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Chapter 1
Introduction
1.1

General introduction

For a proper understanding of a plasma it is important to measure as many parameters as
possible. Especially the properties of the electron gas, such as the electron temperature Te
and the electron density ne , are important because the electrons are much lighter than ions
and therefore much more mobile. This means that electrons are largely responsible for
the energy dissipation from external electromagnetic fields. Because electrons are mainly
responsible for the excitation and ionization processes in plasmas the particle balances of
charged species and radicals are strongly determined by the the electron density ne and
electron temperature Te .
The experimental methods to measure the plasma parameters can be divided in electronic and optical diagnostics. The first category comprises probe techniques and the
second category can be divided in passive and active spectroscopy. The disadvantage
of probe techniques is that they have a perturbative character and cannot be used in
high temperature plasmas. The alternatives of probe techniques are passive and active
spectroscopy. An example of passive spectroscopy is the Absolute Line Intensity (ALI)
method. The ALI method measures specific emission lines of the plasma to construct
an Atomic State Distribution Function (ASDF) from which under certain circumstances
the electron density and electron temperature can be deduced. However, these diagnostics assume certain equilibrium assumptions described by a Collisional Radiative Model
(CRM) [1]. The experimental costs of these techniques are low but the results are not
easy to establish. A better but more expensive and difficult spectroscopic method is the
active spectroscopic method called Thomson scattering. In Thomson scattering (TS),
laser radiation scatters on free electrons. The intensity and spectral shape of the scattered radiation gives insight in ne and Te . These results do not depend on the state of
equilibrium departure of the plasma. The results are easy to interpret especially under
relatively low ne conditions. The frequency distribution of the scattered photons gives insight into the electron energy distribution function (Te ), whereas the number of scattered
photons gives the electron density (ne ). However, there are also limitations on the use of
TS. The cross section of Thomson scattering is low which implies that the TS photons
are easily lost in the false stray light that is generated by the reflection of the laser beam
on the surroundings of the plasma.
7
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1.2

Purpose of this work

This study will be devoted to poly-diagnostics applied on high-tech plasma sources. Passive and active spectroscopy will be used to determine the electron temperature and
electron density for two different plasma sources. The first plasma source under investigation is a surfatron plasma and the second is a mercury High Intensity Discharge (HID)
lamp.
The ALI method is used on the argon surfatron plasma for constructing an ASDF
from which the electron gas parameters Te and ne can be determined with the use of a
Collisional Radiative Model (CRM). Also actinometry is applied on an oxygen surfatron
plasma to determine the dissociation ratio n0 /n02 . For this a small amount of argon is
added to the oxygen discharge. The dissociation ratio is investigated due to its important
role in various applications such as deposition of thin layers or material processing like
etching.
The surfatron set-up, designed by N. de Vries, has Brewster windows implemented to
minimize the laser scattering on the plasma surroundings during TS. This surfatron has
a strong resembling with the Draka resonator [2]. This will be, as far as we know, the
first time that Thomson scattering will be applied on the surfatron plasma. TS is only
applied on pure argon surfatron plasmas, but other gasses such as hydrogen and oxygen
can easily be added. The mercury HID lamp is also investigated with TS to validate the
assumption of the presence of LTE in the plasma. Due to the high pressure and high
energy density in the lamps LTE is normally assumed [3]. This implies that only one
temperature is needed to describe all the processes. The validation of LTE in these types
of lamps is very important because when these plasmas are close to LTE it will facilitate
the modelling for these lamps considerably because only one temperature is needed to
describe all the processes. The validation of the LTE assumption requires the gas and
electron temperature. The gas temperature was already measured in the past with X-Ray
Absorbtion (XRA) [4] and these results will be compared with the electron temperatures
obtained with TS.

1.3

Layout of this report

The two plasma sources under study are described in Chapter 2. Chapter 3 describes
the theory of elementary processes and departures from equilibrium in plasmas. First,
the assumptions of thermodynamic equilibrium is given and subsequently, this theory is
extended to conditions for which departures from equilibrium can be expected. Chapter 4, 5 and 6 are used for the passive diagnostics on the surfatron plasma. Chapter 4
describes the ALI method and the experimental set-up. Subsequently, results of a pure
argon surfatron plasma are given and an experimental validation of actinometry is given.
The method of actinometry will be used in Chapter 6. Another aim of this chapter is to
investigate the interaction between the argon and oxygen systems by varying the argon
8
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and oxygen flows. In Chapter 5 molecular spectroscopy is applied on the oxygen surfatron plasma to determine the rotational temperature from the rotational spectrum of
the atmospheric A-band. Chapter 6 describes the actinometric method for determining
the dissociation ratio nO /nO2 of the oxygen surfatron plasma. This method that is well
known in the field of low-pressure plasmas will be extended to plasmas of intermediate
pressure.
The main part of this work is devoted to Thomson scattering. Chapter 7 gives an
introduction to Thomson scattering and the general experimental TS set-up is given.
Chapter 8 gives the TS set-up applied on the mercury HID lamps and Chapter 9 gives
the TS set-up applied on the argon surfatron plasma. The last chapter gives the general
conclusions and some recommendations. After those chapters a bibliography is given and
some appendixes are included. Appendix A describes the polarization of the components
in the triple grating spectrograph (TGS). The polarization properties are investigated
because there were initially difficulties finding the Thomson signal. This study found
some design errors in the transmission of the TGS. Appendix B discusses the theory of
Thomson scattering in more detail. Appendix C gives some extra results of TS on the
argon surfatron plasma for different powers and Appendix D gives a brief explanation of
the new data processing used in this work.

9

Chapter 2
Plasma sources
This chapter describes the two plasma sources studied in this work. The first plasma
source is the surfatron plasma that is suitable for passive and active spectroscopic measurements. The advantage of this plasma source is that it does not use electrodes so
there is no electrode-plasma interaction. The surfatron can be sustained in a large pressure range for various gas flows at different powers for both atomic and molecular gasses.
Since these plasmas are stable and reproducible under a wide range of working conditions
they can be applied for deposition, oxidation and etching processes. In order to improve
these applications, insight into the properties of the plasma is needed.
The second plasma under study is the High Intensity Discharge (HID) lamp, filled with
mercury. The high pressure lamps operate at atmospheric pressure and higher. Since the
efficiency increases by increasing the power per unit volume, the high pressure discharge
lamps are small. It is usually assumed that the HID lamps are in Local Thermodynamic
Equilibrium (LTE). These HID lamps are far from academic because they are used in the
lightning industry. This is because the light output of these lamps is very bright and can
therefore be used at places where a large amount of light is required such as football fields
and street lightning.

2.1

The surfatron plasma

The surfatron plasma is created by a surface wave launcher which uses an antenna to
transmit electromagnetic waves at a frequency of 2.45 GHz from the launcher to the
plasma in the tube, see Figure 2.1 [5]. The microwaves are coupled into the plasma via a
launching gap. The electromagnetic waves that are emitted by the launcher are azimutally
symmetric waves and they propagate along the surface between the plasma column and
the dielectric material. This is a TM mode that has an axial Ez , a radial Er electric field
component and an angular magnetic field Bϕ component. This is also called the m = 0
mode. The surface waves sustain the plasma which can extend far outside the launcher.
This is certainly the case for atomic plasmas, but the plasma length becomes much shorter
when molecular gases are added. This is because energy of the electromagnetic waves are
also used for the dissociation of molecules.
The inner radius of the quartz tube is 3 mm and the outer radius is 4 mm. A metal
11
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screen was placed around the tube to prevent disturbances from the outside. To prevent
melting of the tube, the measurements with oxygen added to the discharge were done
without a metal screen and with air cooling around the launching gap of the surfatron.

Figure 2.1: The microwave set-up.
Along the wave propagation each slap of the plasma gets a fraction of the energy
carried by the wave. This will create free electrons and ions that are created under the
action of the electromagnetic field. The charged particles diffuse to the wall where they
recombine. As a consequence the energy of the surface waves will decrease along the
plasma column, which implies that the power density at which the energy is coupled
to the plasma will decrease. This implies that the electron density will decrease along
the plasma column. Moreover, the surface waves can only propagate along the discharge
column if the electron density of the plasma is larger than the critical electron density:
nc = 3.14 · 10−4 ω 2 (1 + g ),

(2.1)

where g is the relative permittivity of the discharge tube and nc is the critical density
in m−3 . Because ω = 2π × 2.45 · 109 rad/s and g = 4.3, the critical electron density is
nc = 4.0 · 1017 m−3 .
The energy needed to create and maintain the discharge by electromagnetic surface
waves are supplied by a Muegge magnetron or a Microtron 200 Mark III microwave generator. The advantage of a Muegge magnetron over a Microtron 200 is that it is a new
device that can deliver a maximum power of 300 W which is larger than the 200 W of
the Microtron 200. Because the total power is not so high, coax cables can be used to
transmit the waves to the surfatron.
The reflected and incident power are measured with two sensors (8482H power sensor
of Agilent) that are connected to a bidirectional coupler. The coupling efficiency can be
12
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optimized with a triple stub turner, see Figure 2.1. The approximate absorbed power of
the discharge is given by:
Pabs = Pin − Pref
(2.2)
where Pabs , Pinc and Pref are the absorbed power, the incident power and the reflected
power of the plasma, respectively. Pabs is actually the absorbed power of the plasma and
cables. The power absorbtion by the cables give rise to cable heating. It is very difficult
to determine the fraction of Pabs that is actually coupled to the plasma.
The discharge has been studied within a pressure range of 1 mbar to 25 mbar, with a
total gas flow rate range of 1 sccm to 100 sccm for both argon and oxygen. The pressure
is measured upstream (channel 2) and downstream (channel 1) of the discharge. The gas
flows are regulated by mass flow controllers. The vacuum pump (Pfeiffer vacuum) pumps
the system vacuum to a minimum pressure of about 0.5 mbar and a Tesla coil is normally
used to ignite the discharge after which the plasma sustains itself.

2.2

The high pressure mercury discharge lamp

The High Intensity Discharge (HID) lamps are compact high pressure discharge lamps
that operate in the range of 1 to 20 bar. These HID-lamps are much brighter and also
much more efficient than normal incandescent lamps. These lamps consists of an inner
discharge tube, also called the arc tube or burner, containing the high pressure mercury
enclosed in a hermetically sealed outside envelope. This outer envelope protects the arc
tube from oxidation and it protects the outside from UV radiation and ozone. The outer
envelope is removed to do Thomson scattering measurements on the high pressure discharge. The inner discharge tube is shown in Figure 2.2a. the mercury HID lamps are
investigated in the vertical position.
The mercury HID lamp is filled with a 300 mbar starting gas of argon and krypton.
Immediately after switching on the lamp at a high voltage difference, the starting gas
will ignite the initial discharge. Due to the heat generated by the initial discharge the
mercury will evaporate. When all the mercury is vaporized the plasma is in steady state
and burns on mercury. This means that the argon ions make place for the mercury ions.
The radius of the lamp is 9 mm, the arc length is 36 mm, the wall thickness is 1 mm
and the volume is approximately V ≈ 12.2 cm3 , see Figure 2.2b.
The mercury lamps have been operated at different powers with a square wave ballast
operating at 140 Hz. Mercury gas filling amounts of 15 and 30 mg have been used in
this work. The mercury vapor pressure p [bar] in the tube can be estimated using the
empirical formula [3]:
w0.25 m0.9
(2.3)
p = 0.75
d2.1
where m is the mercury mass per unit length in [mg/cm], w the lamp power per arc length
[W/cm] and d is the inner diameter in [cm]. The mercury vapor pressure is determined
13
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(a)

(b)

Figure 2.2: a) Picture of the mercury lamp. b) Geometry of the mercury lamp. R = 9
mm is the inner radius and L = 3.6 cm is the arc length. The mercury lamp is placed
vertical in a holder during the measurements.

with equation (2.3) and is only valid when the mercury is totally vaporized. The results
are shown in table (2.1) for different powers and fillings.
Table 2.1: The lamp pressure in [bar] for 15
lamp powers.
Power/Mass
250
300
350

14

and 30 mg of mercury fillings at different
15 30
1.8 3.4
1.9 3.6
2.0 3.7

Chapter 3
Departures from thermodynamic
equilibrium
Due to the small scales of the plasmas, transport fluxes of radiation and particles are
created which induce deviations from equilibrium. In order to describe the departures
from equilibrium we will first give a description of the state of equilibrium. After that
departures from equilibrium due to effluxes of particles and photons will be discussed.
Elementary balances are easiest to derive in thermodynamical equilibrium (TE), this
means that thermal, mechanical and chemical equilibrium are present. Thermal equilibrium occurs when all the particle types have the same temperature and that the system
is time independent. Mechanical equilibrium occurs when the pressure is time and space
independent inside the system. Microscopical processes are allowed in TE, as long as
the balances of the forward and backward processes equilibrate. This is the principle of
Detailed Balancing (DB).
The elementary processes in atomic plasmas can be divided in the following type of
balances [6] :
1. The Maxwell balance
2. The Boltzmann balance
3. The Saha balance
4. The Planck balance
The Maxwell balance deals with elastic collision processes, the Boltzmann balance describes the excitation and de-excitation, the Saha balance describes the ionization and
recombination and the Planck balance is in equilibrium when the emission processes are
balanced by the absorption processes. These four balances are called proper balances
which means that the forward and backward process are each others inverse process and
thus act along the same channel. The generalized reaction equation for DB is
X

Xforward ←→

forward

X
back
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In the next sections all four balances and corresponding distribution functions will be
discussed in more details.
For any plasma we can find deviations from equilibrium. But depending on the conditions the state of equilibrium departure can be different. Therefore, a classification theory
is needed to order the various departures from equilibrium and partial equilibrium. One
important partial equilibrium theory is the Local Thermodynamical Equilibrium (LTE),
where the particles are in chemical and thermal equilibrium. LTE is usually assumed to
be present for a gas if collisions dominate other physical processes. In this case the local
velocity and energy distribution of particles is given by the Maxwell distribution and the
Boltzmann distribution respectively.
Deviations from LTE are prominently present in the low temperature surfatron plasma
because electrons are heated by the external electromagnetic field of the surfatron whereas
the heavy particles are cooled by collisions with the wall. Due to the inefficient energy
transfer of electron-atom collisions, the electron temperature is higher than that of the
ions and atoms.

3.1

The Maxwell balance

The Maxwell balance describes forward and backward processes in which the kinetic
energy is conserved. This balance type is described by
M

Xp (EA ) + Yq (EB ) ←→ Xq (EA0 ) + Yq (EB0 ),

(3.2)

where Xp (EA ) is a particle in state p with kinetic energy EA . In this balance, X and Y
might be identical particles, as well as particles of different elements. The total kinetic
energy is conserved because the processes are elastic, this means that the total kinetic
energy before EA + EB and after the collisions EA0 + EB0 are the same, thus EA + EB =
EA0 + EB0 . If all the Maxwell balances are in equilibrium the Maxwell distribution function
is present. For particle X this is defined as
√


E
2 E
exp −
.
fX (E) =
3 3 1/2
(πkB
TX )
kB TX

(3.3)

Here fX (E)dE is the fraction of particles of type X with kinetic energy in the range of E
to E + dE. In a mixture of particles in which all processes of equation (3.2) equilibrate
the temperatures of different elements are the same, that is TX = TY . In this work
it is assumed that all species in the plasma have a Maxwellian EEDF. However, since
the transfer of energy from electrons to heavy particles in the surfatron plasma is slow
compared with the energy gain of the electron by ohmic heating we will find the situation of
two different temperatures: the electron temperature Te and a heavy particle temperature
Tgas . The kinetic energy distribution for the electrons and heavy particles can within good
approximation still be according to Maxwell. This is the so called two temperature plasma.
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3.2

The Boltzmann balance

The Boltzmann balance describes the balance between forward and corresponding backward processes in which an exchange between internal and kinetic energy takes place due
to excitation and de-excitation.
The Boltzmann balance between forward and the corresponding backward processes
are described by
B
X(EA ) + Al (EB ) ←→ X(EA0 ) + Au (EB0 ),
(3.4)
The forward reaction describes the excitation of an atom or a molecule A from a lower
state l to a upper state u due to collisions with particle X. The internal state of particle
X is unaltered by this collision and the increase of internal energy of particle A is given
by EA + EB − EA0 − EB0 . The corresponding backward reaction describes the de-excitation
process of particle A.
In TE the number of excitation and de-excitation processes are the same and the energy
levels of the atom or molecule are populated according to the Boltzmann distribution
function,
Eu − El
ηlB
= exp(
),
(3.5)
B
ηu
kB T
in which ηu is the number density of states within the upper level u and ηl is the number density of states within the lower level l. Given the fact that we deal with a two
temperature plasma, we can distinguish between the Boltzmann balance as ruled by the
electrons and the one ruled by the heavy particles. As an example of the last situation
we will deal in Chapter 5 with the distribution of internal rotational states of the oxygen
molecules. If equilibrium is present we can use equation (3.5) to determine the heavy
particle temperature Tgas .

3.3

The Saha balance

For a high temperature plasma, the thermal collisions between electrons and atoms will
ionize some of the atoms. One or more of the electrons that are normally bound in orbits
around the atomic nucleus will be ejected from the atom and will form an electron gas.
The Saha equation describes the degree of ionization of a plasma in Saha equilibrium as
a function of the temperature, density, and ionization energy of the atom.
This production and destruction of the free electrons is described by the Saha balance,
S

0
0
0
Ap (EA ) + e(EB ) ←→ A+
q (EA ) + e(EB ) + e(EC ).

(3.6)

The forward reaction describes the process of ionization of an atom A in state p to the
ground state of the ion A+
q as a result of collisions between the two particles. The inverse
process is called two electron recombination, where the electron is captured by an atom.
This process needs another electron to fulfill energy and momentum conservation.
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The Saha relation is valid when the number of ionization processes equals the number
of backward processes of recombination, and is given by
ηpS
h
Ip
= ηe ( √
)3 exp(
),
η+
kB Te
2πme kB Te

(3.7)

here ηe is the number density of electrons ne divided by it’s statistical weight ge = 2.
The density of the ion ground state is given by η+ , and Ip = E+ − Ep is the ionization
potential of an atom in state p. Thus the Saha balance links the Atomic State Distribution
Function (ASDF) to the ionic ground state density. Because the number of particles on
the left-hand side is 2 and on the right-hand side 3 of equation (3.7), a Saha jump occurs,
see Figure 3.1.

Figure 3.1: The ADSF for a plasma region in LTE. The discontinuity in the transition
from the atomic to the ionic system is called the Saha jump. The size of the jump depends
on the electron temperature and electron density.
By taking the natural logarithm of equation (3.7), the following expression is obtained:
ln(ηpS ) =

(E+ − Ep )
+ ln η∞ ,
kB Te

in which
η∞ = ηe η+ ( √

h
)3 .
2πme kB Te

(3.8)

(3.9)

Here η∞ denotes the number densities of states close to the ionization limit. In the
plasmas under study the Saha balance is ruled by the electron temperature because the
cross sections of ionization and 2e-recombination due to collisions with electrons is much
larger than those due to collisions with heavy particles.
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3.4

The Planck balance

The first three balances discussed above describe collisions between material particles and
electrons but the interaction between material particles and radiation is also possible. We
can distinguish between three processes called stimulated emission, spontaneous emission
and absorption. The balance that describes the spontaneous emission and absorption is
called the Wien balance
Au (Eu ) ←→ Al (El ) + hνul ,
(3.10)
where Al is an atom in the lower state l, Au is an atom in the upper state u and Eul = hν
the energy of the photon that can be either absorbed or emitted. The forward reaction
of equation (3.10) is called spontaneous emission because an atom from a higher state Eu
emits a photon and makes the transition to the lower state El . In the backward reaction
a photon is absorbed and the atom goes to a higher state.
Stimulated emission occurs when an incident photon of resonant energy hν = Eu − El
reacts with an atom in state u and liberates a photon;
Au (Eu ) + hν ←→ Al (El ) + hν + hν.

