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Chapter 1 

Introduetion 

Nowadays, approximately 25 %of the worldwide electric energy production is consumed 
by incandescent and gas discharge lamps [1]. The incandescent lamp, separately devel
oped in 1878 by Edison and Swan, was the first commercial electric lamp, and was based 
on the principle of a carbon filament that is heated by an electric current until the filament 
becomes incandescent. In 1910, the carbon filament was replaced by a tungsten filament. 
This could be operated at higher temperatures which increased the efficiency of incandes
cent lamps to 10 lmjW. The last serious progress dates from the 1950's, when a halogen 
gas filling had started to be used in the tungsten incandescent lamp, which increased the 
efficiency to 20 lm/W. Even though lamps based on the principle of incandescence are 
highly energy inefficient, they are still in use worldwide. The second group are the gas 
discharge lamps, where the electric power is converted into light by means of an electrical 
discharge in the gas inside the gas discharge tube. The atoms or molecules of the gas 
are excited and ionised by an electric current through the gas or by a radio frequency or 
microwave field in proximity of the tube. This results in the generation of visible, infrared 
(IR) or ultraviolet (UV) light. The first gas discharge lamps already had an efficiency of 
30 to 40 lm/W, the efficiency nowadays can reach 150 lm/W (high pressure Ssodium). 
Because the incandescent lamp is highly inefficient as compared to the gas discharge lamp, 
research of light sourees is at this moment mainly focussed on the gas discharge lamps, 
which can be divided in two groups, the low and high pressure gas discharges. Besides 
incandescent and discharge lamps, research is also performed on a new light source, the 
LED. 

Low pressure gas discharge lamps are in general large in volume, low in pressure and 
far from equilibrium. The discharge takes place in a mixture of a noble buffer gas at 
a few hundred Pascal plus a species that generates resonance-radiation at a few Pascal. 
The electron temperature is high enough to excite and ionise the radiating species and 
is in general much higher than the heavy partiele temperature, but too low to excite or 
ionise the buffer gas significantly. An example of a low pressure gas discharge lamp is 
the fluorescent lamp, where mercury is the radiating species in a mixture of rare gases 
(argon, neon, krypton). Up to 60 or 70 % of the electrical power is converted into UV 
radiation ( 254 and 185 nm resonance lines of mercury), which is converted to visible light 
by a phosphor coating on the walls of the tube. Another example is the low pressure 
sodium lamp, in which theemission is inthesodium resonance lines at 589.0-589.6 nm. 
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This wavelength range is near the maximum of the eye sensitivity and photon conversion 
by means of a fluorescent coating is not required. Since the emitted spectrum is almast 
monochromatic, these lamps are primarily used for street and highway lighting, where 
color discrimination is less important [2]. 

High pressure lamps operate at pressures in the order of 1 bar or more and the dis
charges takes place over a length between 1-100 mm. Since the efficiency increases with 
increasing power per unit volume, high pressure lamps are designed to be as small as pos
sibie for a given power. It is usually assumed that these lamps are approximately in Local 
Thermodynamica! Equilibrium (LTE) 1 and LTE models are commonly used to describe 
the discharge. The high light output makes these sourees extremely bright. Therefore 
these lamps are generally referred to as high intensity discharge (HID) lamps. This type 
of lamps is used in places where large amounts of light are required, for example outdoor, 
street and industriallighting. Some typical types of HID lamp typescan be distinguished 
on base of their radiating species: high pressure mercury, high pressure sodium (RPS) 
and metal halide (MH) lamps. Recently, Ultra High Pressure (UHP) lamps were intro
duced for LCD projection purposes, they act at an internal pressure of about 200 bar. 
Another application of this type of lamp that is recently introduced is a HID lamp filled 
with xenon, it is used for car head lighting. 

The high pressure mercury lamp is the oldest HID lamp, the study of this type started 
in 1906. At that time, the lamp consisted of a high pressure mercury discharge enclosed 
in an evacuated quartz vessel; the vapor pressure was of the order of one atmosphere, and 
the lamp could only operate when it was connected to a D.C. power supply via a series 
resistor. The emission spectrum is dominated by the line spectrum of the mercury atoms, 
and only 23 % of the total radiation is emitted in the visible part of the spectrum. The 
absence of red light yields a very bad colour rendering. These lamps produced a bluish 
light and were mainly used for medical and scientific purposes. Nowadays the efficiency 
and color rendering are improved by means of a phosphor coating on the inside surface 
of the outer bulb, which converts some of the UV light to visible light. 

