principle the sheath effect may be incorporated in

the model by considering the additional capacitance in series with the capacitance

due to plasma and dielectric sleeves provided electron temperature of the plasma

is measured independently using a Langmuir probe as demonstrated by Piejak et

al [2]. Fig. 3.26 shows the plot of ne as a function of discharge power measured

using hairpin covered with Al2O3 sleeve having dielectric constant 10. The sleeve

dimensions (mm) are (ID×OD) 0.4 × 0.55. We found that the present model gives

reasonable density corrections even for high dielectric material. However, no sig-

nificant reduction in overestimation of electron density by model is found at lower

discharge powers as compared to the quartz sleeve case presented in Figs. 3.21 to

3.24. The main factor responsible for the density overestimation at lower discharge

powers is the sleeve dimensions as compare to wire radius and width of the probe.

Therefore, it is suggested to include sheath effects in the present model in order to

work at lower densities.

3.4 Summary

Two types of dielectric shielded hairpin probes are presented and their practical

application to plasmas are discussed in this chapter. The presence of adjunct di-

electrics in the vicinity of hairpin resulted in modifying the effective permittivity

as seen by the probe. As a result the electron density measured by the dielectric

probes show an underestimated density as compared with the ideal reference probe.

For correcting the electron density, suitable models are proposed for dealing

with specific cases. For the semi-shielded probe, the model allows to rectify the

underestimated density up to 40% covered inside the dielectric which resulted in

lowering of the resonance frequency by almost a factor of 2.0 allowing the device to
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operate at lower frequency range. Operating the device at lower frequency range

below fpe is important for avoiding excitation of warm plasma modes resulting in

losses of the signal amplitude. Besides, the method can be a promising tool for

application of the hairpin in very high density plasmas which are currently limited

to densities less than 1012cm−3. The validity and precision of the present model and

dielectric covered hairpin probe shall be also tested for reactive gases such as O2/N2

and SF6 in the plasma for further expansion of the present research. The dielectric

shielded probes can be very useful in reactive plasmas. It helps to safeguard the

probe and well minimize interference to the plasma.
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CHAPTER 4

The Effects of External Magnetic Field on Probe’s

Resonance Frequency

4.1 Motivation

So far we have considered the case of magnetic field free plasma. In presence of

external magnetic field the electrons start gyrating in the plane perpendicular to the

magnetic field while free streaming along the field lines, resulting in helical orbits.

The plasma electrons are said to be magnetized when the electron on an average

completes at least one gyration around the magnetic field before getting deflected

by collision with another neutral or ion, such that ωce/γm > 1; where ωce is the

electron gyro-frequency and γm is the electron collision rate. In general, electrons

can be magnetized easily as compared with ions. For strongly magnetized plasmas,

radial diffusion to adjacent field line can only take place via collisions.

Because of constrained electron motion perpendicular to the field lines, the

plasma permittivity becomes anisotropic resulting in two separate components, κ||
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Magnetic Field

along the direction of B-field while κ× and κ⊥ are the components in the plane

transverse to the magnetic field lines [11]. The behavior of κ|| is the same as in the

case of non-magnetized plasmas, however the transverse components are modified

due to the contribution of ωce. Therefore resonance conditions are strictly dependent

on the orientation of the probe with respect to the field lines.

The primary objective is to investigate the dispersion relation valid in the case

of a hairpin immersed in magnetized plasmas and understand the effect of magnetic

field on the resonant properties of the probe.

Section 4.2 discusses the dispersion formula applicable for an electromagnetic wave

in a magnetized plasma [99–101] and its application in the context of a hairpin probe

placed at different orientations with respect to the magnetic field lines. Section 4.3

describes the experimental setup. This is followed by experimental results and dis-

cussion in section 4.4 and 4.5 respectively. The summary and conclusion is presented

in section 4.6.

4.2 Analysis of Cold Plasma Permittivity in

Presence of External Magnetic Field

When magnetic field is present, the electron dynamics in plasma is modified due

to cyclotron motion superimposed with freely streaming electrons along the field

lines. This results in a change in effective permittivity of the plasma surrounding

the hairpin. For satisfying the resonance condition the length of the resonator has

to be equal to a quarter wavelength. Therefore, the resonance frequency will vary in

response to the permittivities κ||, κ× and κ⊥. The contribution of each component

on propagation vector ~k will be sensitive to how the probe is oriented with respect

to the B-field. Analysis of each case is therefore necessary which is considered in the

following section.
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Magnetic Field

4.2.1 Effective Plasma Permittivity for Propagating Waves

in Magnetized Plasma

Consider the hairpin immersed in a homogeneous plasma with an external magnetic

field. The electromagnetic field traveling along the pins composed of mutually per-

pendicular time varying components ~E(~r, t), ~B(~r, t). The propagation constant in

the presence of a magnetic field is given by,

k =
ω

c

√

ǫ̃p =
2π

λ
(4.1)

where, ǫ̃p is the plasma permittivity tensor.

Fig. 4.1 gives the schematic of the direction of different components of permittivity

κ||,κ× and κ⊥ with respect to the magnetic field considered along z-axis.

Figure 4.1: The components of plasma permittivity with respect to the direc-

tion of magnetic field are shown in cylindrical coordinate system.

The dielectric permittivity of the magnetized plasma can be represented as a tensor

given by [11, 100]:

ǫ̃p = ǫoκ̃p = ǫo













κ⊥ −jκ× 0

jκ× κ⊥ 0

0 0 κ||













(4.2)
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4.2 Analysis of Cold Plasma Permittivity in Presence of External

Magnetic Field

Under the cold plasma approximation [6, 7, 11], requiring the phase velocity to

be much greater than the thermal velocity, one may neglect the effect of thermal

motion of the electrons. This is generally applicable when the plasma pressure

and absorption are negligible. In this case, the loss of plasma wave energy to the

plasma particle medium is negligible. Plasma absorption is the physical phenomenon

which happens in the situation when an electromagnetic wave propagates through a

plasma medium and accelerates the electron motion due to electromagnetic forces.

If the electrons make significant collisions with other particles then the net energy

will be absorbed from the wave. For collisionless plasmas, the plasma permittivity

components are given by the following equations [11]:

κ|| = 1−
f2
pe

f2
(4.3)

κ⊥ = 1−
f2
pe

f2 − f2
ce

(4.4)

κ× =
fce
f

f2
pe

f2 − f2
ce

(4.5)

The component κ× is in the azimuthal direction with respect to the magnetic field.

Because it is an imaginary quantity it contributes to the attenuation of the wave

and broadens the resonance signal [99, 100]. A detailed discussion on the effect of

κ× on the attenuation of the resonance signal is discussed in chapter-5 which deals

with the dispersion of resonance signal in the plasma.

If the electromagnetic wave is allowed to propagate for a distance much greater than

its characteristic wavelength a variety of possible plasma wave modes can appear

because of the wave phase velocity dependence on the wave frequency and the angle

between the wave vector with respect to the B-field. A general expression for the

effective permittivity [11], κeffp = n2, can be written in terms of the permittivity

components as given below:
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tan2θ = −
κ||(n

2 − κr)(n
2 − κl)

(n2 − κ||)(κ⊥n2 − κrκl)
(4.6)

where,

κr = κ⊥ − κ× (4.7)

κl = κ⊥ + κ× (4.8)

In Eq. 4.6, θ is the angle between the wave vector and the applied magnetic field

strength. Eqs. 4.7 and 4.8 gives rise to right (RCP) and left hand circularly polarized

(LCP) wave modes for the electrons and ions respectively [6, 7]. These modes are

obtained when the wave is propagating along the B-field such that the time-varying

electric vector is perpendicular to the magnetic field, which gives rise to azimuthal

components. In addition to circular polarization, other important wave modes are

the ordinary (O-mode) and extraordinary (X-mode). These modes are observed

when the magnetic field is perpendicular to the wave-vector. Therefore, EM waves

in plasma in the presence of external B-field give rise to a variety of plasma wave

modes. However in context of the hairpin, only a few of these modes are applicable.

This is because the physical length of the hairpin terminates at λ/4. Hence wave

modes resulting from the κ× component responsible for circular polarization in the

near field region of hairpin may not be realistic in the case of hairpin. However these

modes can be excited in the far field region from the hairpin. Therefore, the only

relevant components contributing to the effective permittivity are κ|| and κ⊥.