(3.11)

This is the basic principle of laser working. When the forward processes and backward
processes equilibrate, the energy density of the radiation field is distributed according to
the Planck’s distribution law:
ρ(ν, T )dν =

1
8πhν 3
dν,
c3 exp(hν/kB T ) − 1

(3.12)

where ρν (ν, T ) is the energy density per unit of volume and frequency interval. In laboratory plasmas several deviations from Planck’s law can be found. The reason is that due
to the small dimensions of these plasmas photons can escape without being reabsorbed.

3.5
3.5.1

Departures from TE
Disturbed bilateral relation

The balances described in the previous sections are called ’proper’ balances. In this case
the forward balance is balanced by the corresponding backward process, i.e. a balance
without transport disturbance. A proper balance can be described as a balance between
two levels, α and β,
Nαeq νf = Nβeq νb ,
(3.13)
where Nα is the density of level α and νf the forward reaction frequency, see Figure 3.2.
This system can be interpreted as the ionization/ recombination system, in which α
denotes the ground level of the atoms and β denotes the ground state of the ions. When
there is excitation and de-excitation than α denotes the level of the atoms and β denotes
an excitation level higher than α.
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Figure 3.2: A bilateral relation.
Departures from equilibrium due to the efflux of material particles and photons can be
described by a disturbed bilateral relation (dBR) between the two levels, see Figure 3.3.
In this case the forward process is balanced by the backward process and by transport
leaks, called efflux φf . In order to obtain steady state, the system has to be compensated
by an inward flux φi . For steady state conditions, the incoming flux φi is equal to the
efflux φf .

Figure 3.3: A disturbed bilateral relation.

3.5.2

Density gradients

The plasmas under study are of small size, and therefore there are relatively high gradients in the particle density. These gradients create a diffusion of particles and energy.
This leak must be balanced by an extra production term, namely the inward flux.
The ionizing plasma part is called the active zone because here the electrons are
created. The electrons move due to diffusion and recombine near the wall. Thus the
ionization part must not only be compensated by the loss of recombination but also due
to diffusion. Assume the dBR balance, than α denotes the atomic ground state and β
denotes the ion ground state. The balance for population of the ion ground state is then
ne n1 kion = n2e n+ krec + ∇ · (ne we ),
20
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where kion is the ionization rate coefficient, krec is the recombination rate coefficient. The
second term on the right side of the equation describes the efflux of particles due to
diffusion, where we denotes the drift velocity of the electrons.

3.5.3

Deviations from Saha equilibrium

The Saha balance is not in equilibrium in the active zone of the plasma because locally the
ionization is more dominant than recombination. The consequence is that the ASDF will
deviate from equilibrium as described by Saha. For an ionizing plasma the lower states
are overpopulated with respect to Saha equilibrium. These lower states are populated by
the ground state but the number of corresponding backward reactions is much smaller,
see Figure 3.4. When spontaneous emission dominates the destruction processes then the
levels are in Corona balance. This is the case for lower levels of plasmas with relatively
low electron density values. If the electron density is relatively high, most levels are in
the Excitation Saturation Balance (ESB). These levels are de-populated by excitation to
higher levels.

Figure 3.4: The ASDF of an ionizing plasma. 1) The efflux of charged particles is compensated by a net ionization flow over the excited states and an influx of ground state
atoms due to diffusion. 2) The lower levels are overpopulated with respect to Saha, which
can be described by the parameter bp = np /nSp . The overpopulation decreases with decreasing ionization potential Ip , so that only the highest levels are in Local Saha Equilibrium
(LSE). [7]
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The b1 -factor is introduced to describe the overpopulation from the ground state compared to the value as presented by the Saha relation:
b1 =

n1
.
nS1

(3.15)

Here, n1 is the ground state density as mostly determined by the ideal gas law p =
n1 kB Tgas and nS1 is mostly calculated from the Saha equation. The plasma is called ionizing when b1 > 1. The b1 -factor will be used to describe the ionizing properties of mercury
HID lamps at different radial positions, i.e. deviations from Local Saha Equilibrium
(LSE).

3.6

Collisional radiative model

The presence of effluxes of photons and (charged) particles will induce deviations of the
ASDF with respect to the equilibrium function as prescribed by Saha and Boltzmann.
The fractional form of the ASDF in non-equilibrium conditions is determined by the
Collisional Radiative Models (CRM). The models relate densities of excited levels to the
ground state densities of the atomic and corresponding ionic system. CR models are
formed by using particle balances for all excited states:
∂np
+ ∇ · np w p =
∂t

∂np
∂t

!

,

(3.16)

CR

in which np is the atomic state density of state p and wp is the velocity of this state. The
left side of this equation describes the change in density of level p due to time dependent
processes and the divergence of flow. The right hand side describes the change due to
elementary processes like inelastic collisions and radiation. The transport for all excited
states is neglected, since transport times are typically 10−4 s and the radiation lifetimes for
lower states are 10−7 s. Therefore a Quasi Steady State Solution (QSSS) approximation
can be assumed in many situations:
0=

∂np
∂t

!

= P (p) − n(p)D(p).

(3.17)

CR

The processes are now grouped in production terms P (p) and destruction factors D(p).
Thus in QSS the atomic state density can be given by the ratio of production term and
destruction frequency, n(p) = P (p)/D(p). This expression will be used in Chapter 6.
The CRM requires the ground state density n1 , the heavy particle temperature Tgas
and an estimation of the electron temperature Te and electron density ne as input parameters. From this the ASDF can be constructed.
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The ASDF that is the population density η(p) of various exited levels p, is normally
composed of two contributions, one from the atom ground state ruled by Boltzmann and
the other from the ionic ground level ruled by Saha:
η(p) = rp1 η B (p) + r+ η S (p).

(3.18)

The dimensionless quantities r+ and rp1 are known as the relative population coefficients.
In this study we apply a CRM of argon to determine r31 from the 4p levels of argon
(p = 3). By combining this theoretical r13 -value with a measured η(3) we can determine
the corresponding Boltzmann density η B (3), assuming that rp+ η S (3) can be neglected
η(3) = r31 · η(1) exp −

E(1, 3)
.
kB Te

(3.19)

Together with the known ground state density from p = n1 kB Tgas we get the electron
temperature Te
−E(1, 3)
Te =
.
(3.20)
η(3)
kB ln η(1)r
1
3

This equation gives Te as a function of η(3), η(1) and r31 . The former two are obtained
experimentally and r31 from the CRM [8].
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Atomic spectroscopy
4.1

Introduction

This chapter describes passive spectroscopic diagnostics on surfatron plasmas. First the
method of Absolute Line Intensity (ALI) is explained. This method determines the absolute intensity of several emission lines that can be used to construct an Atomic State
Distribution Function (ASDF). Under appropriate conditions the ASDF can be used to
get the electron temperature and a reasonable estimation of the electron density in the
plasma.
The absolute intensity of emission lines can also be used for the actinometry method.
This method is based on the ratio of absolute line intensities of atomic oxygen and atomic
argon lines to determine the dissociation degree of oxygen. Section 4.4 gives the results
of atomic spectroscopy on the surfatron plasma. It begins with the construction of an
ASDF for an argon plasma. Then the interaction of argon with oxygen is discussed and
finally the experimental validation of actinometry is given.

4.2

The absolute line intensity method

Radiation generated by the plasma can be divided in line radiation and continuum radiation. In an atomic plasma, line radiation occurs between electronic states of the atom,
whereas continuum radiation occurs due to the interaction of free particles, mainly free
electrons with ions or atoms.
Line radiation is also called bound-bound radiation because it is generated by electronic transitions between two bound energy states of atoms. The process of spontaneous
emission is given by
Xu (Eu ) −→ Xl (El ) + hνul .
(4.1)
The probability that this transition takes place from upper level u to the lower level l is
given by the Einstein Coefficient Aul [9].
The optical thickness τ (λ) of the plasma for a certain wavelength λ determines whether
radiation at a certain wavelength is self-absorbed or can escape out of the plasma. The
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optical thickness is the product of the absorption coefficient κ(λ) and the plasma depth D,
τ (λ) = κ(λ)D. The plasma is optical thin for a certain transition u → l when τ (λ)  1.
The transitions used in this work are optically thin and so the atomic state density
can be obtained straightforward from the line intensities. Otherwise, the reduction of
the intensity due to absorption has to be taken in account. The corresponding spectral
emission coefficient, jλ (λ) [W m−3 nm−1 sr−1 ], is given by
jλ (λ) =

1
nu Aul Eul ϕλ (λ),
4π

(4.2)

where nu is the density of the upper level u, Aul [s−1 ] the spontaneous decay probability
, Eul the energy of the photon thatR is emitted and ϕλ (λ) the line shape function of the
transition, which is normalized by ϕλ (λ)dλ = 1.
The transition integrated emission coefficient jul can be obtained by integrating the
spectral emission coefficient over the wavelength,
jul =

Z

jλ (λ)dλ =

1
nu Aul Eul ,
4π

(4.3)

where jul is in [W m−3 sr−1 ]. This shows that the population density nu of level u depends
linearly on jul ,
4π
nu = jul
.
(4.4)
Aul Eul
Equation (4.4) shows that spectroscopic measurements enable use to find the density of
various emitting states so that the ASDF can be constructed. However, as we will see,
the plasma we are dealing with are strongly ionizing with the consequence that the ASDF
deviates from the LTE function as defined by the Saha-Boltzmann relation. That means
that the determination of properties of the electron gas from the ASDF is not straightforward.
To determine the transition integrated emission coefficient we need the spectral intensity Iλ (λ)[W m−2 nm−1 sr−1 ] given by
Iλ (λ) =

Z
0

D

jλ (λ)ds.

(4.5)

If the emission coefficient is constant over the lateral length of the plasma D, the relation
Iλ (λ) ≈ D · jλ (λ) is valid. Then the transition integrated emission coefficient is defined as
jul =

Z

Iˆul
Iλ (λ)
dλ ≡
∆λ.
D
D

(4.6)

where the integration is carried out over the line profile while Iˆul is the mean line intensity
that is obtained from the emission measurements that are absolutely calibrated using a
tungsten ribbon lamp. The line width of this transition is given by ∆λ.
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4.3

The optical set-up

The optical set-up that is used for the emission spectroscopic measurements of the surfatron plasma is shown in Figure 4.1. Position z = 0 corresponds with the edge of the
launcher of the surfatron. In literature it is more common to define z = 0 at the end of
the plasma column. The emitted plasma light is focused by a lens into an optical fibre
(Ocean Optics), by which the emitted light is guided towards the entrance slit of a CzernyTurner one meter monochromator (BM 100) that has a working range between 400-1000
nm. Light from the entrance slit is directed to a concave mirror that collimates the light
and sends it to a grating that is equipped with 1200 lines mm−1 . After dispersion the
radiation of the plasma illuminates a 2 dimensional CCD camera. This gives a spectrum
as function of the lateral position with a resolution of 30 pm. The electron temperature
Te and electron density ne can be obtained along the plasma column. Thus we obtain
axial information of the surfatron plasma.

Figure 4.1: Schematic overview of the experimental set-up for emission measurements.
For the given set-up the transition integrated emission coefficient jul , see equation
(4.6), is obtained by including the dispersion of the monochromator:
jul =

Irib OArea
·
· MDis ,
hrib
D

(4.7)

where Irib is the spectral intensity of the ribbon lamp for a given wavelength λ0 , hrib the
height of the signal generated by the ribbon lamp at λ0 , OArea the area of that emitted
line, and MDis the dispersion of the used monochromator at λ0 . From this the absolute
density nu of level u can be obtained:
nu =

4π
Irib OArea
·
·
· MDis .
Aul Eul hrib
D

(4.8)

By measuring several of this densities and dividing the result by the statistical weight gu
we get ηu = nu /gu for several energy levels so that the ASDF can be constructed.
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As discussed earlier, the mean line intensity is calibrated with a tungsten ribbon lamp
of which the spectral density is accurately known. This must be done for all transitions
for which the line intensities are measured. The intensity of the ribbonlamp, Irib , at a
certain wavelength depends on the temperature of the ribbonlamp, which is denoted by
Ttrue . The absolute intensity of the ribbonlamp can be calculated by multiplying the
Blackbody radiation [10] with the emissitivity factor . The emissitivity factor is defined
as the ratio of the intensity radiated from the source and that of a blackbody radiator of
Irib
.
the same temperature,  = IBlackbody

4.4

Results and Discussion

This section gives the results and at the same the discussion of the ALI measurements on
a stationary surfatron plasma. First, the results of an pure argon plasma at 20 mbar is
given at different axial positions. The measured absolute line intensities can be used in
combination with a CRM to determine the electron temperature and a rough estimate of
the electron density. Finally, the interaction of argon with oxygen is investigated and the
validation of the actinometric method is given.

4.4.1

Pure argon

From the absolute line radiation intensities and the known ground state density (n0 =
p/kB Tgas ), the ASDF can be constructed. With the help of a CRM, the plasma parameters, Te and a rough estimate of ne can be obtained.
ALI measurements are performed at various axial positions along the tube. These
positions are given as the distance from the surfatron (z=0). Table 4.1 shows the used
spectral lines of argon, that are known in literature as optically thin, to construct the
ASDF. Here Eu and El are the energies of respectively the upper and lower levels and gu
the statistical weight of the upper levels.

Table 4.1: Overview
Wavelength Transition
[nm]
518.77
5d → 4p
522.13
7d → 4p
545.17
4d → 3p
549.59
6d → 4p
696.54
4p → 4s
750.39
4p → 4s
801.48
4p → 4s
811.53
4p → 4s

of the transitions in argon.
El
Eu
Aul
[eV]
[eV]
[106 s−1 ]
12.9070 15.2962
1.38
13.0757 15.4496
0.88
12.9070 15.1806
0.47
13.0757 15.3310
1.69
11.5483 13.3278
6.39
11.8280 13.4798
44.5
11.5483 13.0948
9.28
11.5483 13.0757
33.1

gu
5
9
5
9
3
1
5
7

The argon plasma has already been investigated at pressures of 5 and 10 mbar by
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[8]. Higher pressures, such as 20 mbar, were not investigated in the past. Therefore, the
experiments are done at 20 mbar in a stable plasma. To avoid day-to-day fluctuations
these measurements are done in one day. The wall temperature is measured to be 400 K,
the central gas temperature is estimated to be around 500 K. This implies that the ground
state density as determined from the ideal gas law equals n1 = p/kB Tgas = 3.5 · 1023 m−3 .

Figure 4.2: The positions at which an ASDF is constructed.

Figure 4.3: Reconstructed ASDF of the 20 mbar argon plasma. Including the ground state
density of argon.
The settings of the argon surfatron plasma at 20 mbar are shown in table 4.2. Where,
Pref is the reflected power and Pabs the absorbed power. An ASDF is constructed at each
position in the plasma namely z= 2 cm, 12 cm, 22 cm and 32 cm from the surfatron and
also at z ∗ = 1.8 cm at the smaller plasma length side L2 , see Figure 4.2.
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Table 4.2: The settings of the argon surfatron plasma at 20 mbar. Here Pabs is the absorbed
power and Pref is the reflected power measured with the power sensors. The total plasma
length is 41.8 cm.
Argon Plasma length Plasma length p [ch1] p [ch2] Pabs Pref
flow
L1
L2
[sccm]
[cm]
[cm]
[mbar] [mbar] [W] [W]
50
34
3.8
20.1
20.4
38 0.01
Figure 4.3 shows that the ASDF cannot be described by a single slope and hence
the temperature cannot be defined without ambiguity. So there are deviations from
equilibrium and most probably caused by the efflux of electron-ion pairs that diffuse to
the wall. The departure from Saha can then be described as
bu ≡

ηu
= 1 + βIu3 ,
ηuS

(4.9)

where Iu is the energy difference between the excited state u and the ionization level in eV
and β a constant, which depends on the degree of equilibrium departure of the plasma.
When βIu3  1 we get a more steeper slope because ηu ≈ βIu3 ηuS . Defining the excitation
temperature Texc by
1
∂ln η
=
,
(4.10)
kB Texc
∂I
we find using ηu ≈ βIu3 ηuS that
1
1
3
≈
+ .
kB Texc
kB Te Iu

(4.11)

Equation (4.11) shows that the excitation temperature in an excited state depends on
the ionization energy of the excited level instead of the electron temperature. For small
I values we have I3u > kB1Te so that kB Texc ≈ Iu /3. This indicates that the excitation
temperature decreases when Iu gets smaller at higher levels as is observed in Figure 4.3.
The above shows that the Saha and Boltzmann balance equation are not in equilibrium in the lower part of the ASDF and therefore, a CR model has to be applied. The
CR model is used to determine the degree of equilibrium departure and provides among
others the r1 coefficients of the 4p level that radiates at 801.5 nm [8]. The lower part of
the ASDF is used to determine the excitation temperature and with the use of the CR
model, the electron temperature can be obtained. The upper part of the ASDF is used
to estimate the ion ground state density and from the charge neutrality assumption, the
electron density ne can be obtained.
The ASDF for the higher atomic state densities at different axial positions are shown
in Figure 4.4. This figure shows that the ASDF is different at various axial positions in
the surfatron plasma. By extrapolating the upper part of the ASDF an estimation of
η∞ at the ionization limit (E=15.76 eV) can be obtained. The measured values of the
r31 -coefficients and the results of η∞ , ne and Te are shown in table 4.3. A typical value of
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Figure 4.4: Reconstructed ASDF of the 20 mbar argon plasma for the higher levels.
the overpopulation from the ground state compared to the ground state with respect to
Saha relation is found to be
n1
b1 = S = 1 × 106 .
(4.12)
n1
Here, the gas temperature is chosen 500 K, the electron temperature 1 eV, the electron
density 3 × 1019 m−3 and the pressure 20 mbar. The b1 -factor shows that the plasma is
strongly ionizing and that recombination in the plasma is negligible. The ionization ratio
ξ = ne /n1 = 10−4 is however very low due to diffusion. Electron-atom collisions in the
argon surfatron plasma are therefore dominant over the electron-ion collisions [11].
Table 4.3: The
position
η4p
z [cm] ·1014 [m−3 ]
2
4.5
12
4.2
22
3.8
32
3.2
∗
z =1.8
3.3

results of the argon plasma at 20 mbar.
r31
η∞
ne
Te
·10−3 ·1011 [m−3 ] ·1019 [m−3 ]
[eV]
1.15
0.97
3.3
1.00 ± 0.05
1.19
0.83
3.1
0.99 ± 0.05
1.27
0.63
2.7
0.97 ± 0.05
1.50
0.25
1.7
0.95 ± 0.05
1.43
0.35
2
0.96 ± 0.05
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(a)

(b)

Figure 4.5: The electron temperature (a) and the electron density (b) of the argon plasma
at different axial positions.