Further investigations in order to imprave colour and efficiency of the high pressure 
mercury lamp led to the development of the first metal halide (MH) lamp in 1960, a 
high pressure mercury discharge with a limited amount of metals such as sodium (Na), 
scandium (Sc), cerium (Ce), thallium(Tl) and dysprosium (Dy) in a metal halide com
pound, usually an iodide. Since these additives have a low excitation and ionisation 
potential compared to that of the mercury buffer gas, the metal additives dominate the 
emitted spectrum. These metal additives are thus the radiating species and emit the 
majority of their lines in the visible regions. Therefore, light emitted by MH lamps has 
a very good colour rendering and the additives make the lamp much more energy efficient. 

Nowadays, further improvements of MH lamps are difficult to realise since several 
scientific problems occur. Under the influence of gravity segregation effects of additives 
and all kinds of are instabilities occur. To obtain more insight in these phenomena, the 

1 In LTE the radiation field is not in equilibrium with the material particles, the material partiele 
balances are in equilibrium ( cf section 3.1) 
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discharge in metal halide lamps is experimentally investigated in the absence of gravity by 
the ARGES 2 project [3]. The absence of gravity reduces the problem toa two dimensional 
discharge which makes it accessible for modelling. Metal Halide lamps are also stuclied 
at the TUE by Zhu [4] using X-ray absorption spectroscopy. This technique enables an 
absolute mapping of the temperature of the atoms when the ideal gas law is valid and the 
wall temperature is known. 

1.1 Purpose 

The purpose of this work is to apply spectroscopie techniques on high pressure mercury 
lamps and to investigate whether the LTE assumptions that are generally made are justi
fied. Two different types of spectroscopie techniques were applied, Absolute line intensity 
measurements (ALl) and laser Thomson scattering (TS). 

ALl measurements were performed to determine the atomie state distribution func
tion (ASDF), the excitation temperature and to study the time dependent behaviour 
of the mercury lines. To determine the electron density and electron temperature from 
the ASDF, assumptions on the plasma kinetics and thermadynamie equilibrium had to 
be made. In order to validate the LTE assumption and to determine the electron gas 
properties directly, an active diagnostic technique like Thomson scattering (TS) has been 
used. In TS-experiments, the free electrans in the plasma are accelerated by an incident 
electromagnetic field (laser) and emit an electromagnetic field themselves. If this spec
trum is measured, the electron density ne and electron temperature Te can be determined 
directly from the spectrum at different positions in the plasma. Thomson scattering is 
experimentally highly demanding, especially when it is applied to small size plasmas of 
high pressure enclosed in glass or quartz surroundings. Problems can be expected with 
respect to false stray light and Rayleigh scat tering. Moreover, since the electron densities 
of HID mercury lamps are high and the electron temperature is relatively low, collective 
behaviour of the electrans in the scattering process of the laser light is expected. To make 
TS applicable for this type of technological plasmas several improvements and adjust
ments had to be made on an existing set-up that was initially designed for low pressure 
plasmas of higher volumes. It is to be expected that these improvements will contribute 
to an important step forwardsfora set-up which is applicable for MH lamps. 

This will give insight in the different processes that occur in the high pressure mercury 
lamp and in comparable mechanisms in MH-lamps. The further development of the TS
technique may in the future result in the application of this technique on these MH-lamps. 

1.2 Outline 

This report is structured as follows: in chapter 2 the mercury lamp will be discussed 
and features of the mercury system will be discussed. Chapter 3 treats the concept of 
thermadynamie equilibrium. In chapter 4 different concepts of laser plasma interactions, 

2 Atomie densities measured Radially in metal halide lamps under microGravity conditions with Bmis
sion and absorption Spectroscopy. 
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like Thomson and Raman scattering will be discussed. The set-up that has been used 
in TS experiments is shown in chapter 5, where also the different contributions to the 
TS spectrum will be treated. Results of TS experiments are displayed and discussed in 
chapter 6. Chapter 7 gives a description of radiation processes and emission measure
ments. 
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Chapter 2 

The high pressure mercury lamp 

This chapter describes the working principle of the high pressure gas discharge lamp, and 
gives a description of the geometry, gas fillings and power supplies of the mercury lamp 
that was subject to investigation. Furthermore an overview of the atomie mercury system 
and the relevant elementary ionisation processes are given. 