For simplicity we consider two primary cases, (i) ~k|| ~B and (ii) ~k ⊥ ~B. In the ~k|| ~B
case, the pins point along the direction of the B-field while for ~k ⊥ ~B case the probe

cuts across the external field lines. The effects due to different probe orientations

on probe’s resonance frequency are discussed in the following section.
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4.2.2 Effective Plasma Permittivity as Observed by Hair-

pin

Case-1: ~k|| ~B
Fig. 4.2 shows the condition when ~k|| ~B. This results in the transverse electric field

in the x-y plane for all azimuthal angles of the plane with respect to ~k. Because

the time varying ~E and ~B are mutually perpendicular, this gives rise to circular

polarization of the wave as given in Eqs. 4.7 and 4.8.

The effective plasma permittivity for the ~k|| ~B is given by [11];

κeffp = κr = κ⊥ − κ× = 1−
f2
pe

f(f − fce)
(4.9)

κeffp = κl = κ⊥ + κ× = 1−
f2
pe

f(f + fce)
(4.10)

Figure 4.2: Figure showing the mutually orthogonal electric and magnetic field

components of the hairpin with respect to the external B-field for the case ~k|| ~B.

We assume that in the near field approximation, the circular polarization is not

effective within the λ/4 distance. The only contributions are from the components

κr and κl, which reduce to κ⊥ as given by Eq. 4.4.

Case-2: ~k⊥ ~B

Assuming the hairpin points across the external magnetic field, the time-varying

~E field generated during resonance in this case can either be parallel (i) ~E|| ~B or
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perpendicular (ii) ~E⊥ ~B to the external field as shown in Fig. 4.3.

Figure 4.3: Figure showing the electric field components of the hairpin with

respect to the B-field for the case ~k⊥ ~B.

The electrons which are present in the plane where ~E|| ~B does not suffers ~E × ~B

force . Therefore plasma electrons contributing to the permittivity in this volume is

independent of the external magnetic field.

Considering that the electromagnetic wave is propagating perpendicular to Bo, this

is the case of O-mode, which has the same dispersion relation for a non-magnetized

plasma. On the other hand, we are left with those electrons which experience Lorentz

force because of the crossed electric and magnetic field components in the remaining

volume. This interaction leads to a longitudinal component of the E-field in the

direction of propagation ~k. This is the X-mode. The wave becomes partially lon-

gitudinal and partially transverse resulting in elliptical polarization. The effective

plasma permittivity is given by [11]:

κeffp =
κrκl
κ⊥

=
κ2⊥ − κ2×

κ⊥
=

f2(f2 − f2
ce)− 2f2f2

pe + f4
pe

f2(f2 − f2
ce − f2

pe)
(4.11)

Again these modes are only possible in the far field region. Therefore the plasma

permittivity in presence of B-field is reduced to κ⊥ component only for both ~E|| ~B
and ~E⊥ ~B cases respectively. In fact the majority of the electron population in the

vicinity of the hairpin experience an ~E × ~B force due to fringing E-field set-up by
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the hairpin. Thus, Eq. 4.11 also reduces to κ⊥ when the κ× component is ignored.

This is discussed in the following section.

4.2.3 Spatial Electric field Distribution around the Hair-

pin Resonator

A sketch of the electric field lines between the pins is shown in Fig. 4.4. Above

the plane containing the pins, the curvilinear electric field lines can be resolved in

to two components, (i) the Ex component - this is the component of electric field

directed between the pins; and (ii) Ey component - the component normal to the

plane containing the pins. At the mid-plane the dominant component is the Ex

component whereas at all other regions, the electric field component is the resultant

of the components, Ex and Ey.

Figure 4.4: Drawing shows the electric field components with respect to the

B-field for (a) ~k|| ~B (b) ~k⊥ ~B.

When ~k|| ~B, both Ex and Ey components are normal to Bo. Hence all the electrons

contribute to κ⊥. On the other hand, when ~k⊥ ~B as shown in Fig. 4.4(b), we have
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following situations: (i) The Ex component is parallel to B-field - In this condition

those electrons present between the pins are not affected by the B-field, however the

major population of electrons above the plane of the hairpin are influenced by ~E× ~B.

Hence their effective permittivity is given by κ⊥. (ii) When the plane of the probe

is rotated by 90o, this merely interchanges Ex and Ey, therefore the permittivity

remains same in all cases.

In conclusion, κ⊥ is a reasonable approximation for dealing with the plasma

permittivity in the presence of an external magnetic field. This is mainly because

propagating em-waves are only observable in the far field region away from the source

when the effective path length is much greater than the wavelength of the EM wave.

This is unlikely for the hairpin whose physical length is limited to λ/4.

When the hairpin is orientated in the fashion ~k|| ~B, we observe that most of the

tangential component of spatial electric field ~E(~r, t) at any a particular location is

tangential to κ× which is the imaginary component which is attenuated. Hence a

large dispersion of the resonance is observed by orienting the probe ~k|| ~B. Therefore

~k⊥ ~B will be experimentally investigated in details.

4.2.4 Resonance Frequency Response in Presence of Mag-

netic Field

The effective plasma permittivity for ~k⊥ ~B is given by Eq. 4.11. Substituting κeff

in Eq. 4.11 in Eq. 2.2, we get a bi-quadratic equation of fr in terms of three

independent variables fce, fpe and fo as follows:

f4
r − f2

r (f
2
ce + 2f2

pe + f2
o ) + f2

pe(f
2
pe + f2

o ) = 0 (4.12)

There are four real roots of fr. Out of these, two roots are unphysical as they are

negative. The positive roots of fr are fr1 and fr2 given by,

fr1,r2 =

√

(F/2)±
√

(F/2)2 − f2
pe(f

2
o + f2

pe) (4.13)
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where, F = (f2
o + 2f2

pe + f2
ce).

On neglecting κ× in Eq. 4.11, we find κeff reduces to κ⊥. Substituting this in

the principal Eq. 2.2 for probes resonance frequency we get a modified bi-quadratic

equation,

f4
r − f2

r (f
2
o + f2

ce + f2
pe) + f2

cef
2
o = 0 (4.14)

This also gives four real roots of fr. The positive roots of fr are fr1 and fr2 given

by,

fr1,r2 =

√

(F/2) ±
√

(F/2)2 − f2
o f

2
ce (4.15)

where, F = (f2
o + f2

ce + f2
pe).

Solving Eq. 4.14 in terms of fpe as a function of fr, fce and fo we obtain,

ne[10
10cm−3] = 1.23(1 − f2

ce/f
2
r )(f

2
r − f2

o ) (4.16)

In Eq. 4.16, the electron density has positive values only when both bracketed terms

carry the same sign. Therefore the probe will resonate at a frequency greater than

fo provided if it satisfies the condition fr > fce. Otherwise the resonance frequency

shall fall below the vacuum frequency fr < fo.

4.3 Experimental Setup

4.3.1 Description of Plasma Reactor

For the systematic study of the effect of magnetic field on probes resonance fre-

quency, we install the hairpin in an inductive RF source [102, 103] which comprises

a plasma production region or the source, and a diffusion region. The plasma is cre-

ated by an inductive discharge by applying 13.6 MHz RF frequency to a three turn

air cooled antenna wound on a quartz tube. The external diameter of the quartz

tube is 10 cm, wall thickness of 1.0 cm and a length of 15.0 cm. Using a matching

79



4.3 Experimental Setup

network, a maximum power is transferred to the antenna by matching its impedance

to the generator output impedance of 50 Ohm. The match box is positioned in a

manner that allows direct connection of the antenna to the output capacitor of

the matching network. This reduces the ohmic power loss at the antenna side of

the matching network. The match box is used in an automatic matching mode so

that the power delivered to the discharge remains constant. The diffusion cham-

ber comprises a stainless steel cylinder with internal diameter 41 cm, length 29 cm

terminated at both ends with stainless steel plates. The chamber is shielded using

aluminum electrostatic shields which enclose the tube and antenna to prevent RF

radiation.

Figure 4.5: Applied Radio Frequency (13.56MHz) Inductive source: NS are

poles of Magnets, PS is Power supply and MU is matching unit.

The plasma is formed in a capacitive mode by applying the large rf voltage on the

antenna. When the plasma density increases adequately the discharge transit into an

inductive mode which is maintained by the time varying magnetic field associated

with the rf currents through the antenna. Predominantly, the experiments were
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performed in the range of 100 W to 500 W where the rf power coupling was stable

with little or no reflected power. Some specific experiments were performed at

higher powers of up to 700 W depending on the subject under study. The pressure

(in microbar) varied in a range from 1.0 to 8.0.