Figure 4.5a shows that the electron temperature Te descends weakly along the plasma
e
column. It was found that the relative error of the electron temperature ∆T
= 5.2% [8]
Te
is mainly generated by the uncertainty in the CR model.
Figure 4.5b which gives the electron density as a function of z shows that ne is highest
nearby the surfatron and decreases along the plasma column. The decrease of the electron
density along the plasma column can be better understood from the electron energy
balance for this type of plasma:
3
 = ne n1 kheat kB (Te − Tgas ) + ne n1 kion (I + kB Te ),
2

(4.13)

where kion is the effective ionization rate (including step-wise ionization) and kheat the
heat rate corresponding for heat transfer from electrons to heavy particles. The first part
of this equation on the right is known as the heat channel by which electrons transfer
kinetic energy to the heavy particles due to elastic collisions. The second part is called
the creation channel that accounts for the energy losses due to excitation and ionization
processes. The power density is given by  = ∆P/∆V , where P is the power delivered to
the electrons in volume V . Equation (4.13) shows that the electron density scales with
the power density. Increasing the power will create new plasma at the launcher side while
the ”older” part of the plasma is pushed along the plasma column. The new power segment created by the power-increase has a higher power density  and therefore, a higher
electron density ne . Experiments show that the plasma length increases when the power
to the plasma increases. This is in agreement with equation 4.13.
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The electron density has a high relative uncertainty because the uncertainty of η∞ is
approximately 100 %. The electron density ne is determined from
h2
ne = (2g+ η∞ ·
2πme kB Te

!−3/2

)1/2

(4.14)

from which the relative error can be calculated ∆(ne )/ne = 3/4 · ∆(Te )/Te + 1/2 ·
∆(η∞ )/η∞ = 50%.
The electron temperature is determined from the electron particle balance that is given
as

Da ne
= ne n1 kion − n2e n+ krec ,
Λ2ne

(4.15)

where Da is the ambipolar diffusion, Λne the gradient length of the electron density. The
free electrons are produced by ionization and recombine by two electron recombination.
Because recombination can be neglected we have that
kion =

Da
,
Λ2ne n1

(4.16)

where kion mainly depends on Te . Because the diffusion and argon ground state density
stay constant along the axial direction and Λne depends mainly on the tube radius we
conclude that the electron temperature should stay constant along the axial direction.
This is in agreement with the results shown in table 4.3.

4.4.2

Interaction of oxygen and argon: actinometry validation

This subsection shows a diagnostic study of the interaction between argon and oxygen in
the surfatron plasma. First, a low concentration of oxygen is added to an argon plasma.
Then the concentration of oxygen is increased while keeping the argon flow at a constant
value. The measurements with oxygen added to the discharge were done without a metal
screen around the tube and with air cooling around the surfatron to prevent melting of
the tube.
The used spectral lines of oxygen are given in table 4.4 to construct an oxygen ASDF.
These oxygen lines contain a group of lines that are more or less clustered closely together. Some of these lines cannot be resolved separately. In this case a superposition of
the emission lines can be used because these lines originates from the same upper level.

A small amount of oxygen added to the argon discharge
Now we discuss the influence of a small addition of oxygen to the argon discharge. First
the influence of oxygen on an ASDF of argon is investigated. The settings of the argon
plasma with and without a small amount of oxygen are given in table 4.5.
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Table 4.4: The used oxygen transitions. Note that the ionization limit of the O I system
is situated at 13.62 eV. The levels indicated with 0 ∗0 are double
excited atoms.
P
Wavelength Transition
Eu
(gu Aul )
[nm]
[eV ]
[108 s−1 ]
615
4d → 3d 12.75
2.02
645
5s → 3p 12.66
0.41
700
4d → 3p 12.76
0.38
715
3p → 3s∗ 14.46
0.25
725
5s → 3p 12.70
1.21
777
3p → 3s 10.74
5.55
822
3p → 3s∗ 14.04
2.02
844
3p → 3s 10.99
2.90
884
3p → 3s 11.00
2.90
926
3d → 3p 12.08
11.13
The ASDFs of argon in a argon plasma with and without a small concentration of
oxygen are shown in Figure 4.6.

Table 4.5: The settings of the argon/oxygen surfatron plasma.
Ar − O2 Plasmalength Plasmalength p [ch1] p [ch2] Pabs Pref
flow
L1
L2
[sccm]
[cm]
[cm]
[mbar] [mbar] [W] [W]
40-0
34.0
3.2
20.1
20.4
38 0.04
40-2
7.5
0
20.1
20.4
38
0.1

Twall
[K]
400
750

This table shows that the plasma length already decreases dramatically when a small
amount of oxygen is included. An addition of 5 % oxygen in the argon discharge leads to
a size reduction of more than a factor 4. This is most probably because energy is used
for the dissociation of the molecular oxygen. Also rotational and vibrational excitation
becomes possible which leads to molecular emission and gives an additional energy loss
channel. The wall temperature increases when oxygen is included because the power density  = ∆P/∆V increases.
When oxygen is added the overall structure of the argon ASDF remains almost the
same. This probably means that the electron temperature in the discharge remains constant. This has to be verified in the future by Thomson scattering measurements or other
diagnostic techniques.
Although the deviations for higher lying levels are small, the interaction between oxygen and argon are clearly visible in the argon ASDF. Apparently, molecular oxygen reacts
with argon and thereby the population of atomic densities of argon can increase of decrease. The interaction becomes more important when the amount of oxygen is increased.
This will be discussed later on.
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(a) argon ASDF with the ground state density

(b) argon ASDF of the upper levels

Figure 4.6: The ASDF of a pure argon compared to that for which a small amount of
oxygen included. The pressure is 20 mbar and the absorbed power is 38 W.

The interaction between argon and oxygen is better illustrated in Figure 4.7. Oxygen
is added to an argon discharge that has a constant argon flow of 50 sccm. The absolute
intensity of several lines of argon and oxygen are investigated by changing the amount of
oxygen. Figure 4.7 shows that the argon and oxygen lines change strongly as a function of
the argon/oxygen ratio. This figure shows that the oxygen 777 nm line attains a maximum
when 12 % of oxygen is added. The emission of the argon 811 nm line has a maximum
when 3.8 % of the total flow is molecular oxygen. It is also clear that the argon line at
811 nm responds more sensitive to the addition of oxygen than the argon line at 750 nm.
The oxygen lines at 777 nm and 844 nm do not increase linearly as would be expected
when there is no interaction between both systems.
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(a) 12 mbar

(b) 20 mbar

Figure 4.7: The interaction between oxygen and argon. The absolute intensity of these
lines are given as function of the oxygen gas flow. The argon flow is kept constant at 40
sccm.

A small amount of argon added to an oxygen discharge
Now we discuss the influence of a small amount of argon added to the oxygen discharge.
First, the depending of the line intensities on the argon/oxygen ratio is studied for different
pressures. This is done to validate the method of actinometry. This method determines
the ratio of intensity of oxygen lines and argon lines and is only valid when the following
holds:
1. The argon atoms are not disturbed by the oxygen molecules and atoms;
2. The oxygen atoms are not disturbed by adding argon in the plasma.
The precise definition of actinometry will be explained in chapter 6. After the validation,
the corresponding ASDFs of argon and oxygen are investigated.
Actinometry can only be used when the oxygen plasma is not influenced by the addition of argon. By looking at the absolute line intensities of oxygen at constant pressure
and flow, the behaviour of the oxygen lines can observed at different argon flows. When
the oxygen lines change while argon is added, it is obvious that there is an interaction
between both systems and that actinometry cannot be applied.
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(a) 5mbar

(b) 10mbar

Figure 4.8: The actinometry method can be used when no more than 6 % of argon is
added. The absorbed power is 38 W.

Figure 4.8 shows that the oxygen lines are not much influenced by including 1 to 6 %
of argon in the oxygen plasma, after that the oxygen lines increase due to the presence of
argon atoms. The argon lines should increase linearly when the amount of argon increases.
This is more or less observed in the given figures. Therefore, actinometry is only valid at
these lower pressures if no more than 6 % of argon in the oxygen plasma is added.
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The influence of argon on an oxygen plasma at higher pressures is shown in Figure
4.9.

(a) 15mbar

(b) 20mbar

Figure 4.9: For these pressures the actinometry signal cannot be used because the oxygen
plasma is influenced by the argon atoms at very low concentrations. The absorbed power
is 38 W.

Figure 4.9 shows that for pressures of 15 mbar or higher actinometry is not valid even
at very low argon concentration. Apparently, the interaction between argon and oxygen
is too dominant at these pressures.

The ASDF of argon and oxygen in the actinometry range
In the previous subsection we saw that when a small amount of oxygen is added to the
argon discharge local deviations in the ASDF of argon can be observed. Now the ASDF of
argon and oxygen are constructed in the actinometry range. The settings of the surfatron
plasma are shown in table 4.6. Actinometry can be applied for these settings because the
pressure is below 10 mbar and only 3 % of argon is added to the oxygen discharge.
The ASDF of argon and oxygen is shown in Figure 4.10.
Comparing the ASDF of argon in this mixture with that of a pure argon plasma, see
Figure 4.4, shows that the 4p argon levels are noticeably influenced by the oxygen system.
Apparently the populations of argon levels are affected by the addition of oxygen. A
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Table 4.6: The settings of the argon/oxygen surfatron plasma.
Pref
Ar − O2 Plasmalength Plasmalength p [ch1] p [ch2] Pabs
Pi
flow
L1
L2
[sccm]
[cm]
[cm]
[mbar] [mbar] [W] [%]
1.5-50
3.7
0
3.0
4.0
57
0.2

(a) ASDF of argon .

(b) ASDF of oxygen.

Figure 4.10: The ASDFs of argon and oxygen in a mixture of 2 % argon and 98 % oxygen
at a pressure of 3-4 mbar. The absorbed power is about 57 W.

possible reaction between both systems that can be important for the (de)-population of
level p of argon is quenching of argon excited states with oxygen molecules,
Ar
kQ

Ar(p) + O2 −→ Ar(q) + O2 .

(4.17)

Where level p can be either higher or lower than q. Further elementary studies are needed
to understand the interaction of argon with oxygen.
The ASDF of oxygen is constructed in Figure 4.10b. If it is assumed that all levels
are in pLSE, except for the single excited 3p levels (see table 4.4), a Saha distribution
can be fitted through the data points. The data points with an excitation energy higher
than the ionization energy indicate transitions from double excited atoms. The excitation
temperature determined from the ASDF of oxygen is measured to be 1.7 eV (20000 K).
The excitation temperature will be used in chapter 6 as the electron temperature for the
surfatron plasmas. This is not very accurate because the electron temperature is generally
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not the same as the excitation temperature. However, no other information about the
value of the electron temperature for these kind of plasmas is known. Thomson scattering
can be applied on these plasmas to give a more accurate value of the electron temperature.
The ASDF of oxygen with a small amount of argon added compared with an ASDF in
a pure oxygen plasma [12] shows that the shape is the same. This is another indication
that the oxygen plasma is not influenced much by adding a small amount of argon.

4.5

Conclusions

The ALI method is used to construct the ASDF of a stationary argon surfatron plasma at
20 mbar. With the use of a CR model the electron temperature is calculated. The electron
temperature is 1 eV and weakly descends along the plasma column. The electron density
is highest nearby the surfatron (3.3 ×1019 m−3 ) and decreases along the plasma column.
The b1 -factor shows that the argon surfatron plasma is strongly ionizing b1 = nnS1 = 1×106
1
so that recombination in the plasma can be neglected. Lines of argon react strongly by
adding oxygen in the argon plasma but the overal shape remains the same so that we can
assume that the electron temperature remains more or less the same. Lines of oxygen also
interact in an argon/oxygen mixture where oxygen is the dominant species. The lines of
oxygen do not show much response to the addition of argon provided that no more than
6 % of argon is added to the oxygen discharge and that the pressure is below 10 mbar.
This is the actinometry range that will be used in the forthcoming chapters.
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Molecular spectroscopy: The oxygen
A-band
5.1

Introduction

This chapter deals with a spectroscopic method to determine the rotational temperature
of intermediate pressure oxygen plasmas (4-10 mbar). The rotational temperature can
be determined from the emission of the so called atmospheric oxygen A-band that corre3 −
sponds with the transition O2 (b1 Σ+
g , v = 0) → O2 (X Σg , v = 0). The spectrum of the
atmospheric oxygen A-band has been extensively studied by [13]. The name ’atmospheric’
is misleading. The name does not refer to pressure conditions but has a historical ground.
The oxygen A-band measurements have been done in conjunction with the actinometry measurements of chapter 6. The oxygen chemistry is not influenced much by the
small addition of argon, as was demonstrated in the previous chapter.
In molecular spectroscopy it is standard to express the energies of various levels in
cm−1 . We follow this convention and use a tilde to indicate that the quantity is expressed
in cm−1 .

5.2

The rotational temperature of O2(b1Σ+
g)

In the intermediate pressure range of oxygen surfatron plasmas the O2 (b1 Σ+
g , v = 0) →
3 −
O2 (X Σg , v = 0) bands are emitted with a measurable intensity. The rotational transitions occur at the following positions relative to the vibrational transition of wavenumber
ν̃, given in cm−1 :
• P branch (∆J = −1): ν˜P (J) = ν̃ − (B̃ + B̃gr )J + (B̃ − B̃gr )J 2
• Q branch (∆J = 0): ν˜Q (J) = ν̃ + (B̃ − B̃gr )J(J + 1)
• R branch (∆J = +1): ν˜R (J) = ν̃ + (B̃ + B̃gr )(J + 1) + (B̃ − B̃gr )(J + 1)2
∆J = −1 give rise to lines in the P branch, ∆J = 0 to the Q branch and ∆J = +1
to the R branch of the spectrum. The rotational constant of the oxygen ground state
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is B̃gr = 1.44566 cm−1 and for the electronic state of O2 (b1 Σ+
g ) it equals B̃ = 1.39138
−1
cm . This means that B̃gr > B̃ and that B̃ − B̃gr is negative. Thus the oxygen lines
of the R branch converge with increasing quantum number J. When J is such that
|B̃ − B̃gr | > B̃ + B̃gr , the lines come closer together and form a so called head band. The
3 −
oxygen A-band transition, b1 Σ+
g , v = 0 → X Σg , v = 0 has its head at 759.4 nm and its
origin-line at 761.9 nm, see Figure 5.1.

3 −
Figure 5.1: The atmospheric oxygen A-band, b1 Σ+
g , v = 0 → X Σg , v = 0 emission
spectrum from [14]. The R R and R Q-branches are anti-Stokes lines and the P P -branch
and P Q-branch are Stokes lines.

0

Table 5.1: The H öln-London factor SJJ00 [15].
0
∆K ∆J
SJJ00
1 00
R
R +1 +1
J
2
00
1
R
Q +1
0
(J + 0.25)
2
00
1
P
(J + 0.75)
P
-1
-1
2
00
1
P
Q
-1
0
(J + 1)
2
3 −
The b1 Σ+
g , v = 0 → X Σg , v = 0 transition is strictly forbidden as electric dipole
radiation but it is possible as magnetic dipole transition. The magnetic dipole transitions
occur in four branches R R,R Q,P P and P Q where P, Q and R corresponds to ∆J =
−1, 0, +1 respectively and where the superscripts P and R correspond to ∆K = −1 and
∆K = +1 respectively, see table 5.1. The intensity of each rotational emission line can
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be given as
J 00
J0

I

= CS

J0
J 00

!

F̃J 0 hc
exp −
,
kB Trot

(5.1)

where F̃J 0 represented by F̃ (J) = Erot /hc is energy of the elastic rotator given in cm−1 , J 0
refers to the rotational quantum number of the upper level, J 00 to that of the lower level,
0
SJJ00 are the Höln-London factors, C is a proportionally constant. The rotational energy
term for oxygen is given by
F̃J 0 = B̃J 0 (J 0 + 1) − D̃(J 0 (J 0 + 1))2 .

(5.2)

Here the rotational constant of the excited state is B̃ = 1.39138 cm−1 and D̃ = 5.486×10−6
cm−1 [14, 16] the centrifugal distortion constant. Notice that D̃/B̃  1 and that the
energy does not depend on K. Equation (5.1) can be written as
0

F̃J 0 hc
I J00
.
ln JJ 0 = ln C −
SJ 00
kB Trot
0

(5.3)

0

Which gives a linear relation of ln IJJ00 /SJJ00 versus F̃J 0 in a so called Boltzmann plot. The
value of Trot can be determined from the slope of the Boltzmann plot and is therefore
determined by the shape of the emission spectrum of the oxygen A-band. The lines we
used belong to the R R-Branch and R Q-Branch are given in table 5.2.

3 −
Table 5.2: The wavelengths of the A-band O2 (b1 Σ+
g , v = 0 → X Σg , v = 0) used in our
study. [13]
J 0 R R Branch R Q Branch
0 2 761.6146
761.5061
4 761.3194
761.2060
6 761.0455
760.9302
8 760.7933
760.6767
10 760.5635
760.4453
12 760.3556
760.2363
14 760.1697
760.0493
16 760.0066
759.8847
18 759.8650
759.7438
20 759.7438
759.6228
22 759.6503
759.5235
24 759.5768
759.4507
26 759.5235
759.3997
28 759.4974
759.3695
30 759.4974
759.3695
32 759.3850

In literature it is assumed that the rotational temperature is equal to the gas temperature in the plasma when the kinetic temperature of the heavy particles is in equilibrium
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with the rotational temperature of the O2 (b1 Σ+
g ) state. This assumption is used in our
work to determine the gas temperature.

5.3

Results of the oxygen A-band

The upper O2 (b1 Σ+
g ) state is emitted as magnetic dipole radiation which causes a low
intensity of the studied system and therefore a long integration time is required to observe the line radiation. The oxygen surfatron plasma under investigation includes a small
amount of argon, that completely destroys the P P and P Q-branch of the oxygen A-band,
see Figure 5.2.

Figure 5.2: The oxygen A-band can be seen after an integration time of 7 minutes. The
Argon line on the right of the spectrum completely destroys the P P -Branch and P Q-branch.
The absorbed power of this plasma is 45 W, the plasma length is 2.8 cm, the pressure is
6 mbar and the argon-oxygen flow are 2 sccm and 50 sccm respectively.
Figure 5.2 shows that the R R-branch and R Q-branch on the blue side of the spectrum
are visual. Thus, the rotational temperature of the surfatron plasma will be determined
from these two branches. A problem with the R R-branch and R Q-branch of the spectrum
compared with the P P -branch and P Q-branch is that more lines overlap each other. With
as consequence that fewer rotational lines can be used to determine the rotational temperature.
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Lines that are overlapping at higher J 0 values are not used and lower J 0 values also
not because of the low signal to noise ratio. Figure 5.3 shows that the R R-branch gives

0

0

Figure 5.3: The measured intensity ln IJJ00 /SJJ00 versus F (J 0 ).
0

0

a linear relation of ln IJJ00 /SJJ00 versus FJ 0 in a semi-log Boltzmann plot. However, the
R
Q-branch does not give a completely linear relation. The two lower J 0 values deviate
the most and therefore they are not used. The disadvantage of the R Q-branch is that the
Boltzmann fit has only three points to determine the rotational temperature. This results
in a higher uncertainty.
The oxygen A-band was measured in the pressure range where the method of actinometry is valid. The results are shown in table 5.3. The wall temperature is measured
with a Fluke, 61 infrared thermometer.

Table 5.3: The measured rotational and wall temperature. Pabs =45 W, the oxygen flow
is 50 sccm and 2 sccm of argon is added. The temperature difference of the rotational
R
R-branch and the wall temperature is given as ∆T = Trot − Twall . The wall temperature
is measured with a Fluke 61, infraredmeter.
pressure Plasma
rotational
rotational
wall
∆T
length
temperature
temperature
temperature
(Trot − Twall )
R
R
[mbar]
[cm]
R-branch [K]
Q-branch [K]
[K]
[K]
10
2.3
(8.0 ± 0.5) · 102 (8.7 ± 0.7) · 102 (5.8 ± 0.2) · 102 (2.2 ± 0.2) · 102
6
2.8
(6.6 ± 0.5) · 102 (7.0 ± 0.7) · 102 (5.5 ± 0.2) · 102 (1.1 ± 0.2) · 102
4
3.0
(5.9 ± 0.5) · 102 (6.0 ± 0.7) · 102 (5.3 ± 0.2) · 102 (0.6 ± 0.1) · 102
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Table 5.3 shows that the rotational and wall temperature increases with the pressure
and the rotational temperature is in all cases higher than the wall temperature. The
temperature difference ∆T between Tgas and Twall is increasing with pressure. This is
explained by the fact that there are more elastic electron collisions with oxygen molecules
at higher pressures and that a higher energy exchange is taking place. As we did not
employ an Abel inversion method, the obtained results give a mean radial value of the
rotational temperature.
The intensity of the oxygen A-band depends strongly on the pressure of the plasma.
The measurements were done at different pressures and it was found that the intensity of
the oxygen A-band increases when the pressure increases. This is probably because the
transfer of the kinetic energy of atoms to the heating of the bulk gas is more efficient at
higher pressures. The composition of argon and oxygen in the plasma is also important.
When the argon concentration in the plasma increases, the oxygen A-band vanishes and
the argon line at 763.51 nm (4p − 4s) becomes much stronger.

