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A Spectroscopie Study of In dustrial Plasmas
Rob Deckers

Abstract

In this work the electron gas properties of two plasmas are studied with spectroscopie
methods. Both passive techniques, and active methods, such as laser scattering were applied.
The former has the advantage of experimental simplicity, but interpretation of results is
difficult. The latter is experimentally more demanding, but results can he interpreted
straightforwardly.
The fust plasma under study is a low temperature deposition plasma used in the production of
optical glass fibres. Since the industrial processing conditions of this plasma imposed strongly
demands on the diagnostic setup, it turned out to he very elaborate to perform passive
spectroscopy, and laser scattering was not considered an achievable diagnostic option. By
means of passive spectroscopy, the line emission spectrum and continuurn are measured, with
spatial resolution. Measurements are performed using an argon and an oxygen flow through
the plasma.
Assuming that the argon plasma is in pLSE, an electron density was found of 2.5·1020 m-3 at
the area where the emission is most intense. This corresponded with the electron density
deduced from the continuum. A maximum electron temperature of 1.6 eV was deduced
assuming that part of the atomie system of the plasma was in ESB. These values also
correspond with a global approach to characterise the electron gas parameters, taking in
account, the transport phenomena related to extemal parameters such as as power, pressure
and the geometrical dimensions.
The measurements on the oxygen plasma are performed without any spatial resolution. If
partial Saha equilibrium is assumed this yields a global electron density of 6.3·1 0 19 m- 3 • A
increase of the electron density was found as a result of a decrease of the pressure, as was
expected from the study on the extemal parameters.
The second plasma under study is an atmospheric helium plasma, used for spectrochemical
purposes. On this plasma both Thomson scattering experiments and passive measurements are
performed to determine the electron gas parameters. The behavior of this plasma tumed out to
he time dependent, related to the RF-cycle ofthe power supply. Therefore both the passive and
scattering arrangements were equipped with a triggering system to obtain time resolved results
within the period ofthe RF-cycle.
The electron density deduced from the laser scattering experiments yields 2.5·10 19 m-3 at the
moment the light emission of the plasma is at maximum. The minimum electron density is
approximately a factor of 5 lower. The electron temperature deduced from these measurements
varies between 1 and 3.5 eV, which is assumed to be the electron temperature representing the
bulk electrous ofthe electron energy distribution function.
From the time resolved passive measurements also an electron temperature is deduced, which
varies between 1 and 2.1 eV. This electron temperature is not equal to one found from
scattering experiments, since this value is deduced from the electrous in the high energy tail of
the energy distribution. This expected :from the considerations which take in account the
transport phenomena in small scale plasmas.
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Chapter 1

Introduction and Technology Assessment

Through their wide variety of operational conditions, plasma sourees offer a tremendous
freedom in the generation of radiation and the creation of chemical compositions. As a result,
the field of technological and industrial plasma applications is expanding strongly. Several
plasma applications can be found in literature, e.g. high efficiency light sources, waste
treatment, spectrochemical analysis, and materials processing. Especially this last application of
plasmas has rapidly gained importance over the last decade. Examples are etching, cutting,
welding, cleaning, and surface modification. It is clear that a proper understanding of plasma
phenomena is important for improvements of these applications.
Plasma propertiescan be characterized in various ways. One can give a (rough) estirnate ofthe
global plasma properties, deduced from the external parameters such as power density,
pressure and geometrical dimensions. However, if more specific information needs to be
obtained, more complex diagnostic arrangements need to be made.
There are several diagnostic techniques todetermine specific plasma parameters. However, for
plasmas that are very sensitive to external properties, spectroscopie methods are highly
favorable since these techniques are known to interact little with the plasma. Two types of
spectroscopie methods are distinguished here.
On one hand, laser Thomson scattering may be applied. This is an example of an active
method. It is one of the most reliable and non-intrusive techniques, is easy to calibrate, and
results can be interpreted straightforwardly. However, since this technique is experimentally
very elaborate, these experiments are often limited to academica! plasma studies.
On the other hand, passive spectroscopie techniques, such as line intensity measurements and
measurements of the continuurn spectrum are available. Results obtained with such methods
are difficult to relate to the electron properties, especially for non-LTE plasmas, but they are
experimentally less demanding. Therefore, these approaches must often be relied on in
industrial environments.
The aim of this study is to bridge the gap between the advanced techniques, such as laser
scattering, and the methods applicable on industrial plasmas. This is done by studying two
types of industrial plasmas.
The major part of this work is devoted to a deposition plasma used in the production of optica}
fibres. The plasma is used to deposit glass layers of various refractive indices on the inner wall
of a silica tube. This deposition technique was introduced by the Philips Research Laboratory
in 1975 as plasma-activated chemica} vapour deposition (PCVD). This industrial plasma is not
accessible to laser scattering. Therefore, to gain insight into various plasma parameters, only
passive techniques were applied on this plasma.
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The second plasma under study is a spectrochemical plasma, used for element detection. This
plasma is more open to various diagnostic techniques. By means of this plasma an attempt is
made to establish arelation between the global methods, the passive spectroscopie techniques
and the scattering experiments.

Thesis outfine
The two plasma sourees under study are described in Chapter 2. In both cases, a description is
given of the plasma under industrial process conditions. These conditions are not similar to
those under which plasma diagnostics are performed. The changes necessary to the plasma
sourees to perform a spectroscopie study are described in more detail as well.
Chapter 3 describes the theory of the elementary processes in plasmas. This is initially done
under the assumption ofthermodynamic equilibrium. Subsequently, it is extended to conditions
for which a so-called departure from equilibrium can be expected. A method is presented by
which an estimate of the electron gas properties is given. It is based on the theory of the
response ofthe plasma to external control parameters and non-equilibrium aspects.
Chapter 4 presents an overview of the theoretica! aspects of the spectroscopie methods used in
this work.
The experimental setup for passive measurements on the deposition plasma is presented in
Chapter 5. Special attention is paid to the arrangements made to obtain spatial resolution.
Chapter 6 deals with the results of these measurements.
Chapter 7 contains an overview of the experimental arrangements of the laser scattering setup
and passive diagnostic setup used to study the spectrochemical plasma. The results of the
spectroscopie measurements on this plasma are presented in Chapter 8.
Chapter 9 contains a summary of the conclusions about the results of the various spectroscopie
methods used to obtain the electron gas parameters.
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Chapter 2

Plasma Sourees

This study describes experimental work on two types of plasmas. In this chapter, both plasrnas
will be introduced. The major part of this study is devoted to a deposition plasma, as used in
the production of optica} glass fibres. This work was done at Draka Fibre Technology in
Eindhoven. The deposition technique is called PCVD (Plasma activated Chemica! Vapour
Deposition) [16]. Therefore for the rest of this work this plasma will be simply called the
PCVD plasma. The second plasma under study is a spectrochemical plasma source. This
atmospheric helium plasma is used for quantitative analysis of elements in aqueous samples.
The workon the plasma, designed by the Wilhelms University of Münster, was performed at
Eindhoven University ofTechnology.

2.1 The PCVD-plasma
In the first subsection, a general description is given of the plasma; focused on the normal
production conditions. As outlined in the last subsection, the conditions under which the
diagnostics were done on the plasma, differ clearly from the production conditions. In this part,
more attention is given to the geometrical properties ofthe PCVD lathe.

2.1.1 The Deposition Process (production conditions)
As mentioned previously, the PCVD technique is a deposition technique. The substrate on
which the deposition takes place, is the inner side of a clean quartz tube. This tube is mounted
in a lathe between a mass flow controller unit and a pump (Figure 2.1 ). In this way, a
accurately determined mixture of SiC4, GeC4, C2F6, en 02 is pumped into the tube at a
specific low pressure. A resonator connected to a magnetron is responsible for coupling
microwave energy into the quartz tube, by which a low pressure plasma is created. In this
plasma, many chemical reactions take place. They lead to the reaction chains which can briefly
be depicted by the global equations
SiC4 + 02 ~ Si02 + 2Ch
GeC4 + 02 ~ Ge02 + 2Ch
The bulk ofthe deposited material consistsof Si0 2 (glass). The dopant Ge0 2 has the function
to increase the refractive index of glass. As the process proceeds, the ratio of SiC4 and GeC4
is changed. In this way, a radial refractive index profile can be made in the tube. Fluorine
adjusted in the from of C2F6, decreases the refractive index of the bulk glass. The refractive
index profile made at the inner wall of the tube is transformed into the optical fibre which is
drawn from the glass tube after collapsing the hollow tube to a solid rod. This profile is
essential for guiding light in the fibre and cantrolling the performance of the fibre, such as
dispersion.
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Because the glass fibre has to he rotational symmetrie, the resonator is positioned concentric
around the tube. The length of the tube is approxirnately one meter and the plasma produced
by the resonator is capable of depositing materialsin a small fraction ofthe length ofthe tube.
For this purpose, the resonator travels along the axis of the tube to deposit layers of a few
micrometer inside the quartz tube. Several thousands of layers are deposited at depostion rate
of about 2.5 gram per minute. A scheme ofthis processis presented in Figure 2.1.

Furnace
ftesenater
Plasma

Silica tube

Magnetron

Pumping system

Figure 2.1: The system of resonator and magnetron trave/s for and backward along the tube
.from the gas side to the pump side in the fixed furnace. In the meantime, deposition takes
place on the inner wall of the tube.

At a process temperature below 1100 K, unwanted chloride bubbles are formed in the
deposition layers. Therefore a fumace is used to heat the tube and hence limit, the amount of
chlorides to he deposited on the substrate.

2.1.2 The PCVD-Iathe under study (research conditions)
As stated in the previous section the plasma, that is used for the deposition process consists of
many different species. The interpretation of diagnostic data, irrespective of the question how
to gather those data, would be very hard regarding the state of theoretica! knowledge at this
moment. Therefore, the purpose of this work is limited to examine argon and oxygen plasmas
on a PCVD lathe which was formally used as a production lathe. For that purpose the lathe is
partly adjusted; the freon supply line is connected to an argon cylinder. The other elements of
the gas supply ofthe lathe are similar toa production lathe and are sketched in a simplified way
in Figure 2.2. The flow of the gasses are regulated via a series of mass flow controllers
(MFC's). The flow is displayed and regulated by inserting a percentage ofthe maximum flow.
The MFC's have a capacity of approximately 8 SLM* oxygen. On both ends of the lathe a
barometer is placed to measure the pressure inside the tube.

* SLM: standard liters per minute
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direction of flow

vacuum
pump
resonator

pump-side

Figure 2.2: The gas supply system of the PCVD lathe. In research conditions, all MFC 's are
conneeled parallelso that the supplied gas is distributed among all the MFC 's

Another change with respect to the production lathe concerns the power supply. This power
supply is generating approximately 3 kWatts and has a capacity of 6 kWatts in production
conditions. For the purpose of previous research projects done on this lathe, the standard
power supply is replaced by a larger one. The minimum operating power of the generator
equals 1.5 kWatts which will be the standard conditions ofthis study. The pumping rateis set
such that the pressure at barometer 2 equals 15 mBar.

2.2 The Atmospheric Helium Plasma
This radio frequency (RF) plasma is used for atomie emission speetrometry purposes. In the
first subsection, the system together with the experimental setup needed for analytica}
speetrometry is described. To study the plasma conditions the experimental setup is simplified
and adjusted. This experimental arrangement is treated in the second subsection.

2.2.1 The Spectrochemical Setup

The helium discharge is maintained between a simple brass connector as one electrode and a
stainless steel ring electrode at the end of a ceramic tube. The tube has an inner diameter of 4
mm and a length of 60 mm. An RF power supply which operates at a frequency of 108 kHz is
connected to these electrodes [13]. The helium flow is regulated by a gas flow controller at
200 seem. (Figure 2.3)
RF generator

~--------~AV~----------~
injection bleek

gas outflow
at atmospheric
discharge tube

analyte
optical fibre

r
Helium gas
.20 seem

r
Helium gas
200 seem

Monochromator

photodiode

Figure 2. 3: The experimental setup for atomie emission spectroscopy
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The analyte** is mixed together with a secondary helium flow of20 seem in the injection block.
The plasma is viewed end-on using an optical fibre. This optical fibre is connected to a
monochromator with a 100 11m slit and a 1200 mm- 1 grating. The wavelength region detected
by a photodiode is set from 600 to 1200 nm. This system is capable of detecting chlorine,
bromine and fluorine in halogenated organic compounds. These elements are quantified with a
detection limit in the nanogram region during real time measurements. A selectivity in
detection of Cl against N 2 and 0 2 is found to be 1 : 5000 [13].

2.2.2 The Plasma Diagnostic Setup
To perform the diagnostic methods on this plasma, the experimental arrangement ofFigure 2.3
is adjusted. The injection block, the optica} fibre and the monochromator are removed. The
tube needs to be sealed hermitic on the left-hand-side, otherwise the helium will not flow
through the discharge. For plasma diagnostic purposes, this sealing needs to be transparent As
outlined in Section 7.2 a high power laser is directed on the inflow side of the system.
Therefore, the discharge tube is extended (Figure 2.4) and a window is fixed on the end ofthe
extended tube. This is done to make sure that the laser passes the window when not being in
focus. The window is placed at Brewster angle to minimize reflections.

:

,,
...

1

..

~,,

.

'

discharge tube

,

~ .. --,

\

I

'

iiïilriT-

extended tube
crocodile clamps
Figure 2. 4: The extended
tube is fixed to the
discharge tube by a swage
loek
coup/ing.
These
couplings are also used as
electrodes. The electrades
are conneeled to the RFpower supply by crocodile
clamps.

The discharge tube is mounted between two swage loek couplings. These couplings are also
used as the electrodes to which to RF power supply is connected. The RF signal is created by
a function generator producing a block shaped voltage at a frequency of97.5 kHz. This signal
is amplified and supplied to a transformer. Since the ratio between windings on the primary
side and the secondary side is estimated to be in the order of 1 : 1000, on the secondary side of
this transformer a High Voltage RF signal is created. The conneetion from the transformer to
the swage loek couplings are made using crocodile-clamps. The clamp on the gas inlet side
(left hand side on Fig 2.4) is connected to ground. On the right-hand-side the High Voltage
signalis connected. The helium is supplied only by the large gas flow controller (Fig 2.3).

**

In spectrochemistry the expression 'analyte' is often used to denote the substance which has to be analysed
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Chapter 3

Theory
In this chapter, the relation between the balances of elementary processes and the
corresponding distribution laws are treated. Since these balances are easiest to derive for a
plasma in thermadynamie equilibrium (TE), this is done in Section 3.1. Subsequently, the
departmes from equilibrium will be dealt with in Section 3.2. Finally, Section 3.3 shows an
estimation of the global thermadynamie parameters of the electron gasbasedon the extemal
control parameters such as power density and pressure.