4.3.2 Magnetic Field Configuration

For a systematic study of the effect of magnetic field on the probe’s resonance fre-

quency, we used two cubical shaped permanent magnets with pole strengths of 0.43

Tesla each having dimension (in cm) 5×5×2.5. They are installed inside the cham-

ber from the diametrically opposite ports as shown in Fig. 4.5. They are positioned

inside the chamber using a vacuum feed-through arrangement with a holder for the

magnets. The other end is completely vacuum sealed. By moving the feed-throughs,

the separation between the magnets can be easily adjusted and thus the magnetic

field strength at the center of the chamber can be varied systematically during the

experiments. The holder is also useful to keep the strong magnets separated as per

requirement. The spatial field strength was measured using a Hall probe designed

prior to producing the plasma. The picture of the hall probe used for the magnetic

field measurements is shown in Fig. 4.8.

In Fig. 4.6, the magnetic lines of force around the two permanent bar magnets are

shown where they are facing opposite poles to each other. One can see that the

field strength between the magnets is quite uniform where the measurements were

performed. In Fig. 4.7, the magnetic field strength measured at the center is plotted

as a function of separation (x ) between the magnets. The magnets could be moved

closer or further from each other with the help of the feed-through.

4.3.3 Magnetic Field Sensor (Hall Probe)

To measure the magnetic field strength, a measurement probe is a need i.e. a

magnetic field sensor. The magnetic field sensor is composed of a hollow ceramic
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Figure 4.6: Magnetic lines

of force around two bar

magnets.
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Figure 4.7: Magnetic field strength at the cen-

ter of chamber where x is the separation be-

tween the magnets.

rod, a battery, and a multimeter. These parts are sketched in Fig. 4.9.

Figure 4.8: Hall probe for the measurement of magnetic field strength.

The hollow rod is made of ceramic with a hall effect transducer chip [104] at one end

(shown as the circle on the right hand end with three pins coming out of it). The chip

produces a voltage that is linear with the magnetic field. The Amplifier (battery)

is contained in a small box and allows measuring a greater range of magnetic field

strengths. The multimeter gives the reading of the voltage with and without the

magnetic field. The magnetic field strength can be directly calculated from the

following formula:

B(inGauss) =
(VwithB−field − VwithoutB−field)× 1000

1.3
(4.17)
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Figure 4.9: Schematic of Hall probe.

Figure 4.10: Sensor position: (a) orientation for maximum reading (b) orien-

tation for zero reading.
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The maximum output of the chip occurs when the area vector of the hump on the

sensor points directly toward a magnetic south pole, as shown in Fig. 4.10.

4.3.4 Installation of Hairpin Probe and Spherical Lang-

muir Probe

The hairpin is introduced from the top port pointing perpendicular to the magnetic

field lines such that ~k⊥ ~B as shown in Fig. 4.11. The hairpin floats at the center of

chamber, in the region of the uniform B-field region. The magnetic field at the center

is altered by simply changing the separation between the permanent magnets. The

spatial magnetic field strength is measured using the Hall probe prior to producing

the plasma. Using this setup, we achieved a local maximum electron density of

about 5× 1010cm−3 at approximately 15.0 cm away from the plasma source region

where the hairpin is situated. On increasing the B-field the local electron density

decreases between the poles of the magnets due to the limited cross-field diffusion

of electrons across the magnetic field lines.

In order to keep the electron density the same in the region between the poles of

the magnet during variation of the field, we relied on a spherical probe (SP) shown

in Fig. 4.11 which was constantly biased at -30.0 Volts and the corresponding

ion current variation indicates the local change in plasma density on changing the

magnetic field strength.

The two probes are physically separated by a distance of 3.0 mm. Also, the SP is kept

in the consecutive magnetic flux tube with respect to the hairpin so that there should

not be any influence on the hairpin measurements due to shadowing effect by SP.

Both probes are placed in the uniform magnetic field region of plasma. Throughout

the entire experiment, the current was maintained constant at I+ = 280µA by

adjusting the RF power (100 W to 900 W) and slightly varying the background gas

pressure (5.0 × 10−3 mbar to 8.0 × 10−3 mbar). The wires of the hairpin resonator

were made of Platinum Rhodium alloy with radius 0.125 mm, typical length about

20.0 mm to 30.0 mm and separation of about 3.0 mm to 4.0 mm.
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Figure 4.11: Front view of the ARIS: (a) SP (spherical probe) and HP (hairpin

probe) installed normal to magnetic axis i.e. ~k⊥ ~B and (b) HP installed along

the magnetic axis i.e. ~k|| ~B.

4.4 Experimental Results

4.4.1 Typical Spectrum of Resonance Signals in Pres-

ence of Magnetic Field

The typical resonance signals for ~k⊥ ~B and ~k|| ~B are shown in Figs. 4.12 and 4.13.

Unlike non-magnetized plasmas we observe that the hairpin displays dual resonances

namely fr1 and fr2, where, fr1 > fo and fr2 < fo. Both resonance frequencies shift

away from the vacuum frequency fo with the increase in electron density. This is

shown in Figs. 4.14 and 4.15. One basic characteristic difference found that the fr2

tends to saturate at fce when fo value is chosen below fce. Whereas, in Fig. 4.15

both fr’s responded to increase in discharge power from 100 W to 500 W by moving

away from fo.

Similar behavior is also observed for the case ~k|| ~B as shown in Fig. 4.16 and

4.17. However, when fo > fce we found that fr2 falls outside the starting frequency,

which is 2.0 GHz. Therefore fr2 is not present in the spectrum. Hence we only
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Figure 4.12: Resonance signal for

~k⊥ ~B case where fo = 2.625GHz.
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Figure 4.13: Resonance signal for

~k|| ~B case where fo = 2.68GHz.
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Figure 4.14: Resonance signals of

hairpin obtained in plasma for case

~k⊥ ~B and fo > fce, where fo =

2.52GHz and fce = 2.3GHz.
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Figure 4.15: Resonance signals of

hairpin obtained in plasma for case

~k⊥ ~B and fo < fce, where fo =

2.64GHz and fce = 2.8GHz.
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Figure 4.16: Resonance signals of

hairpin obtained in plasma for case

~k|| ~B and fo > fce, where fo =

2.68GHz and fce = 1.0GHz.
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Figure 4.17: Resonance signals of

hairpin obtained in plasma for case

~k|| ~B and fo < fce, where fo =

2.68GHz and fce = 3.14GHz.
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Figure 4.18: ne vs power. Conditions:

~k⊥ ~B, 6.4 × 10−3mbar, B = 0.1T, fo =

2.4871GHz.

Figure 4.19: Hairpin rotation

sketch with respect to B-field.
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observe fr1 shifting with discharge power. On the other hand, when fo < fce we

find that fr2 is present within the range of scanning frequency and it moves apart

from fo as we increase the plasma density by increasing the discharge power from

100 W to 250 W. However, in this case we observed that fr1 resonance signal is

found to be strongly attenuated and not responding significantly to the change in

background plasma density.

In Fig. 4.18, we plotted the electron densities calculated using fr1 and fr2 for a

range of discharge powers for a case when ~k⊥ ~B and fo < fce. The electron density

is calculated using a revised formula given in Eq. 4.16 for a given value of fce = 2.8

GHz. The reason for discrepancy in the electron densities using two resonances is

discussed in section 4.5.

4.4.2 Effect of Probe Rotation on Resonance Signal

For the ~k⊥ ~B case, we investigated the effect of hairpin’s plane rotation with respect

to the B-field on the resonance frequency. The schematic of the set-up is as shown in

Fig. 4.19. Here, we defined θ as an angle between the plane of hairpin and magnetic

field.

In order to avoid spatial inhomogeneity of electron density introduced by the mag-

netic field, we limited the field strengths from B = 10 mT to 59 mT. It is found

from Figs. 4.20 and 4.21 that the difference is less than 2%, indicating no significant

effects introduced due to the rotation of the probe relative to the field.

Therefore, the estimate of the electron density remains largely unaffected as shown

in Fig. 4.21. This rotation of the probe by 90o merely interchanges Ex and Ey

as discussed in section 4.2.3. However if magnetic field is strongly non-uniform

compared with the probe length, then one may need to take in to account the

spatially varying density around the resonator.
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Figure 4.20: Resonance fre-

quency versus different rota-

tion of hairpin plane w.r.t B-

field where B1 = 0.01T, B2 =

0.017T, B3 = 0.03T and B4 =

0.059T.
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Figure 4.21: Electron density calculated

using fr1 vs discharge power for two rota-

tion of hairpin plane w.r.t B-field (0.08T)

in Argon plasma 6.4 × 10−3mbar, fce =

2.24GHz and fo = 2.5269GHz.