5.4

Conclusions

A spectroscopic method is used to measure the oxygen A-band at 759 nm in the actinometry range for oxygen surfatron plasmas with argon as actinometer. The intensity of
the oxygen A-band increases at higher pressures and vanishes for higher concentrations of
argon. The rotational temperature determined from the oxygen A-band is closely related
to the gas temperature of the plasma and the results are as follows: Tgas = 590 K at 4
mbar, Tgas = 660 K at 6 mbar and Tgas = 800 K at 10 mbar. The gas temperatures will
be used in Chapter 6 to determine the atomic ground state density of argon via the ideal
gas law.

46

Chapter 6
Actinometry
6.1

Introduction

In this chapter optical emission actinometry is applied to determine the dissociation ratio
nO /nO2 of oxygen plasmas. The method of actinometry is based on the ratio of (absolute)
line intensities between atomic oxygen lines and argon lines. This method is widely used
and is easier to handle than optical absorption spectroscopy or laser-induced fluorescence.
However, the method of actinometry has its limitations and should always applied with
care. The experimental verification for our conditions of interest were given in Chapter 4.
In the past actinometry was applied to monitor variations of atomic oxygen concentration in etching plasmas [17, 18, 19, 20]. In these plasmas the pressure is low
(1 · 10−3 − 10 · 10−3 mbar) and the electron temperature is relatively high. For these
settings the levels are populated by means of electron excitation from the ground state
and depopulated by radiative decay. These kind of plasmas are in Corona balance. It was
found in these studies that the actinometry signal (discussed later on in this chapter) rises
almost linearly with increasing pressure and that the dissociation ratio αdis = nO /nO2 decreases with increasing pressure. These effects will also be investigated in this work at
higher pressures (4-10 mbar) in the oxygen surfatron plasma by including other processes
like quenching and molecular dissociation.
Actinometry was also used in recent years to understand organosilicon-oxygen mixtures that can be used for plasma enhanced chemical vapor deposition (PECVD) of inorganic silicon oxide films (SiOx ) in hexamethyldisiloxane (HMDSO) discharges [21]. They
used pressures in the range between 1.2 and 53 Pa. It is important to understand the role
of oxygen radicals and ion bombardment on the deposition of thin films under various
conditions in low pressure glow discharges. Actinometry was used to determine the dissociation ratio of the oxygen concentration. They assumed that dissociative excitation of
oxygen molecules is not important in the discharge and they also neglected de-excitation
by quenching. With the method of actinometry they obtained information for understanding the deposition process in O2 /HM DSO discharges where oxygen atoms play an
important role in the oxidation reactions.
An example of the application of actinometry in laboratory plasmas at pressures closer
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to our work is given in [22]. They measured the dissociation ratio in O2 DC discharges
to determine the recombination probability at the wall. The pressures ranged from 0.5
to 2.7 mbar and they used the 844 nm and 777 nm lines of oxygen and the 750 nm line
of argon to determine the dissociation ratios. VUV absorption spectroscopy was used in
their work to validate the method of actinometry.
In this work the method of actinometry is applied on surfatron plasmas at a pressure
range from 4 to 10 mbar. The electron densities ne in the oxygen surfatron plasma is
higher than in Corona plasmas with as consequence that the Corona balance is not valid
in our plasmas. This chapter begins with classical actinometry and it is extended by
including more processes like quenching and molecular dissociation.

6.2

Classical actinometry

Actinometry is a method that can be used to determine the atomic ground density of
oxygen by using argon as the actinometer in the oxygen discharge. This method is based
on the ratio of absolute line intensities between selected atomic oxygen and argon lines.
In the Corona balance case, the upper states are populated by direct excitation from the
atomic ground state and depopulated by radiative processes, see Figure 6.1. In this study
we will refer to this method as classical actinometry.

Figure 6.1: Schematic energy schema of the corona balance.
The ground state is denoted by ”1”, the radiating level by ”3” and the level that
receives the radiation is given by ”2”. The QSSS, see equation (3.17), can be used to get
the particle balance
ne n(1)kei = n(3)A32 .
(6.1)
This equation shows that the population of level ”3” is populated by means of electron
impact kei while the depopulation only occurs via the radiative channel A32 . By relating
the right hand side of equation (6.1) to the transition integrated emission coefficient
(equation (4.4)) this gives:
ne n(1)kei E(3, 2)
j(3, 2) =
.
(6.2)
4π
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For atomic oxygen this gives
j O (3, 2) =

O O
E (3, 2)
ne nO (1)kei
4π

(6.3)

and for argon
Ar Ar
ne nAr (1)kei
E (3, 2)
.
4π
When equation (6.3) is divided by (6.4), we get

j Ar (3, 2) =

JCL (O, Ar) =

j O (3, 2)
j Ar (3, 2)

!

=
CL

O
nO (1) E O (3, 2)
kei
.
Ar
kei
nAr (1) E Ar (3, 2)

(6.4)

(6.5)

where JCL (O, Ar) is the ratio of the transition integrated emission coefficient of the relevant oxygen and argon lines. The subscript ”CL” refers to the classical situation. If that
is present we get the oxygen ground state concentration:
nO (1) = nAr (1)JCL (O, Ar) ·

Ar Ar
E (3, 2)
kei
.
O O
kei E (3, 2)

(6.6)

Equation (6.5) is the Classical actinometry expression and is only valid when the following
assumptions are fulfilled
1. Excitation via metastable levels (e.g. level ”2”) is negligible compared to direct
excitation from the ground state by means of electron impact;
2. Depopulation takes place via radiative processes, thus de-excitation to higher or
lower states caused by electron impact is not allowed;
3. Population of excited levels via molecular dissociation routes are not included;
Ar
O
we can use Maxwellian rate coefficients;
and kei
4. For kei

5. There is no interaction between the oxygen and argon systems. This means that the
argon atoms are not disturbed by the oxygen molecules and atoms and visa versa.
For non-Corona plasmas the first three assumptions are not fulfilled so that extra conditions like dissociative population and quenching must be included. The last assumption
must also be valid for non-Corona plasmas and this was already investigated in chapter
4.
In the next section we will focus how Jcl (O, Ar) will change due to deviations from
the classical situation. This will lead to a correction factor Ccorr so that we can write
J(O, Ar) = Ccorr · JCL (O, Ar).

(6.7)

The oxygen density than reads
nO (1) = nAr (1)JCL (O, Ar)/Ccorr

(6.8)
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The following transitions lines will be used for further investigation:
1. O(3 P ) − O(3 S) : 844.6 nm

Ar(4 P ) − Ar(3 P2 ) : 811.5 nm

2. O(5 P ) − O(5 S) : 777.2 nm;

Ar(4 P ) − Ar(1 P1 ) : 750.4 nm

The energy levels of these lines are shown in Figure 6.2. The actinometry line pair ratios
are chosen as follows: O[844.6 nm]/ Ar[811.5 nm] and O[777.2 nm]/ Ar[750.4 nm]. These
line ratios are already used in Chapter 4 to test the validity of actinometry. Experimentally

(a) argon

(b) oxygen

Figure 6.2: The energy levels of argon and oxygen.

it is also possible to include other line ratios as proposed by D. Pagnon [22]. They used
the atomic oxygen emission line at 844.6 nm and argon at 750.4 nm as the actinometer for
determining of the atomic oxygen concentration; thus O[844.6 nm]/ Ar[750.4 nm]. This
ratio will not be investigated in this work.
Important processes that can populate or depopulate level ”3” of oxygen and argon
are given in table 6.1 and 6.2. The importance of these processes are investigated by using
models. This was done by N. de Vries [23] and the results of these models will be given
in section 6.4.

6.3

Including other processes

For the used pressures in this work the Corona balance does not hold and other processes
can populate and depopulate level ”3”. The density of level ”3” can be written in general
form applying the QSSS as the ratio between the production term and destruction factor:
n(3) =
50

P (3)
,
D(3)

(6.9)
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Table 6.1: Important processes that populate or depopulate level ”3” of oxygen.
Population
Depopulation
Classical Actinometry
Electron impact excitation
radiative processes
kO

AO (3,2)

ei
e + O(1) −→
e + O(3)
O(3) −→ O(2) + hν32
Other processes
Dissociative excitation
Quenching
O
kQ

kO

de
e + O2 −→
e + O(3) + O
Electron impact excitation

O(3) + O2 −→ O(2) + O2
Electron impact de-excitation

kO

kO

ei
e + O(2) −→
e + O(3)
Two electron recombination

ei
e + O(3) −→
e + O(2)

α(+,3)

e + e + O(+) −→ e + O(3)
Radiative transition from higher state
AO (4,3)

O(4) −→ O(3) + hν43
Dissociative recombination
kdr
e + O2+ −→
O(3) + O
Electron induced transitions
from other states for i > 3
kei
e + O(3)
e + O(i) −→

Electron induced transitions
from other states for i > 3
kei
e + O(i)
e + O(3) −→

P

P

with P (3) = j6=3 nj D(j, 3) as the production term and D(3) = i6=3 D(3, i) as the
destruction factor. Here D(j, i) stands for the destruction frequency of level j that leads
to the population of level i. In general the destruction frequency can be given as
D(j, i) =

X

A(j, i) + ne

X

ke (j, i) + nX

X

kX (j, i).

(6.10)

This equation consists of the transitions due to radiative decay, electron impact and
impact induced by particle X. This particle X can be an atom, ion, molecule or molecular
ion. The population of level ”3” can be given as
P (3) =

X

nα D(α, 3).

(6.11)

α6=3

In the Corona limit, the only production contribution is that by direct electron impact
excitation, P (3) = ne n(1)kei and for destruction only one radiative process is relevant,
D(3) = A32 . The density of level ”3” is then given as ne n(1)kei /A32 . This is the corona
production/destruction balance given in equation (6.1).
The departures from Classical actinometry can be given as follows:
j O (3, 2)
j O (3, 2)
=
C
·
C
·
pop
Q
j Ar (3, 2)
j Ar (3, 2)

!

,

(6.12)

CL
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Table 6.2: Important processes that populate or depopulate level ”3” of argon.
Population
Depopulation
Classical Actinometry
Electron impact excitation
radiative processes
kAr

AAr

ei
32
e + Ar(1) −→
e + Ar(3)
Ar(3) −→
Ar(2) + hν32
Other processes
Two electron recombination
Quenching by oxygen molecules

kqAr

α(+,3)

Ar(3) + O2 −→ Ar(2) + O2

e + e + Ar(+) −→ e + Ar(3)
Radiative transition from higher states
AAr (4,3)

Ar(4) −→ Ar(3) + hν43

where the correction factors Ccorr = Cpop · CQ refer to the change in the signal ratio due to
other non-classical effects. The first factor Cpop refers to additional population channels
and CQ to quenching.
Hereafter, various factors are discussed that are based on processes given in table
6.1. Where the first line refers to the classical population and depopulation contribution.
Then more population and depopulation contributions are taken into account. Not all the
contributions given in table 6.1 will be used in this work to correct for departures from
Classical actinometry.

6.3.1

Population

In the general case various big density reservoirs will contribute to the production of
density of radiating levels. In general we get
j O (3, 2)
j O (3, 2)
=
C
·
pop
j Ar (3, 2)
j Ar (3, 2)

!

,

(6.13)

CL

where Cpop is the population term that is included to correct at higher pressures. The
population term can be given as
Cpop =

1+
1+

P



O O
O
α6=1 nα D (α, 3) /(ne nO (1)kei (1, 3))

P

α6=1



Ar
Ar
nAr
α D (α, 3) /(ne nAr (1)kei (1, 3))

,

(6.14)

where α is an index that refers to the main density reservoirs excluding the atomic ground
state.
The following main density reservoirs are considered:
1 The ground state of the atomic systems
The ground state of the atomic systems is given with α = ”1”. Due to the electron
impact excitation this will lead to the production ne n(1)kei of level ”3”. This is the
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classical production and is used as normalization in equation (6.14).
2 The ion ground state
The population due to recombination is given as nα D(α, 3) = n+ [n2e k2e (+, 3) + ne ke (+, 3)]
where the ion ground state is given as nα = n+ . This contribution is not so important
because the oxygen surfatron plasma is strongly ionizing so that recombination can be
neglected.
3 The molecular ground state
The production of level ”3” due to molecular dissociation is given by the reaction
kO

de
e + O2 −→
e + O(3) + O.

The radiating level will get the production contribution equal to
O
. Inserting the molecular dissociation term in 6.14 gives
ne nO2 kde
Cpop = 1 +

(6.15)
P

α6=1

O
nO
α D (α, 3) =

O
nO2 kde
.
O
nO (1)kei

(6.16)

The dissociation term for atomic argon is of course zero so that the denominator of
equation 6.14 equals unity. The dissociation contribution to O(3) can be neglected if
O
O
)  1. Equation (6.16) can be used to derive a boundary condition for
)/(nO kei
(nO2 kde
the use of Cpop . This correction Cpop is needed if
crit
αdis > αdis

(6.17)

where the atom to molecule ratio is defined as
αdis =

nO
n O2

(6.18)

crit
O
crit
O
are given for the actino). In section 6.4 numerical values of αdis
and αdis
= 10(kde
/kei
metric systems under study.

6.3.2

Depopulation; the quenching correction CQ

Depopulation of level ”3” can occur by radiative and quenching processes.
1 Radiative processes
In this case the destruction term is given by D(3) = A32 . When spontaneous emission
is the dominant depopulation process and electron excitation from the atomic ground
state the dominant population process we are in the regime of Classical actinometry and
corrections are not needed.
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2 Quenching
At higher pressures quenching of O(3) and probably Ar(3) due to collisions with oxygen
molecules becomes important. Quenching does not only depopulates levels but also give
lead to population. In this work only depopulating quenching by oxygen molecules will
be discussed. The influence of quenching processes is included in CQ , which is defined by
CQ =

AAr
AO
32
32
/
.
DO (3) DAr (3)

(6.19)

Using the destruction factor given in equation (6.10) equation (6.19) gives
Ar
Ar
AO
i<3 A3i + nO2 kQ
32
CQ = Ar
· P
,
O
O
A32
i<3 A3i + nO2 kQ

P

(6.20)

Ar
The term kQ
is not used because it could not be found in literature. Therefore, quenching
of excited argon states by means of oxygen molecules is not taken into account. Secondly,
it was found that the transition probability of the measured transition was much larger
than the sum of the transition probabilities of all other transitions. Therefore, we can
P
neglect the term i<3 A3i and the correction factor for quenching can be given as

CQ =

h
i
AO
AAr
32
32
O
O −1
·
=
1
+
n
k
/A
.
O
2 Q
32
O
AAr
AO
32
32 + nO2 kQ

(6.21)

The correction factor for quenching reaches unity when
O
n O2 k Q
 AO
32 .

6.3.3

(6.22)

The CRM correction

When ne increases the electron induced transitions will increase in importance. Including
them in production and destruction processes of O(3) and Ar(3) can be done using CRMs
for both systems. The collisional radiative model can be used in an atomic plasma to
calculate the excited state densities as a function of the ground state density for specific values of the electron temperature and electron density as discussed in section 3.6.
However, in a molecular plasma, the atomic levels can also be populated by molecular dissociation processes or depopulated by quenching processes. The method of actinometry
can be improved when a collisional radiative model is used to relate the intensity ratios
with the atomic ground state densities. In an iterative way, the quenching and molecular
dissociation effects can be corrected. This is discussed in [23].

6.3.4

The correction due to a non-Maxwell distribution function

The excitation rates k depends on the electron energy distribution function (EEDF) and
when the EEDF is not Maxwellian, the excitation rates will change. This is discussed in
[23].
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6.4

The correction factors

In the above we discussed various processes that may lead to the deviation of the classical
actinometry situation. This section deals with the corrections that are needed to adjust
the classical actinometry to the real situation. Thus the influence of quenching and dissociation will be studied. Some information about the emission lines used in actinometry
are given in table 6.3.

Table 6.3: Overview of transitions
Level Wavelength
A(3, 2)
E(3, 2)
O(3 P )
844.6 nm
3.69 · 107 s−1 1.47 eV
O(5 P )
777.2 nm
3.5 · 107 s−1 1.59 eV
4
Ar( P )
811.5 nm
3.31 · 107 s−1 1.53 eV
Ar(4 P )
750.4 nm
4.2 · 107 s−1 1.65 eV

Figure 6.3: Excitation rates as function of the electron temperature. The electron impact
rates are given and the rates due to molecular dissociation are given as de.
The quenching rates kQ describes quenching of excited atomic oxygen due to collisions
with oxygen molecules. Pagnon [22] published quenching rate values for pressures below
2.7 mbar, namely
kQ (844.6) = 7.8 · 10−16 m3 s−1
kQ (777.2) = 10.8 · 10−16 m3 s−1

(6.23)
(6.24)

The excitation and dissociation cross-sections for oxygen as given by Katsch [24]. Recent
cross sections for the argon transitions were found in the work of Yanguas-Gill [25]. Using
there cross sections and the program Bolsig+, excitation rates were obtained as a function
55

Chapter 6.
of the mean energy for a Maxwellian distribution function, see Figure 6.3.

Including quenching and dissociation processes
The actinometry equation that used in this work is given by
j O (3, 2)
j O (3, 2)
=
C
·
Q
j Ar (3, 2)
j Ar (3, 2)

!

· Cpop

(6.25)

CL

The quenching CQ and molecular dissociation Cpop corrections can be written out as
O
O
j O (3, 2)
E O nO (1)kei
AO
AAr
nO2 kde
32
32
·
=
·
·
1
+
.
O
Ar
O
Ar
j Ar (3, 2)
AAr
AO
nO kei
32
32 + nO2 kQ E nAr (1)kei

!

(6.26)

Equation (6.26) shows that the actinometry signal is independent of the molecular oxygen
kO
density when nnOO  kde
O .
2

ei

In Figure 6.4, the population importance is shown for both the 777 nm and 844 nm
O
O
crit
) for both the oxygen 777 nm and 844 nm lines are
/kei
= 10(kde
transition. Where αdis
given. Assume that the dissociation in the oxygen plasma is 10 % then Figure 6.4 shows
crit
that αdis
for the 777 nm line is higher than αdis = 0.1 for an electron temperature of
crit
20000 K and that αdis
for the 844 nm line is lower than αdis = 0.1. This shows that
molecular dissociation cannot be neglected for the 777 nm line.

crit
O
O
Figure 6.4: The excitation rates ratios αdis
= 10(kde
/kei
) as function of the electron
temperature. It can be seen that molecular dissociation of the 777 nm line cannot be
neglected assuming that the dissociation in the oxygen discharge is 10%
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6.5

Results

The actinometry signals are measured close to the launcher at z=2 cm. The used pressures
are 4, 6 and 10 mbar. The electron temperature is determined from the ASDF of oxygen
(see section 4.4.2) which gives Te =1.7 eV and the gas temperature is determined with the
method given in Chapter 5. The obtained values are given in table 6.4.

pressure
[mbar]
4
6
10

Twall
[K]
530
550
580

Table 6.4: The obtained values.
Tgas Lplasma Pabs Pref argon flow
[K]
[cm]
[W] [%]
[sccm]
590
3.0
45
1.4
2.0
660
2.8
45
1.5
2.0
800
2.4
45
1.2
2.0

oxygen flow
[sccm]
50.0
50.0
50.0

The obtained actinometry signals for the given settings are given in table 6.5.