3.1 Thermadynamie Equilibrium
The elementary processes in plasmas under study can be classified m the forward and
backward processes offour different types ofbalances [1]:
1) The Maxwell balance
2) The Boltzmann balance
3) The Saha balance
4) The Planck balance

Specific for TE is that for each balance the number of forward processes equals that of the
corresponding backward process. This is known as 'Detailed Balancing' (DB). From the
equilibrium state of these balances and the law of energy conservation, the distribution
functions related to the four different balances can be determined. A useful tool in this
procedure is the principle of Microscopie Reversibility (MR) which states that the transition
probability of a process via certain elementary route equals that of the process along the
opposite route along the same channels [ 1]. In the next sections all four balances and
corresponding distribution functions will be separately discussed.

3.1.1 The Maxwell Balance

The Maxwell balance describes the exchange and conservation of kinetic energy due to elastic
collisions:
M

X,(E,) + ~(E 2 )~ X,(E{) + ~(E~)

(3.la)
(3.1 b)

In this balance, X and Y might be identical particles, as well as particles of different species.
The different states of the particles are labelled by i and j, and E and E ' are their corresponding
kinetic energies. The law of kinetic energy conservation, Equation (3.lb), only holds if the
collisions are elastic. lf the plasma is in TE, all balances of the type mentioned above are in
equilibrium. Using the principle of MR and (3.1 b), it can be proved that all translational states
are populated according to exp( -EikT) [1 ], whereas all constituents of the gas have the same
temperature (7). The symbol k denotes the Boltzmann constant.
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More specifically, it is found that the elementary occupation ftx(i,E) is given by [1]:
1\

r1x(i,E) = 1]x(i)Vx(mx, T)exp(- EjkT)

(3.2)

Here, 1]x (i) is the number density of particles in state i per unit volume and mx denotes the
mass of partiele X. Vx( mx,1) is the volume of a quanturn state, which can be regarcled as the
cube ofthe thermal De Broglie wavelength: 2=h/(2 1r mx kT) 112 • This formula is derived under
the condition that the number of particles is far less than the number of quanturn states
(ft<< 1), otherwise quanturn statistics should be applied. From Equation (3.2), it can be
derived that for a plasma which has an (electron) temperature of 1 eV, an electron density 1027
m-3 is required to approach the condition of ft~ 1 . This electron density is at least five orders
ofmagnitude higher than expected in the plasmas under study (cf. Section 3.3). The Maxwell
energy distribution (~) can now be derived by multiplying the number density ofkinetic states
112
per energy range: dG/dE(= 2512 n m}12 H 3 E ) by the elementary occupation ft x (i, E). This
giVes
(3.3)
Note that ~(E)dE is the fraction of particles in the energy range dE around E.

3.1.2 The Boltzmann Balance

The Boltzmann balance describes the balance between excitation and deexcitation processes
B

X;(E 1) + A1 (E2 )~ X;(E{) + Au(E~)

(3.4)

The forward reaction (from the left to the right) describes the excitation of an atom (A) from a
lower state (l) to an upper state (u) due to a collision with partiele X. The internal state of
partiele X is unaltered by this collision. The symbols E and E', refer to the kinetic energy ofthe
particles before and after the process. The increase of internal energy of the atom is equal to
E1u= E1+E2-E\-E'2. The backward reaction describes the de-excitation processof partiele A.
When this balance is in equilibrium and the particles have a distribution according to Maxwell,
a Boltzmann distribution function can be derived by using the principle ofMR [1]. The relation
between two statesof differentenergiesis according to this distribution function given by

17A (U) = 17A (l) exp(- E,u /kT)

(3.5)

Here 1]A{l) equals the number density of atom A in the lower level/, divided by the number of
statesin this level: 1]A(/) =nA (l)/g(l). In a similar way, 1]A(u) is defined.

9

3.1.3 The Saha Balance

The balance between ionisation and three partiele recombination is called the Saha balance.
s

X;(E1 ) + AP(E2 )~ Xi(E{) +At (E;) +e(E~)

(3.6)

The forward reaction describes the process of ionisation of atom A in state p as a result of the
collision with partiele X. In this example, the ion is in the ground state which is indicated by the
subscript 1. The reverse reaction is the process ofthree partiele recombination. In this process,
the electron is captured by anion. The 31h partiele (in this case partiele X) is required to fulfil
the law of energy conservation. If the Saha balance is in equilibrium and all particles have a
distribution according to Maxwell, the MR-principle can he used to relate the state density
17(p) of a level p to the density of the ground state of the next stage. The atomie state
distribution function (ASDF) corresponding to this balanceis called the Saha relation [10] and
reads

(3.7)

Here lp is the ionisation potential of an atom at level p and 17e is the number density of
electroos ne divided by it's statistica! weight (ge=2). The density of the ion ground state is
denoted by 17+(1,), h is the constant ofPlanck and me is the mass ofthe electron.
Since an electron is created by the ionisation process, this creates an extra contribution to the
Saha balance which can be associated with the volume of a quanturn state Vx. Therefore this
extra contribution occurs to the densities of levels having a larger energy than the ionisation
energy. This results in a step function in the Saha distribution at the ionisation energy as
depicted in Figure 3 .1.

log(l](p))

Saha jump : 17+

\
ionisation
energy

Energy [eV]

Figure 3.1: The dis tribution of atomie states of a plasma in TE. The
succession of the atomie state and the ion state is effected by the Saha jump,
which is only depdent on the electron gas characteristics.
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The step function only depends on the characteristics of the electron gas and is called the Saha

Jump
(3.8)

Here, 'l]oo denotes the number densities of the states close to ionisation limit. Special attention
will be given in this study to the determination of 'l]ooThe cross sections of excitation and de-excitation due to collisions with the light electrons are
much larger than those due to the collisions with heavy particles. Therefore partiele X in (3.6)
often represents an electron. This does not imply that the Saha balance is invalid, but only that
the temperature Tmentioned in Equation (3.7) is equal to temperature ofthe electrons Te. This
is of interest when dealing with situations for which the temperature of electrons and heavy
particles are unequal Te:tTh; a departure :from Maxwell equilibrium (cf. Section 3.2.3).

3.1.4 The Planck Balance
The Planck balance treats the interaction between material particles and radiation. For
transitions for which h vj kT>> 1, stimulated emission can be neglected and the balance only
deals with spontaneous emission and absorption. This so-called Wien balance is given by
(3.9)

In the forward reaction a photon of frequency v is emitted when atom (or ion) A makes a
transition from the upper level u down to the level of lower energy l. The reaction in the
opposite direction denotes the absorption of a photon by an atom in lower state. Using the
principle of MR yields

~

='I]( U) = exp(V

1](/)

Mul)
kT

(3.10)

Here, ~v represents the elementary photon occupation. In the last step of this derivation, the
Boltzmann Equation (3 .5) is used. Ho wever, at low energies ( h vj kT< 1) all photon states are
easily occupied and ~v > 1. In this case, the use of a classica! treatment is no longer valid.
Instead of using quanturn statistic, the photon distribution can be found by making use of the
processof stimulated emission
(3.11)
which expresses that the emission process is 'stimulated' by the presence of a photon of the
same frequency, phase and direction. Since the number of stimulated emission processes is
proportional to the number of photons and since the rate is proportional to the rate of
spontaneous decay, Equation (3 .I 0) becomes
A

1lv

'I]( u)

(

= 1](/) + 1]( u) = exp

(-

M,u) - I ]

-1

kT

11

(3.I2)

Here, q(u) in the denominator indicates the influence of stimulated emission. Equation (3 .12) is
Planck's radiation law in its most elementary form. In order to find the corresponding speetral
radiation density, we have to multiply ilv by the number density of photon states per energy
range, dG/dE= 8n Vc· 3h- 1 and the energy of a photon, h v. This gives

81Ch v3

A

PvC v, Tv)= (dG I dE)TJvh v( dE I dv) = ----:3: - - - - - - c· [exp(hv I kT) -1]

(3.13)

Note that the speetral radiation density per unity of frequency, Pv(v,7), is expressedinJoule
per volume per Hz.

3.2 Departure from Thermadynamie Equilibrium
The balances described in the previous subsections are so-called 'proper' balances. Each
forward process is balanced by the corresponding backward process. Since in any case a
system consist of at least two levels, a proper balance can he illustrated by

(3.14)
a

The generalised levels a and p of this bilateral relation (BR), can play various roles depending
on the balance represented by (3 .14 ). This system can he interpreted as the ionisation I
recombination system, in which case a denotes the ground state level of the atoms, and p
denotes the ground state level of the ions. In case of an (de)excitation, system P denotes an
excitation level with higher excitation energy as the level represented by a. If the Maxwell
Equation (3.2) is considered, (3.14) can he used to represent the electron energy distribution
function, in a simpli:fied form. The levels are equal to two energy intervals in the electron
energy space for instanee the bulk and tail of a distribution. The fluxes can also he seen as
energy fluxes instead of partiele fluxes where e.g. a refers to the group of heavy particles and
p to a group of electrons.
This kind ofbalances are obtained forsome parts ofthe system insome regions ofthe plasma,
but from observations to he treated in the following subsection it is clear that many proper
balances are out of equilibrium. In this case the forward process is balanced by the
corresponding backward process and by a transport leak, as illustrated by the arrow on
addition ofright hand side oftevelpin (3.15).

(3.15)
a
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in order to obtain a steady-state, the outward flux of particles (or energy) teaving the system
(at level p) has to be compensated by an inward flux (at level a). Ifthe backward flux (p~a)
is much smaller than that ofthe influx, we haveaso-called 'improper' balance [2]. The various
possible causes of these leaks and the consequences for the balances of the plasmas under
study will be treated in this section.

3.2.1 Characteristics of the Plasmas under Study

From a set of simple observatious of the plasmas under study, a number of specific
characteristic features can be derived. And from there, it is clear that the proper balances
mentioned in the previous section can not all be in equilibrium. All the plasmas under study
contain the following properties
1. Energy from the power supply is absorbed by the electrous of the plasma
2. The plasma is emitting light
3. The geometrical dimensions ofthe plasma are small.

3.2.2 The Maxwell Balance

In the fust observation (cf. 3.2.1) it is stated that, the power souree couples energy into the
plasma. This can beseen as an inward flux in the Maxwell balance. In order to obtain a steady
state there must also be an outward flux in this system, cf. (3.15). This outward flux is created
by the transport of charged particles or radicals in the region of interest and by the cooling of
the atoms near the wall. These processes decrease the total energy of the plasma. This can be
interpreted as a transport leak in the Maxwell balance.
Since the power souree couples the energy into the plasma via the electrous, the electron
temperature is increased by the source. In order to retain a Maxwell distribution of all particles,
the processes which determine the loss of energy must have a typical time-scale which is large
compared to the time needed to transfer the energy from the electrous to the heavy particles.
Therefore, a high electron density is required which is, however, not expected in the plasmas
under study. Because of the 'slow' electron-heavy partiele interaction, the material partiele
temperature splits into a heavy partiele temperature (Th) and an electron temperature (Te). In
this case, the kinetic energy distribution of the heavy particles and the electrous separately can
still he according to Maxwell.
By splitting of the temperature, a so-called 2-temperature plasma is created. This has also
consequences for the Boltzmann and the Saha balance. The cross sectious of excitation and deexcitation due to collisions with the light electrous are far larger than due to the collisions with
other heavy particles. Therefore the electrous will dominate the Boltzmann and the Saba
balance and the temperature T in Equations (3.5) and (3.7) is then case replaced by the
electron temperature Te.
For plasmas having a low ionisation ratio, this assumption is also not valid since only the
electrous in the tail of the distribution have sufticient energy to excite atoms. This leads to a
drain at the high energy tail of the electron energy distribution. This can be shown in an
electron energy distribution function (EEDF). If the threshold energy for excitation is high
compared to the electron temperature, the tail of the distribution is depopulated due to the
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excitation process. Since electrons lose part of their energy when exciting an at om, at the same
time a souree term at the 'low energy' bulk section ofthe EEDFis created (Figure 3.2).
o(E

Figure 3.2: Sketch of the
cross-seelions a-(E) for the
electron excitation in the
case gxc> >Te and a plot of
the
electron
energy
dis tribution function JP1(E)

[a.u.)

FM(

Energy [a.u.)

This souree term together with the drain term previously mentioned create a net flow of
electrons through the EEDF. As aresult ofthe fact that the populating mechanism ofthe high
energy tail is slower than the depopulating mechanism, the energy distribution ofthe electrons
is not according to Maxwell. As stated in the previous section, a Maxwell distribution is
assumed for the calculation of a Saha and Boltzmann distribution when the corresponding
balances are in equilibrium. So a deviation of the Maxwell balance should be taken into
account when calculating the other balances.

3.2.3 The Planck Balance

Since the plasma is emitting light the local absorption will be (partially) absent (cf. observation
2, Subsection 3 .2.1 ). This implies a transport leak in the Planck balance. When the effect of the
emission on other processes is small, the associated balances of electron or heavy partiele
induced processes can still be in equilibrium. lf a part of the spectrum is emitted according to
Planck's law, the temperature can be associated to this process, is called the radiation
temperature (Tv). This temperature is in most cases not equal to the temperature ofthe material
particles.
3.2.4 Density Gradients

Because ofthe small size ofthe plasma (observation 3, Subsection 3.2.1), there are relatively
high gradients in the partiele densities of the various material species. These gradients create a
diffusion of particles and energy. This leak must be compensated by an extra production term
in the balances (an inward flux). For instance, ifmost ofthe recombination processes occur at
the wall, a gradient in the density of charged particles in the plasma will occur. The active zone
where, due to the diffusion, a leak of electrons exists, is called an ionising plasma part. In such
a plasma, the ionisation term must not only compensate for the lossof charged particles due to
recombination (the proper backward process (3.6)) but also for the loss due to diffusion. If
system (3 .15) is considered, a denotes the atomie ground state and P represent the ion ground
state. A balance can be written for the population ofthe ground state ofthe ion
(3.16)
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On the left-hand-side the ion production per unit of volume and time is expressed, where Sion is
the effective rate coefficient of ionisation. This rate includes all processes (direct and indirect)
which contribute to the formation of ions. The fust term on the right-hand-side expresses
recombination, where Kis the rate coefficient of recombination. The second term represents
the effiux of charged particles due to diffusion, where we denotes the drift velocity of the
electrons. Because of charge neutrality, the effiux of ions is equal to the effiux of electrons.
Opposite to the situation where a system is in Saha-equilibrium, a net flow of particles travels
through the system of excited states, the so-called excitation space.