2.1 Gas-discharges 

The discharge in a high pressure mercury lamp can be divided in two phases. In the first 
phase, the ignition phase, the mercury is not vapourised and the discharge occurs through 
the inert or rare gas atoms. After this phase, the discharge settles into a phase of quasi 
steady state: the discharge takes place in unsaturated mercury vapour at high pressure, 
and the mercury gas is partly ionised. 

2.1.1 Ignition phase 

To start the discharge in a high pressure gas discharge, a high voltage between the main 
electrades is required, which initiates a discharge similar to a glow discharge in a low 
pressure gas discharge. Due to the voltage difference between the main electrodes, an 
electric field is created which will accelerate the free electrans in the gas. Heating of 
the electrades will increase the number of electrans emitted by the cathode until an are 
discharge in the noble gas is settled. Electrans that are emitted by the cathode will ac
celerate in the electric field and move away from the cathode, towards the anode. When 
an electron collides with an atom, it may transfer some of its energy to the gas atom, 
electronically exciting or ionising the noble gas atoms. The number of free electrons, 
and hereby the current, increases and this will heat the discharge tube so that the mer
cury dropiets start to vapourise. Pree electrans are now created by the Penning effect, 
Ar* + Hg ~ Hg+ + Ar + e, until all mercury is vapourised, and the discharge takes place 
in an unsaturated mercury vapour at high pressure (quasi steady state). 

The discharge has a negative current voltage characteristic, which means that the 
electric field in the discharge tube decreases with increasing current. After initiation of 
the discharge this would result in a fast increase in current until the lamp fails. In order to 
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prevent this, gas discharges are operated at an alternating current in series with a ballast 
1 

2.1.2 Quasi Steady state 

In this phase, the gas is actually ionised and the electrons travelling between the electrades 
have enough energy to release electrons from the gas atoms Hg + e ----> Hg+ + e + e. The 
produced electrons are also accelerated in the electric field, collide with other atoms, and 
can hereby release new electrons which contribute to the current. Electrans are created 
by ionisation processes in the discharge to compensate the loss processes for electrons 
which occur by ambipolair difussion in the radial direction from the axis to the wall and 
three partiele volume recombination. The energy of the electrons is mainly used for the 
production of radiation. This is one of the consequences of electron-atom collisions that 
result in electronic excitation of the Hg-atoms, e + Hg ----> Hg* + e. These excited states 
can decay to lower ( excited) states, for instanee the ground state Hg* ----> Hg + hv by 
emitting the excess energy as radiation. 

The average velocity of the electrous is directed towards the anode and sirree the 
mobility of the electrous (J-te) is much higher than that of the ions, the electrous carry 
nearly the complete current. Assuming that only the electrous contribute to the current, 
the current density j equals: 

(2.1) 

where E is the axial electric field, ae the electrical conductivity of the electrons, and ne 
the electron density. The mobility of the electrous is given by 

(2.2) 

with Veh the collision frequency for momenturn transfer from electrons to heavy particles, 
and me is the mass of an electron. 

If the current density only depends on the radius, the current for a cylindrical discharge 
of radius R equals 

I= 271' laR j(r)rdr (2.3) 

At high pressures, the discharge contracts towards the axis of the tube, instead of filling 
the whole cross-section of the tube as is the case for low pressure discharges [5]. The 
current density has a maximum on the central axis and strongly decreases with distance 
from the center. 

2.2 The mercury HID-lamp 

The lamp that was subject to investigation is a mercury HID-lamp operatingin a vertical 
position. Figure 2.1 shows the gas discharge tube of the mercury lamp, in which the buffer 

1 Ballast is the term that is generally used to descri he the electrical circuit that supplies the necessary 
impedance torestare stability [1]. 
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The high pressure mercury lamp 

gas is mercury (2: 15 mg) and a small amount of argon and krypton gas (300 mbar) is 
added to start the discharge. 

Figure 2.1: Picture of the mercury lamp. 

The mercury vapour pressure p [bar] in the tube can be determined from the following 
relation [5]. 

w0.25m0.9 

p = 0.75 d2.1 (2.4) 

where w [W /cm] is the lamp power per cm are length, m [mgfcm] the amount of mercury 
evaporated per cm of length, and d [cm] the inner tube diameter. This equation is derived 
for gas discharge lamps which have a long tube and a small radius. 