4.4.3 Effective Plasma Permittivity Measured by Hair-

pin

The effective permittivity in the presence of magnetic field is given by κ⊥. In order

to verify this fact, we systematically vary fce by varying the magnetic field over a

wide range of field strengths 0.01T to 0.15T while keeping the background plasma

density (or fpe) constant.

In Fig. 4.22, we present the resonance frequency fr verses fce normalized to fo.

On the same plot we show the numerical values of fr’s obtained using Eqs. 4.13 and

4.15.

The results shows that the measured fr values match very well with the cal-

culated ones based on considering κ⊥. Therefore the role of κ× can be neglected.

Therefore, κ⊥ is found to be a good approximation for calculating the electron den-

sity in case of magnetized plasma. Similar results are obtained for the case when
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Figure 4.22: Plot of fr vs fce where the

hairpin plane is position along the B-field

(fo=2.24GHz and fpe=0.8871GHz).
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Figure 4.23: Positive ion current

corresponding to the experimental

data shown in Fig. 4.22.
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Figure 4.24: Plot of fr vs fce where the

hairpin plane is position normal the B-

field (fo=2.284GHz and fpe=0.73GHz).
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Figure 4.25: Positive ion current

corresponding to the experimental

data shown in Fig. 4.24.
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Figure 4.26: ne versus fce, where density is normalized with the measured

density when fce = 0 and fce by fo.

the hairpin plane is placed normal to the field lines as shown in Fig. 4.24.

During the above experiments, constant plasma density was maintained by ad-

justing the background neutral pressure and power applied to the discharge. This

is indicated from the plot of ion-saturation current verses fce in Figs. 4.23 and 4.25.

The ion saturation current is nearly flat except for strong magnetic field greater than

0.1T as very high discharge powers was required for keeping the density constant.

Fig. 4.26 shows the normalized electron density ne/ne(fce = 0) as a function of

fce/fo. Plasma density is found to be nearly constant as expected within reasonable

experimental error. The error is caused due to slight deviation of experimental

conditions when discharge power and pressure is varied for keeping the ion saturation

current constant during changing the field strength.
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4.5 Discussion

One of the important observations presented in previous section is the excitation of

dual resonances due to the presence of external magnetic field. When the resonance

frequency is below fo, it suggests that the plasma electrons behaving similar to

a dielectric material which are characterized by permittivity κ > 1. On the other

hand, permittivity κ < 1 is generally observed in the case of non-magnetized plasma.

Therefore plasma electrons behave differently at distinct resonance frequencies due

to because of the intrinsic nature of κ⊥.

Using Eq. 4.4, we observe the resultant permittivity of the plasma, κ⊥ > 1 for

all resonance frequencies which are below the cyclotron frequency (fr < fce). The

electrons are considered to be strongly magnetized as the oscillating field between

the probe is slower than the gyration.
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Figure 4.27: Electron density (ne) as a function of fr normalized to fo for

a given magnetic field strengths. The exclusion frequency at which ne < 0

stretches between fce and fo. These are indicated between the points PQ and

QR respectively for the red and black curves.
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Figure 4.28: Ratio of the electron densities calculated using fr1 and fr2 as a

function of discharge power.

On the other hand when fr > fce the electron response is governed by both

time-varying electric field and the static magnetic field. In Fig. 4.27, we present

the characteristic density curves as a function of normalized resonance frequency

according to Eq. 4.16. We considered two magnetic field parameters, in one case

the chosen value of fo < fce (red curve), in second case it is fo > fce(black curve).

We observe that for the same value of electron density satisfying two resonance

frequencies, one fr1 appearing above fo and fce while the second resonance frequency

fr2 below fo and fce respectively.

An exclusion range is obtained for frequencies giving negative values of ne. These

are unphysical therefore no resonances can be observed. For the red curve, the lower

limit of the exclusion region is fce as indicated by P while the upper limit at Q

corresponds to the vacuum resonance fo. This swaps in the case for black curve as

the lower limit of the exclusion region is fo while the upper limit at R is fce. At

these points, the electron density is zero. However, the same condition is satisfied

at one single point Q if fo = fce.

93



4.5 Discussion

Physically, when fr = fo means no plasma electrons are present between the

pins. Therefore, the resonance frequency will be same as that observed in the case

of vacuum. This is the point Q on the graph. On the other hand ne = 0 at points P

and R corresponds to fr = fce . This above situation is paradoxical as the existence

of fce must be associated with electrons present in the system. Practically, this is

only possible if fpe << fce. The electrons are strongly magnetized such that the

characteristic electron plasma frequency practically disappears as compared with the

gyro motion. In order to observe shift in fr2, sufficient electron density is required

such that fpe > fce. This is also evident from Fig. 4.14 in which fr2 is not changing

with the background plasma density. On the other hand fr1 monotonically increases

with density. This corresponds to the right hand branch of the curve for all values

fr > fo.

When fo is chosen to be lower than fce, we also find a similar behavior shown

by black curve. Therefore we observe both resonances fr1 and fr2 responding to the

change in background electron density by departing away from fo. This is consistent

with the observation in Fig. 4.15.

According to above discussion one expects to obtain same electron densities using

fr1 and fr2. However, this is not the case as found from Fig. 4.28. The discrepancy

in electron density increases with the discharge power.

A possible reason for observing this anomalous effect may be due to local de-

pletion of electrons around the resonator when the probe is resonating close to fce.

This can lead to to strong ~E × ~B interaction between the oscillating field of the

probe and the external electric field cause the electrons to be pushed away from the

vicinity of the probe. The electric field is in resonance with the cyclotron motion of

electrons at fce.

When fo ≈ fce in Fig. 4.27, both fr1 and fr2 move away from fce. On the other

hand choosing the vacuum frequency much below the cyclotron frequency as in the

case of the black curve, will make the fr1 component relatively closer to fce than

fr2 for a given density. In this case we expect that fr2 will give a better estimate of
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density than fr1. The above fact is supported from the experimental data shown in

Fig. 4.17 for the case fce >> fo. In this case we observe pronounced peak of fr2 as

compared with fr1.

We found that the probe can resonate at a frequency smaller or greater than

its vacuum resonance for the same electron population. For a given magnetic field,

the electrons are bounded by the magnetic field irrespective of the orientation of

the probe with respect to the field lines. However ponderomotive force can act on

certain population of electrons because of spatially varying oscillating E-field and

static magnetic field. In that sense there can be distinct population of electrons

affected by the external magnetic field inside probes surroundings. However, it is

hard to pursue that the observed (two) resonances are due to different populations

of electrons. The dispersion relation κ⊥ is valid for all electrons and it results in

two roots that corresponds to same density. Since one of the roots is closer to fce,

the interaction leads to pushing electrons away from the probe (resonance heating)

resulting in the underestimated density as observed in the case of fr2 in Fig. 4.28.

On the other hand the upper root fr1 is much above the cyclotron frequency, hence

secondary effects due to electron cyclotron heating are small. Hence fr1 is better for

the calculation of electron density. In order to avoid this discrepancy, one should aim

in keeping fo well above the fce value. This can be possible by simply reducing the

length of the hairpin so that probe resonate at frequency much above the gyration

rate of electrons.

4.6 Summary and Conclusion

In this chapter, we presented the theoretical and experimental study of hairpin probe

in magnetized plasma. The first part focused on an analytical model that describes

various dispersion relations depending upon the angle between probe’s wave vector

(~k) and the applied magnetic field strength. The second part focused on the ex-

perimental method to verify the dispersion relation valid in the case of a hairpin
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immersed in a magnetized plasma. However, the experiments were performed for

the specific case when ~k⊥ ~B. The variation in resonance frequency of the hairpin

is studied as a function of applied magnetic field strength and the electron den-

sity. In presence of a magnetic field, the time varying electric field between the pins

drives electron motion perpendicular to the magnetic field. This makes the plasma

anisotropic in nature and results in a direction dependent plasma permittivity with

respect to the magnetic field.

The spatial distribution of the electric field around the hairpin is not confined to a

single plane due to its three dimensional geometry. Therefore, it observes an effective

plasma permittivity and gives an average electron density. For a sufficiently strong

magnetic field, the probe resonance condition is found to be satisfied at two distinct

frequencies. A second resonance appears, unlike in the case of a magnetic field free

plasma, which is below the resonance frequency in air/vacuum. This suggests that

the plasma electrons are tied to the field lines and are strongly coupled similar to

the electrons present in dielectrics. Under such conditions, the resonant properties

are found to be strongly influenced by the factors such as probe dimensions, electron

density, applied magnetic field and unknown particle trajectories in the vicinity of

the probe. Both resonances show two distinct plasma properties that stands for the

presence of bounded and free electrons near the vicinity of the hairpin. Absolute

values of densities calculated using two resonances depends on how the applied fields

sample the electron population near the hairpin. Precisely, the accurate density

depends on the spatial distribution of both electric and magnetic fields.