.,

~

inward
flux
ofatoms

outward
flux
of ions

~
Figure 3.3: The e.fflux
of charged particles is
supported by a net
ionisation flow over
the excited states and
an iliflux of ground
state atoms due to
inward dijjusion

net ionisation flow

ground
state

ion

3.2.5 The Saha Balance
From the discussion in the previous subsections, the condusion can he drawn that in the region
of the plasma where the power is dissipated, the rate at which ions are produced is larger than
the rate of recombination. This means that this part of the plasma is ionising, which implies that
the Saha balance of the ground state is not in equilibrium and that the atoms and ions are not
distributed over their intemal states according to (3.7). To state it differently: the ASDF will
deviate from the equilibrium form as described by Saha's equation.
For an ionising plasma, the lower states are overpopulated with respect to the Saha balance.
This is mainly because these levels are populated by excitation from the ground state and not
depopulated by corresponding de-excitation process. Instead, the levels are depopulated by
spontaneous emission or by excitation to higher levels.
If spontaneous emission dominates the destruction process the level is said to he in Corona
balance. This is the case for lower levels in regions of relatively low electron density values.
If the electron density is relatively high andlor radiation is absorbed, most levels are in the socalled Excitation Saturation Balance (ESB). The levels are in this case de-populated by the
process of excitation to a higher level. In this case, most of the ion production is produced by
stepwise excitation. For the plasmas under study theescape ofradiation is not so important. So
that only ESB is concemed. The departure from Saha is given by the bp coefficient and reads:
bP

n(p)

= n\p)

+
I( )b
=r (p)+r p I
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(3.17)

As can be seen in Equation (3 .1 7) the bp-coefficient consists of two terms. The second term
describes the coupling with the ground state. The first part ofEquation (3.17) accounts for the
density oflevel p due to the coupling with the ion state.

n.
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flux
of atoms

outward
flux
of ions

~
Figure 3. 4: In this ftgure, level
p=2 is in ESB; it is meanly
populated and depopulated by
stepwise excitation. Stafes close
to the ionisation ground state
are in pLSE, popu/ation and
of
depopulation
consists
recombination and ionisation
respectively (cf 3. 6)
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From Figure 3.4, a balance of the population of a levelp can be determined using a Collision
Radiative Model (CRM). The CRM describes the partiele balance which has a general form of
[11]
&(p)

- [

]

--a+\7· n(p)·W(p) =

[&(p)]
-a

(3.18)
CR

The left-hand-side of this equation describes the change in the number density of levelp due
the time-dependent processes and the divergence of the flow. On the right-hand-side the
change due to the elementary processes (radiation and collisions) are taken into account. Since
the latter ones occur at a much smaller time-scale than the former, changes due to e.g.
transport phenomena will be foliowed instantaneously by the elementary processes. Therefore
a Quasi Steady State Solution (QSSS) is assumed:

0= [

&(p)]
-a

cR

(3.19)

= P(p)-n(p)D(p)

These elementary processes can be classified in production terms (P(p)) and destruction terms
(D(p)). An overview ofthese termsis given in table 3.1a and 3.1b.
Table 3.1a: Elementary production terms of an arbitrary levelp which are
taken info account in a col/ision radiative model

production term

equation

excitation tor q<p
deexcitation q>p

neLn(q)K(q,p)

cascade radiation q>p

In(q)A(q,p)A(q,p)

q*p

q>p

three partiele
recom bi nation

n~n+K(+,p)
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Table 3.1b: Elementary destruction terms of an arbitrary levelp which are
taken into account in a colfision radiative model

destructien

equation

excitation for q>p
dexcitation q<p

nen(p) LK(p,q)

callision ionisation

n(p)neS(p)

spontaneous
emission

n(p) LA(p,q)A(p,q)

q'l'p

q<p

Special attention will be paid to the fust 'observable' level of the atomie system, here briefly
denoted by level "2". If radiative decay can he neglected the production I destruction balance
oflevel "2" can be simplified as follows. (cf. Figure 3.4)
nen(l)K(1,2)-nen(2)

L

K(2,r) =0

(3.20)

r=l,3

The fust term represents the excitation from ground state to level 2 and the second term
indicates the depopulation by excitation and de-excitation from level 2. The K's used in
Equation (3.20) are the collision rate coefficients of the excitation processes. Note that
radiative decay frequencies have been omitted. For level2 in ESB the r 1(p) coefficient can now
be expressed in termsof collision rate coefficients.
n(2)
r ( ) = n 8 (2)
1

2

K(2,1)
= K(2,1) + K(2,3)

(3.21)

This equation is derived from (3.20) by using the principle of Detailed Balancing which states
that nen(l)K(1,2) = nen 8 (2)K(2,1). The r 1(2) coefficient is now only dependent on the electron
temperature and independent of the electron density. The value of r 1(2) can be used to
determine the electron temperature in strongly ionising plasmas. Instead of simply Equation
(3.21) we will use r 1-values as found in literature [8], [11] and [21].
Only for the highest values of p, three partiele recombination becomes important. The levels
are ruled by the Saha balance (cf. equation 3.6). The levels are said to be in partiallocal Saha
equilibrium (pLSE). Equation (3.17) reduces now to bp= r+(p) where the r+(p) is almost equal
to unity and the contribution from the ground state to the density of these levels can be
neglected.

0

~"'~SE
Ep

Figure 3.5:
The ASDF of an
ionising plasma. The levels in the
ground
state
are
hugely
overpopulated with respect to Saha.
The levels with a higher excitation
energy, have a distribution which is
more according to Saha.

/p=O

·~
.____.
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The transition from ESB to pLSE which is depicted in Figure 3.5 can be described [1] by the
following analytica! formula:
(3.22)

Here lp is the energy difference between the excited state p and the ionisation level in eV and fJ
is a constant, which depends on the ionising state of the plasma. So for lp ~ 0 the levels are in
Saha equilibrium. Combining this expression with the Saha Equation (3. 7), the following
expression for the excitation population is found.
(3.23)

The excitation temperature of an excitation level can be derived by:

oln'l
0J

1

(3.24)

-----

kTexc
Differentiating (3.23) gives:
1

1

3/]/~

k~xc

k~

1+ jJJ p

--=-+

(3.25)

3

If the ground state is hugely overpopulated, this overpopulation is passed on through the
subsequent excitation levels [5] and PI/ >> 1 forthese levels. Now Equation (3.25) reduces
to:

1

1

3

k ~XC

k~

lp

(3.26)

--:::::-+-

This indicates that the excitation temperature of an excited state in an overpopulated ASDF
mainly depends on the ionisation energy of the excited level rather than on the electron
temperature. It was found that in literature for the plasmas often the Texc ::::: 0.3 eV was given.
This can be explained [5] by the fact that the excitation temperature is in all these cases
evaluated around lp= 1 eV. Applying (3.26) indeed gives this value, assuming that Te> 1.5 eV.
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3.3 Estimation of the Global Characteristics of the Electron Gas
From the discussion in the previous section, it is shown that for the plasmas under study a
substantial part of the four balances described inSection 3.1 may be out of equilibrium. This is
the case for many previously studied plasmas. Especially those of limited size, which are
extremely sensitive for extemal conditions. From the study on ICP and MIP discharges, a
theory is developed on the relation between extemal parameters (e.g. power density and
gradient length) and the electron gas characteristics such as ne and Te [2]. In this section this
theory is applied to the plasmas under study, where a steady-state is assumed; 8/Bt=O.

3.3.1 The Electron Temperature
In Section 3 .2, it is shown that the balance between ionisation and recombination is disturbed
by the flux of charged particles. If this flux is much larger than the mverse process
(recombination), Equation (3.16) can be simplified toanimproper balance
(3.27)
The flux of charged particles, the right hand side of this equation, can also be expressed in
terms ofthe ambipolar diffusion coefficient (Da) and a gradient length (An).
(3.28)
The combination of these two equations provide a simple way to estimate the electron
temperature since the diffusion coefficient is only slightly (linear) dependent on the electron
temperature whereas the production, the left hand side of (3.23), is strongly Te dependent [2].
Since the ionisation rate is mainly dependent on the excitation rate of the fust excited level, Sion
is related to the electron temperature by a factor of: exp(-E1/kTe). From this, a relation
between the gradient length and the electron temperature can be found in the form of [2] .
k~

1

(3.29)

A

Here, An is the gradient length expressed in mm. The value of Cr is a constant determined
from the study ofthe MIP and ICP and is primarily dependent on the gas compound. For pure
argon, Cris determined to be 15.7, while Cr equals 12.9 for helium. These values are obtained
from plasmas at atmospheric conditions, and a heavy partiele gas temperature of 3500K.
Since the PCVD plasma is not atmospheric but operates at a pressure of approximately 20
mBar, the CT has to be adjusted. For simplicity the gas temperature is said to be in the right
order of magnitude, so this is left out of the discussion. Then Cr is estimated by:

(3.30)
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The density of the ground state particles in the PCVD plasma is assumed to be a factor of 50
3
lower (~3* 1022 m· ) compared to atmospheric conditions, and the ambipolar ditfusion
coefficient is expected to be a factor of 15 higher(~ 0.3 m2s- 1) because ofthe larger mobility of
particles. This implies that for the low pressure PCVD argon plasma CT is expected to be 6. 7
insteadof 15.7.
The gradient length is estimated from the size ofthe plasma. The plasma can be viewedendon
the tube. Here, it is seen that a ring shaped plasma is formed inside the tube. Therefore, Àn is
estimated to be 3 mm (a quarter of the tube radius). This results in a global electron
temperature of 1.4 eV for the PCVD plasma.
For the atmospheric helium plasma, CT = 12.9 can be used , the value publisbed in [2]. The
gradient length is estimated to be 0.3 mm, which results in a electron temperature of 1.6 eV.

3.3.2 The Electron Density

From the power density (c) expressed in W/m3, the electron density can be estimated. The
power from the electromagnetic field is coupled into the plasma via the electrons. Since there
is no energy flow back from the electrans to the electric field and since the conservation of
energy must hold, the following relation is obtained.
(3.31a)
li=

(3.31b)

Ç·&+(l-Ç}·li

In this largely simplified form of the electron energy balance, the frrst term on the right-handside is the energy loss to heavy particles due to excitation and ionisation. The second term
represents the loss of energy due to elastic collisions with heavy particles. In theory, the
reverse processes of both mechanisms are able to transfer energy in the opposite direction.
However, it is assumed that the associated terms can be neglected. This is justified since the
recombination rate is far smaller then the rate of ionisation. Furthermore the electron
temperature is much larger than the heavy partiele temperature so that the energy transfer from
the heavy particles to the electrans will be negligible. The importance of ionisation with respect
to heating is expressed by the coefficient Ç. which Ç expresses the ionisation efficiency.
Combining Equation (3.31a) and (3.31b) gives

1
Ç=------1 + (Sheat I Sion )(k~ I I)

(3.32)

The rate coefficient of ionisation Sion is again estimated to be Dal(nA·An). The elastic energy
transfer coefficient Sheat is calculated using the rate for momenturn transfer in atom electron
collisions km(e-a) and from the ratio between the mass ofthe electrans and the heavy particles:
(3.33)
The value of km( e-a) is approximately 3·1 o- 14 m3s- 1 for an argon plasma for which the electron
temperature has a value of 1.6 eV (cf. Subsection 3.3.1). In the case of a helium plasma km(e-a)
is 6·10 14 m2s- 1[2]. This results in the ionisation efficiency presented in Table 3.2.
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Table 3.2: The properties ofthe plasmas associated with the electron energy balance
Sheat
19
3

[x 1oPCVD plasma
Helium plasma

m /s]

27.2
490.2

Sion

[x 1o- 19 m /s]
3

11.1
1.5

lp

Te

[eV]
15.76
24.59

[eV]
1.4
1.6

nA

rm- 1

ç

3

3x10a
24

1.5x10

0.82
0.044

By rewriting Equation (3.31a), the electron density can be calculated by
(3.34)

The power density is the only unknown quantity in this equation. This is estimated by dividing
the absorbed power by the volume ofthe plasma. The dissipated power ofthe PCVD plasma is
estimated on 1 kWatt, whereas the volume is estimated to be a hollow cylinder: inner diameter
3
= 7 mm, outer diameter= 12 mm and a lengthof 10 cm. This results in a volume of7·10-6 m
3
8
and an & of 1.34·1 0 Watt/m • The electron density calculated from Equation (3.34) results in
21
3
an electron density of 1.3·10 m- , a reasonable value.
For the atmospheric helium discharge, the power dissipated in is estimated to be 35 Watt. The
volume is assumed to be that of a cylinder of a radius of 0.5 mm and a lengthof 6 cm. This
8
19
3
gives a power density of7.42·10 Watt/m3 , which results in a global ne value of3.7·10 m- •
These values obtained from the global characteristics can now be compared with spectroscopie
methods ofwhich the theory is outlined in the next chapter.
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Chapter 4

Diagnostic Methods
4.1 Introduetion
This chapter contains an overview of the theoretica! aspects of the diagnostic methods used in
this work. On one hand, passive spectroscopy, i.e. studying the plasma emission spectrum, is
available. It is a relatively simple diagnostic tool from an experimental point of view. The
interpretation of measurements, however, is not straightforward, especially for non-LTE
plasmas. On the other hand, active spectroscopy, i.e. studying the behaviour of the plasma
during an extemal disturbance, may be applied. This is experimentally more demanding, but the
interpretation of measurements is rather simple.
In this chapter, the method of Absolute Line Intensity (ALl) measurements, a passive
technique from which ne and Te can be determined, is treated fust. Subsequently, measurement
of the continuurn emission spectrum of the plasma, an alternative passive technique to
determine ne, is discussed inSection 4.3. Finally, laser Thomson scattering, an active technique
for measurement ofboth ne and Te, is treated inSection 4.4.

4.2 Absolute Line lntensity Measurements
The aim of the absolute line intensity method is to obtain the electron temperature and the
electron density, by means ofthe ASDF. This implies that the density ofthe excited states has
to be determined, which can be done by measuring the emission of spectrallines.

4.2.1 Determination of the Density of Excitation Levels
Line emission is created when an atom decays from an upper level p to a lower level q
(Subsection 3.1.4). This processis described in following reaction
(4.1)
Photons with a specific frequency Vpq =Epqlh are emitted in this process. lf the plasma is
optically open for this transition, these photons can be detected outside the plasma. The
associated emission coefficient, &pq(À) is related to the density ofthe radiative state, p by
(4.2)
In this equation, Apq denotes the probability of a transition from levelp to level q, n(p) is the
density of the radiative level p, h Vpq is the energy of the emitted photon, whereas <I>( À) is the
line shape of the transition, defmed is such a way that f<I>(..1)d..1=1. The emission coefficient
3
&pq(À) is expressed in W/(m ·sr·nm). By determining &pq(À) it is possible to calculate n(p) using
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Equation (4.2). In this way (part of) the ASDF can be constructed. Two methods can be used
todetermine the Te and ne out ofthe ASDF constructed in this way.

4.2.2 Determination of the Plasma Parameters from the Saha Distribution
The fust method for determining Te and ne is based on the assumption that the experimentally
determined levels are in pLSE. For these levels the balance of ionisation and recombination
equilibrates.

(4.3)

Measurements on various plasmas [5],[6],[8] have shown that only for the highly excited levels
the Saha equation is valid. The electron density is derived from the ASDF by extrapolation to
the ionisation energy level (p~oo, lp=O) (cf Figure 3.1). The expression for the density per
statistica} weight Equation (3.7) simplifies to:

(4.4)
From this equation, ne is calculated directly using Te which can be deduced from the slope of
the ASDF provided pLSE is settled.
1

4.2.3 Determination of the Electron Temperature from r (p) Coefficients
If not all measured levels are in Saha equilibrium, the electron temperature can be derived from
the r 1(p) coefficient of a lower excited levelp. As stated in the previous chapter, fora level in
ESB the r + coefficient of Equation (3 .17) can be neglected. The / (p) coefficient is calculated
from the drain and souree terms for the occupation ofthe fust observable level which will here
be denoted by p=2.