2.2.1 Lamp filling pressure 

Four different amounts of mercury gas fillings were available, respectively 15, 30, 50 and 
70 mg. As a starting gas, 300 mbar of a mixture of argon and krypton gas is present. The 
radioactive Kr85 is added to help starting the discharge by creating high energy particles 
providing a small initial ionisation. The mercury vapour pressure is determined using 
equation (2.4) and shown in table (2.1) for different gas fillings and powers. 

Power/Mass 15 30 50 70 
150 1.6 3.0 4.7 6.4 
200 1.7 3.2 5.1 6.9 
240 1.8 3.4 5.3 7.2 

Table 2.1: Lamp pressures in [bar] for different gas fillings in [mg] and lamp powers in 
[W]; these values were obtained using equation (2.4). 

Figure 2.2 gives a sketch of the lamp under study. The are length L equals 3.6 cm, 
R = 0.9 cm is the inner tube radius, and the volume of the lamp V approximately equals 
V~ 12.2 cm3 . 

2.2.2 Electrical circuit 

The different high pressure mercury lamps have been operated at two types of ballasts 
( the current limiting impedance in the electrical circuit). The first one is a square wave 
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Figure 2.2: Geometry of the lamp voltage, Ris the inner radius and L is the are length. 

ballast (also called quasi-DC), and acts at a frequency of 140 Hz. The second one is a 
sine wave (AC) ballast and alternates at a frequency of 50 Hz. The square wave ballast 
can be operated at different powers, whereas the sine wave ballast can only be used at 
one power that also depends on the amount of mercury inside the lamp. 

2.3 An LTE-model for the high pressure mercury 
lamp 

A program called VIHID, written by W.Brok, was constructed in the past to model the 
electrical behaviour in HID lamps [6]. The lamp that is modelled consists oftwo electrades 
and a gas discharge. The gas discharge is described by a one dimensional model based 
on the energy balance equation. This model was applied to simulate a lamp that is 
comparable to the mercury lamp under study. Typical results of this model are given in 
figure 2.3, where the voltage and current are given as a function of time. The current 
is an input to the model and it can be seen that the current has a sinusoidal temporal 
behaviour. The voltage evolution given in figure 2.3 is the result of the plasma response 
to this input current. 

2.4 The mercury system 

In table 2.2 data is given for the radiative transitionsin the atomie mercury system, where 
À is the wavelength of the transition, Eupper the excitation level for the upper (i.e. radiat
ing) level, 9upper the statistica! weight of the upper level and A the transition probability 
for radiative decay. 

A sketch of the atomie system for mercury is given in figure 2.5. Two resonant states 2 

are present, namely the 61 H singlet state and the 63 P1 triplet state. Resonant transitions 

2 A resonant state is a state that is optically coupled with the ground state. 
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Figure 2.3: Simulated lamp voltage and lamp current for the 50 mg AC lamp. The 
mercury gas filling pressure is approximately 3.4 bar. 
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Figure 2.4: Temperature inside the 50 mg AC lamp. Left: The central temperature 
(r = 0) as a function of time. Right: the temperature as a function of radial position for 
maximum current. 

are thus given by 61 P1 --+ 6150 and 63 P1 --+ 6150 in which photons at a wavelength of 
respectively 185 nm and 254 nm are emitted. The most important transitions in the 
visible spectrum (380 nm < À < 770 nm) are the transitions 7351 --+ 63 P0 , 7351 --+ 63 P1 

and 73 51 --+ 63 P2 at wavelengths of 404, 425 and 546 nm. 

2.4.1 Ionisation reactions 

Ionisation reactions can occur by electron atom collisions in which the electron has enough 
energy to release the electron from the ( excited) atom. Ionisation reactions can occur from 
the ground state Hg(61S0 ) + e--+ Hg+ + e + e, from excited states, for example the 6P
states, Hg(6P) + e--+ Hg+ + e + e or by means of stepwise ionisation. Excitation and 
ionisation processes by means of electron impact are examples of electron excitation ki
netics (EEK). Rate coefficients for various transitions are given in [7]. 