Systematic experiments for investigating the probe properties in the presence of

an external magnetic field were performed in the radio frequency inductively coupled

plasma source. The dispersion relation for calculating the electron density is verified

experimentally. A modified formula is proposed for obtaining the electron density

directly from the relative shift of resonance signal in plasma from that in vacuum

for a known magnetic field strength. However, the ne measurements are found to be

unaffected by the probe rotation for ~k⊥ ~B under given experimental conditions. The

96



4.6 Summary and Conclusion

experimental study of the dispersion relation for the case when the hairpin is placed

in a non-uniform magnetic field region is not included in our present investigations

and recommended for future investigation.
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CHAPTER 5

The Study of Q-Factor of the Resonance Signal

5.1 Motivation

In section 2.5, we presented an experimental and simulation study of the charac-

teristics of the resonance signal in air/vacuum. The peaked-ness of the resonance

signal defined as the Quality-factor (Q = fcentral/∆fFWHM) is an important cri-

teria [105–107] for determining the central frequency of the resonance signal with

accuracy. Uncertainty in finding the exact value of fcentral can lead to error in the

calculation of absolute density by hairpin.

The sharpness of the resonance peak is adversely affected by the dissipative

factors. These are due to the resistivity of the wire and the position of the loop

antenna with respect to the hairpin. Resistive elements are contributed from the

probe wire, electron-neutral collisions in plasma, radiation and through wave-particle

interaction such as Landau-damping phenomenon. If the plasma has an external

magnetic field then the electron dynamics in the presence of a static magnetic field
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5.2 Transmission Line Properties of Hairpin Resonator

and the probe’s oscillating electric field further complicate the situation.

In this chapter we specifically deal with these aspects in plasma. For the basic

understanding of the Q-factor, we discuss the transmission line model of hairpin

resonator in section 5.2. Section 5.3 describes the factors influencing the signal width

in non-magnetized plasma. The experimental results are presented and discussed in

section 5.4. Section 5.5 presents a summary and conclusion of the chapter.

5.2 Transmission Line Properties of Hairpin

Resonator

The hairpin probe can be simplified by considering it as a two-wire parallel trans-

mission line. In this model, one end of the transmission line is shorted while the

other end is open. A wave initiating from the closed end reach the open end of the

hairpin. Because of the impedance mismatch the wave is reflected back resulting

in standing wave pattern along the length of the transmission line. For L = λ/4,

(quarter wave-length) an anti-node of the wave is created at the open end yielding

the greatest potential difference, while a node is formed at the short-circuited end

of the hairpin.

Under the above condition the transmission line is said to be under resonance.

During this event, the adjacent conductors carry currents at every point and they

are out-of-phase with each other. In one branch the current flows to the left, while

in the other the current flows to the right. Based on the above model, Warne et al of

Sandia National Laboratory [108] and the Sugai group [72, 88] of Chubu University,

presented a model of the hairpin circuit for the free-space. They compared their

analytical results with those simulated using FDTD simulation similar to the one

we presented in chapter-2. In this chapter we present comparison of the transmission

line model with our experiments. Before that we present an overview of the model

based on that of Sugai et al [72, 88] who proposed a theory for collisional plasmas.
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5.2 Transmission Line Properties of Hairpin Resonator

5.2.1 General Criteria for the Resonance

The transmission line model of the hairpin is based upon distributed capacitance per

unit length between the wires and inductance per unit length along its length. These

elements contribute to reactive impedances namely, XC = 1/ωC and XL = ωL. The

XC opposes dynamic voltage while XL oppose the time-varying current. During

the resonance, these reactive impedances are equal (XC = XL) allowing maximum

transfer of the power from the source to the load end. This happens at a particular

angular frequency ωr termed as the resonance frequency given by [91],

ωr =
1√
LC

(5.1)

The input impedance of the transmission line can be simplified to an RLC circuit

as follows:

Zin =
V

I
= R+ jωL+

1

jωC
= R+ j

(

ωL− 1

ωC

)

(5.2)

At resonance, the only opposition to the flow of current is due to the resistance

i.e. Ir = E/R instead of Ir = E/Z. The voltage will be at 90o out of phase with

the current in the circuit. The current in the ’tuned’ or resonant series circuit is

indicated at the peak of the resonance curve of Fig. 5.1. The effect of resistance is to

reduce the resonant energy of the circuit. The energy lost per cycle is (Power)×(time

for a cycle) = I2RMSR × 2π
ωR

= I2maxR × 2π
ωR

. Therefore as the resistance increases,

the resonance curve is broader and flatter due to reduction in circuit energy.

The magnitude of the impedance is minimal at the resonance frequency ωr for which

Zin = R. At ω = ωr +∆ωr, we get:

Zin = R+ j(ωr +∆ωr)L+
1

j(ωr +∆ωr)C
(5.3)

where, 2∆ωr is the broadening of the resonance signal commonly known as signal

width.
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5.2 Transmission Line Properties of Hairpin Resonator

Figure 5.1: Series RLC-circuit and resonance curves for different resistance of

the circuit.

Zin = R+ jωo + j∆ωoL+
1

jωoC

(

1 +
∆ωo

ωo

)−1

(5.4)

Applying binomial expansion and neglecting higher order terms of ∆ωr

ωr
we get:

Zin = R+ jωo + j∆ωoL+
1

jωoC

(

1− ∆ωo

ωo

)

(5.5)

Zin
∼= R+ j∆ωoL−

(

∆ωo

jωoC

)

= R+ 2j∆ωoL (5.6)

Therefore, the impedance of the LCR circuit is proportional to the signal width,

resistance of the wire and the inductance. However, the components R, L, and

C of transmission line can be considered lumped or distributed constants. The

lumped circuit refers to the assumption that the entire circuit (or system) is at

a point (or in one lump), so that the dimensions of the system components (e.g.

individual resistors or capacitors) are not important. The typical lumped elements

are inductor, resistor, and capacitor. In other words, the circuit element is said to
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5.2 Transmission Line Properties of Hairpin Resonator

be lumped if the instantaneous current entering one of its terminals is equal to the

instantaneous current throughout the element and leaving the other terminal. The

lumped element model is valid whenever Lc << λ, where Lc denotes the circuit’s

characteristic length, and λ denotes the circuit’s operating wavelength [91]. The

dependent variables such as current and voltage are a function of time only. This

means doing circuit analysis by solving a set of ordinary differential equations.

5.2.2 Analysis of Factors Responsible for the Determi-

nation of Signal Quality-Q

In the case of a distributed element model or a transmission line model of electrical

circuits we assume that the attributes of the circuit (resistance, capacitance, and

inductance) are distributed across the whole geometry. All dependent variables are

functions of time and one or more spatial variables. This means doing circuit analysis

by solving a set of partial differential equations. Unlike the lumped element model,

it assumes non-uniform current along each branch and non-uniform voltage along

each node. The model is used at high frequencies where the wavelength approaches

the physical dimensions of the circuit, so the lumped element model used at higher

frequencies becomes inaccurate. Therefore, we start our study with the distributed

resonance model to do circuit analysis of quarter wavelength hairpin structure.

Figure 5.2: Equivalent circuit of hairpin.

Let z = 0 be the position of the short-circuited end while the open end is situated at
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5.2 Transmission Line Properties of Hairpin Resonator

z = l as shown in Fig. 5.2 [72, 88, 91]. Let Zo represent the characteristic impedance

of the line with the propagation constant k = α + jβ, where α is the attenuation

constant and β is the phase constant of the standing wave. Based on distributed

element LCR model, the voltage reflection coefficient Γ(z) and impedance Z(z) at

the position z can be expressed as [91]:

Z(z) = Zo
e−αze−jβz + Γoe

αzejβz

e−αze−jβz − Γoeαzejβz
(5.7)

where, the reflection coefficient Γ(l) = −1 which is the condition when open circuited

load completely reflect an incident microwave signal.