....
~---··- ··----~--

p=1

p=2

p=3

Figure 4.1: Drain and souree praeessesjor the accupation ofthe p=2level.
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The / (p) coefficient is then equal to the overpopulation of a level with respect to a the Saha
distribution. This density relates to the density of levelp to that of the ground state n8 ( 1) by

MP)

I
g(p) B
(
n(p) =r (p)--n (l)exp -kT
gl

(4.5)

b e

In this equation n(p) is the density of levelp and g the statistica! weight. The density of the
ground state atoms n8 (1), is calculated using the ideal gas law P=nkT, where P denotes the
pressure and T the heavy partiele temperature. This method to determine the ground state
density is justi:fied since the pressure of electrons, ions and excited atoms can be neglected.

4.3 Continuurn Emission
Apart from line emission, the plasma also emits continuurn radiation. This consists of
recombination emission and brehmsstrahlung. The recombination-emission is generated when a
free electron and an ion recombine to a neutral atom or an ion with charge Z-1. In the plasmas
under study, only singly ionised species will be present so that Z=l. The emission coefficient
8fb, 2 of this recombination emission is equal to [6]

(4.6)

where §I,(A., TJ is the free bound Bibermann factor which is a dimensionless quantity close to
unity. For an argon plasma §I,( A., Te) =1 and emission in the range A> 300 nm.
The subscript tb is an abbreviation for free-bound, which refers to the state of the electron
before (free) and aft er (bound) the emission. In this equation ni is the total density of ions. This
number can be replaced by the electron density under the assurnption that all ions are singly
ionised and that the plasma is quasi neutraL This assumption is also made for the rest of this
study. The constant c 1 is equal to:

(4.7)

Brehmsstrahlung ongmates from a change of the momenturn of electrons caused by an
interaction of electrons (e) with neutral atoms (a) or ions (i). We fust consider the e-i
interaction. The process of brehmsstrahlung by the interaction of electrons with ions is
represented by

(4.8)
During this Coulomb interaction, the energy of the electron reduces and is transferred to the
photon. The emission coefficient for the Coulomb interaction is represented by

(4.9)
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In his equation, Çn{À, Te) is the free-free Bibermann factor, and the value of c 1 is equal to that
of the fb Bibermann factor. Because the electron is not bound by this interaction the subscript
ff(free-free) is added to theemission coefficient.
The other component of the bremsstrahlung is generated by the interaction of electrous and
atoms and is represented by

(4.10)
Theemission coefficient ofthe electron-atom (ea) interaction is given by

(4.11)

The parameter Q in Equation (4.11) represents the cross section of momenturn transfer from
electrous to neutral atoms. For argon, it can be approximated by
A
Q(T)
e

= -

8(

5

A

3;r (1+19.73I:)

2

3
-0.3+3.25I:A -0.064I:AJ
*10- 20 m- 2

(4.12)

A

where the electron temperature ~ is given in eV. Equation (4.12) only holds under the
assumption that an integration of Q over the electron velocity can be replaced by taking the
value of Qat the average electron velocity. The coefficient Cz is given by

(4.13)

The measured continuurn ellliSSion coefficient IS determined by the surn of the var10us
cornponents, i.e.

(4.14)
If the electron ternperature which is calculated by the ALl rneasurernents, is inserted into
Equations (4.6), (4.9), (4.11) and (4.12), the only unknown is the electron density. Thus
continuurn emission provides a rneans todetermine the electron density.
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4.4 Laser Scattering
In the previous sections two techniques are discussed where the plasma is observed without
external interference, these techniques are classified as passive techniques. lt is also possible to
study a plasma, by examining scattering of a laser beam that propagates through the plasma.
From this technique, ne and Te can be determined. This is an example of an active diagnostic
technique.

4.4.1 Thomson Scattering
Thomson scattering is the scattering of light on free electrons. Due to the thermal motion of
the electrons, the scattered radiation is Doppier shifted. The scattering of this light is expressed
in Figure 4.2. In this figure :( is the incident wave vector,
scattering vector

k

- - is defined by k =ks - ki

---

fs is the scattered wave vector. The

and 8 is the scattering angle.

--- --- --

Figure 4.2: Scattering geometry

Because a linearly polarised laser souree is used, an angle rjJ is introduced which expresses the
angle between the scattering plane and the polarisation direction. The power of the scattered
light per speetral range within asolid detection angle ~Q is given by [12]
(4.15)

where Pi is the power of the incident laser beam, and Ldet, the length of the detection area.
neLdet is the "surface density" of electrons in the detection area as viewed by the laser beam.
The differential cross section for Thomson scattering is presented by daT I dQ and
S(k,~m) ·dms is the speetral distribution function, which represents the probability that the

wavelength of a photon is shifted within a wavelength shift dm.\ around the
ofthe scattering geometry is represented by g(B,rjJ) which is equal to

g(B,rjJ) = 1- sin 2 Bcos 2 rjJ

~m

. The influence

( 4.16)

In the case of incoherent scattering, the speetral distribution has the same shape as the energy
distribution function ofthe electrons [12]. This distribution is assumed to he Maxwellian ifthe
electron-electron collision frequency is much higher than the driving frequency of the power
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generator. This is certainly true for the plasma under study. This leads to a Gaussian profile.
Now the electron temperature can be derived from the 1/e with ofthe scattering spectrum [8]:

(4.17)
HereLU11 eis the full1/e width ofthe Gaussian fit to the experirnental data, and ~is the incident
wavelength ofthe laser in nrn.
The electron density ne is proportional to the total Thornson scattered power: PT = c. ne '
where C is the calibration factor which arnong others takes into account the efficiency of the
system and the solid angle of detection.

4.4.2 Rotational Raman scattering
Raman scattering can be used to deterrnine the calibration factor C that is required for absolute
measurements of ne. Raman scattering is the inelastic scattering of light on molecules. This
scattering is inelastic because the molecules undergo a rotational or vibrational transition
during this interaction. As a consequence, very specific wavelength shifts of the scattered light
occur. The Raman spectrum is measured on a gas with known density (n). A typical Raman
spectrum is shown in Figure 4.3. In this study only rotational Raman scattering is concemed.
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Figure 4.3: A typical Raman spectrum

The power P14J' of one line of a rotational transition from J to J' is used to calculate the
calibration factor ofthe setup. This is done as follows
(4.18)

P.I->J'
C=----n. r.!->J'

where rhJ' expresses to ratio between the cross sections for Thomson scattering and for the
Raman scattering line under study. rJ4J is obtained by integration ofthe total Raman spectrum
and is approxirnately equal to 8.15 ·1 o-s.
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Chapter 5

The Experimental Setup of the PCVD-Piasma
5. 1 Introduetion
This chapter gives a detailed overview of the experimental setup of the PCVD plasma. Much
attention is given to the specific construction which is made to analyse the emission spectrum
with a spatial resolution in both lateral and axial direction. Besides a description is given of the
calibration method and the data acquisition.

5.2 Spectroscopy Setup at the PCVD Lathe
Since one of the most difficult parts of this experiment is to detect the emission spatially
resolved, optical fibres are brought inside the furnace of the PCVD lathe. These fibres are
mounted in the region between the resonator and the substrate tube (cf Figure 5.1). In this
section a description is given on the properties of this setup.

optical glass fibres

Figure 5.1: The position of the optica! fibres with respect to travelling resonator and the tube.

5.2.1 Adjustments to the PCVD Lathe

Beside the adjustments made to the PCVD lathe because the chemistry of the deposition
plasma is to complex to investigate (Subsection 2.1.2), a few additional adjustments on the
lathe have been made to enhance the possibility to observe the plasma. These adjustments were
necessary, since a few problems had to be overcome.
The fust problem concerning this construction is that standard telecom fibres are not resistant
to high temperatures, since the coating of these fibres is only heat resistant up to a temperature
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of about 75°C. Under normal operating conditions the temperature in the PCVD lathe is much
higher since the furnace heats the substrate tube to a temperature of about 1200°C.
A second problem is that the substrate tube is rotated in the industrial setup. When the fibre is
fixed on the tube the rotation will wind up the fibre, which will finally brake. Both problems
are solved by simply turning offthe rotation system and the furnace. To prevent the fibres from
being heated as aresult ofthe plasma, the output ofthe power supply is changed from 3 kWatt
(production conditions) to 1.5 kWatt.
The final adjustment with respect to the production conditions is lowering the speed of the
resonator. This is for obtaining a better resolution of the data along the axial axis. All of these
conditions will remain fortherest ofthis study.

5.2.2 Irnaging Perpendicular to the Tube Surface

If an optical fibre is mounted to the tube like in Figure 5.1 it is only partially directed to the
plasma. Moreover that a spatial resolved measurement in this way is hardly possible, especially
not in the radial direction. Even if more fibres are mounted to the tube, they will transfer the
same amount of ernission. Therefore this will not increase the spatial resolution. The most ideal
situation is if one fibre is, directed perpendicular to the surface ofthe tube and a series of other
fibres would be directed parallel to this fibre as sketched in the side view below (Figure 5.2).

fibres

4

lilll

substrate tube
detection area

Figure 5.2: The ideal situation; thefibres are bend to the surface ofthe tube, in such a wcry that
parallel chords are measured inside the plasma. However, the limited space between the resonator
and the tube (6mm) limits the possibility to bend the fibres in this wcry.

Because the fibres have to be mounted on the tube like in Figure 5.2 this would mean that they
have to be bend over an angle of 90° at the position where they reach the detection area. This
is not possible due to the limited space between the resonator and the tube. For that purpose, a
prism is used, which is fixed on the tube. The prism deflects the ernission in the same way a 90°
angle ofthe fibre would do (Figure 5.3, Figure 5.10).
The inside and the outside of the prism are cylindrical shaped, so that it fits exactly around the
tube and in the resonator. In order to position the fibres and prevent them from getting bumed,
a series of cerarnic rings is placed between the fibres and the substrate tube. Every fibre is
glued on these cerarnic rings.
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ti bres

ceramic rings

Figure 5.3: The prism re.fracts the light emitted in a lateral direction 90 ° into the fibres. Side view
(left) and cross section (right), (cf Figure 5.10).

5.2.3 Connecting the Fibres to the Spectrometer
The other end of these fibres are mounted in a damp in such a way that by putting all fibres on
top of each other the centre to centre distance is about 300J...Lm.

6mm]
Figure 5. 4: The cross section of the fibre clamp

This setup is placed in front ofthe slit of a spectrometer (Acton Spectra Pro, 3000i). Because a
CCD camera is connected to the spectrometer, a 2-dimensional image is created of every
measurement. The vertical direction ofthe CCD camera is used to obtain the spatial resolution
in this strip.
The grating of the spectrometer divides the emission into its speetral components and scatters
to various it horizontal positions depending on the wavelength. This is projected on the CCD
camera, so the horizontal axis contains the wavelength information.
monochromator
wavelength

fibre, 1

ftbre clamp

~

: i
position:

I

,

I

:

I
I

fibre2~

fibres

Figure 5. 5: The fixation of the fibres info the spectrometer by a fibre clamp. Each fibre is projeeled
on a set ofpixel rows on the CCD chip.

In this way, the image composed of 17 fibres can be projected on the CCD camera
simultaneo usly.
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5.2.4 The Optical Fibres
The optical fibres that are used in this experiment require certain properties which are not
standard. Even if the fumace of the PCVD lathe is put off and the power generator is set to
values below 5 kWatt, temperatures may reach too high values so that the fibres are
demolished. During the experiments the fumace" of the PCVD lathe is still covering the
substrate tube to proteet the experimentalist against microwave radiation. The exact
temperature of the tube is unknown, but even if the plasma is only switched on during a couple
of strokes of the resonator the outside temperature of the tube is rising up to over a 100°C.
The coating of regular fibres will bum at this temperature. Because of this, optical fibres with
Poly Imide (PI) coating are used. These fibre are tested to resist 300°C for 24 hours. Since the
exact temperature at the outside of the deposition tube is unknown, a test was performed with
an oxygen plasma with an input power of 5 kWatt. During this test a fibre lasted at least 5
strokes of the resonator. But when the resonator is kept at a constant position, while the
power remains on, the coating from the fibre under the resonator bums and the fibre is
demolished within one minute.
A second property which should be taken into consideration is that the fibre detects the light
from a certain opening angle, and not from a parallel bundle. A standard multimode fibre has
an opening angle of approximately 30 degrees [14]. The opticallength of a light ray from the
centre bottorn ofthe tube to the fibre is 30 mm. The diameter ofthe bundie at that point is 17
mm. This is larger than half the inner diameter of the tube and therefore it is useless for
obtaining resolution in the radial direction (cf. Figure 5.2). For this purpose, it is required to
use a standard single mode fibre, used for telecommunication, which has only an opening angle
of 6 degrees. This reduces the maximum detection radius ofthe centre fibre to 3.6 mm.
width due to prisma

area detected by
multimocje
_____
-\'3o
~-

Figure 5. 6: The
limits to lateral
resolution
using
different types of
ft bres

These considerations lead to the decision to use a bunch of standard single mode fibres with a
PI coating. However, there are also some drawbacks using these fibres. The small opening
angle is also responsible for a small signal. Since only a small amount of emission is coupled
into the fibre, long gate times or a powerfutlight souree are needed to obtain signal. In the

• As stated in subsection 5.2.1 the furnace is turned off.
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case of an argon plasma the emission has such an intensity that gate times must he in the order
of 10 ms to obtain the strong peaks.
A second di:fficulty which must he overcome is the cleaving of the fibre. The cross cut of both
fibre ends must he as flat as possible to obtain effective coupling oflight into the fibre. Because
of the PI coating, stripping the fibre can not he done mechanically, but must he done using a
flame, by which the coating is burned off. After cleaning, it can he cleaved in a special cleaving
machine which is able to clamp and cleave the PI coated fibres.

5.3 Calibration for AL/ measurements
In order to obtain the absolute intensity ofthe spectrallines and the continuum, a calibration of
the experimental setup is required. This calibration is usually carried out by using a tungsten
ribbon lamp. The tungsten ribbon lamp should he at the same position as the plasma under
experimental conditions. Then the emission of the ribbon at different wavelengtbs is measured.
These are more or less the same wavelengtbs as the measured spectrallines ofthe plasma. The
ratio of the known intensity and the corresponding signal gives the calibration factor by which
the signals produced by the plasma should be multiplied to obtain the absolute intensities.