Table 6.5: The results of actinometry, where j is given in [W m−3 sr−1 ].
pressure j O (844 nm) j Ar (811 nm) J(844/ 811) j O (777 nm) j Ar (750 nm) J(777/750)
4 mbar
590
37.8
15.6
666
37.6
17.7
6 mbar
808
65.6
12.3
780
64.6
12.1
10 mbar
853
92.4
9.2
848
90
9.4
Table 6.5 shows that the actinometry signals decreases with pressure. This is probably because the radiating level nO (3) is depopulated more at higher pressures due to
the importance of quenching. Another aspect is that at higher pressures deviations from
the Corona balance occur due to the presence of more electron induced collisions. The
dissociation calculated from the 844 nm lines of atomic oxygen decreases with increasing
pressure, this is in agreement with the results in [17, 18, 19, 20].
The obtained actinometry signals can be processed to get the dissociation degree in
the following way: First, it is assumed that the measured actinometry signal, JM , is equal
to the classical actinometry expression, JCL , then the atom density is calculated. Via the
total oxygen density and the oxygen atom density, the dissociation ratio is recalculated
and used to calculate a corrected signal Jcor . Via this corrected signal, the atom density
can be recalculated. The steps 2-4 are repeated until convergence has been reached.
An example of the calculation is as follows: The line pair ratio O[844.6]/Ar[811.5] at
6 mbar is found to be JM = 12.3. The electron temperature is 1.7 eV. Using the classical
expression, this results in an oxygen atom density of nO = 2.7 · 1021 m−3 , which gives a
molecular density of nO2 = 5.9 · 1022 m−3 and a dissociation degree of 4.5 %. After iteration, the results are: nO = 5.8 · 1021 m−3 , nO2 = 5.7 · 1022 m−3 and nO /nO2 = 10 %.
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The experimental results after applying these iterative steps are given in table 6.6 and
table 6.7.

pressure
[mbar]
4
6
10

Table 6.6: The 844 nm results of actinometry
j844 /j811 Tgas CQ
nAr
n O2
dissociation
22
−3
22
−3
[K]
·10 [m ] ·10 [m ]
[%]
15.6
800 0.53
0.19
4.4
11
12.3
660 0.45
0.25
5.7
10
9.2
590 0.37
0.35
8.4
9

Table 6.6 shows that the quenching factor CQ is lower with increasing pressure. This
means that the depopulation of level ”3” due to quenching becomes stronger with increasing pressure. The dissociation ratio decreases slightly with increasing pressure.
Table 6.7: The 777 nm results of actinometry
pressure j777 /j750 Tgas CQ dissociation
[mbar]
[K]
[%]
4
15.6
800 0.53
38
6
12.3
660 0.37
29
10
9.2
590 0.29
27
The dissociation ratio calculated from the 777 nm lines of atomic oxygen is much
higher than that of the 844 nm lines and it decreases more dramatically with increasing
pressure.

6.6

Discussion

The experimental validation of actinometry was given in Chapter 4 by investigating the
atomic emission lines of argon and oxygen as a function of pressure and composition.
From that we concluded that the interaction between argon and oxygen can be neglected.
In Chapter 5 we determined the rotational temperature from the oxygen A-band. The
rotational temperatures from the oxygen A-band is closely related with the gas temperature so that the gas temperature can be obtained from which the ground state density of
argon was determined. The obtained results in Chapter 4 and 5 together with models gave
a first indication of the dissociation in oxygen surfatron plasmas. The results obtained
for different line ratios are very different. Improvements can be made by replacing the
classical actinometry signal with the one determined from the collisional radiative model
and also by using the correct electron energy distribution function. This will be done
Ar
in the near future by [23]. The quenching factor kQ
of equation (6.20) is not included
because it could not be found in literature. This is not very satisfactory.
In this work, the expected dissociation ratios n0 /n02 are probably better obtained
from the 844 nm lines than from the 777 nm lines. It was also observed that quenching
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is more dominant for the 777 nm/750 nm lines than for the 844 nm/811 nm. Molecular
dissociation is also much more dominant for the 777 nm lines than for the 844 nm lines.

6.7

Conclusions

This is the first step for determining the dissociation ratios n0 /n02 in oxygen surfatron
plasma by including argon as the actinometer. The 844 nm of atomic oxygen in combination with 811 nm line of argon gives a dissociation ratio in the plasma of around 10
%. This is a dissociation ratio that we would expect. However, the results obtained from
the 777 nm of atomic oxygen in combination with 750 nm line of argon gives a very high
dissociation ratio value that depends strongly on the pressure in the plasma. Improvements in the actinometric method can be made by replacing the classical actinometry
signal with the one determined from the collisional radiative model and also by using a
correct electron energy distribution function.
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Thomson scattering
7.1

Introduction

In the previous chapters the plasma was observed without external interference, these
techniques are classified as passive diagnostics. The plasma source can also be studied
with an active diagnostic called Thomson scattering (TS). In TS, a laser scatters the free
electrons to give insight in ne and Te simultaneously. These results do not depend on the
state of equilibrium departure of the plasma. There are two kind of TS signals, namely incoherent and coherent scattering. Incoherent TS is straightforward because the intensity
of the Thomson signal is related with the electron density and the width of the Thomson
signal is related with the electron temperature. The relation of the plasma parameters, ne
and Te , with a coherent Thomson spectrum is more difficult because the free electrons in
the plasma interfere with each other. Due to the small cross-section of TS, the intensity
of the scattered Thomson signal is low. Therefore, the influence of other emitting sources
in the same spectral region has to be reduced.
Apart from scattering on free electrons, photons can also be scattered by atoms, ions
and molecules. Elastic scattering on bound electrons is called Rayleigh scattering. Since
the heavy particles in the plasma move slower than electrons, the Doppler shift is smaller
and consists of a narrow line around the central wavelength of the emitting laser. Scattering on molecules is referred as Raman scattering and is always incoherent. This is an
inelastic process that induce rotational or vibrational transitions. The Raman spectrum
consists of a large number of narrow lines at different wavelength shifts corresponding to
different rotational and vibrational transitions.
In the past several systems for Thomson scattering were used. It consisted of a laser,
a spectrometer and a detector. The vertically polarized laser beam was guided by two
dichroic mirrors and focussed by a focus lens into the detection volume of the plasma
source. The scattered photons were detected by a spectrometer at a perpendicular scattering angle θ = 90o at which the false stray light is minimized and at ϕ = 90o to maximize
the scattering probability [26], see Figure 7.1.
The TS set-up in this work is slightly different because a SL312 frequency doubled
Nd:YAG laser from Ekspla emits horizontally polarized light. The polarization has to
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Figure 7.1: The vertically polarized laser beam is guided by two dichroic mirrors and focussed by a focus lens into the plasma source. The scattered light is also vertically polarized
and travels in the scattering direction ks , to the spectrometer. The same perpendicular
scattering geometry is used in this work. The scattering angle is θ = 90o and the polarization of the laser beam is perpendicular to the horizontal plane of scattering, ϕ = 90o .
[27]

be changed to vertical after which it is directed to the plasma source. This laser was
already used by [28] and has the advantage that the pulse duration, 150 ± 20 ps, is very
low compared to older lasers. This together with an ICCD camera from Stanford, that
has a minimum gate time of 200 ps, makes it possible to record the Thomson signal at
gate times in the order of 400 ps that is much lower than before (10 ns).
A Triple Grating Spectrograph (TGS) is used for the rejection of false stray light and
Rayleigh signal. The TGS was designed to study spectrochemical plasma and gas discharge lamps with electron densities in the order of 1021 m−3 and Te ≈ 0.8 eV. The TGS
was first applied on the QL lamp [29] and after that it was applied for example on an
argon model lamp [30]. The TGS was also used before on HID lamps [27], but the new
adjustments in this set-up suppresses false straylight and line intensities even more. An
essential improvement in the TGS is a half wave plate to enhance the transmission in the
TGS by a factor of 7, see Appendix A.
The plasma sources under study are the mercury HID lamps and the argon surfatron
plasmas. The mercury HID lamps have electron densities in the range of 1020 < ne < 1022
m−3 and the argon surfatron plasmas in the range of 1017 < ne < 1019 m−3 . The electron
density is about two order of magnitude lower in the argon surfatron plasma than in the
mercury HID lamp. The electron temperature of the HID lamps is around 0.6 eV and
that of the argon surfatron plasma between 1.0 and 1.5 eV.
This chapter begins with the theory of Thomson scattering and then the components
of the TS set-up are given. TS applied on the mercury HID lamps and on the argon
surfatron plasmas are discussed in Chapter 8 and 9 respectively.
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7.2

Laser light scattering

The particles in the plasma oscillate in the electric field produced by a laser. When
radiation of a laser enters the scattering volume, the scattered power Ps can be given as
Ps = Pi · n · Ldet · σ,

(7.1)

where Pi is the incident power, n the scattered particle density, Ldet the length of the
detection volume of the plasma along the incident laser beam and σ is the scattering
cross section.
The scattered frequency ωs can be different from the incident laser frequency ωi due
to Doppler shifts by scattered particles. The total frequency shift between the incident
and scattered waves may be written as [26, 27]
ω ≡ ωs − ωi = k · v,

(7.2)

where the scattered vector is defined as k = ks −ki and v the velocity vector of the particle.
Equation (7.2) shows that the frequency shift of incident photons depends on the velocity
component of the scattering particle in the scattering direction. Since the heavy particles
are moving much slower than the free electrons, this equation shows that the Doppler
shift of the Rayleigh scattered photons is very small compared to the frequency shift of
the Thomson scattered photons. The geometry of the wave vectors is shown in Figure
7.2, where θ is the angle between the incident and scattered light.

Figure 7.2: The wavevectors ki , ks and k are shown here.
In Appendix B the theory of TS is briefly given. When the free electron positions in
the plasma are correlated, the scattered photons are said to be coherent. The influence of
coherence effects are generally described by the scattering parameter α, which is defined
by
1
1
λi
α=
≈
,
(7.3)
kλD
4π sin θ/2 λD
q

where λD = ε0nkeBe2Te is the Debye length and k = |k|. Within the Debye sphere electron
motions are uncorrelated.
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When α  1, the scattered wavelength is much less than the Debye length and the
scattering takes place within the Debye sphere where electrons are randomly distributed.
In this case we get a phase-unrelated TS spectrum since the waves scattered by different
individual electrons are random in phase.
When α  1, collective effects are dominant. Since the scale of the scattered wavelength is larger than the Debye length, the motion of the individual electrons as a response
to the laser field is no longer uncorrelated so that a more collective behaviour becomes
noticeable.
In practice, the Debye length can be written as
v
u
u T̂
t e

λD = 745

n̂e

,

(7.4)

where T̂e is given in electronvolts and n̂e in 1020 m−3 . When the scattering angle is 90◦
and λ= 532 nm, the scattering parameter is given numerically by
v
u
u n̂e
α = 0.08t .

T̂e

(7.5)

When α is smaller than 0.1 the scattering is called incoherent, see Figure 7.3. For α > 0.1
collective effects already have an influence on the spectrum.

Figure 7.3: Shape of a Thomson spectrum for different values of the scattering parameter.
The argon surfatron plasma has typical electron temperatures of T̂e = 1.3 and electron
densities of n̂e = 0.3, which results in a scatter parameter α = 0.04 that is lower than 0.1
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so Thomson scattering is incoherent in the argon surfatron plasma because it has a relatively low electron density and a high electron temperature. This makes the interpretation
of the data for argon surfatron plasmas straightforward since ne and Te directly follow
from the intensity and width of the spectrum, respectively. The mercury HID lamps have
typical electron temperatures of T̂e = 0.6 and electron densities of n̂e = 25, which results
in a scattering parameter α = 0.5 that is higher than 0.1 and coherent behaviour becomes
noticeable.
The Thomson scattered power per unit of frequency and within a solid angle dΩ is
given by
dσT
dPs
dωs = Pi · ne · Ldet ·
· dΩ · S(k, ∆ω) · dωs ,
(7.6)
dωs
dΩ
where Pi is the power of the incident laser beam, Ldet the length of the detection volume
T
along the incident laser beam, dσ
the differential cross-section for the Thomson scattering
dΩ
and S(k, ω), which gives the frequency shift resulting from the electron motion as well
as the effect of correlations between the electrons. For incoherent scattering the electron
temperature can be given as [26]
∆λ1/e
me c2
·
Te =
2
λi
8kB sin θ/2

!2

.

(7.7)

When using a perpendicular scattering geometry (θ = 90o ) and a wavelength λ = 532
nm, the electron temperature can be expressed as


Te = 5238 · ∆λ1/e

2

[K],

(7.8)

where ∆λ1/e is given in nm. Equation 7.8 shows that for higher electron temperatures
the Thomson spectrum is broader than for lower electron temperatures.
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7.3

Basic set-up for Thomson scattering

This section gives a description of the TS set-up, followed by a more detailed description
of the components. The adjustments in the set-up are mentioned, such as the half wave
plate (HWP) in the TGS.
The vertical polarized light is focussed on the plasma source. The scattered photons
in the detection volume are collected by two achromatic doublet lenses. These lenses have
a focal length of 600 mm and a diameter of 95 mm and create a 1:1 image of the detection
volume onto the entrance slit of the TGS, see Figure 7.4. The entrance slit in the TGS is
placed horizontal, i.e. parallel to the laser beam.

Figure 7.4: Schematic overview of the experimental set-up for Thomson scattering. The
ICCD camera records the spectra at different positions along the laser beam.

7.3.1

The laser

The SL312 frequency doubled Nd:YAG laser from Ekspla, Lithuania produces horizontally
polarized laser pulses with a wavelength of λ = 532 nm at a repetition rate of 10 Hz. The
pulse duration is 150 ± 20 ps at full width half maximum (FWHM). This laser produces
lesser straylight on the plasma source than the old Nd:YAG laser because it has a nicer
Gaussian profile. How the laser beam polarization is changed from vertical to horizontal
is explained in the forthcoming chapters.
The maximum output of the laser at the second harmonic at 532 nm is about 115 mJ
per pulse, see Figure 7.5. The beam beam diameter is approximately 10 mm.
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Figure 7.5: The laser energy output measured with a Newport Power/Energy meter, model
841-PE, just after the laser and in front of the detection volume. These values are obtained
without an optical delay line and without a beam splitter in the set-up.

7.3.2

Triggering

To be sure that the TS signal arrives at the camera when the camera is being gated, a
proper synchronization of the laser and camera is required. In this work two triggering
methods are used to open the camera at the moment that the scattered signal enters the
camera. The first trigger method is called ’precise’ triggering and uses an optical delay
line that is discussed in the next chapter. The ’precise’ triggering method has almost no
jitter (in the order of several ps) and is applied on the HID lamps to measure at very low
gate times. The disadvantage of the optical delay line is that high laser pulse energies can
damage the corner cubes (CCs). Therefore, another triggering is needed for the argon
surfatron plasmas where low gate times are not necessary.

’Precise’ triggering
The optical path in the set-up without the optical delay line, from the laser to the plasma
and from the plasma to the camera, is approximately 10 m long, which corresponds to
a delay of 33 ns. The trigger signal of the camera is generated when the laser pulse has
already been formed. It takes the signal 15 ns to travel from the laser to the camera with
a coax cable and the camera takes at least another 65 ns to gate its intensifier after the
arrival of the trigger signal. Therefore, the TS light should arrive at the camera at least
80 ns after the generation of the trigger signal. Thus an extra optical delay needs to be
provided of at least 50 ns. Because photons travel 0.3 m in 1 ns an additional delay line
of at least 15 m needs to be build. This optical delay line was designed and build by [28]
and is discussed in the chapter 10. It is better to have some extra path length because
this can be compensated by the internal delay of the ICCD camera.
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’Simple’ triggering
The second triggering method does not use the optical delay line. This trigger method
has a higher jitter, in the order of 1 ns, and can therefore not be used for low gate times.
This trigger method is called ’simple’ triggering. The advantage of this triggering method
is that the laser power can be increased till approximately 1 J per pulse. However, the
Sl312 laser is limited by a maximum laser output of 115 mJ/pulse at 532 nm. The ’simple’
triggering method is used in the argon surfatron plasmas to focus more laser power onto
the plasma.
Differences between the two triggering methods.
The ’simple’ triggering is used for measurements on the argon surfatron plasma and the
’precise’ triggering is used for measurements on the HID lamps. The advantages and
disadvantages of the two triggering methods are shown in table 7.1.
Table 7.1: Differences between the two trigger methods.
’Simple’ triggering
’Precise’ triggering
gate time range
> 10 ns
> 200 ps
delay line
no
yes
laser power
max. 1 J per pulse max. 50 mJ per pulse
beam shape
normal, round
deformed

7.3.3

The triple grating spectrograph

For the detection system we use a two-dimensional ICCD with the big advantage that
spectral information can be obtained for several positions along the plasma beam interaction region. Thus one dimension of the ICCD is used for the position and the other for
the wavelength. The dispersion by the gratings is realized in the horizontal direction and
the vertical direction is used for the spatial information. Since the spatial information
is initially present in the horizontal direction (the entrance slit is placed horizontal), an
image rotator is used to rotate the information by 90 degrees. One novel aspect of the
TGS as introduced in this study is that a Halve Wave Plate (HWP) is placed in the TGS
just after the entrance slit. This results in an improvement of the Thomson and Rayleigh
signal by a factor of 7, see Appendix A.
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Figure 7.6: The Triple grating spectrograph (TGS): ’A’ is the entrance slit, ’B’ the HWP,
’I.R.’ the image rotator, ’I.S’ the intermediate slit, ’Gr’ a grating, ’E’ a polarizer and
’D’,’F’ are mirrors.
The reduction of both false straylight and Rayleigh signal is done with a Double
Grating Filter (DGF) in the TGS. The scattered signal goes to the entrance slit and
then to the HWP after which the information is rotated by the image rotator. Then
it travels to the first two spectrographs (DGF) that serve as a notch filter. The first
grating disperses the incident light, subsequently, a mask of 1 mm blocks the central part
of the spectrum that is formed, and the second grating combines the light and focusses
it onto the intermediate slit. The intermediate slit acts as the entrance slit for the third
spectrograph and has a width of 250 µm. Almost any light around the central wavelength
that was able to pass the mask due to imaging imperfections and reflections inside the
TGS, is blocked by the intermediate slit. Finally, the third spectrograph provides the
spectral dispersion of the spectrum that illuminates the ICCD camera.
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7.3.4

The ICCD camera

A new two dimensional Intensified Charge Coupled Device (ICCD) camera, from Stanford, is used to record the Thomson signal. The camera can perform measurements at a
minimum gate time of 200 ps.
The amplification of intensity is done with the Multi Channel Plate (MCP) that
controls the amplification of the signal by changing the voltage. The lowest workable
MCP Voltage gain of the ICCD camera is around 800 V and the maximum is 1000 V.
During Thomson and Raman scattering the voltage is always 1000 V, but lower voltages
are sometimes used for Rayleigh signals to prevent saturation. The intensity of the camera
works logarithmic by increasing the MCP Voltage and linearly by increasing the gate time,
see Figure 7.7.

(a)

(b)

Figure 7.7: The intensity measured with the camera while increasing Voltage and exposure
time. The intensity of the CCD camera is very poor at values below MCP values of 850
V.