For the length l = λ/4 at ω = ωo, where λo = 2πc/ω with c is the speed of light in

free space. In general, λ = 2πc/ω, satisfy:

βl =
2π

λ
l =

2πλo

4λ
=

πω

2ωo
=

π(ωo +∆ωo)

2ωo
(5.8)

e±jβl = −e±j
π(ωo+∆ωo)

2ωo = ±je±(π∆ωo
2ωo

) (5.9)

On substituting above in Eq. 5.7 we obtained the following expression:

Zin(l) ∼= Zo
1− e−2αl

1 + e−2αl

[

1 + j
e−2αl

1− e−2αl

π∆ω

ωo

]

(5.10)

Zin(l) ∼= Req

(

1 + j2Q
∆ω

ωo

)

= Req + j2Leq∆ω (5.11)

Comparing above equation with Eq. 5.6 of lumped series LCR circuit at a frequency

of ωo +∆ω, we get

Req = Zo
1− e−2αl

1 + e−2αl
(5.12)

Leq =
πZoe

−2αl

2ωo(1 + e−2αl)
(5.13)
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Ceq =
2(1 + e−2αl)

πZoωoe−2αl
(5.14)

Q =
1

ωoReqCeq
=

πe−2αl

2(1− e−2αl)
(5.15)

And the bandwidth of the equivalent series LCR circuit is defined as 2∆ω

2Q
∆ω

ωo
= 1 (5.16)

∆f

fo
=

2

π
(e2αl − 1) (5.17)

By solving phasor transmission line current and voltage equations for the RLCG

distributed elements one can obtain simplified relation for the attenuation constant

for the resonance frequency, ωr = 1/
√

(LC) as follows:

α =
1√
2

√

RG− 1 +
√

(R2 + L/C)(G2 + C/L) (5.18)

where G is the conductance of the medium between the parallel wires. For loss-less

line, we consider RG ≈ 0 and above equation can be simplified as follows:

α ≈ 0.5

[

R
√

(C/L) +G
√

(L/C)

]

(5.19)

On the other hand, the phase constant of the parallel wire transmission line in terms

of the applied frequency is given by:

β =
2π

λ
=

ω

c

√
ǫ (5.20)

Therefore, for the quarter wavelength transmission line l = λ/4 we can write the

resonance frequency as follows:

fr =
c

4l
√
ǫ

(5.21)

The equivalent circuit elements of hairpin structure with radius of wire a, length l

and separation of wires w is given as follows:
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• Inductance

The inductance per unit length ( Henry per meter) depends on separation between

the conductors (w), diameter (2a) of the wire and magnetic properties of the material

surrounding the conductors.

L = (µo/π) lg





(

w

2a

)

+

√

(

w

2a

)2

− 1



 (5.22)

• Resistance

The series resistance per unit length (ohm per meter) depends on the shape, dimen-

sions and electrical conductivity of the conductors and the frequency of operation.

R =
1

2πaσlineδ
(5.23)

The skin depth of the conductor is given by δ =
√

2ρ
ωµoµr

where,

ρ = bulk resistivity (ohm-meter)

ω = frequency (Hertz)

µo = permeability constant (Henries/meter) =4π × 10−7

µr = relative permeability (usually one)

• Capacitance

The capacitance per unit length ( farad per meter) depends on the separation be-

tween the conductors, physical dimension and permittivity of the medium surround-

ing the conductors.

C =
πǫ

lg

(

( w
2a

)

+
√

( w
2a

)2 − 1

) (5.24)

• Conductance
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In addition a small leakage current flows between the two parallel wires. The leakage

path is modeled as resistors across the two wires. This property is called conductance

(G) expressed as the reciprocal of resistance. It is given in µmhos per unit length.

G =
πσ

lg

(

( w
2a

)

+
√

( w
2a

)2 − 1

) (5.25)

where σ is the conductivity of the medium.

5.3 Analysis of the Attenuation Constant in

Plasma

Consider the case of a collisionless non-magnetized plasma. When the resonance is

established, the time varying electric field between the pins is given by ~E = Eoe
iωt.

The resonance frequency is typically greater than electron plasma frequency ω >>

ωpe is imposed using a hairpin resonator. The hairpin circuit under the resonance

condition is characterized by finite resistance of the probes wire, inductance and

distributed capacitance per unit length and the conductivity of the plasma.

The plasma conductivity is the one which determines the ohmic power dissipation in

the plasma. It is expressed in terms of local current density ~J and the local electric

field ~E through Ohm’s law is given by:

σp =
J

E
= σr + iσi =

ǫoω
2
pe

νm + jω
= ǫoω

2
pe

νm − iω

ν2m + ω2
(5.26)

where, νm is the effective electron collision frequency with other heavier constituents

of the plasma and ωpe is the electron plasma frequency. Besides, σr and σi are the

real and imaginary part of the complex conductivity, σp. The real part contributes of

Eq. 5.26 to the ohmic heating in plasma. The imaginary part is in phase quadrature

with the wave electric field. It is given by [109]:

I =
e2Eone

meω
sin(ωt) (5.27)
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In this case, there is zero net transfer of power between the wave and plasma over a

wave period. The dissipated power is given by:

P =

∫ |Eo|2
2

σrdV (5.28)

The real part of the plasma conductivity in low pressure plasmas (ω >> ν), is

written as:

σr =
ǫoω

2
peνm

ω2
= ǫoηνen (5.29)

where η =
ω2
pe

ω2
r

and the electron-molecule elastic collision frequency νm is,

νm =< σ(Ve)Ve > nm = K(Te)nm = K(Te)p/kBTm (5.30)

Here, collision cross-section is σ, electron thermal speed is Ve, molecule density is

nm, molecule temperature is Tm, gas pressure is p and the Boltzmann constant is

kB . The rate constant K for electron-argon elastic collision as a function of Te can

be found in the literature [11].

Substituting the value of conductivity from Eq. 5.29 in Eq. 5.28, the total rate at

which power is dissipated is given by;

P =
| ~E|2
2

ǫoω
2
peνm

ω2
(5.31)

The average energy stored W is given by:

W =
1

2

∫

ǫ| ~E|2dv (5.32)

The quality factor is the measure of dissipated energy in the resonator. For isotropic

homogeneous dielectric, the Q-factor of the system is given by:

Q = ω
W

P
= ω

ǫr
σr

(5.33)

where, W is the average energy stored and P is the average energy lost per second.

The Q-factor can also be expressed as:
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Q =
fr

∆f(FWHM)
(5.34)

Using Eq. 5.33 and Eq. 5.34, the signal width can be obtained as:

∆f = 2π
ǫr
σr

(5.35)

The factors influencing the signal width are mainly ohmic losses, dielectric losses,

radiation losses and coupling losses due to external circuit. In the case of hairpin

resonator, the wall losses and coupling losses are not dependent on the plasma pa-

rameters since the power coupled to the resonator is constant. The radiation losses

from the open end of the resonator related to the physical size of the hairpin. The

radiation losses are significant in case of shorter hairpins. Therefore, the dielec-

tric losses is the important factor responsible for determining the Q-factor of the

resonance signal.

The radiation resistance (Rrad in Ohms) of the short-dipole antenna is given by

[108]:

Rrad =
1

π
ωµok(

w + 2a

2
)2
2

π
(kl) (5.36)

where, l′ = 2l+w is the total length of the antenna and λ is the wavelength. It can

also be simplified in terms of frequency and dimension of hairpin (λ = 4l) as follows:

Rrad = 4(µo)
2ǫof

2
o fr(w + 2a)2l (5.37)

The total resistance R = Rline + Rrad of the hairpin is the sum of the radiation

resistance and ohmic resistance of wires. The expressions for Rline and Rrad are

given in Eq. 5.23 and Eq. 5.37 respectively. Substituting the values of L, C, and G

from Eq. 5.22, Eq. 5.24 and Eq. 5.25 gives the value of α in collision-less plasma,

α ≈
13.2×10−7

a fo
√

ρ
fr

+ 23279.638 × 10−29f3
o (w + 2a)2l

ln (h/a) +
√

(h/a)2 − 1
+ 188.3

σp√
ǫp

(5.38)
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where, the 13.2× 10−7 factor comes from the numerical value of absolute constants

ǫo = 8.854 × 10−12 F/m, µo = 4π × 10−7N/A2.

Substituting the value of σ from Eq. 5.29 in Eq. 5.38 we get:

α ≈
13.2×10−7

a fo
√

ρ
fr

+ 23279.638 × 10−29f3
o (w + 2a)2l

ln (h/a) +
√

(h/a)2 − 1
+

ηνen√
1− η

× 1.6672 × 10−9

(5.39)

When the probe is introduced in vacuum, the value of attenuation constant can be

written as;

α ≈
13.2×10−7

a fo
√

ρ
fr

+ 23279.638 × 10−29f3
o (w + 2a)2l

ln (h/a) +
√

(h/a)2 − 1
(5.40)

Here all dimensional parameters are in meters and frequencies are in Hz. The signal

width (∆f) and the attenuation constant (α) are related as given in Eq. 5.17. The

above analysis shows that the attenuation constant and the signal width depends on

the probes dimension, resistivity of the material wires, plasma frequency, collisional

frequency, and resonance frequency of the hairpin. Other loss mechanisms include

the induction losses which appears when the electromagnetic flux linked with the

conductor cuts an adjacent conductor resulting in the induction of current in that

conductor. Radiation losses are caused due to the leakage of some magnetic lines

of force about a conductor during the alternating cycle. These lines of force are

projected into space as radiation resulting in power losses. In the model discussed

in previous section, they are quantified as radiation resistance in addition of ohmic

resistance in the circuit.