5.3.1 Method of Calibration
The PCVD plasma is produced inside the substrate tube. However, the tungsten ribbon lamp
has such a shape that it can never be fitted into the substrate tube. In order to solve this
problem a bright cylindrical shaped sewing-machine lamp (SML) with an outside diameter of
22 mm is chosen to be used as an intermediate calibration lamp. The bright light of the filament
of the SML is made diffuse with a piece of teflon which is mounted on the surface. To select
an area at the lamp surface, most ofthe surface ofthe lamp is covered with aluminium tape (cf.
Figure 5.7).

5.3.2 Calibration of the lntermediate Calibration Lamp
The calibration setup is depicted in Figure 5.7. The tungsten ribbon lamp is placed in the focal
plane of an optical system which contains two parabolic mirrors. These mirrors converge the
light in the same way lenses do, however the parabolic mirrors have the advantage that the
focal length is independent of the wavelength [7]. Because chromatic aberration does not
occur, the setup doesnothave to he adjusted for calibration at other wavelengths. At the other
focal point, a spectrometer with a CCD camera is placed. This camera is able to detect the
emission at a wavelength range of20 nm. The spectrum is projected in the horizontal direction
ofthe CCD. The vertical direction is used to obtain spatial information ofthe lamp.
The calibration procedure contains two steps. Firstly, emission measurements are performed on
the ribbon lamp. During the experiments, the current through the lamp is kept constant at 10
Ampère. According to the calibration report of the ribbon lamp, a radiance temperature is
given of 1764 Kat a wavelengthof 657 nm for this current of 10 Ampère.
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The blackbody radiation at a wavelength of 657 run of an object having this radiance
temperature is calculated using Planck's law. This is compared to the specific emission of
tungsten [15] by means ofthe following equation.

cblackbooy(..i = 657nm,T = 1764K) = ctungsten(..i = 657nm,T = Ttrue) = 4.03 x 10

9

w

2
m ·sr·m

(5.1)

From this comparison, the true temperature of the ribbon lamp is determined to be 1888 K.
This true temperature is used to determine the emission for every wavelength of the ribbon
lamp using the tungsten radiation tables [15]. This emission should be multiplied by 0.92 to
account for the transmission losses ofthe glass ofthe tungsten ribbon lamp [8].
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Figure 5. 7: calibration setup for the intermediale lamp

The second step in the calibration procedure is that the SML is placed in the focal point of the
previously mentioned mirror system. For every radial position, the emission is measured at
different wavelengths. These measurements are compared to the measurements of the ribbon
lamp todetermine the absolute emission ofthe SML as a function of the spatial position r on
the lamp (cf. Figure 5.7).
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5.3.3 Calibration of the Spectroscopie Setup at the PCVD Lathe

Now, the SML can be used as a calibration lamp. The lamp is put inside a substrate tube ofthe
PCVD lathe. The emission of the lamp is again measured at different radial positions by the
same experimental setup at which the plasma emission is measured (Section 5.2). This is done
at all the wavelengths under study. Because of the prism, the axial detection position of each
fibre also varies as a function ofthe lateral position ofthe fibre (e.g. in Figure 5.3, the bottorn
fibre has a detection region which is more to the left of the tube than the fibre at the top).
Because the lamp must be at the correct position it is mounted in an adjustable damp. This
damp is movable with an accuracy of 0.1 mm in the axial direction of the tube. In this way,
each of the 17 fibres can be calibrated separately for (approximately 10-15) different
wavelengths. However, not all fibres are calibrated one by one, because this method would
mean that approximately 250 calibration measurements are needed. It is very likely that the
calibration lamp would not hold such a large number of measurements. The lamp overheats
because of the poor capability to lose heat inside the deposition tube. To prevent the
calibration lamp from breaking, the spectrum of the lamp is measured for all fibres
simultaneously at one axial position of the lamp, x 1. Because the SML is not placed at the
optimal axial position relative to every fibre, a correction has to be made. This is done by
measuring for all fibres the emission of the lamp as a function of the axial position of the lamp.
This was done for a fixed wavelength of 550 nm. It was found that the maximum in this signal
as a function of the axial position is fibre dependent This position will be denoted as
Xmax(fibre). The ratio of the intensity at this maximum and the intensity at x1 provide the
correction factor. The intensity ofthe calibration lamp is calculated by:
I J..=sso x=x ( fibre)
, max(fib )
I(À,fibre)=Jx=xl(À,fibre)* I
À=550.x=xJ 1 re

(5.2)

This relation is only valid ifthe calibration lamp has a cylinder symmetry. Ifthis is not the case,
a similar ratio as determined for the axial direction must be measured as a function of the angle
of the lamp compared to the prism. Ho wever, for the rest of this study radial symmetry of the
SML is assumed.
The intensity is displayed as a number of counts per pixel. A pixel has a speetral width, 8 equal
to 0.049 nm. The speetral intensity can be reconstructed as a number of counts per nm. This
number of counts corresponds to the calculated emission of the calibration lamp.

&c

8
Jsm1(À,x)
= ( 1 fib
)
·
J
(À) &tungsten
/l,' 1 re
tungsten

(5.3)

The amount of Watts per count per square meter ~. is calculated, the absolute intensity
Gplasma,abs(À,x,y) of a plasma emission measurements at a wavelength À, and spatial position
(x,y)is found to be:
(5.4)

Here I(À,x,z) is the number of counts in the measured peak. In this formula, Id(x) I is the
depth of the plasma over which the fibre detects the signal (e.g. in the middle this is equal to
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the tube diameter). This depth is of course dependent of the lateral position ofthe fibre. So the
emission calculated in Equation (5.4) is a depth averaged emission.

5.4 Data Col/eetion and Processing
The data of the measurements are collected by a CCD-camera. The CCD chip consists of an
array of 1024 x 256 pixels. A measurement contains 100 data arrays. This means much data
needs to be collected and processed. To automate this process, a Matlab software code has
been written. This together with the software ofthe spectrometer, creates a fast data collection
system by which the emission data are converted into the plasma parameters like electron
temperature and electron density. This system contains of several steps, most of these steps
are trivial, and will be treated briefly. Nevertheless, some calculations and corrections are
specially done because of the complex geometrical setup or because of specific artefacts of the
spectrometer. These adjustments will be given more attention in the following discussion.

5.4.1 Pixel-Sinning
Figure 5.8 gives an example of the image by the bunch of fibres from a (spectral) continuous
source. The horizontal scale, 1024 pixels long, gives wavelength information, whereas in the
vertical direction spatial information is obtained by the different fibres .
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Figure 5.8: Full CCD image (1024x256 pixels) of continuous spectrum. Each line
indicates the emission of one fibre. From this figure it is clear that only ten
percent of the camera (in speetral direct ion) can be used.

The signalof each fibre is spread out over several rows of pixels. If the number of counts of
these pixels are added up by hardware this reduces the amount of data, and speeds up the
collection process by one order of magnitude. This adding up of rows of pixels is called
binning.
From this image, one can also see that there is an overlap between the signal ofvarious fibres.
The reason is that the CCD camera is out of focus on the left and right edge of the chip. In a
wide speetral range, the spatial resolution is not sufticient to distinguish between the signalof
the several fibres. Only the part of CCD image where these signals can be distinguished is used,
This reduces the amount of pixels in the horizontal (spectral) direction from 1024 to 151. This
also enhances the speed ofthe data collection. The disadvantage ofthis reduction is that almost
all transitions need to be measured one by one.
From measurements at different wavelengtbs it is observed that the image pattem on the CCD
camera is changed as a function of the observed transition. This is probably caused by a small
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tilting angle of the grating. The pattem is approximately shifted 3 pixels in vertical direction at
wavelength range of 500 nm.

5.4.2 The Data Colleetien
The data is sent to the computer in 2-dimensional arrays of 151 x 17 numbers. The next
measurement, which is at the same lateral position, at the same wavelength but at a different
axial position, is glued to the frrst. When hundred different axial positions are measured, the
data file of one transition consist of an array of 151 x 1700 numbers. This array is converted
into a readable format for Matlab. When multiple measurements are done to enhance the signal
to noise ratio, the arrays are added and the addition is divided by the number of measurements,
so the measurement time is held constant and the measurements at different wavelengtbs can
be compared.

5.4.3 Calibrating the Data
The experimental setup is not calibrated for every wavelength, but for a speetral range of 5 nm
every 20 nm. The calibration of a line is done at the samepixel numbers as the measurement,
by interpolating between the two nearest calibration measurements. For example

Jabsolute(À =

553

lre~(A

=553nm,pixel#50... #70)

nm) = 13/20* I cal (1 = 540nm,pixel#50...70)+ 7/20* Jcai(A, = 560nm,pixel#50... #70) ( 5 ·5)

This is done because the intensity of the calibration lamp is not only dependent on the
wavelength but also on the pixel number. The reason for that is the difference in spatial
resolution at different pixel numbers. But it can be assumed that this is also true for the
measurements. So by dividing the same pixels of the CCD camera for calibration instead of the
exact wavelength, this error is cancelled.

5.4.4 Determination of the Detection Area
The fibres are mounted on the substrate tube by hand. This is the reason why they are not
placed at equal distauces from each other whereas the fibres are not precisely positioned in the
axial direction.

E'nrn ...,E'
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ring

Figure 5.9: The positions of
the fibers with respect to the
prism. From this picture it
can be seen that the fibres
are
nol
directed
perpendicular to the prism.
The SML can be seen in the
tube

In order to correct for this artefact, a picture is made of the fibres, to deterrnine the position
and angle more precisely (Figure 5.9). From the lateral position and the angle ofthe fibres with
respect to the tube, the detection area in the tube is calculated. In this calculation the position
as well as the size of the detection area is deterrnined. When a parallel bundie is coupled into
the tube via the prism the bundie diverges in the tube (Figure 5.1 0). This is an advantage,
because now the fibres can be mounted closely together and still detect the plasma in over the
full diameter of the tube, but it has be taken into account, for the calculation of the of the
detection area.

Figure 5.10: A parallel light bundie is
diverged info the tube because of the
change of refractive index between the
substrate tube and air.
Because of the reciprocal property of
light, the fibres (which are parallel to
the tube), defect emission from a
triangle shaped farm. The dejlection of
the bundie due to the change of
refractive index only occurs at the
passage between the tube and the
plasma region, because the refractive
index from the tube and the prism are
equal.

A lateral bundie aimed at the centre ofthe prism ofhalf-width x, is diverged into the tubetoa
bundie which fills the tube from the centre ofthe tubetoa radius r. These two parameters are
related together by Equation (5.6) in which n 1ube and nptasma represent the corresponding
refractive index . Therefore a fibre at position x detects light produced by the plasma at a
distance r from the radius.
ntube

r=--x

(5.6)

nplasma

5.4.5 Correction for lnternal Reflections
Another correction on the data is performed for the intemal reflections of the radiation
produced by the plasma in the tube. The calibration lamp only emits light at the surface of the
lamp and is therefore only reflected once while the light of the plasma is reflected many times
before it is coupled into the plasma. In order to correct for this The measured intensity at one
position, is multiplied by a ratio t (Fig 5.11). This ratio t expresses the ratio ofthe amount of
light in the detection volume divided by the total arnount of detected emission Equation (5.8)

I measured

X {

=I deleetion volurne

{ = Adeleetion volume

(5.7)

Atotal

This ratio is calculated as a function ofthe lateral position (cf. Figure 5.12).
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Figure 5.11: Int erna/ rejleetions in the
substrate tube, the dark area indieates the
deleetion volume, whereas the light area
indieates the deteeted rejleeted emission

Figure 5.12: The ealeulated ratio t, between
emission from the deleetion volume and the total
deteeted emission

The lateral profile which is measured can be converted into a radial profile using an Abel
inversion [3]. An error in the measurements of the positions with the largest radius, have a
great influence on the centre of the converted profile, especially when a hollow profile is
expected, as with this plasma. As can be seen in Figure 5.12, on these positions most of the
detected light originates from reflectance rather then from emission of the detection area. This
has to be taken into consideration when an radial measurement is evaluated.

5.5 Triggering of the CCD Camera
To compare the measurements taken at different wavelengths, these must be all taken at the
moment the resonator is at the identical position. Therefore the camera is triggered with the
movement ofthe resonator. As mentioned inSection 5.2.2, the lathe is equipped with a system
for rotating the substrate tube. In standard conditions this tube is not constantly rotating, but
rotates 100° every time the resonator reaches a turning point. The turning moment of the
resonator is detected by an electronic proximity detector (EPD). Although the rotating system
is tumed off, this detector is still working. This detector is generating a signal of 5 Volts
except when the rotator passes the turning point at the gas side of the lathe (cf. figure 2.1 ), the
signal drops down to 0 Volt. This signal is converted to a TTL by a connector block and can
he used as a trigger signal for a single shot of the CCD camera.
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Chapter 6

Results of the PCVD-plasma
The passive spectroscopie measurements on the PCVD lathe are performed on both an argon
and an oxygen plasma. The argon experiments were performed, obtaining both lateral an axial
resolution. Since interpretation of these data is very strongly related to the external such as
parameters power and pressure, these will be treated before presenting the results on the
spectroscopie data. This all together can be found in Section 6.1. The measurements on the
oxygen plasma are performed without any spatial resolution, the global characteristics of this
plasma are studied under different industrial process conditions. The results of these
experiments are presented in Section 6.2.

6.1 Argon
As described in Chapter 5, a lot of effort is put in order to obtain spatial resolution of the
measured data, and in the plasma parameters to be determined. The tube has cylinder
symmetry, hence 3 spatial directions can be defined: axial and radial, and the azimuth angle
inside the tube. Variations in the latter are not taken into account since the system is assumed
to be rotational symmetrie.
lateral

axial

-==;;::::::::::

Figure 6.1: Definition of the axes on the
tube. The data are obtained with lateral
and axial resolution; the former is used to
obtain a radial profile.

~

The radial profile can not be obtained direct but, only via an Abel transformation [3] of the
lateral profile.

6.1.1 Axial resolution and the relation to the external parameters
This axial resolution was obtained because the plasma is moving with respect to the fixed
detection area. This is schematically drawn in Figure 6.2.
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92 cm
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Figure 6.2: Schematic overview of the PCVD lathe. The characters (g,d,p) represent fixed positions
on the lathe. The capita! characters (F,A) indicate fixed positions relative to the traveling resonator.
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The measurements are started at the moment the resonator passes the gas-side of the
deposition tube and are done in series of 100. During these 100 measurements, the resonator
moves 4 times along the tube. The gate time of the CCD camera is 50 rns for all the transitions
and positions measured. Because this camera has a limited read-out speed and because the data
needs to besend to the computer, a 'dead-time' is introduced between two measurements. The
typical 'dead-time' between two measurements is 150 ms. Therefore about every 200 rns a
measurements is taken of the plasma. Since the resonator takes 5 seconds to travel from one
side to the lathe to the other one, 25 measurements are made during every stroke of the
resonator. So the plasma is observed while the resonator is traveling forward and backward the
tube twice. As a function of time, an axial profile is to be expected as sketched in Figure 6.3.
The characters (g,d and p) in this plot refer to characters between the brackets in Figure 6.2
and indicate the position of the resonator at that moment.
Subsequently, this profile can be transformed into a profile where the plasma parameter under
study (e.g. intensity, temperature etc.) is plottedas a function ofthe position in the plasma. For
the arbitrary profile in Figure 6.3, this results in Figure 6.4. The capital characters F and A
refer to the position in the plasma with respect to the resonator as depicted in Figure 6.2
arbitrary
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Figure 6.3: Arbitrary plasma parameter as a
function of measurement time
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Figure 6.4: Arbitrary plasma parameter as a
function of the position relative to the
resonator

This treatment is valid under the assumption that:
• The plasma conditions are independent ofthe traveling direction ofthe resonator
• The plasma conditions are in dependent of the position of the resonator
The fust assumption implicates that there is no di:fference between the measured profile when
the resonator moves from the left to the right or vice versa. This assumption is valid (as seen in
the measurement) since the gas velocity (which remains in the same direction) is large
compared to the resonator velocity. Therefore, it is sufficient to display only one stroke ofthe
resonator. This implicates that the plasma has a time independent behavior as it travels for and
backward along the tube. The condition which in this case must be satisfied, is a timeindependent behavior ofthe extemal parameters, such as power coupled in and the pressure in
the tube. This will be investigated in the two subsequent subsections.