The Charge Coupled Device (CCD) is a silicon based semiconductor chip bearing a
two dimensional matrix of pixels which has 572 rows and 736 columns.
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Thomson scattering on the mercury
HID lamps
8.1

Introduction

This chapter describes the Thomson scattering set-up applied on the mercury HID lamps.
The system is calibrated using rotational Raman scattering at room temperature, in
a nitrogen tube that has the same dimensions as the mercury HID lamp, with known
composition and pressure. To enable measurements with low gate times the optical delay
line is implemented in the set-up. The maximum laser output that can be focussed on
the lamps was found by trial and error 0.75 mJ/pulse. This low laser power requires long
integration times to obtain a good signal to noise ratio. Finally, the TS results are shown
at low gate times for different lamp powers. Also measurements on different heights are
performed.

8.2

The Thomson scattering set-up applied on the
mercury HID lamps

The laser emits horizontally polarized light and travels through the QWP to the optical
delay line. There it travels both corner cubes for a total of eight times, and exits the
optical delay line in the same and opposite direction the laser beam entered it. After two
passes through the QWP, one before and one after passing through the delay line, it has
become vertically polarized. After the optical delay line a beam splitter of 10 % is placed
to reduce the laser power. A focus lens of 25 cm is used to focus the laser beam with
a waist of d0 = 2f λ/D ≈ 27 µm onto the detection volume of the mercury HID lamp.
The scattered photons are collected by two lenses and focussed on the entrance slit of
the TGS. In the TGS a subtractive method is used to remove false stray light and the
Rayleigh signal after which the TS signal is focussed on the ICCD camera. The TS set-up
applied on the mercury HID lamps is shown in Figure 8.1.
As discussed in the triggering section of the previous chapter, a delay line of at least
50 ns is needed to preform at low gate times. This corresponds to an additional path
length of about 15 m. It is also important that sufficient laser energy can be focused onto
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Figure 8.1: The set-up for measurements on HID lamps. The horizontally polarized laser
light is traveling though the optical delay and thereby traveling two times through the QWP
to get vertically polarized laser light. Then the laser light is reflected by a 10% beamsplitter
to the detection volume. The scattered photons are collected by two achromatic doublet
lenses and focussed on the entrance slit of the TGS.
the detection volume of the plasma. From these considerations an optical delay was made
with solid-glass corner cubes (CCs), see Figure 8.2. These CCs have the special property
that any incident light ray gets reflected in the exactly parallel, opposite direction. The
optical delay line with corner cubes for multipass optical cells was designed by [28]. The
design uses two corner cubes of unequal sizes. The laser beam reflects at a 45o mirror
towards the top half of the large CC. The reflected beam is shifted both horizontally and
vertically, and is directed towards the small CC. The beam is reflected by the small CC
and returns to the large CC. There the laser beam is reflected and goes to a normalincidence mirror that reflects the laser beam over the exact same path. Thus, the laser
beam travels both corner cubes for a total of eight times, and exits the optical delay
line in the same and opposite direction the laser beam entered it. The numbers given in
Figure 8.2 correspond with the numbers in Figure 8.1. The total path length of the optical
delay line is about 18 m. This gives an additional delay of 60 ns. This is more than the
requirement. However, any additional delay of the TS signal pulse can be compensated
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by setting an appropriate delay in the internal delay generator of the ICCD camera.

Figure 8.2: Schematic drawing of the laser path between the corner cubes in the optical
delay line. The laser beam travels the distance between both corner cubes eight times, to
get an extra optical delay of around 60 ns. [28]

8.3

Calibration method

The Thomson signal obtained with this set-up contains contributions of dark current of
the camera, stray light, continuum and line radiation of the plasma. The spectra of the
plasma radiation and stray light were subtracted from the Thomson spectrum. However,
both contain dark current and therefore the dark current has to be added to the results
of substraction, see table 8.1.

Table 8.1: Different contributions of a Thomson spectrum.
type
source
laser lamp
σT S
scattered radiation of the quasi free electrons
on
on
σstray scattering on surroundings and bound electrons on
off
σplasma
continuum and line radiation
off
on
σdark
dark current of the iCCD
off
off
The corrected Thomson signal is obtained with
σT Scorr = σT S − σstray − σplasma + σdark .

(8.1)

Due to the fact that α is in the range of 0.2 < α < 0.5, the determination of ne and Te is
done by including α in the fitting procedure.
The corrected Thomson signal is given in Figure 8.3, the electron density can be
roughly determined from the area and the electron temperature globally from the width
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of the spectrum at FWHM. The electron density and electron temperature depend both
on α. This is because the Thomson spectrum is partially coherent. The central part of the
Thomson signal is blocked by the mask in the TGS to block false straylight and Rayleigh
signal.

Figure 8.3: Example of a Thomson spectrum at different lamp powers. The intensity of
the Thomson signal increases when the lamp power is increased.
The electron density ne can be determined in an absolute way by combining the
Thomson scattered intensity PT with the rotational Raman scattered intensity PRM of
nitrogen N2 with a known density nN2 ,
ne = nN2 · (1 + α2 ) ·

PT
· ΓRM .
PRM

(8.2)

Here, α is the scattering parameter and ΓRM the ratio of the differential averaged Raman cross-section and the Thomson scattering cross-section [26]. For nitrogen at room
temperature ΓRM is 8.15 · 10−5 . Equation (8.2) shows that from both incoherent and
coherent scattering the electron density can be determined from the ratio of the Thomson
and Raman spectrum intensities. The corrected Raman signal obtained from the nitrogen
tube is shown in Figure 8.4, the total intensity is equal to the total area of the spectrum.
The corrected Raman signal is obtained with
σRamancorr = σRaman − σdark .
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Figure 8.4: A Raman spectrum obtained in a nitrogen tube at atmospheric pressure and
at room temperature. The dimensions and shape of the nitrogen tube is the same as that
of the high pressure mercury lamp.
Figure 8.4 shows that Stokes, that is more intense than anti-Stokes, is on the left side
of the spectrum. This means that the wavelength is increasing from the right to the left
of the spectrum.
The dispersion of the optical system was measured by searching the mercury lines
present in the spectrum. Using these lines resulted in a dispersion of d = 10.3 ± 0.2
Spix/nm with 6 times binning in the wavelength direction. Spix stands for the the number
of pixels that is binned in the experiment. This is somewhat higher than the theoretical
knf
. In this
value of 9.36 Spix/nm for 6 times binning that is determined from d = cos
β
equation f is the focal length, k=1 because the gratings are used in first order, n = 1800
is the number of lines per mm in the grating and β is zero assuming that the alignment
and components are perfect.

8.4

Results

This section shows the results of Thomson measurements performed on the mercury lamps
at different mercury fillings of 15 mg and 30 mg, different powers (Prms ) with the quasiDC ballast and at different heights in the lamp. The integration time is set between 15
and 25 minutes to obtain a good signal to noise ration (S/N ratio). The power of the lamp
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(Prms ) is measured with a Norma 3000-PP30 power meter. Thomson scattering results
on mercury HID lamps done in the past at lamp powers in the range of 150 and 240 W
showed [4] that the mercury concentration was not totally vaporized for these powers.
Therefore, the lamp power has been increased in this work.

8.4.1

Different powers in the mid plane of the HID lamp

The Thomson measurements are performed at gate times of 1 ns with ’precise’ triggering
to reduce the line and continuum emission of the lamps. The quasi DC ballast power is
set to 250, 300 and 350 W, the mercury gas filling 15 mg, the average energy of the laser
0.60 mJ/pulse with a root mean square instability of about 8% and the integration time
20 minutes. The laser instability during the day, also called laser drift, is measured to be
around 3 %. The binning of the corrected Thomson spectrum is 15 pixels in the spatial
direction and 6 pixels in the wavelength direction. The results of TS on the mercury HID
lamps at different lamp powers are shown in Figure 8.5.

(a) The electron temperature

(b) The electron density

Figure 8.5: The electron temperature Te and electron density ne for different lamp powers.

Figure 8.5a shows that the electron temperature in the mid plane of the lamp is constant at 7000 K and almost independent of the lamp power. Nienke [27] found that
the electron temperature increases in the center of the plasma by increasing the lamp
power. However, the uncertainty is higher than the measured increase in temperature
and therefore this increase is not observed. However, the electron temperature difference
for different lamp powers near the edge of the plasma can be distinguished. The temperature drops near the edge of the plasma to about 6000 K. The results are shown in table 8.2.
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Figure 8.5b shows that the electron density is highest in the center and decreases away
from the center about a factor of 3. The value of ne depends strongly on the power of the
lamp in the central part and becomes less power dependent near the plasma edge.

Table 8.2: The average electron temperature for different lamp power closely around the
center (range 3 mm) for the 15 mg Hg DC-lamp and the electron temperature for different
lamp powers at the edge.
Power
Average Te
Te near the edge
in the center
[W ]
[K]
[K]
3
250
(7.0 ± 0.5) · 10
(5.7 ± 0.6) · 103
300
(7.0 ± 0.5) · 103 (5.8 ± 0.6) · 103
350
(7.0 ± 0.5) · 103 (6.3 ± 0.7) · 103

Coherent effects in the mercury HID lamps
q

Figure 8.6 shows that the coherent effects, α = 0.08 n̂T̂e , decrease at higher r-values.
e
This is because the electron density decreases rapidly while Te stays almost constant.
The highest α value is 0.45 and therefore, partly collective. Near the edge of the plasma
α is 0.2 and more incoherent. In the fitting procedure it was found that near the edge
of the plasma, the electron temperature and electron density does not change much by
using an incoherent fit instead of a coherent fit.

Figure 8.6: The scattering parameter α in the 15 mg mercury lamp with a power of 250
W.

8.4.2

TS in the top of the Hg-lamp

Thomson scattering is also performed in the top of the mercury HID lamp. The quasi
DC ballast deliveres 350 W to the lamp, the mercury gas filling is 30 mg, the average
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energy per pulse 0.67 mJ/pulse, the integration time 25 minutes and the gate time 10 ns
done with the ’precise’ triggering method. The results of these measurements are shown
in Figure 8.8.
During one day, the Thomson signal was measured in the middle of the lamp and 1.2
cm above the middle of the lamp, see Figure 8.7.

Figure 8.7: The Thomson signal measured at different positions in height. The middle of
the lamp is called the mid plane.
The scattering volume in the top of the lamp is only 5 mm under the electrode. This
means that straylight is more intense and more difficult to minimize. The detected plasma
diameter on the entrance slit of the TGS is 3.2 mm, see also Figure 8.8. First, the Raman
signal is measured and optimized with a visual range of 6 mm. Then the Thomson signal
is measured in the middle of the lamp and then the Thomson signal is measured in the
top of the lamp.
Figure 8.8a shows that the electron temperature in the top of the lamp is more radially
dependent and descends at increasing r-values. In the center of the plasma (a range of
approximately 1.2 mm) Te is constant at 8000 K and then it decreases rapidly to 6500 K
at the end of the plasma (r=2 mm). This shows that the electron temperature is higher
in the top than in the mid plane of the mercury HID lamp. This is most probably because
the current density (that is the amount of current flowing per unit of cross-sectional area
of the lamp) in the top of the lamp is higher that in the mid plane resulting in the creation
of more free electrons.
Figure 8.8b shows that in the top of the lamp, the electron density decreases rapidly
with increasing r-values. It also shows that the electron density is higher in the middle
of the lamp than in the top. This is surprising since the current density j = I/A in the
top of plasma is higher than in the mid plane. The electron density in the top of the
lamp shows a very sharp peak compared with the electron density in the middle. This
means that more free electrons in the top of the lamp are contracted in the center of the
lamp and less on the outside compared with the free electrons in the mid plane of the lamp.

78

Thomson scattering on the mercury HID lamps

(a) The electron temperature.

(b) The electron density.

Figure 8.8: Thomson signal at the top of the Hg-lamp compared with the same setting in
the middle of the lamp

In the top of the lamp the plasma is not exactly centered around r = 0 mm. The
most probable reason why the plasma in the top of the lamp is not exactly in the center,
but shifted 0.5 mm to the left in radial direction, is because the measurement was done
close to the electrode. The interaction between the electrode and plasma results in a shift
displacement of the plasma in the top of the lamp.

8.5

Discussion

This section discusses the TS results obtained from the mercury HID lamps. First, a
general discussion on the errors of ne and Te are given. Then the equilibrium departures
in the lamps are discussed and finally, the heights dependencies are discussed in more
detail.

8.5.1

Estimation of the total error in ne and Te

There are two kind of errors in the results of ne and Te , namely a random error and a systematic error. Random errors are mainly caused the laser instability during a day (laser
intensity drifts) and the fitting procedure. The systematic error is mainly introduced by
the calibration error and the Thomson and Raman cross-sections.
Errors in ne are mainly determined by calibration errors, this is mainly due to experimental errors and by the accuracy of the Thomson and Raman cross-sections. Errors in
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Te are mainly determined by the fit through the spectrum.
Calibration error
The ’every day’ alignment of the system is performed on the nitrogen tube by changing
the height of the lenses in front of the TGS and the focus lens until the intensity of
the Raman spectrum is maximum. After the Raman measurement, the nitrogen tube
is replaced by the mercury HID lamp. This will give an alignment error and different
transmission of the system for TS and Raman scattering and is 5 %. The error of the
Raman scattering cross-section is 8 % [31] and the Root Mean Square (RMS) stability of
laser pulse is around 7 %. Due to the long integration times the variations of the laser
pulses cancels partially out. Intensity laser drifts of the laser during the day is around 4
%. Quadratic summing yields a total error in ne of 11 %.
Fitting error
An error is made in the fit because the mask in the TGS blocks the central part of
the spectrum. The error in Te due to the uncertainty in width of the spectrum can be
determined for incoherent scattering, where T e = 5238(∆λ1/e )2 [K]. The average pixel
uncertainty is around 6 pixels and the dispersion of a pixel equals 0.0954 nm/pixel, this
gives an error in Te of 8 %. The total error including the asymmetric offset gives a total
error in the electron temperature of around 12 %.

8.5.2

The measuring range in the mid plane of the plasma

The plasma diameter is approximately 8 mm in the mid plane of the lamp. This is due
to the fact that the discharge contracts towards the axis of the tube for high pressures,
instead of filling the whole cross-section of the tube as in the case for low pressure discharges [3]. The current density has a maximum on the central axis and decreases with
distance from the center. This means that the creation of electrons and ions mainly take
place in the center of the lamp as observed.

8.5.3

Equilibrium departures

It is usually assumed that the high pressure mercury discharge lamps are in LTE. This
assumption assumes that for each location all material particles are both in thermal and
chemical equilibrium. Thermal equilibrium implies that all material particle type have
a Maxwellian energy distribution that can be described by one temperature. Chemical
equilibrium implies that excitation and de-excitation are ruled by the Boltzmann balance
and that the degree of ionization is given by the Saha formula.
First, thermal equilibrium will be discussed by comparing the electron temperature
with the gas temperature. Then the chemical equilibrium departure will be discussed by
looking at the departure from Saha equilibrium with the b1 -factor.
80

Thomson scattering on the mercury HID lamps
Deviations from thermal equilibrium: Te > Tgas
The electron temperatures obtained from the TS measurements are compared with the
gas temperatures obtained from the XRA measurements [4] to validate LTE in the mercury HID lamp .
From the TS measurements, it was found that for a 15 mg mercury lamp driven by
a power of 250 W the electron temperature is 7000 ± 500 K. The gas temperature, determined from the X-ray absorbtion (XRA) [4] method was reported to be 6100 K in the
center of the 15 mg mercury lamp for 240 W. This gives a temperature difference of 900
K. From these considerations LTE is not present in the lamp, because Te > Tgas .
The dispersion of the optical system was determined from mercury lines around 532
nm. Using these lines resulted in a dispersion of d = 10.3 ± 0.2 pix/nm with 6 times
binning in the wavelength direction. It is more accurate to use the Raman lines of the
nitrogen tube measurements. This can be done by searching the most intense Raman
peak on the right, the 8 → 6 transition at λ = 530.32 nm and the most intense peak on
the left, the 6 → 8 transition at λ = 533.69 nm. Using these peaks results in a dispersion
of d = 10.13 ± 0.08 pix/nm when binning 6 times in the wavelength direction. This is
somewhat lower than the value obtained from the mercury lines. If we correct for the
new dispersion value we find that the electron temperatures obtained in the mercury HID
lamps deviate even more from LTE than discussed above.
The theoretical dispersion relation in the TGS is 9.36 pix/nm determined from d =
In this equation f is the focal length, k is 1 because the gratings are used in
first order, n = 1800 is the number of grooves per mm and β is zero assuming that the
alignment is perfect. This means that the alignment of the set-up is not perfect, for
example that β is higher than zero, so that d is higher.
knf
.
cos β

Deviations from chemical equilibrium
Deviations from chemical equilibrium occur when the Saha balance is disturbed. These
deviations from local Saha equilibrium (LSE) are described by the b1 -factor. The b1 factor, discussed in section 3.5.3, is given by b1 = n1 /nS1 . For 0.1 < b1 < 10 the atomic
system is close to LSE and for b1 > 10, the atomic system is said to be strongly ionizing
and not in LSE.
The Saha ground state densities are calculated for different radial positions in the lamp
from the electron temperature and electron density by calculating the b1 -factor. These
are compared with the ground state density determined from the ideal gas law where the
pressure p is determined in section 2.2.
The b1 -factor describes deviations from local Saha equilibrium and the corresponding ionizing properties of the plasma. The gas temperature is chosen 1000 K near
the wall and 6100 K in the center of the lamp. Then a parabolic fit is made and at
each radial position of the plasma Tgas is calculated. The mercury pressure is 1.8 bar
for the mercury lamp at 250 W. The ground state atom density n1 is calculated from
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Figure 8.9: The b1 -factor of a 15 mg mercury lamp driven by 250 W. The b1 -factor is
always higher than 10 so the plasma is ionizing.
the ideal gas law p = n1 kB Tgas and the Saha ground state density is calculated with
nS1 = n2e /(ge g+ )
to 10.44 eV.



h2
2πme kB Te

3/2

exp (I/(kB Te )), where I is the ionization potential and equal

Figure 8.9 shows that b1 for 250 W is higher than 10 in all cases and that it increases
rapidly at higher r-values. The increase of b1 away from the center is explained by the
decrease in the electron density ne and the almost constant value of the electron temperature Te . This results in a decrease in nS1 and hence an increase in b1 .
A more detailed look at the ionizing properties of the HID lamp is to introduce the
ionization flow Irate (m−3 s−1 ) defined by
Irate = ne n1 kion − n2e n+ krec ,

(8.4)

where the first term on the right represents the ionization term and the second term the
recombination term. The ionization flow can be written as
Irate = ne nS1 kion (b1 − 1).

(8.5)

If we assume that b1  1 we can write that Irate ≈ ne nS1 b1 kion . This equation shows that
the ionization flow depends on both the b1 -factor and ne . The electron density decreases a
factor of 3 near the plasma edge and the b1 -factor increases more than a factor of 8. This
shows that Irate ascends with increasing r values and that the plasma is more ionizing at
higher r values. This probably means that the ionizing properties of the plasma in the
center is more balanced by the recombination process, while in the outer region the ionization process is more dominant than three particle recombination. However, this cannot
be compensated by diffusion and so another recombination process must compensate for
this netto ionization flow.
The variation of the b1 -factor in the mid plane of the plasma due to the errors of
Te and ne is calculated as follows: The lowest b1 -factor is obtained in the center of the
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lamp when we assume that the electron temperature is Te = 7000-500 = 6500 K and the
electron density is ne = (3.5 + 0.4) × 1021 = 3.9 × 1021 m−3 . This gives that b1 = 6.5. The
highest b1 -factor is obtained with Te = 7500 K and ne = 3.1 × 1021 m−3 to give b1 =152.
The error analysis shows that a b1 -factor below 10 is possible when the error in Te and
ne is taken into account. The b1 -factor depends strongly on the electron temperature so
a smaller error in Te would certainly improve the results of the b1 -factor to validate LTE
in the mercury lamp.