5.4 Results and Discussion

5.4.1 Signal width in Non-Magnetized Plasma

Fig. 5.3 shows the plot of normalized signal width obtained from the experimental

data at FWHM to the ones calculated using Eq. 5.17. The α is calculated using
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Eq. 5.40. We observe the experimental values of ∆f monotonically increase with

vacuum resonance frequency (reducing the physical length of the hairpin).
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Figure 5.3: Ratio of sig-

nal width obtained in experi-

ment (vacuum case) and the-

ory.

Figure 5.4: Resonance signals for dif-

ferent ne, where (ne1, ne2, ne3, ne4) =

(0.92, 2.3, 3.7, 4.3)× 1011cm−3 and fo = 2.171

GHz.

Dielectric Losses

The behavior of the resonance signal in plasma are presented in the Fig. 5.4. The

amplitude of resonance peak monotonically reduce with increasing plasma density.

Fig. 5.5 plots the normalized resonance signals of Fig. 5.4 for different rf powers in

the plasma. It shows the reduction in the signal amplitude with increasing discharge

power or electron density. The attenuation of the signal is greater in the case when

the resonance frequency is closer to the electron plasma frequency. For example at

ne = 4.3 × 1011cm−3, the plasma frequency fpe ≈ 5.9 GHz which is typically close

to fr = 6.4 GHz. The attenuation of the resonance signal is the strongest. The

attenuation of the signal is quantified by the parameter η = (f2
pe)/(f

2
r ). The value

of η varies from 0.0 to 1.0. η = 0 is corresponding to vacuum or air and η = 1.0

corresponds to zero plasma permittivity.

Fig. 5.6 shows the variation of signal width with η. As the η approaches 1.0, the

signal width values goes to infinity. At this condition, electrons resonantly gain

energy from the oscillating electric field of the hairpin and dissipating the energy
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via collisions with the background plasma. The frequency of the standing wave must

be greater than the cutoff or plasma frequency for the real permittivity values. For

frequency below the plasma frequency, the wave becomes evanescent. The signal

width are plotted for η varying from 0.02 to 0.15. Beyond this range the resonance

signal is hard to detect against the background noise. Therefore it is recommended

that η should be kept much below unity for application of hairpin to high density

plasmas typically above 1011cm−3. Therefore shorter hairpins are preferred.

Collisional losses

The collisional losses are mainly caused by the collision of plasma electrons with the

background neutrals. In the case of collisionless plasmas, the plasma conductivity for

applied frequency fr(GHz) >> νen(MHz) will have linear dependency on collision

frequency as per Eq. 5.29. Hence, νen also affects the signal width even in the case

of low pressure plasma.

Fig. 5.7 shows the effect of electron-neutral collision frequency on the signal

width. The data is obtained using a Eq. 5.17 for a given probe dimension and

electron density. We found that with increase in neutral gas concentration in the

plasma causes increase in signal width. The electron-neutral collision frequency is

large in the case of atmospheric plasmas as the νen is in the order of GHz comparable

with the resonance frequency of the hairpin. The details can be found in the recent

work [72, 88].

5.4.2 Signal width in Magnetized Plasma

In magnetized plasma, the dissipation of resonant energy is further enhanced due

to the electron cyclotron motion about the field lines. In this case, the electrons

experiencing a strong Lorentz resistive force which results in increase of impedance

hairpin resonant circuit. This adversely affects the Q-factor of the resonance signal.

The attenuation of signal is further dependent on the angle between the wave vector

of hairpin and the direction of applied magnetic field. As per resonance signals

presented in section 4.4.1, we observed that the signal attenuation is found to be
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greater in case of ~k|| ~B as compare to ~k⊥ ~B. This is because in case of ~k|| ~B, the

strong electric field component between the wires of hairpin is normal to the B-field

and hence electrons experiences greater Lorentz force. Therefore, in our experiments

the hairpin is always situated normal to uniform B-field such that ~k⊥ ~B.

In Fig. 5.8, the signal width is plotted as a function of electron density for three

different rotations of the hairpin plane with respect to the magnetic field. In all three

cases, ~k is normal to the B-field. We observed that the signal width is monotonically

increasing with the electron density. However, it is greater in case of E90oB, where

E-field is one of the strongest component between the parallel pins of hairpin.

0 5 10 15 20 25

0.10

0.12

0.14

0.16

0.18

f (
G

H
z)

n
e
(1010cm-3)

Figure 5.9: FWHM versus ne where
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In Figs. 5.9 and 5.10, we obtain the broadening ∆fr of the signal for two set

of electron cyclotron frequency (or B-field strengths) of values fce = 1.0 GHz and

fce = 3.1 GHz. For both cases fce < fr and fce > fr, we found that signal width

increases with electron density. However, the magnitude of signal width is greater in

case of fce > fr. The signal width for fce < fr case is corresponding to density which

is one order higher in magnitude with respect to fce > fr. Therefore, we found that

the signal width proportionally increases with the electron density and the magnetic

field strength. It also depends on which direction the probe is rotated to the B-field.

The rotation effect on signal width is observed because of the three dimensional

non-uniform electric field of hairpin. At strong magnetic fields, the plasma within
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the hairpin is itself becomes non-uniform due to curvature in the electric field. The

field distribution is already presented in chapter-2 of the thesis.

5.5 Summary and Conclusion

The practical range of electron density measurement by hairpin probe strongly de-

pends on the accurate determination of resonance signal under the background noise.

The losses are found to be highest if the probe’s resonance frequency is close to the

electron plasma frequency. The signal is characterized by the quality factor of the

probe which is inversely proportional to the signal width. This is because at lower

densities around 108cm−3 it is very difficult detect the small shift in the case of

broad peak or low Q signal and on the other hand for high density the losses are

immense, therefore the resonance signal completely muddles into the plasma. The

series resonance circuit model of the hairpin is developed on the basis of transmis-

sion line theory which described the various factors and loss mechanisms affecting

the signal width of hairpin probe. The model gives important information about the

selection of probe material, dimension, and working range of density measurements

by probe. The experimental results are qualitatively explained on the basis of a

series resonant circuit model.

In the magnetized plasma, the electrons experiencing a strong ~E× ~B force which

results in greater impedance between the pins which acts adversely on the quality,

Q. The losses in the resonator can be reduced by choosing the intermediate probe

resonance frequency between 2.0 to 4.0 GHz because with increase in frequency the

signal gets attenuated quickly in the plasma. However, the low frequency probe has

lower spatial resolution or in other words it measures an average electron density

around its volume because of its longer length. It is also recommended to introduce

a hairpin perpendicular to the B-field with hairpin plane along the field lines for

lesser attenuation of resonance signal.
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CHAPTER 6

Summary and Scope of Research Work

6.1 Highlights of PhD Work

Advantages of hairpin probe -

• It gives direct value of local electron density by measuring the plasma dielectric

constant without relying on any other parameter such as electron temperature

in case of classical electrical probes [36].

• The probe introduced minimal plasma perturbation because of its floating

nature [2, 36].

• The hairpin probe can replace conventional electrical probes in standard Laser

Photo detachment for obtaining negative ion density [28, 110].

List of shortcomings of hairpin probe -

• It measures only electron density in the plasma.
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6.2 Impact of PhD Work

• The upper limit of electron density measurement is limited 1012cm−3.

• There is no valid probe theory for its application in the strongly magnetized

plasma.

• The issue of giving underestimated electron density in case of adjunct dielectric

material present in the vicinity of hairpin is the major drawback for using it as

a diagnostic tool. The typical examples are polymer deposition on the probe

surface in the Etch industrial plasma reactors and need of probe tip holder in

the form of dielectric material.

• There are only limited experimental works have been made on probe immersed

in the collisional plasmas [69, 72, 88].

List of latest results presented in this PhD work -

• We have demonstrated new data processing methods based on subtracting

the frequency spectrum obtained in presence of plasma with that obtained

in vacuum case. This has particular advantage for detecting resonance signal

over a wide range of frequency.