6.1.1.1 Power dissipation

The power input into the plasma is measured by the reflectometer as depicted in Figure 6.2.
The reflectometer measures of the forward MW-power and the reflected MW-power. The
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generator delivers a power which varies between 1000 and 1500 Watt. The reflected power
changes much more drastic during the measurement. Both are depicted at the upper part of
Figure 6.5. The difference between these measurements is assumed to be the MW-power
dissipated by the plasma. A plot ofthe dissipated MW-power is presented in the bottorn part of
Figure 6.5. As shown, this pattem of reflected and absorbed power contains a symmetry with
respect to some discrete points in time. The symmetry points are equivalent to the turning
positions ofthe resonator. This means that the dissipated power which coupled in is a function
of the position of the resonator. And therefore at some places in the tube the plasma is
absorbing more energy then on other positions.
forward & reflected power
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Figure 6.5: Upper plot: Measuredforward power ( dashed fine) and reflected power (solid fine)
as a function of time.
Bottom plot: The dissipated power, deduced from the difference between the forward
and the reflected power.

Since the dissipated power is a function of the position of the resonator, this can be
represented as a function of space rather than time, again the characters in this plot (Figure
6.6) refer to the characters between the brackets in Figure 6.2.
power coupled in (Watt]

1500

(d)
p)

,~r\ \r ~~I

Figure 6. 6: The
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Figure 6.6 shows that at the point where the resonator is passing the detection area, the
absorbed power is relatively low. This pattem of reflected and absorbed power has a relation
with the pressure in the tube as will he outlined in the next section.

6.1.1.2 Pressure
Figure 6.2 shows 2 barometers on each side of the tube. The barometer on the right hand side
is also a controller. The pressure at this end ofthe tube is kept at a constant value of 15 mBar
by the vacuum pump of the system, using a flow of approximately 3 slm (Figure 2.1 ). During
the spectrometric experiments, the pressure on the left hand side of deposition tube changed in
time. An example of such a measurement is presented in Figure 6. 7.
1

r
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Figure 6. 7: Pressure as measured by barometer 1 as ajunetion of time. The timescaleis equivalent to the one
in Figure 6.5. The resonator moves from the pump to the gas input side of the lathe. The axial scale is
equivalent to the axial scale in Figure 6.6 and 6.4 and denotes the position of the resonator during the
measurement.

Here, the same pattem is found as in the power measurements. The drops in pressure and the
rise of the reflected power occur simultaneously. The change of pressure is a result of the
plasma absorbing more or less energy. If a lot of energy is absorbed, the plasma forms a
restrietion for the flow and as a consequence the pressure will rise at the gas side of the tube.
As soon as most of the power is reflected, a much lower pressure gradient is created in the
tube.
Equivalent experiments are done with a lower resonator speed, show the same pattem as a
function ofthe position is measured, (this means that another profile is measured as a function
oftime). Ifthe power would not he absorbed because the pressure is too high, the number of
drops per stroke would raise. Since this is not the case, this indicates that the pressure is indeed
not the cause ofthe change in absorbed power, but as stated before, aresult of it.
Supposing the pressure pattem is aresult ofthe high reflectance of microwave power, another
mechanism must he responsible for this position dependent instability. From these
measurements may also he concluded that the microwave equipment itself is responsible for the
fluctuations in dissipated power. However, the absorbed power as well as the pressure is very
stable when generating an oxygen plasma. Since the argon plasma is larger than the oxygen
plasma, it is assumed that the microwaves which only leave the resonator when argon is used,
interact position dependent with the surroundings (e.g. fumace)
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From the pressure and power measurements, it can be seen that the conditions of the plasma
are not independent of the position of the resonator which is, in contradiction to the previous
assumptions. As a consequence the spatial profile in the axial direction reconstructed as
outlined in Figure 6.2 and 6.3 is not only dependent on the profile ofthe plasma but also on the
position ofthe detection area ofthe lathe.

6.1.2 The radial profile

A measurement was done with 17 fibres simultaneously. These fibres were aimed at different
lateral positions to observe the deposition tube. Under the assumption that the plasma is
rotational symmetrie, an Abel transformation may be used to reconstruct radial profiles. In
Figure 6.8, a typicallateral depthaverage density profile is shown (Subsection 5.4.3).
16 ,---,----,------.-----~r------r---,
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Figure 6. 8: Lateral depth
average density profile of
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The profile displayed in Figure 6.8 is measured repeatedly for different transitions. The shape
ofthe profile remains more or less the same. From this figure, it can be deduced that the lateral
density at the outside of the tube is higher then at the center of the tube. But no Abel
transformation can be obtained since the profile is not smooth enough. This stepwise behavior
of the density as a function of the lateral position can clearly not be a physical property of the
plasma but is obviously a consequence of errors and uncertainties in the measurement set-up.
From the difference of density between two positions at equal distance from the center of the
tube an estimation can be deduced ofthe accuracy of the absolute value of the density. As can
be seen from Figure 6.8, a difference of a factor of three is found at some positions. (e.g.
compare the measurements of x=+5 with these of .x=-5).
The largest error is probably caused by the determination of the lateral position of the fibres.
As can beseen in Figure 5.9, the fibres are not positioned parallel. The position ofthe end of
the fibre can be estimated with reasonable accuracy, but especially the angle of the fibre with
respect to the tube is hard to determine. A small error in the determination of this angle causes
a deviation of the estimated lateral position. This error in the lateral position introduces two
errors in the lateral density profile:
1. The calculated density contains an error
2. The value is assigned toa wrong lateral position
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The error in the calculated density has two causes. Firstly, because the plasma depth d(x)
is calculated from the lateral position of the fibre Equation (5.4), Secondly, the value of t
(Equation (5.8)) contains an error since this is also a function of the lateral position as can be
seen in Figure 5.12.
But the largest error is caused by assigning the calculated value to the wrong lateral position.
The second souree of errors is probably the calibration procedure. The main problem is that the
SML (Subsection 5.2) is not rotational symmetrie. Since the lamp was assumed to be
rotational symmetrie no positioning system was made to rotate the lamp inside the tube.
Measurements proved this assumption to be incorrect and therefore only the lamp had to be
marked on one side to be sure the same surface was used during every calibration. But without
any rotating system, it was hard to repeatedly position this marked spot at the same position.
Furthermore, the poor focusing of the camera in spatial direction also introduces an error
which must not be underestimated. Mainly when large signals are obtained a large change a
part of the signal is detected outside of the defined area. Especially since these areas had to be
defined as a function ofwavelength on the CCD chip (Subsection 5.4.1).
Unfortunately, the life span of most of the fibres was limited, mainly due to several dectrical
discharges between the resonator and the fibres which had been taken place during the fust
measurements. The coating of most of the fibres was humt, and some of the fibres were
demolished with as consequence that no good radial profile could be made of the lineintensities. With the remairring fibres the ALl experiments are performed, but spatial resolution
is now limited to the axial direction.

6.1.3 spectroscopie measurements
The ALl experiments at argon are performed on 9 atomie transitions at different wavelengths.
A list ofthe properties ofthe measured transitionsis presented in Table 6.1.
Table 6.1: Measured transitions and their relevant physical properties, needed for the
determination of the density of a level. The data are obtained from [19}. In the argon fine
spectrum the 4p--)-'/s transitions are best visible so that three typical lines are selected of this
group. Furthermore, the best visible lines of other groups of transitions are chosen to have a wider
upper level energy range.
Transition

5p~s
5p~4s

7d~4p
5d~d
5d~p
6s~4p
4p~4s

4p~4s
4p~s

Àui
Wavelength
[nm]

415.86
420.07
522.13
560.67
565.07
588.26
763.51
852.14
912.30

Eu

Iu

Excitation
energy of upper
level [Ev]
14.52
14.50
15.50
15.12
15.12
15.18
13.17
13.28
12.91

lonisation energy of
upper level [eV]

An example of a measurement of the

4p~4s

1.24
1.26
0.26
0.64
0.64
0.58
2.59
2.48
2.85

A ui
Transition
probability
[10 6 s· 1]
1.4
0.96
0.88
2.2
3.2
1.3
24.5
13.9
18.9

gu
statistica I
weight
5
7
9
3
1
5
5
3
3

transition is depicted in the Figures 6. 9 and 6.1 0.

44

'7(4p) [* 10 15 m-3]

4

3
3

2

2

F

g

A

~

0

4

8

12

16

20

0

time [s]

20

~

60

80

~

axial position (cm]

Figure 6.9: Measured 4p density as ajunetion
of time measured at position d (Figure 6.2).
The characters in the plot indicate the
position of the resonator at that time

Figure 6.10: Axial profile 4p transition
as a function of the position relative to
the resonator

Ifthese figures are compared to Figure 6.3 and 6.4, a clear similarity can beseen between the
expected patterns and the obtained patterns. Also the instahilities in the dissipated power are
observed: an increase of the power at pump side corresponds to an increase of the measured
density.

6.1.3.1 Determination of the Electron Temperature
At different axial positions an ASDF is reconstructed by combining the densities deduced from
the transitions at emitting different wavelengths. In Figure 6.11, the reconstructed ASDF from
the measurements at an axial position of.x=58 cm isgiven.
If it is assumed that the ASDF displayed in Figure 6.5 reflects a Saha distribution, we can use
the slope of these graphs to calculate Te (3. 7). This corresponds to the dashed line in Figure
6.11. This approach results in an electron temperature of 0.4 eV. An extrapolation from this
line to the ground state density, would yield a ground state density equal to 2·1 029 m-3 • The
actual ground state density determined from the ideal gas law, equals about 3·1 022 m· 3 • This
would indicate that the ground state is underpopulated with respect to Saha, and the plasma
would be classified as a recombining plasma [ 1].
Figure 6.11: A part of the ASDF plot at
axial position x =58 cm of the plasma.
The three dots in the left side of the
plot indicate the density of the 4p level.
Ij it is assumed all levels are in Saha
equilibrium, from the slope of the
dashed line Te must be calculated. Ij it
is assumed the 4p levels are nat in
Saha the solid line can be used to
obtain Te at this position.
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This leadstoa contradiction because from the macroscopie observations discussed in chapter 3
the condusion is drawn that this is an system must be ionising, especially for this region where
the intensities are at maximum. The salution to this paradox is to conclude that this part of the
ASDF is not completely inSaha equilibrium.
This does not mean that the highest excited levels could not be in pLSE at this axial position.
The red line in the graph indicates the slope ofthe top ofthe ASDF when the 4p levels are not
included. The calculated electron temperature deduced from this line at this position is equal to
1.5 +/- 0.2 eV. An extrapolation of this line (solid line in Figure 6.11) to the ground state,
would lead to an underpopulated of the ground state according to Saha, which corresponds to
the assumption of an ionising plasma. This would mean that the highest levels of the ASDF
could be in pLSE whereas the lowest levels are in ESB.
This method is not useable at other axial positions, because the line intensities (and thus the
level densities) of the top of the ASDF are not visible. This suggests that the Saha balance is
not satisfied anywhere in the observable part ofthe atomie system at these axial positions.
An alternative to get insight in the electron temperature is tot use the r 1(p) method (Subsection
4.2.3). In this case p= 1 equals the ground state (3p ), p=2 equals the 4p leveland p=3 equals 3d
level.
Figure 6.12: Drain and souree
terms of the 4p level.

4p

3p

3d

With the use ofthe Collision Radiative Model [12] and Equation 3.17 the r 1(p) coefficient is
calculated as a function of electron temperature. Using this r 1(p) coefficient and ratio of the
density ofthe 4p and the ground state density (Figure 6.13), Te is calculated. This ground state
density is determined using the measured pressure at barometer 1 (Figure 6.2) and the
calculated heavy partiele temperature (Th) by the model of Janssen [4]. This results of the
calculated Te as function ofthe axial position as presented in Figure 6.14.
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Figure 6.13: The ratio of densities of the
ground state level and the 4p level as a
function of Te. calculated by the CRM
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Figure 6.14: The electron temperafure as
a function of the axial position with
respect to the resonator, using the CRM
model

1

It is found that the Te values obtained with the r (p) method are in good agreement with these
deduced from the assumption that the Saha balance is in pLSE.

6.1.3.2 Determination of the electron density

The electron density is first calculated from the assumption that the measured level having the
highest excitation energy is in Saha equilibrium. The 7d excitation level has ionisation energy
of0.26 eV, which results in a ratio of 1Jooi'7(7d) = 0.8 at electron temperature of 1.5 eV. As a
result, the electron density can he calculated using Equation (4.4) and the density of the 7d
level. The determined ne as function ofthe axial position is presented in Figure 6.15.
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Figure 6.15: The electron
density, calculated from the
assumption that the 7d level
is in Saha equilibrium.
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The CCD camera used for the ALl measurements has 151 relevant pixels in horizontal
direction. Most of the lines only have a width of approximately 20 pixels. (This is not true for
the 4p transitions). The rest ofthe pixels are not used for the calculation ofthe line intensity. lf
no other lines are present at this observed bandwidth, only noise and continuurn radiation
should he present as the underground of the speetral line. The value of the continuurn is
measured at 523 nm. So the same measurement data files are used as for the results on the
7d~4p transitions. This set of measurements is chosen because the intensity of the line is
relatively low, so possible blooming ofthe CCD camera plays no role ofimportance. From this
the ne is also calculated using Equations (4.6) to (4.14).
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Figure 6.17: Electron density calculated from
the continuum.
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At the maximum value ne deduced from the continuous spectrum is 15% larger then the ne
calculated from the density of the 7d level. The discrepancy between the two measurements
can not be attributed from the inaccuracy of the calibration or the positioning of the fibres.
Because both the ne derived from the 7d level and the continuous spectrum are quadratic
proportional to the measured intensity.
An error in the transition probability ofthe 7d level could be the cause ofthe discrepancy. De
Regt et al. [6] found that the inaccuracy of transition probabilities ofhighly excited statesis in
the order of 50 % or even more, in data obtained from Wiese et al. [20]. So, it can be assumed
that the difference is well within the accuracy ofthe transition probability ofthe 7d level.
Another possible explanation for this difference, is the presence of another souree of
continuous radiation. It is clear from Figure 6.17 that this souree must be in the moving part of
the system (the plasma or the resonator), because the pattem depends on the position of the
plasma. But no further indication is found to validate this assumption.
The values obtained from the line and the spectra are approximately a factor of 10 lower
compared to the values calculated in Section 3.3. This can he explained by the power
dissipation which is approximately 100 Watt as the resonator passes the detection area, this
leads to a power density which is approximately 10 times less as assumed in the calculations.