8.5.4

Results of ne in the top of the lamp

In the top of the lamp the electron density is lower than in the middle. This is not as
expected because the current density j = −ne eµe E is higher in the top resulting in the
creation of more free electrons ne ∝ j/E, assuming that the electric field is constant.
The reason is that probably the calibration method is not so good because the scattered
Thomson signal PT in the top of the lamp is calibrated with the Raman signal intensity
PRM measured in the mid plane of the lamp. It is better to have the same conditions
for both the Raman and Thomson measurements. Due to this calibration procedure an
underestimation of ne is introduced that is probably very big. The value of this error is
not known. This means that the electron density in the top of the lamp is probably not
so accurate. There were also some TS measurements lower in the lamp, but those had to
much straylight in the spectrum and are therefore not included in this report.

8.5.5

Intrusive aspects of the laser-plasma interaction

Focusing a strong laser can influence the plasmas electron temperature and electron density. The electric field of the laser beam can heat the electrons in the plasma. This takes
place via Bremsstrahlung, which is the absorption of a photon by an electron nearby an
ion. The relative change of Te is given by
κIτ
∆Te
= 3
.
Te
k nT
2 B e e

(8.6)

where κIτ is the absorbed laser energy by the plasma. This formula is only valid in
the case for an ionizing plasma. The laser pulse period has to be smaller than elastic
electron-atom, inelastic electron-atom and electron-ion collisions because otherwise the
laser energy can be conducted away during the time of the laser pulse. When the laser
pulse period is longer than these processes, the real electron temperature of the plasma
is not measured. The ionization processes due to absorption of incident photons of the
laser beam have beam investigated by [4, 26, 27] for laser pulse periods of 9 ns and found
no significant increase of Te . This was done by checking the line emission of the lamp.
These lines should not change much by focussing the laser in the lamp. When the line
intensity changes we know that there are intrusive effects and that the results are not
valid. In this work the laser power is low enough so that this effect is not measured. The
change in ne due to the influence of the laser was checked by measuring the continuum.
The continuum should not change much by focussing the laser in the plasma. At high
laser powers, (multi)-photon ionization can occur. The intrusive aspects of laser-plasma
interaction was already investigated [4] and they found that photo-ionization from the
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ground state is not important since the incident laser energy (2.33 eV) is much lower than
the ionization potential E + -10.4 eV for mercury atoms. Photo-ionization from highly
excited states can be neglected due to the low density of these states. Important to notice
is that due to the low ionization and excitation potential of mercury the creation of Laser
Induced Plasma (LIP) by multi-photon ionization can occur when the laser power is to
high. This was observed when the average laser power was higher than 1.0 mJ/pulse.

8.6

Conclusions

This is the first time that the entire radial profile of the plasma in a mercury HID lamp is
observed with Thomson scattering. The ’precise’ triggering method was used to preform
at gate times of 1 ns that gave a good signal to noise ratio of the Thomson spectrum.
The whole plasma range can be observed due to the better beam quality of the new laser
that reduces the false stray light. The reduced false stray light also made it possible to
determine the electron density and electron temperature in the top of the lamp. It was
found that the electron temperature is higher and the electron density is lower in the top
of the lamp. The TS results in the mid plane of the HID lamp agree with older results
done by [4, 27]. The electron density is maximum in the center of the plasma and decreases away from the center. The electron temperature is almost constant in the center
of the lamp (7000 K) and drops approximately 1000 K near the edge of the plasma. This
decrease is larger than the error is Te but is less than assuming LTE. The error is Te is
approximately 500 K and the error in ne is 11 %.
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Chapter 9
Thomson scattering on the surfatron
plasma
9.1

Introduction

This chapter discusses the TS results of the argon surfatron plasma. The system is calibrated using rotational Raman scattering at room temperature in the surfatron tube
with a nitrogen filling at room temperature and a known pressure. With respect to the
application of TS on the mercury HID lamps as treated in the previous chapter we have
the following differences: the electron density in the argon surfatron plasma is lower than
that of the mercury HID lamps, so the number of photons hitting the ICCD camera will
be much less. In view of the low scattering probability more laser energy is applied to
get sufficient photons hitting the detector. From these considerations the beamsplitter
and the optical delay line that were used for the mercury HID lamps applications are
removed. The beamsplitter is removed because it transmits only 10 % of the laser energy
and the optical delay line is not used since it cannot sustain more than 50 mJ/pulse while
75 mJ/pulse is at least needed.
This chapter is organized as follows: In section 2, the TS set-up applied on the argon
surfatron plasma will be described. In section 3, the calibration procedure will be given.
In section 4, the TS results are shown at different places in the argon surfatron plasma
and in the last two sections the discussion and conclusions are given.

9.2

The TS set-up applied on the surfatron plasma

The ’simple’ triggering is used because the stray light is low and there are no intensive
lines around 532 nm. The CC’s of the optical delay line are replaced by a normal incidence
reflecting mirror, see Figure 9.1. Initially, the horizontally polarized beam is transmitted
by a plate polarizer, that transmits horizontally polarized light, which is positioned at
the Brewster angle with respect to the laser beam. After two passes through the quarter
wave plate (QWP), one before and one after reflecting at the normal incidence reflecting
mirror, the laser beam is vertically polarized, and get completely reflected by the plate
polarizer, that reflects vertical light. Thereafter, the beam is focussed into the detection
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Figure 9.1: The set-up for measurements on the surfatron. The optical delay line is
replaced by a reflecting mirror.
volume of the plasma by a plano-convex lens that has a focus length of 1 m. The waist
of the laser beam in the detection volume is d0 = 2fDλ ≈ 0.20 mm.
The alignment of the surfatron is relatively ’easy’ compared to the alignment of the
mercury HID lamps because it is placed on a alignment table that is very flexible. Due
to the fact that the Brewster windows are placed far away from the detection volume
(> 20 cm) the false stray light caused by the laser scattering on the surroundings is lower.
The laser beam can pass the surfatron plasma in axial direction and is dumped in the
beam dump. In this way the electron temperature and electron density can be determined
axially.

9.3

Calibration method

The Thomson signal contains dark current of the camera and a small contribution of
continuum radiation by the plasma. The results of substraction are given in table 9.1.
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Due to the low electron density and the high electron temperature the argon surfatron
Table 9.1: Different contributions of a Thomson spectrum.
type
source
laser lamp
σT S
scattered radiation of the quasi free electrons on
on
σplasma
continuum radiation
off
on
σdark
dark current of the iCCD
off
off
plasma is incoherent, α < 0.1. The total scattered Thomson signal is then proportional
to the electron density ne and the the Doppler width gives Te . The absolute calibration
is done by filling the tube with nitrogen at room temperature to a pressure around 50
mbar. Other conditions such as laser power, exposure time, alignment and gas flows are
for both Raman and Thomson scattering the same. The Raman spectrum is also used
to determine the dispersion of the optical system. This was done by searching the most
Raman peak on the right, the 8 → 6 transition at λ = 530.32 nm and the most intense
peak on the left, the 6 → 8 transition at λ = 533.69 nm. Using these peaks results in a
dispersion of d = 14.61 ± 0.08 Spix/nm when binning 4 times in the wavelength direction.
This is somewhat higher than the theoretical value of 14.04 Spix/nm for 4 times binning.
The corrected Thomson signal is
σT Scorr = σT S − σplasma ,

(9.1)

from which the electron density can be obtained with
n e = n N2 ·

PT
· ΓRm
PRm

(9.2)

and the electron temperature with, see equation (7.8)


Te = 5238 · ∆λ1/e

2

[K].

(9.3)

The corrected Raman signal is used for the absolute calibration of the electron density
and is obtained with
σRamancorr = σRaman − σdark .
(9.4)

9.4

Results

All the Raman measurements are done at 50 mbar nitrogen at room temperature. The
Thomson measurements are done at different pressures, at different powers and at different
flows. The gate time is set to 15 ns and the ’easy’ triggering is used.

9.4.1

Results 3.8 cm from the surfatron

The Thomson spectrum is measured z=3.8 cm from the launcher. The total axial profile
of the Thomson spectrum is determined from the length of the entrance slit in the TGS
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that is 1.2 cm. The observed length is only a small part of the total plasma length that
depends mainly on the pressure absorbed power of the plasma. The used pressures are 4,
6, 8, 10, 15 and 20 mbar, the integration time is 33 minutes and the average laser power
82 mJ/pulse. The argon flow is kept constant at 30 sccm, the dispersion of the CCD
camera with 4 times binning is 14.6 Spix/nm and the spatial binning is 30. An example
of an ICCD picture of the collected TS photons and the corresponding binned (4 x 30)
TS photons are shown in Figure 9.2.

(a)

(b)

Figure 9.2: a) A Thomson spectrum of a 15 mbar argon plasma. The sensitivity of the TS
spectrum depends on the position but ne is corrected with same sensitivity in the Raman
spectrum. The integration time is 33 minutes and the average pulse energy is 82 mJ/pulse.
b) The corresponding binned Thomson spectrum in a contour plot.

These two figures show that the signal to noise ratio is very good. The electron
temperature and electron density of this Thomson signal for an absorbed power of 47 W
are shown in Figure 9.3.
A summary of the results are shown in table 9.2.
Table 9.2 shows that the electron temperature decreases with increasing pressure and
the electron density increases with increasing pressure.
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(a) The electron temperature

(b) The electron density

Figure 9.3: The power absorbed by the plasma is approximately Pabs =47 W.

Table 9.2: The Thomson results at different pressures and at different powers.
Pressure Pabs =47 W
40 W
34 W
Average Te Average ne Average Te Average ne Average Te Average ne
[mbar]
(eV)
(·1019 m−3 )
(eV)
(·1019 m−3 )
(eV)
(·1019 m−3 )
5
1.4
2.6
1.22
2.2
1.15
1.5
10
1.3
3.6
1.11
2.9
1.15
1.6
15
1.2
4.0
1.05
3.3
X
X

9.4.2

Results very close to the launcher

This subsection gives the electron temperature and electron density very close to the
launcher, see Figure 9.4. The average laser power is 82 mJ/pulse and the integration time
equals 33 minutes.
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(a) The electron temperature

(b) The electron density

Figure 9.4: The axial profile of the electron temperature and electron density very close to
the launcher. The power absorbed by the plasma is approximately Pabs =47 W.

Figure 9.4a shows that the electron temperature descends from the launcher and that
after 5 mm it reaches a more or less constant value. Figure 9.4b shows that the electron
density is low nearby the launcher and is increasing rapidly. After 5 mm the electron
density becomes constant.

9.4.3

The axial profile of ne and Te

The axial profile of the electron density and electron temperature along 14 cm of the
plasma column is given in this subsection. The measurements are done in two days
because of the time consuming alignment procedure. This gives an additional error due
to the day-to-day fluctuations. The plasma length at the down stream side is 38 cm
for 10 mbar and 36 cm for 20 mbar. First, the detection volume is fixed and then the
measurements at different pressures are done. The laser intensity is 78.8 mJ/pulse during
30 minutes integration time. The laser intensity drift did not change much during the
two days. The first three positions near the launcher were done in day one. The other
two measurements in day two. The results are shown in Figure 9.5.
Notice that the axial position is given in [cm] instead of [mm]. Information of ne
and Te could be determined in almost 40 % of the plasma. The signal to noise ratios at
larger distances from the launcher are less because the electron density decreases along
the plasma column. The lower S/N ratio generates larger errors in the results obtained
at large axial positions. Figure 9.5a shows that Te almost remains constant. Figure 9.5b
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(a) The electron temperature

(b) The electron density

Figure 9.5: The absorbed power is 47 W.

shows that the electron density decreases along the plasma column. It is surprising that
the electron density decreases not so much as the theory predicts. This theory predicts
that the plasma quenches when the critical density is reached nc = 4.0 · 1017 m−3 . In view
of the relative slow decrease of ne it is expected that ne quenches at much higher values.

9.5

Discussion

This section discusses first the error in Te and ne in the argon surfatron plasma. Then
the obtained results from Thomson scattering are discussed in more detail.

9.5.1

Error in Te and ne

Calibration error
The relative error in the measured electron densities is mainly determined by the accuracy
of the Raman calibration. The long term laser intensity drift is stable and around 3%.
Most days the laser intensity drift is very stable during the day. However, there were some
days in which the laser energy power drops, for instance the laser energy in the morning
is 80 mJ per pulse and at the end of the day only 78 mJ per pulse. The laser intensity
drift becomes more important when the flash lamps in the laser are almost ’death’. When
the laser intensity is not constant anymore during the day, the flash lamps needs to be
replaced. In contrast to the HID case where the plasma lamp has to be replaced by the
N2 vessel there is no alignment error for the surfatron measurements because nothing is
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moved, only the argon gas is replaced for the nitrogen gas.
The systematic error of the Raman scattering cross-section is 8 % [31] and the RMS of
the laser pulses is around 3 %. The latter cancels out partially due to the long integration
times. The accuracy of the determination of the Raman area has an error of 4% and the
offset of the Thomson signal is also around 4%. Quadratic summing yields a total error
in ne of 10 %. When the laser intensity drift becomes important as well, this gives an
underestimation of the electron density because the Raman measurements are done first,
ne ∼ PT /PRM .
Fitting error
The error in the electron temperature is mainly determined from the fitting procedure.
The dispersion was determined from the measured Raman spectrum and equals d=(14.62±
0.08) pixel/nm for 4 times binning in the wavelength direction. The relative error in Te
due to the dispersion is 1 %. The asymmetric offset introduces an error of 4%. The fitting
error is around 1 pixel (∆a = 1) and with a temperature of 15000 K that has a FWHM
e
= 2 ∆a
, is 8 %. These two
of a=23 pixels, the relative error, that is calculated from ∆T
Te
a
relative errors give a total error in the electron temperature of around 10 %.

9.5.2

Interpretation of the TS results

First, the pressure dependence is discussed and after that the power dependence.
Pressure dependence
Both the electron temperature and electron density depend on the pressure. The electron
temperature is determined from the electron particle balance that is given in
Da ne
= ne n1 kion − n2e n+ krec ,
Λ2ne

(9.5)

where Da is the ambipolar diffusion and Λne the gradient length of the electron density.
The free electrons are produced by ionization and recombine by two electron recombination. Neglecting recombination gives
Da n e
= ne n1 kion ,
Λ2ne
from which we obtain
kion =

Da
.
Λ2ne n1

(9.6)

(9.7)

The electron temperature mainly depends on kion so when the pressure increases, n1
increases. This lowers kion and therefore also lowers the electron temperature Te .
On the other hand, the increase of pressure results in more elastic collisions. This will
heat the plasma and hence the gas temperature increases, as observed in Chapter 5. Due
to the higher gas temperature, the diffusion will increase and Te will decrease less due to
the elastic processes. From the results in this chapter and that of Appendix C we see that
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the inelastic part is dominant for the lower pressures (4 mbar to 10 mbar) and that the
elastic and inelastic processes are both important for higher pressures.
The electron density ne is determined from the electron energy balance (also discussed
in chapter 4) and can be written as follows:
3
 = ne n1 kheat kB (Te − Tgas ) + ne n1 kion (I + kB Te ).
2

(9.8)

The first term at the right hand side is the heat channel by which electrons transfer kinetic
energy to the heavy particles due to elastic collisions. The second term is the creation
channel that accounts for the energy losses due to excitation and ionization processes. The
power density is given by  = ∆P/∆V , where P is the power delivered to the electrons
in volume V . The pressure increase has two opposite effects that can be attributed to
the competition between elastic and inelastic loss channel. Due to the increase of the
atom density with increasing pressure p = n1 kB Tgas the exchange of elastic energy of the
electrons to the heavy particles will increase and this means that more power per electron
is needed for heat generation and that the electron density will decrease. For the inelastic
part: The increase of atom density will reduce the diffusion and so lesser energy is needed
for the diffusion of electron-ion pairs. This will increase the electron density. The inelastic
term is more dominant as observed in the experiments.
Power dependence
Equation (9.8) shows that the electron density scales with the power density. Thus the
electron density ne increases with increasing power, see also [32]. Increasing the power
will create new plasma at the launcher side while the ”older” part of the plasma is pushed
along the plasma column. The new power segment created by the power-increase has a
higher power density  and therefore, a higher electron density ne . Another way to look at
it is that increasing the microwave power results in a higher absorbed power of the plasma.
This contributes in a higher value of the inelastic term and enhances the ionization to
create more free electrons which results in an increase of the electron density. Equation
(9.7) shows that the electron temperature is not directly related with the input power as
observed in Appendix C.

Results very close to the launcher
In [33] it was found that near the launcher the electron density has a relatively low
value that increases in a short distance after which the electron density descends linearly
towards the critical density. This effect is also observed with Thomson scattering. The
low electron density and high electron temperature near the launcher is probably caused
by the fact that the excited waves are not propagation properly along the quartz tube yet.
A change of propagating medium can also be important, but this is beyond this study
and should be investigated in future study. The detection angle is the same for both the
Raman and Thomson signal, see Figure 9.6. So the blocking of scattered light by the
launcher should not change the results of ne and Te .
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Figure 9.6: Obtaining results closely to the launcher blocks some scattered light.

9.5.3

Diagnostic calibration

The Thomson scattering results on the argon surfatron plasma are compared with the
passive diagnostic results given in chapter 5 and [8, 34]. For plasma condition 1 the CRM
results are compared with the TS results and for plasma condition 2 the continuum results
of [34] are compared with the TS results.
Plasma condition 1
The results of the spectroscopic method to determine the Te and ne using a CR model of
section 4.4.1 and [8] are compared with the Thomson scattering results. The ALI measurements of [8] have been made at two different pressures, namely 6 and 10 mbar. The
argon flow was kept constant at 50 sccm, the plasma length was 39 cm for 6 mbar and
38 cm for 10 mbar, the absorbed power 30 W and the estimated gas temperature around
450 K. The results of the ALI method in section 4.4.1 are as follows: the absorbed power
is 38 W, the pressure 20 mbar, the plasma length L2 = 34 cm and the argon flow 50
sccm. Both results are shown in table 9.3. The two diagnostics are applied on the argon
surfatron plasma at z=2 cm from the launcher with the same settings.

Pressure
(mbar)
6
10
20

Table 9.3: Summary of the results.
Te (CRM)
Te (TS)
ne (CRM)
ne (TS)
(eV)
(eV)
(·1019 m−3 ) (·1019 m−3 )
1.20 ± 0.07 1.37 ± 0.05
3.0
2.2 ± 0.5
1.09 ± 0.07 1.24 ± 0.05
2.6
2.6 ± 0.5
1.00 ± 0.07 1.14 ± 0.05
3.3
4.2 ± 0.5

These results show that the electron temperature and electron density of TS are somewhat higher compared to the ALI method and that there is no overlap. This is probably
caused by the fact that we measure with TS in the center of the tube where r=0 mm and
that we measure the total lateral plasma with the ALI method.
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Plasma condition 2
The results of the continuum measurements [34] are compared with the TS measurements,
see table 9.4. From the continuum measurements only the electron density can be obtained. The plasma length is L2 =41 cm, the argon flow 70 sccm, the pressure 10 mbar
and the absorbed power 30 W. The measurements were performed at z=3 cm from the
launcher.

Table 9.4: Summary of the ne results.
Method
ne (·1019 m−3 )
TS
3.2 ± 0.4
Continuum
4.4 ± 0.5
The continuum results give higher ne results than that with TS. This has to be investigated in future work.