• We presented the dielectric shielded (semi and fully) hairpin probes and there

respective analytical models for obtaining the correct electron density.

• The performance of probe is demonstrated in strongly magnetized plasma.

• We addressed factors influencing the dispersion of resonance signal in plasma.

6.2 Impact of PhD Work

The popularity of hairpin probe in the field of plasma diagnostics is limited due

to several reasons. At the first place, probes are generally metallic objects that

introduce perturbation in the plasmas. Therefore, they are generally avoided in

plasmas used for manufacturing electronic devices. The main complexity are arises
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due to polymer deposition, secondary electron emission effects, high density, and

presence of magnetic field. The limited range or choice of plasma parameters that

the probe can measure also obstructs for developing it as a diagnostic tool.

The hairpin probe has several components such as coupling loop antenna, hairpin

resonator, and coaxial feed (typically 40 cm of length); the size that is really exposed

to the plasma can bring lots of impurities. Furthermore, the physical dimension of

hairpin resonator (total length of about 5 cm), probe’s material resistivity, and

introduction of electromagnetic wave can create significant perturbation in plasma.

In presence of magnetic field, the probe orientation can result in anisotropy in the

electron density measurements. The dissipation of resonant energy of hairpin with

increase in electron density, strong magnetic field, and collision in the plasma limits

the detection of resonance signal on which the technique is actually based.

In this thesis we have touched these subjects and demonstrated useful solutions

that can lead to a better design of the hairpin as a tool for practical applications.

The electron density is an essential plasma parameter for quantifying the state of

plasma. One of the key application is the implementation of hairpin probe as an

electron density sensor in the commercial Etch plasma reactors. The probe could

be used for developing relation between the various process parameters with the

electron density in plasma. Furthermore, the probe could be useful for monitoring

the plasma conditions for feedback control and end point detection of process. This

helps in reducing the energy cost and improves the process productivity.

6.3 Summary

The motivation behind this research work is to develop a basic understanding about

the characteristics of hairpin resonances under various practical situations. The

practical applications are mostly limited due to (1) high plasma density, (2) strong

magnetic field, and (3) polymer deposition in complex reactive plasma.

In this work, we have treated the hairpin as a series resonance circuit formed
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between two parallel wires having finite distributed inductance and capacitance per

unit length. Based on the standard transmission line theory the hairpin circuit is

investigated.

A practical application of the hairpin probe can be thought to be used in plasma

chambers used for fabrication of semiconductor devices as mentioned earlier. Metal-

lic parts exposed can introduce impurities due to sputtering of the probe surface.

An idea of insulating the surface by a thick dielectric film may be promising. The

systematic experiments performed with quartz dielectric shown interesting trends of

electron density as presented in section 3.3.2.

Performance of hairpin in strongly magnetized plasma remained as an open issue

since the invention of the probe three decades ago. This was one of the primary

motivating factors addressed in this thesis. By systematically varying the magnetic

field between two pole pieces of permanent bar magnet, we demonstrated for the

first time that the plasma permittivity exhibits dual resonances with contrasting

characteristics. They are found to be satisfy the basic dispersion relation of wave

field in magnetized plasmas. However because of the large physical dimensions of

the probe, the non-uniform electric field distribution, and the probe wave vector

orientation in magnetic field results in a distinct contributions of plasma electrons

to the resonance spectrum of hairpin.

Addressing the basic application of hairpin in magnetized plasma we have demon-

strated measurement of electron density [70] over a limited parameter space of mag-

netic field in the filament ion source commonly known as the Kamaboko-III negative

ion source [50, 111] that was operational at CEA, Caderache. Some results of that

investigation was published. The probe was applied in the filter field region where

the negative ions are generated and extracted. However, the major issue about the

probe is that it was incapable of performing high density measurements greater than

1012cm−3 due to significant loss of its resonator energy into the plasma. The issue of

high density is resolved by partial shielding of hairpin tip with a dielectric material

which is studied in detail in section 3.2. The analytical model is developed based on
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6.4 Scope of Future Research Work on Hairpin Probe

the weighted mean of dielectric medium present in the vicinity of hairpin. The model

is experimentally verified. The presence of an adjacent dielectric can considerably

shift the resonance band towards lower frequency. Therefore one can use this as an

advantage for covering a higher density range which is limited to typically 1012cm−3

with a conventional hairpin probe.

One of the major issues is the dispersion of the resonance signal in plasma due

to various loss mechanism. This limits the workable measurement range of the

resonance frequency signal. In order to widen the frequency range, we systemat-

ically studied the factors influencing the quality of the resonance signal which is

defined by a parameter called Q-factor. In chapter-2, we presented a simulation

and experimental study of hairpin resonator without the plasma. This information

is particularly useful for better designing of hairpin by suitable selection of its di-

mension and material. In chapter-5, the series resonant circuit model of a hairpin

resonator is presented. The advantage of this model is to give detailed information

about the factors that can influence the quality of the resonance signal. These fac-

tors are directly related to the plasma parameters such as electron plasma frequency,

electron-neutral collision frequency, and electron temperature. The calculations are

based on similar approach of the circuit model described by Sugai group [72, 88]

but addressed to collisional plasmas. However, the model qualitatively supports the

experimental results in section 5.4 because of assumptions of lossless line (RG ≈ 0),

perfect U-shaped resonator, and ignorance of sheath around the wires. The hardware

limitations such as imperfections in probe design, slight deviation from its hairpin

shape, and instrumental errors; each contributes to error in the measurements.

6.4 Scope of Future Research Work on Hair-

pin Probe

The scope of future research work on hairpin probe is listed below on the basis of

plasma under investigation:
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Investigation of hairpin probe in strongly magnetized plasmas:

Strong magnetic field of about 0.1T in the plasma around the hairpin results

in two resonance peaks one below and other above its vacuum resonance condition.

Both signify two distinct plasma permittivity; κp > 1 and κp < 1. However, the

absolute electron densities obtained using both resonance frequencies are different

in magnitude. The non-uniform electromagnetic field and strong magnetic field is

the expected reason behind the sampling of electron population among two reso-

nances. However, it is still not explainable from the well known dispersion relation

in case of electromagnetic wave launched in the magnetized plasma. This is mainly

because of the assumption of unform electric field of resonator and equal plasma

density distribution among the resonances of hairpin in the dispersion relation. The

analysis of electron density using two resonances could be improved by incorporat-

ing the spatial inhomogeneity of electromagnetic field of hairpin. Furthermore, the

dispersion relation needs further modification for the case of hairpin immersed in a

non-uniform magnetic field region of plasma. In this case, the wave vector of hairpin

makes an arbitrary angle with the magnetic lines. This is particularly important

for practical application as most commercial plasma reactors such as ECR sources,

Magnetron sputtering devices have non-uniform magnetic field regions.

Another situation dealing with the ~E(t)× ~B force acting on the plasma electrons

in strong magnetic field results in stronger attenuation of the resonance signal. The

signal is found to be attenuated even in low pressure plasmas where the electron-

neutral collision frequency (MHz) is much less than the probe’s resonance frequency

(GHz). The attenuation is caused by a strong Lorentz force which increases the

impedance of the hairpin circuit. The signal attenuation is found to be stronger for

the case when wave-vector is parallel to the magnetic field because in this case the

strongest E-field component between the hairpin wires is always normal to B-field

lines and results in stronger resistive force. The series resonant model of hairpin

presented in chapter-5 for studying the signal attenuation in plasma could be ex-

tended to the case of magnetized plasmas by including the conductivity tensor of

120



6.4 Scope of Future Research Work on Hairpin Probe

magnetized plasma.

Investigation of hairpin probe in collisional plasmas:

In the recent trend of plasma technology in the field of biomedical and environmental

science increases the demands of diagnostic devices for better understanding of the

plasma state. They are generally operated at high pressures (10 Torr to 760 Torr).

The electron density is the most important plasma parameters as the active species

are mainly generated by electron-impact reactions which cause excitation, ionization,

and dissociation. Determining electron density by introducing some biased probes

into the plasmas can create significant plasma perturbation. The main issue with

the applicability of classical electrical probes in the atmospheric plasmas is that the

probe size is larger than the Debye length where the Debye length is greater than

the electron mean free path. However, in the case of hairpin probe, the fundamental

principle is based on measuring the plasma permittivity instead of drawing particle

fluxes by biasing the probe. Therefore, by including the electron-neutral collision

frequency to the dispersion formula, one can notice the modification in the reso-

nance signal of hairpin. The parameter, signal width or Q-factor can give valuable

information about the plasma state such as electron density and electron-neutral

collision frequency.
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