6.2 Oxygen
The spectroscopie measurements are also performed on an oxygen plasma. These
measurements were performed after those on argon and since most of the fibres were
demolished, we can only follow the axial dependence. This means that no lateral resolution is
obtained in these measurements. If measurements are made using a gate time of 50 ms, only for
two or three shots per stroke, a line intensity signal is detected. During the other shots no
plasma could be detected. From this, it can be concluded that the oxygen plasma is much
shorter than an argon plasma. For obtaining resolution in the longitudinal direction, the gate
time ofthe CCD camera must therefore be much shorter then the 50 ms, used during the argon
measurements. Since the emission from the oxygen plasma is less bright compared to argon,
this is not possible. Therefore, only global measurements aredoneon the oxygen plasma. Each
measurements now consists of 4 single shots, each having a gate time of 9.75 seconds (this
corresponds to the time duration the resonator requires to reach the same tuming point again).
For all the measurements discussed in this Section, the dissipated MW-power is stabie and
equal to respectively 400 +/- 25 Wattand the pressure in the tube is approximately 20 mBar.

6.2.1 The ASDF of the oxygen plasma
The line emission from an oxygen plasma contains groups of lines within a speetral range of
0.5 nm. This emission of each line of such a group often originates from the same upper level.
Therefore superposition of the emission of these lines is still containing information on one
excitation level. This is essential, because if this would not be the case, a spectrometer with
better speetral resolution would be needed to deduce the density of these levels. In Table 6.2
the measured transitions in oxygen are displayed, as well as the energies of the upper levels,
the total transition probability and statistica} weights.
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Table 6.2: All the detectable transitions of oxygen with their relevant physical properties obtained
from [19}. Note that the ionisation energy of the 0 I system is situated at 13.62 eV. The levels
indicatedwith a '*'are double excited atoms. The transitions markedwith a '+'have been measured
under various experimental settings (cf Subsection 6.3.3).
~I

Transition

Wavelength
[nm]

615
645
700
715
725
777
822
884
926

4d~3d

5~31>
4d~3p+
3~3s*
5~3p

3~3s+
3~3s*
3p~3s

3d~3p+

Eu
:E(Aul X gu),
excitation energy
Transistion probability x statistica!
of upper level with repeet to the
weight
ion groundstate
relativa intensity
[Ev]
[1 08 s- 11
2.02
12.75
12.66
4.13
12.76
0.38
14.46
0.25
12.70
1.21
10.74
5.55
14.04
2.02
11.00
2.90
12.08
11.13

=

From these measurements, a part of the oxygen ASDF is reconstructed. The result of this is
displayed in Figure 6.18. Because the limited size of the oxygen plasma, only in a fraction of
the total gate time a line intensity is detected. Therefore, in the calculation, a reduced gate time
is used; equal to 10% ofthe actual gate time.
10

log density [m~

13

Figure 6.18: G/obal oxygen ASDF
The data points having an excitation
energy > ionisation energy indicate
the transitions from double excited
atoms. The Saha line (solid fine) is
.fitted assuming that all levels are in
Saha except for the singly excited 3p
levels. The excitation temperafure
from singly excited 3p levels can be
deduced from the dashed fine which
is .fitted through the 3p and 3d
levels.
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In Figure 6.18, the ASDF constructed from the transitions displayed in Table 6.1. If it is
assumed alllevels are in pLSE, except for the singly excited 3p levels, a Saha distribution can
be fitted through the data points. The electron temperature determined from this distribution
equals 1.4 eV. The electron density is determined from the density ofthe atomie states at the
ionisation energy and equals: 6.3 10 19 m-3 • The excitation temperature of the overpopulated
levelscan be found from a fit through the data points ofthe 3p and 3d levels, indicated by the
dashed line in the Figure 6.18. This yields an excitation temperature of 0.44 eV determined at
Ep !::i 11.5 eV. This excitation temperature is only slightly lower than can be expected from
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excitation levels having an ionisation energy lp
Section 3.2. (cf. Equation (3.22)):

=171ls = 1+ /31

b

__!'__

P

~

2 eV, from the overpopulation bp posed in

3

(6.1)

P

The overpopulation is assumed to be moderate so that the 3d level is more or lessin pLSE and
not distributed according to Equation (6.1) This means that the flux of particles through the
excitation system is not as large as found in helium plasmas [5].

6.2.2. Flow and pressure dependency of the densities of the radiating levels.
The measurements presented in the previous part were done using an oxygen flow of 3.5 slm,
and a pressure of 15 mBar. In this section results are discussed of the measurements using
different oxygen flows and pressures. Figure 6.19 gives an overview on the different values of
flows and pressures at which the ALl measurements are done. As can be seen from this plot
the capacity of the vacuum pump limits the possibility to measure conditions where high flows
are pumped through the tube, while having pressure below 10 mBar.
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Figure 6.19: The solid dots represent the conditions of the deposition
tube, for which the ALl measurements are performed. The term
standard conditions refers to the pressure and flow which were used
during the measurements discussed in the previous subsection. The
open dots refer to the minimum pressure which could be reached at a
certain flow, due to the limited capacity of the vacuum pump.
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6.2.2.1 Flow
The flow is varied from 1 slm to 7.5 slm maintaining a pressure of 15mBar. Measurements are
taken on three different transitions, indicated in Table 6.2 with a'+'.
lt is found in these measurements, that it is not possible to ignite the plasma at a pressure of 30
mBar and a flow of 7.5 slm. Therefore, to measure this condition the plasma is fust ignited at
standard flow, after the ignition the flow is subsequently raised to 7.5 slm. However, no
significant change is measured in the density of the atomie levels as a function of flow. So the
conclusion is drawn that a change of flow has no influence on the plasma properties.

6.2.2.2 Pressure
The pressure is varied from 5 to 30 mBar measuring the same transitions as mentioned above.
At low pressures the flow has to be reduced because other wise the pump is not able to reach
the desired pressure. To reach a pressure below 5 mBar, the flow has to be reduced to 2 slm.
In contradiction to the measurements performed with different flows, a change of pressure
does influence the densities of the observed levels. The excitation temperature which can be
determined from the 3d and 3p levels did not change within 5 % of the standard conditions.
However, the electron density decreases as a function of the pressure in the deposition tube
(Figure 6.20)

Figure
6.20:
The
electron density as a
function of pressure in
the deposition tube.
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If these results are compared to the relation between the extemal control parameters and the
plasma properties presented inSection 3.3, the following conclusions can be drawn:

• 1t is expected that an increase of the pressure reduces the mobility of the charged particles.
The smaller mobility ofthe particles causes a slightly smaller ambipolar ditfusion coefficient,
and could therefore result in a lower Texc· However, these states are believed to be in ESB,
and will therefore, not be so sensitive to extemal changes.
• From Equation (3.34) can be seen that the electron density is proportional to the inverse of
the heavy partiele density. In Figure 6.20 it can be seen that the electron density is
decreasing less then linear as a function of pressure. This however, can be explained by
taking into account the ionisation efficiency (3.32), increases because of the pressure
dependency of Sion·
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Chapter 7
Diagnostic Setup of the Atmospheric Helium Plasma
This chapter gives a detailed overview ofthe experimental setup. For diagnostics on the ofthe
atmospheric helium plasma. The experimental arrangement for laser scattering is discussed in
Section 7.1. This is basically the same setup used in other experiments [12], therefore only a
brief overview is given here. A difference with previous experiments is the requirement of
temporal resolution in this study. For this purpose, a triggering scheme is developed, which is
described in more detail. The setup that was used to measure absolute line intensities is
discussed inSection 7.2.

7. 1 Laser Scattering
7.1.1 Laser Scattering Setup

The laser used in these experiments is a pulsed, frequency doubled Nd:YAG laser (Quanta
Ray). A pulse, having a width of 7 ns, is emitted at a wavelength of 532 nm. The laser has a
repetition rate of 10 Hz provided by an intemally triggered Q-switch. The light pulse is guided
by a pair of dichroic mirrors and focused into the detection volume by a plano-convex lens
with a focallength of 1 meter, cf. Figure 7.1. After passing the detection volume it is absorbed
in a beam dump. The laser is polarised vertically, that is perpendicular to plane ofthe figure.

~Beamdump
Nd:YAG
Laser

II
i

Spectrograph system

I

Plasma

··········-··!·-·
+

+

+

plano
convex
lens

iCCD
camera
(Andor)

Figure 7.1: Top view of the Thomson scattering setup.

Scattered light is detected at a scattering angle of 90°. A 1:I image is created on the horizontal
entrance slit of the triple spectrograph by two achromatic doublet lenses. After passing the slit
the image is rotated 90°. The first two spectrographs of this spectrograph system (cf. Figure
7.2) are used to reduce the amount ofstraylight by a factor ofapproximately 2·10 4 [12]. After
the third spectrograph the signa} is detected by an intensified CCD camera (iCCD) [8]. The
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electronic shutter of the camera is not continuously open but opens at a trigger signa}
generated by the Q-switch of the laser gating. The gate time of the camera is typically 50 ns.

400mm

mask

horizontal
entrance slit
tmage
rotator

Figure. 7.2: The design of the triple spectrograph that is used for Thomson scattering
measurement. Obstructions and haffles (not shown in this figure) prevent unwanted
rejlections of stray light from propagating through the system.

The helium plasma is placed horizontally so that the laser pulse is directed along the axial
direction. This is the only way in which the laser does not hit the glass wall of the discharge
tube. An extension is made to this small discharge tube to make sure the it is filled with helium,
and the laser pulses penetrates the closed end of the tube at a place where the laser is out of
focus (cf. Section 2.2).
When aligning the plasmaand laser system, the first priority is to makesure that the laser does
not hit the quartz glass wall. Scattering of the laser light on the glass causes an enormous
amount of straylight. When this positioning is achieved, only very few margin is left to position
the laser exactly on the desired position in the discharge tube. However, accurate positioning
of the laser inside the discharge tube is important since the diameter of the discharge channel is
only about 1 mm, whereas the inner diameter of the tube is 4 mm. The position of the laser
beam with respect to the plasma was checked by creating an image along the axial direction, cf.
Figure 7.3. For this purpose, the laser was attenuated by using it in "non-Q-switch mode". An
example ofan image ofthe plasma emission ofthe plasmaand the laser light is depicted below.

Figure 7.3: Image of the end-on view of the
plasma and the attenuated laser. The bright dot in
the middle represents the laser whereas the
weaker emission in the center ortginales from the
helium plasma. The halo around the image of the
plasma and laser light is light rejlected from the
discharge tube
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7.1.2 Triggering of the Laser
For time resolved measurements within the RF cycle ofthe plasma, the laser must he triggered
by the RF signal of the power supply. In order to measure the frequency and phase of the RF
source, a Rokowski coil is positioned around the cable connections from the amplifier and the
primary coil of the transformer. This signal is used as an extemal trigger to the laser. The
trigger signal cannot he connected directly to the laser, hecause the laser is designed for
operation at a repetition frequency of 10 Hz. Therefore, a delay generator (Stanford DG 535)
is used to trigger every 0.1 seconds on a flank of the RF signal. To scan at different moments
within the phase of one RF cycle; an additional variabie delay on the order of a few
microseconds is added, in Figure 7.4 this is denoted by dl. With this signal the lamp of the
laser was triggered extemally (Figure 7.4).
It was found that with this triggering scheme, the laser introduces an unacceptable time jitter
(>2 JlS). Since the laser pulse is fired immediately when the Q-switch triggers, it was decided
to trigger the Q-switch extemally as well (158 JlS after the laser lamp). In this way, a time jitter
ofless then 20 ns was achieved.
In the usual experimental system, the camera was triggered by the output of the Q-switch.
Because the Q-switch is now extemally triggered, the camera is not triggered by the laser, but
by the same signal as the Q-switch of the laser. The delay generator in front of the camera
(delay generator 2 in Figure 7.4) defines the gate time but does not add an extra delay.
In order to check the system the laser pulse was measured by a photodiode and compared to
the triggering of the CCD camera. The camera starts measuring around the time that the laser
pulse reaches the detection volume. The exact timing tumed out todependon the laser power.
In order to make sure that the camera is triggered in time, an additional delay of the firing is
made by placing 10 m coax cable ( 15ns) hefore the Q-switch trigger input on the laser.

10 meters of
coax cable

~-I
I

lamp

laser
L-------~~~~

I

I
I

~----------------

RF

Figure 7. 4: Triggering of the laser and the CCD camera to the RF cycle of the power supply.
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7.2 AL/ Measurements
T o perform ALl measurements two different experimental arrangements were used. One setup
is used to measure different transitions, emitting at different wavelengtbs so that the ASDF can
be constructed. This setup could not be used for the purpose of time resolved measurements of
line intensities. Therefore another setup was used to monitor the time resolved intensity of the
line emitting at a wavelengthof 587 nm, the most intense one in the helium spectrum.

7 .2.1 Diagnostic Setup to Construct an ASDF

CCD Camera
Monochromator

plasma
i

\

grating '
system of mirrors
to focus beam

Figure 7.5: Diagnostic setup for measurements of absolute fine intensities
at a wide range of wavelengths

In the case ofthe fust (ASDF construction) setup the plasma is imaged 1:1 on the entrance the
slit of a monochromator (B&M BM 100) by a system of parabolic and flat mirrors. A similar
system is described in Subsection 5.4.2, except here the mirrors are positioned in a way that
the image is rotated 90°. With this image rotation, spatial resolution in axial direction might be
obtained, but in this study this is not used. The CCD camera used (SBIG ST -6), is placed in
the focal plane at the exit ofthe monochromator. The advantage ofthis camera with respect to
the iCCD, used during the Thomson measurements, is the large speetral detection range. With
this camera it is also possible to detect a transition that has an emission peak at a wavelength of
1083 nm.
To calibrate this system a tungsten ribbon lamp is used under the same conditions as discussed
previously in ·Subsection 5.4.2. Therefore the calibration of the setup can be done using the
tungsten radiation tablesfora temperature of T =1888 K.
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7.2.2 Diagnostic Setup to Measure Time Resolved Absolute Line lntensities
The most intense emission line from the helium emission spectrum is measured as a function of
phase of the RF-cycle of the power supply. This cannot be done by the SBIG-ST 6 CCD
camera since this camera has mechanica! shutter, having a minimum shutter time of 10 ms.
Because this line is emitted at a wavelengthof 587 nm, it can also be detected by the iCCD
camera of the triple monochromator. In contrast to the Thomson measurements only one
grating is used in this experiment: the CCD camera is moved to the position of the stray light
mask (cf. Figure 7.2). Instead oftriggering the camera via the laser (Figure 7.3), the camera is
directly triggered by the signal of the Rokowski coil. This signal is transformed to a 14.3 kHz
signal by a delay generator (Stanford GD 535)). The gate time ofthe camera is kept at 50 ns.
The phase shift of the detected emission is now regulated by the adjustable delay of the delay
generator.