9.6

Conclusion

This is, as far as we know, the first time that Thomson scattering is applied on a surfatron
plasma. In this work only pure argon plasmas are used but other gases such as hydrogen and oxygen can be included easily. The axial dependence of the surfatron plasma is
found experimentally for both the electron temperature and electron density. The electron temperature stays more or less constant along the plasma column and the electron
density descends weakly axially. A diagnostic calibration is done to compare the different diagnostics with each other. The results of TS give higher ne and Te values than
the CRM diagnostic. The continuum measurement gives a higher ne value than the TS
measurement.
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Conclusions and recommendations
This chapter presents conclusions and recommendations. The first part of this chapter
deals with the results of poly-diagnostics applied to the surfatron plasma. The electron
gas parameters ne and Te of the argon surfatron plasma are given from both the CRM and
Thomson scattering diagnostics. The conclusion of TS on the argon surfatron plasma is
that the signal to noise ratio of the TS spectrum is good and that axial information of ne
and Te can be obtained. The results of the actinometric method in the oxygen surfatron
plasma is also presented.
The second part of this chapter is devoted to the results of Thomson scattering on the
mercury HID lamp. The main conclusion of TS on the mercury HID lamps by comparing
it with the XRA diagnostic is that departures from LTE are present.

10.1

Adjustments in the Thomson scattering set-up

Due to some initial problems finding the Thomson signal a polarization investigation was
started. This investigation resulted in the conclusion that there was a design error in the
TGS [26]. This was solved by adding a 1/2λ wave plate just after the entrance slit of
the TGS. Including this 1/2λ wave plate improves the Rayleigh and Thomson signal by a
factor of 7. After the improvement the TS set-up was successfully applied on technological
plasmas: the mercury HID lamp and the argon surfatron plasma.
The new ICCD camera combined with the optical delay line enables the use of very
short gate times, namely down to 0.2 ns. The low gate times are especially useful by
applying it on plasmas with a high background radiation. However, it was found that the
sensitivity of the ICCD camera is reduced when such extremely low gate times are used
200ps
10ns
by more than a factor 3, IRayleigh
/IRayleigh
= 3.
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10.2

Surfatron plasma

10.2.1

Passive diagnostics

The ASDF of an argon surfatron plasma at 20 mbar is obtained from the ALI method.
With the use of a CR model the electron temperature and an estimation of the electron density are obtained. The electron temperature is in the order of 1 eV and weakly
decreases along the plasma column. The electron density is highest nearby the surfatron (3.3 ×1019 m−3 ) and decreases along the plasma column until the plasma quenches.
The b1 -factor which equals b1 = nnS1 = 1 × 106 shows that the argon surfatron plasma is
1
strongly ionizing and that recombination in the plasma can be neglected. The ionization
ratio ξ = ne /n1 = 10−4 is very low which means that the electron-atom collisions in the
argon surfatron plasma are more dominant than electron-ion collisions.
Adding oxygen to an argon discharge strongly changes the behaviour of the plasma.
The plasma length decreases a factor 5 to 10 depending on the amount of oxygen added
to the argon discharge. The decrease of plasma length can be explained by the fact that
the energy of the electromagnetic waves is also used for the dissociation of oxygen. The
overall structure of the argon ASDF remains almost the same when oxygen is added to
the argon discharge. This probably means that the electron temperature in the discharge
remains constant. This has to be verified in the future by Thomson scattering measurements or other diagnostic techniques.
Adding argon in an oxygen discharge changes the behaviour of the plasma less strongly
than adding oxygen to an argon discharge. The behaviour of the oxygen discharge does
not change much when no more than 6 % of argon is added at pressures of 10 mbar
or below. These results are used for the validation of the actinometric method. The
actinometric method is applied to determine the dissociation ratio nO /nO2 of oxygen in
the oxygen surfatron plasma with argon as actinometer. For this the gas temperature
is required to determine the atomic ground state density of argon via the ideal gas law
p = nkB Tgas . The gas temperatures determined from the oxygen A-band are as follows:
for 4 mbar Tgas = 590 K , for 6 mbar Tgas = 660 K and for 10 mbar Tgas = 800 K.
The dissociation ratio nO /nO2 is determined from the ratio between the oxygen 844
nm line and the argon 811 nm line. For the intermediate pressures the Corona balance
does not hold and therefore correction factors of quenching and molecular dissociation
must be included in the actinometry signal. The dissociation ratio n0 /nO2 results for 4
mbar is found to be 11 %, for 6 mbar 10 % and for 10 mbar 9 %. The ratio of the 777
nm oxygen line and the argon 750 nm line gives a higher dissociation ratio than expected,
namely 38 % for 4 mbar, 29 % for 6 mbar and 27 % for 10 mbar .

10.2.2

Thomson scattering on argon surfatron plasmas

Thomson scattering on the surfatron is only done on pure argon plasmas but other gases
such as nitrogen and oxygen can be included easily. The axial dependence of the electron temperature and electron density in the argon surfatron plasma is obtained for the
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first 14 % of the down stream plasma length (that is 38 cm). The electron density decreases along the plasma column and the electron temperature stays more or less constant.
For an absorbed power of 47 W, a pressure of 10 mbar and a plasma length of 38 cm
the electron temperature Te =1.3 eV is more or less constant along the plasma column.
The electron density is highest nearby the launcher ne = 2.2 × 1019 m−3 and decreases to
ne = 1.2 × 1019 m−3 at z =14 cm from the launcher.
For an absorbed power of 47 W, a pressure of 5 mbar and a plasma length of 38 cm
the electron temperature closely to the launcher is Te =1.6 eV and decreases rapidly till
after 5 mm it reaches a more or less constant value of Te =1.4 eV. The electron density
nearby the launcher is ne = 2.0 × 1019 m−3 and increases rapidly after which it reaches a
more or less constant value ne = 2.3 × 1019 m−3 .

10.3

Thomson scattering on mercury HID lamps

This is the first time that the entire radial profile of the light emitting plasma in the
mercury HID lamp is measured with Thomson scattering. This is possible due to the
better beam quality of the new laser so that the false straylight can be minimized. The
’precise’ triggering method is used to perform Thomson scattering measurements at gate
times of 1 ns on the HID lamp with 15 mg of mercury filling. The lamp is operated
with the quasi-DC ballast. The TS results show that the electron density is maximum
in the center of the plasma and decreases for larger r-values. The electron density in the
center of the lamp for 350 W is 5.2 × 1021 m−3 , for 300 W 4.5 × 1021 m−3 and for 250 W
3.3 × 1021 m−3 with an error in ne of 11 %. Near the plasma edge the electron densities
for all three lamp powers have more or less the same electron densities 1.0 × 1021 m−3 .
The electron temperature is almost constant in the center of the lamp 7000 K and drops
to approximately 6000 K near the plasma edge. This decrease is larger than the total
error ∆Te = 500 K but is less than assuming LTE. The gas temperature in the center was
found to be Tgas =6100 K for the 15 mg lamp operated at 240 W [4]. The conclusion by
comparing the Te and Tgas with each other is that LTE in the mercury HID lamp is not
present because Te > Tgas . The TS results of the mercury HID lamps agree with older
results [27, 4] in the center of the lamp. The b1 -factor is 31 in the center of the 15 mg
mercury HID lamp burning at 250 W. This shows that the plasma is ionizing and that
LSE is not present because b1 > 10. The b1 -factor increases for higher r-values meaning
that the system is far from LSE and that the plasma is ionizing. The departures from
LTE makes the modeling of lamps more difficult because the plasma cannot be described
by one temperature.
The new laser produces a nicer Gaussian profile that reduces the straylight substantially. This makes it possible to obtain information at different heights in the lamp. It was
found that the electron temperature is higher in the top of the lamp and equals Te =8000
K, while the electron density ne =3 × 1021 m−3 , in the top of the lamp is lower than ne
values found with TS applied to the mid plane of the lamp.
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10.4

Recommendations

The following recommendations apply for future experiments on surfatron plasmas and
lamps.

10.4.1

Passive diagnostics on the surfatron plasma

The following recommendations apply for future experiments with passive diagnostics.
• A CR model that includes both argon and oxygen can be applied in the future to
determine the electron temperature and electron density more precisely from the
ASDFs of argon and oxygen.
• The method of actinometry can be improved by using a CRM for oxygen and using
non-Maxwell corrections [23].

10.4.2

Thomson scattering on the surfatron plasma

The following recommendations apply for TS experiments on the surfatron plasmas.
• Using a stronger laser can enhance the S/N-ratio at positions further away from the
launcher where the electron density is low.
• The TS results close to the launcher must be investigated in more detail.
• The surfatron can be designed in such a way that the entire axial profiles of ne and
Te can be obtained. This can be done in the near future.
• Thomson scattering can be applied on surfatron plasmas with mixtures of oxygen
and argon to determine ne and Te . This can be used to validate the CR models that
include both the argon and oxygen system.

10.4.3

Thomson scattering on lamps

The following recommendations apply for TS experiments on lamps.
• The fitting procedure can be improved by replacing the gratings in the TGS by
gratings of higher dispersion. This will result in a broader Thomson spectrum so
that the mask will block a relatively small part of the spectrum; this will reduce the
error in Te .
• The ’precise’ triggering can be used to determine the electron temperature and electron density in the metal-halide (MH) lamps with TS. In these MH lamps small
additions of dysprosium Dy are added to the discharge to get a better color rendering. The spectrum of Dy contains a large abundance of lines which can be
suppressed by the low gate times of 1 ns or below. For an integration time of 30
minutes and a gate time of 400 ps the intensity of lines is low and does not saturate
the ICCD camera. A disadvantage of a MH lamp is the small size of the burner.
This will increase the amount of false straylight much more.
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• The spectrum of scandium lamps is also investigated. These lamps have a lot of
spectral lines around 532 nm but these can be reduced by taking lower gate times.
These lamps have the same dimensions as the mercury HID lamps. However, salt
additives and the shape of the tube may result in more false straylight. Another
problem with the scandium lamps is the instability of the plasma which makes it
more difficult to get ne and Te from the the fitting procedure. These lamps can
be investigated in the future to determine ne and Te with the ’precise’ triggering
method.
• The gas temperature obtained with XRA [4] are not so accurate. Lately improvements have been made by [35] with the Abel inversion technique. This has to be
reinvestigated in the future to validate the LTE assumption in the lamps.
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Appendix A: Polarization
properties
11.1

Introduction

Because the Thomson signal was difficult to find, an investigation of the polarization properties of the components in the TGS was started. The polarization
properties of the lenses, the three spectrographs and the image rotator were investigated. First the polarization properties of the lenses were measured because
the shape should be the same as theoretically predicted, see Figure 11.2 d. The
method to determine the polarization properties of a component is explained first,
after that the results are shown.

11.2

Jones vectors and Jones matrixes

If we constrict ourself to plane, monochromatic TE waves then two coordinates
are needed to describe the polarization state: x and y. The third coordinate z is
in the same direction as the propagation direction of the wave. The Jones vector
E of a wave is defined as the vector spanned by the complex amplitudes of the
Cartesian components of the electric field vector of that wave:
E=

Exc
Eyc

!

.

The x-coordinate is chosen in the vertical direction and the y-coordinate in the
horizontal direction and both are perpendicular to the propagation direction z.
The intensity I of the wave can be found by taken the internal product of the
Jones vector E and its Hermitic adjoint E † :
I ∝ E · E †.
Some examples of Jones vectors normalized to 1 are shown below:
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!

• linear polarization along the x-axis:

1
0

!

• linear polarization along the y-axis:

0
1

• linear polarization with azimuth θ:
√

• left handed circular polarization:

2
2

1
−i

!

1
i

!

√

• right handed circular polarization:

!

cos θ
sin θ

2
2

Two Jones matrixes are orthogonal if:
E 1 · E †2 = E 2 · E †1 = 0

(11.2)

and two Jones matrixes are orthonormal if they are orthogonal and
E 1 · E †1 = E 2 · E †2 = 1.

(11.3)

When the coordinates are rotated around the axis of propagation direction over
an angle θ, the rotation matrix is given by:
cos θ − sin θ
sin θ cos θ

!

.

Every optical component in the light path can be represented by a Jones matrix,
for example:
• perfect linear polarizer
• reflection at a surface

11.3

1 0
0 0

!

tan Ψ exp i∆ 0
0
1

!

Calculation of the polarization properties

The polarization properties of the components in the TGS are measured as
follows, see Figure 11.1: The component under investigation is placed in front
of a variable polarizer and thereafter a polarizer is placed that transmits the
polarization direction that is opposite to that what entered the component. This
means that nothing is transmitted when there is no component and variable
polarizer between the two polarizers.
The laser is vertically polarized and therefore, the Rayleigh signal is also vertically
polarized. The vertically polarized light enters the entrance slit and is rotated 90
degrees with the image rotator. Therefore, horizontally polarized light enters the
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Figure 11.1: The experimental set-up to determine the polarization properties of a component.
first spectrograph. After the first spectrograph a variable polarizer is placed with
an angle θ with respect to the vertical axis. Closely after the variable polarizer a
vertical polarizer is placed, see Figure 11.1.
During the calculation it is assumed that the gratings are not slant.
Vertically polarized light is emitted and is transmitted by the component
under investigation. Vertically polarized light is given as
!

1
0

.

The component under investigation induces an attenuation ratio, tan(Ψ) and a
phase difference ∆, given as
tan Ψ exp i∆ 0
0
1

!

.

When the component, for example a lens, induce nothing, tan(Ψ) is 1 and ∆ is
zero. The calculation of the transmission of the optical set-up is given now: For
clarity assume that unpolarized light enters a vertical polarizer,
1 0
0 0

!

·

1
1

!

1
0

=

!

.

Then we have polarized light that enters the component:
tan Ψ exp i∆ 0
0
1

!

·

1
0

!

=

ρ
0

!

with ρ = tan Ψ exp i∆.
The rotation of the polarized light by a variable polarizer is done as follows:
First, there is a rotation under an angle θ, then the polarizer polarizes in that
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direction and the rotation is turned back in the other direction by the same
angle:
cos θ − sin θ
sin θ cos θ

!

·

!

ρ
0

=

ρ cos θ
sin θ

!

Then the light goes through a polarizer
1 0
0 0

!

ρ cos θ
sin θ

·

!

=

ρ cos θ
0

!

after which the the polarization of the light is rotated back:
cos θ sin θ
− sin θ cos θ

!

·

ρ cos θ
0

!

=

ρ cos θ sin θ
−ρ cos θ sin θ

!

After the last polarization:
0 0
0 1

!

·

ρ cos θ sin θ
−ρ cos θ sin θ

!

=

0
−ρ cos θ sin θ

!

The Intensity is then given by:
I ∼ |ρ|2 sin2 θ cos2 θ ∼ |ρ|2 . sin2 2θ

(11.4)

because sin 2θ = 2 sin θ cos θ and sin2 2θ = 21 (cos 4θ − 1).
Therefore, the Intensity has a maximum at 45 degrees and the intensity is zero
at 0 and 90 degrees. This is also observed, see Figure 11.1. The lenses behave as
expected: no influence on the polarization. The gratings show some deviations
from the ideal case. This implies that the eigenpolarizations of these gratings
are not identical to linear polarizators. The results of the three spectrographs
are shown in Figure 11.1 a,b and c. Figure 11.1 shows that the eigenpolarization
of the second spectrograph is the most non linear. Because the first and second
spectrograph must be the same, the second and the third grating are exchanged.
The reason why the second grating behaves non linear is that there are some
scratches and a fingerprint on the second grating surface.
After exchanging the second and third grating the Thomson signal could be found,
but with a low intensity. The transmission in the TGS was investigated and it was
found that there were some design error by [26]. It was found that the transmission
in first order reflections in the TGS is much better for the vertically polarized light
than for horizontally polarized light. This is because the first order reflections on a
grating with vertical grids works better when the light is vertically polarized. This
was solved by adding a 1/2λ wave plate just after the entrance slit in the TGS
which increases the Rayleigh and Thomson signal by a factor of 7. After these
adjustments the Thomson signal was found with a good signal-to-noise ratio for
both the mercury HID lamps and argon surfatron plasmas.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 11.2: The polarization properties of the components in the TGS.

111

Chapter 12
Appendix B: Theory of Thomson
scattering
The Maxwell-equations and the Lorentz force completely describe the dynamics
of the charged particles in the electromagnetic field of a plasma [36, 37]. From the
Maxwell equations the Lienard-Wiechert potentials can be obtained. With these
equations the electromagnetic field of an acceleration electron can be derived.
This appendix begins with the relation between the external electric field of the
laser and the acceleration of the free electrons in the plasma. Then the expression
for the scattered electric field and the TS cross-section are given.

12.1

A single free electron

The external electric field, which is produced by a laser, is a monochromatic,
linearly polarized plane wave
E i (r, t) = E i0 exp (j(ki · r − ωi t)).

(12.1)

The acceleration of an electron in an external electromagnetic field at position
r j (t) with velocity dtd r j (t) is given by
!

e
dr j (t)
−
Ei +
× B i (r j , t) ,
me
dt

(12.2)

and the equation of motion for non-relativistic electrons is given as
− eE i (r j , t) = me

d2
r j (t).
dt2

(12.3)

The acceleration of the electron can be found by inserting 12.1 into 12.3, to get
d2
eEi0
r j (tr ) = −
exp [j(ki · r − ωi t)]ei0 .
2
dt
me
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Equation (12.4) shows that the acceleration of an electron is in the
same direction as the polarization of the laser. This equation shows
that the Thomson scattered signal has the same polarization as the
laser.

12.2

Expression for the scattered electric field.
2

With the definition of the classical electron radius re = 4πε0ec2 me it can be shown
that the scattered electric field caused by the acceleration of the free electron is
given by [27]
re
E s (r, t) =
(es × [es × E io ]) exp j(ki · r j − ωi tr ),
(12.5)
R(t)
where ks ≡ (ωs /c)es and tr is the retarded time. The retarded time is important
because the scattered electromagnetic wave has to travel from the source to the
detector and is defined by
|r 0 − r|
,
(12.6)
tr = t −
c
where r 0 is the position of the source, r is the position of the observer and R =
|r 0 − r| is the position vector from the source point to the position of the observer,
see Figure 12.1.

Figure 12.1: Definition of the position vectors r, r j , R.
Equation (12.5) shows that the scattered electric field increases with
increasing laser power.

12.3

The cross section of a free electron

The Thomson scattering cross section is given by
8πre2
= 6.65 · 10−29
[m2 ].
(12.7)
3
This very small cross section compared with the scattering cross-section of
Rayleigh shows that Thomson scattering is difficult to detect unless a powerful
laser is available.
σT =

114

Chapter 13
Appendix C: TS results on the
argon surfatron plasma
This appendix gives some Thomson scattering results on the argon surfatron
plasma for different powers and pressures. All these measurements are done at
3.8 cm from the launcher. The integration time is 33 minutes and the average
laser power 82 mJ/pulse. The argon flow is kept constant at 30 sccm, the dispersion of the ICCD camera is 14.6 pix/nm with 4 times binning and the spatial
binning is 30.

(a) ne

(b) Te

Figure 13.1: ne and Te for different powers.
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(a) ne

(b) Te

(c) ne

(d) Te

Figure 13.2: ne and Te for different powers.
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Appendix D: Processing the
Thomson files
The processing of the Thomson spectrum needs to be reconsidered because a
new ICCD camera is used. The Thomson spectrums are saved as 32 bit bin.-files.
These bin.-files are converted in txt.-files with a program that is written in Delphi
7 [38]. After the conversion to txt.-files, a program written in Matlab is used to
bin the spectrum. The binning factor in the wavelength and spatial direction
can be chosen and are saved as a .dat-file. The dispersion is also shown for that
specific measurement. Finally, the .dat-files are processed in Labview to get ne
and Te , see Figure 14.1.

Figure 14.1: Example of a coherent Thomson fit. The data points in the middle of the
spectrum are blocked by the mask.
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