7.3 Power Measurements
The forward power to the plasma is measured on the primary side ofthe transformer. On this
side the voltage difference between the connections is relatively low compared to the
secondary side, and hence easier to measure. The current on the primary side was measured
using the Rokowski coil. When this signal is connected to an oscilloscope, terminated with an
impedance of 50 Q, the recorded voltage on the oscilloscope is proportional to the current
(300 mVI A). The voltage is measured using two 1:10 high-voltage pro bes. The power (P) is
calculated by:
P(t)

= V(t) · I(t)

(7.1)

This calculated power is equal to the input power of the transformer. Since heat losses in the
transformer and the cables are small, the average input power of the transformer and the power
dissipated in the plasma are approximately equal, however, the time dependenee may be
different.
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Chapter 8

Results of the Atmospheric Helium Plasma
On the RF-discharge discussed in Section 2.2, both laser scattering and absolute line intensity
(ALl) experiments are performed. Both methods are initially performed without temporal
resolution. Section 8.1 describes the time averaged ALl experiments and Section 8.2 deals
with the results of the time averaged laser scattering experiments.
The second part of this chapter deals with the time resolved measurements. Section 8.4
describes the time resolved ALl measurements that were used to determine Te as a function of
the phase ofthe RF cycle. InSection 8.5 time resolved Thomson scattering, measurements of
ne an Te are presented.

8. 1 Time Averaged Absolute Line lntensities
With the experimental setup discussed in Subsection 7.2.1, a part ofthe ASDF is constructed
using theemission lines listed in Table 8.1.
Table 8.1: The spectra/tines usedfor the construction ofthe helium ASDF
Àui
Wavelength

[nm]
282.91
447.15
471.32
501.57
58757
706.52
728.14
1083.03

Eu

Au I

gu

excitation energy of Transition probability statistica! weight
[10 6 s- 1]
upper level [Ev]
24.18
23.73
23.58
23.08
23.07
22.71
22.91
20.96

1.7
24.6
9.55
13.38
23.07
27.9
18.3
10.2

9
15
3
3
15
3
1
9

8.1.1 The Excitation Temperature

The intensities of these lines are determined in the centre of the plasma. The densities per
statistica! weight of the upper levels are calculated using Equation (4.2) and depicted in Figure
8.1. The ground state density is calculated using the ideal gas law, P=nkT The heavy partiele
temperature in the centre of the plasma is estimated at approximately 1000 K. This estimation
is based on the measurements done at the gas outlet where a temperature of 600 K is measured
with a thermocouple. This results in a ground state density of7.5·1024 m- 3 .
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Figure 8.1: The measured ASDF of the helium plasma. The state occupations depicted on the left
hand side seem to obey a Boltzmann relation. In the graph on the left hand side the ground state
density is added to the ASDF. Therefore it can clearly he seen that at least two temperatures are
needed to describe this ASDF.

From the densities of the highest levels (Ep > 22.5 eV) an excitation temperature can be
derived because these levels seem to obey a Boltzmann relation. The excitation temperature
derived from this plot is Texc""" 0.15 eV. Ifa Boltzmann relation is assumed between the ground
state density and the lowest excited level deduced from the ALl experiments, a second
temperature T13 (""" 1 eV) can be derived. From the observation that at least two temperatures
are necessary to describe the ASDF ofthe plasma, it can be concluded that the plasma is not in
Saha equilibrium.
As stated inSection 3.2, for small scale heliumplasmasoften a excitation temperature is found
of 0.3 eV at lp""" 1 eV. For this plasma this is not the case, and therefore it can be concluded
that the highest observable levels do not obey (3.22).
1

8.1.2 Determination of the Electron Temperature trom the r (p) Coefficient
Another approach to determine the electron temperature can be made by using the r 1(p)
1
coefficient (cf. Section 4.2.3). This r (p) coefficient is calculated by Rodero [21] for the
different energy levels of observed transitions.
Table 8.2: The r1(p) coefficient [8} and the measured popu/ation density
deduced from a fine intensity at wavelength À with corresponding upper level
energy.
Eu

Àtli

[Ev]
22.91
20.96

[nm]
728
1083

rl(p)
[x 10-6]

0.87
13.9

']P)

[x10 4 m-J.
0.032
8.66

Using Equation (4.5) this results in a Te of 1.79 and 1.58 eV. In these calculations it is assumed
that the EEDFis in Maxwell balance. Ifthis is not the case, these values must be regarcled as a
lower limit for the electron temperature.
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8.2 Time Averaged Laser Scattering
Thomson scattering experiments without temporal resolution are performed on the plasma.
However, the results could not be fitted with a Gaussian profile. Therefore, no reliable values
ofthe electron gas parameters are believed to be obtained from these measurements.

8.3 External Conditions
In order to relate the results presented in the previous to extemal parameters, a study was
made of these extemal conditions. Firstly, the gas composition was checked since a leak might
be present in the gas inlet system. Secondly an attempt was made to make an estimate of the
power dissipated by the plasma.

8.3.1 Gas Composition of the Plasma
The main indication that other gasses than helium were present in the discharge tube is formed
by the fact that during the ALl measurements other spectrallines were observed, an example
ofwhich is given in Figure 8.2.
These unknown lines vanish when a filter absorbing radiation having a wavelength < 300 nm is
put in front of the plasma. This indicates the lines are second orders of lines below 300 nm
which, according to the tables [ 19] do not originate from helium. These lines tumed out to
originate from N 2, most likely caused by a leak.
7
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represents a measurement of a
helium transition emitting at a
wavelengthof 492.19 nm. The
dotled fine below shows a
simi/ar measurement, but with
a cut-off filter (cut off<300
nm) between the plasma and
the
spectrometer.
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wavelength of+/- 244 nm is
emitted.
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Since N 2 has a much lower ionisation energy (~ 15.6 eV), than helium, electronsin the tail of
the EEDF are more likely to excite a nitrogen molecule than a helium atom. So even a small
amount of nitrogen is responsible for a depletion of the tail of the EEDF. This influences the
density of the highest excited levels, since an important part of the energy of the electron is
now used to excite the N 2 molecules instead of the helium ones. However, since the intensity
of the observed N2 speetral lines are comparable to intensity of the helium lines, it can be
concluded that the amount of nitrogen present in the discharge tube is very small.
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8.3.2 Power Dissipation in the Plasma
The presence of N 2 in the discharge tube might be an explanation for the extremely low
excitation temperature. However, it can not account the non-Gaussian profile obtained from
laser scattering experiments. Therefore an attempt is made to estimate the power coupled into
the plasma as described inSection 7.3.

Figure 8.3: The forward power
measured on the primary side of
the transformer. From this figure
it can clearly be seen that the
amount of power coupled in is
time dependent and related to the
period of the RF-cycle (duration
8.9 J.IS). The region where the
power is plotted to be negative,
power from the transfarmer is
coupled back into the generator.
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From this measurement it can clearly be seen that the forward power into the transformer is
time dependent This might be a possible explanation for the non-Gaussian profile of the time
averaged Thomson scattering, since the accumulation of several different Gauss profiles does
not necessarily result in a another Gauss profile. To account for this problem, the diagnostic
setup is adjusted to measure with temporal resolution. Note also from Figure 8.3 that there is a
slight asymmetry between the two power peaks per period (duration 8.9 J!S).

8.4 Time Reso/ved AL/ Measurements
Theemission line at a wavelength of587 nm is measured as a fi.mction ofthe time within a RFcycle. From these measurements it can clearly he seen that the line intensity drastically changes
as a timetion oftime (cf Figure 8.4), whereas the large peak corresponds to the highest power
peak, and the small one to the smallest power peak.
lntensity [a.u.]
1600

Figure 8. 4: The intensity of
the speetral fine emitting at
587 nm. Clearly the plasma
switches on and of! twice per
RF-cycle.
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The plasma switches on and off twice per RF-cycle. Like with the power measurements, a
difference can be seen between the frrst and the second half of the RF-cycle. It was initially
thought that this behaviour was caused by the asymmetry in the plasma setup (i.e. the plasma
was connected to the high-voltage signal at the gas inlet and grounded at the outlet), but
changing the polarity of the transformer does not significantly change the intensity profile
measured as a function of time. The reason of the asymmetry in the line intensity profile might
be found in the characteristics ofthe power supply. However, that is beyond the scope ofthis
work
2.1

..

T.[eV]

2
1.9

Figure 8. 5: The electron
temperafure as a function of
the period in an RF-cycle
determined jrom the fine
intensity from the most intense
fine in the helium spectrum,
emitting at 587 nm and r1 (p)
coefficient.
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From this line intensity also a time resolved density of the 3d level can be determined, and
using the r 1(p) method a time resolved electron temperature can be determined (cf., Figure
8.5). The r 1(p) coefficient is similar to one used for the line emitting at 728 nm (Table 8.2),
since the excitation energy ofboth upper levels are almost equal.

8.5 Time Resolved Laser Scattering
To determine the electron gas parameters in the helium plasma, also time resolved Thomson
scattering experiments were performed. From these measurements an electron temperature and
electron density is measured as depicted in Figure 8.6.
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Figure 8. 6: The electron
density and electron
temperafure deduced from
time resolved Thomson
scattering

lf the electron temperature deduced from the Thomson experiments is compared to the Te
deduced from the time resolved ALl measurements it can be seen that the former method
yields a substantial higher electron temperature than the latter. This can be explained taking in
account that with Thomson scattering mainly the velocity distribution of the bulk of the
electrons is measured, whereas with the ALl measurements only processes are taken into
account where high energy electrons play an important role. Since the Te deduced from the
high energy tail of the electron energy distribution function, is lower than the electrons in the
bulk ofthe EEDF, it can he concluded that a transport leak is disturbing the Maxwell balance.
The eftlux of high energy electrons is caused by the excitation processes in the helium plasma
and by the presence ofthe N2 •
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Chapter 9

Conclusions
This study is devoted to the relation between the extemal control parameters, of plasmas, like
power density, pressure and geometrie dimensions, to the elementary properties ofthe electron
gas, the electron temperature and density. If such a relation exits this offers a relatively easy
way to characterize plasmas which are not easy accessible to advanced diagnostic systems. The
electron gas parameters, which are essential for the elementary processes, were deduced from
spectroscopie measurements. The interpretation of the passive measurements was based on
equilibrium aspects of the plasma (i.e. pLSE, continuurn radiation) and on non-equilibrium
aspects (i.e. r 1(p) method). From the comparison between the values of the spectroscopie
measurements and those deduced ofthe extemal control parameters, it can be concluded that a
global characterization of a plasma based on the extemal control parameters yields useful
results.
Also an attempt was made to relate passive measurements to active measurements, from which
the interpretation to electron gas parameters is very straightforward. This was done by means
ofthe spectrochemical plasma. The results obtained from both passive and active spectroscopie
measurements were not in contradiction, ho wever since the behavior of the plasma tumed out
to be time dependent this final goal was not completely achieved.
The conclusions obtained from the measurements on all the plasmas are outlined below,
grouped per plasma.

The Argon PCVD Plasma

• An arrangement was made to perform passive spectroscopy on the PCVD plasma, which is
not easily accessible to spectroscopie techniques. This was done with an optical system
where optical glass fibres are used. In case of an argon plasma the transmission of this
system was good enough to obtain spatial resolved measurements. However a lot of
adjustments had to be made to the PCVD lathe to proteet the optical fibres from buming.

• The power dissipation of an argon plasma on the PCVD lathe, is dependent on the position
of the resonator, however, the cause of this instability needs further study. Simultaneous
with the decreasein power, a decreasein pressure in the deposition tube was observed.
• In case of a power dissipation of approximately 1 kWatt, the highest levels of the plasma
are in pLSE. At the position where this occurs, the electron temperature at the detection
area is equal to 1.5 eV. This corresponds to the electron temperature deduced from the
study on extemal control parameters. However, the power dissipation at the moment the
resonator passes the detection area is approximately 100 Watt, since the dissipated power
relates strongly to the electron density, the obtained electron density ( 1·1 020 m- 3 ) is
approximately a factor of 10 lower than calculated from the extemal control parameters,
(where a power dissipation of 1 kWatt was estimated).
• The electron temperature is also calculated under the assumption that the fust observable
level is in ESB. Since this is true for a large plasma region, the electron temperature is
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deduced as a function of axial position. At the position were much power is dissipated these
values correspond to the electron temperature deduced from the equilibrium states.
• The electron density is deduced from the ernission of the continuurn and from the highest
observable level in the atomie system of argon. At the moment the resonator arrives at a
position were pLSE is settled the obtained values correspond well to each other.

The Oxygen PCVD Plasma
• If an oxygen plasma is made at the PCVD lathe, the power coupling into the plasma is
approximately constant. This is accompanied by a constant pressure in the deposition tube.
• The global electron temperature, under the assumption that pLSE is settled, equals 1.4 eV.
The corresponding electron density is deduced at 6·1 0 19 m- 3 •
• If the flow through the deposition tube is altered, no significant change in the plasma
parameters is observed.
• An increase of the pressure in the deposition tube leads to an decrease of the electron
density, which is expected from the study on the extemal parameters.

The Spectrochemical Helium Plasma
• The excitation temperature deduced from time averaged measurements of the observable
levels, at ionisation potential of 1 eV, equals 0.15 eV. This excitation temperature is smaller
than found in other small scale helium plasmas. Therefore, the relation between Saha
equilibrium and ESB obtained in those plasmas is not valid in the helium plasma under
study. This, is among others, caused by the presence ofnitrogen in the discharge tube.
• The profiles obtained from the time averaged Thomson laser scattering, experiments cannot
be fitted with a Gaussian profile. This is caused by the time dependent behavior of the
plasma, which strongly related to the RF-cycle ofthe power source.
• By means of time resolved Thomson scattering an electron density is deduced, which varies
between 0.5·10 19 m- 3 and 2.5·10 19 m- 3 within a period of the RF-cycle. The electron
temperature from the bulk of the electrons, deduced from these active measurements varies
between 1 and 3.5 eV.
• From time resolved measurements of the best observable line in the helium spectrum, the
electron temperature is deterrnined using the overpopulation coefficient of a level compared
to Saha equilibrium. This electron temperature can be seen as the electron temperature
deduced from the electrons having a relatively high energy, and yields values between 1 and
2.1 eV, dependent on the phase ofthe RF-cycle. From the difference between the electron
temperature deduced from the bulk and the tail electrons in the EEDF it is concluded that
the Maxwell energy distribution is not valid.
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