Ionisation processes can also occur by means of heavy partiele excitation kinetics 
(HEK). In a callision between two atoms, the electronic excitation energy is used to ionise 
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À Eupper 9upper A 
[nm] [eV) - [s-1) 

184.94960 6.70413 3 7.5 lOs-
246.40580 9.69823 3 2.4 106 

253.65170 4.88683 3 1.4 107 

257.62850 9.69823 3 6.5 106 

275.27770 9.17065 3 5. 7 106 

289.35920 9.17065 3 1.4 107 

292.54060 9.69823 3 8.6 106 

296.72780 8.84515 3 7.4108 

302.14950 9.56349 7 5.6 107 

312.56650 8.85260 5 1.6 108 

313.15450 8.84515 3 2.1 108 

313.18380 8.84478 5 1.2 108 

334.14730 9.17065 3 1.5 107 

365.01500 8.85695 7 9.2 108 

365.48320 8.85260 5 1.4108 

366.28750 8.84515 3 6.2 107 

366.32750 8.84478 5 1.0 108 

404.65590 7.73099 3 1.9 107 

407.78270 7.92663 1 1.3 107 

410.80460 9.72156 1 3.4 106 

435.83230 7. 73099 3 4.8 107 

491.60620 9.22562 1 8.6 106 

546.07310 7.73099 3 5.4 107 

576.95930 8.85260 5 1.7 108 

579.06600 8.84478 5 2.0 108 

1013.9762 7.92663 1 3.5 107 

1207.1548 7.73099 3 5.5 104 

Table 2.2: Transition data for Hgi 

one of the reactants. These processes are often called chemi-ionisation reactions and were 
found to be important in low pressure fluorescent lamps [8), [9). The role of HEK in high 
pressure mercury plasmas is not yet well established. 

Chemi-ionisation can be divided in Penning ionisation (PI) and associative ionisation 
(AI). Penning ionisation is the collision process between a mercury a torn (Hg) and an 
excited rare gas atom (X*), 

Hg + X* ---+ X + Hg+ + e, (2.5) 

or between two excited mercury atoms, 

(2.6) 

Both result in a positive mercury ion and an electron. 
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Figure 2.5: Atomie system of mercury. 

By means of associative ionisation, Hgt molecular ions can be formed in a callision be
tween atoms in the 6P singlet (61 P) or triplet 63 P state 

Hg(6P) + Hg(6P)-+ Hgt + e. (2.7) 

This Hgt formation by means of associative ionisation can occur by collisions between 
3 P0 - 3 P0 , 3 P1 -

3 P0 , 
3 P1 -

3 H, 3 P2 - 3 Po and 3 P2 - 3 P1. This is explained in figure 2.6, 
which shows that the total internal energy of all these couples of callision partners is lower 
than the energy of the ground state of the mercury ion. If the total internal energy is 
higher than that of Hg+, collisions can lead to either an associative or a Penning ionisation 
reaction. This is possible for the following couples: 3 P2- 3 P2, 1 P1 -

3 P0 , 1 P1 -
3 P1 , 1 P1 - 3 P2 

and 1P1 - 1 P1 (cf. figure 2.6). The ionisation potentialis respectively 10.44 eV for Hg+, 
and 9.6 eV for Hgt, the excitation energiesof the two excited atoms range from 9.33 to 
13.41 eV relative to the groundstate of the atoms (cf. figure 2.6). Figure 2.6 is obtained 
from figure 1 of [9]. 

By Hgt - e collisions, molecular ions can dissociate to two mercury atoms, 

(2.8) 

this processis called dissociative recombination. Dissociative recombination of the molecular 
ion is much faster than atomie ion recombination, and this process introduces an extra 
losstermof electrans and ions, already at small Hgt jHg+ density ratios [8]. 

It was concluded in [9] that the 63 Po - 63 P1 , 63 P1 - 63 P1 collisions and collisions in 
which one atom is in the 1 P1 state, were the most important. Associative ionisation is 
expected to dominate over Penning ionisation reactions, although the latter may not be 
negligible for the Hg(61 P1) atoms. 
In [9] it is mentioned that, when both interacting atoms are in triplet states, the cross
sections increase as a function of energy and temperature in the range 0- 1000 K. For 
the 63 P1 - 63 Po AI-reaction, they found a cross-section of 60 A2 

at a gas temperature of 
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Figure 2.6: Potential curve for Hg2 +. The zero of the energy axis is taken as the energy 
of the ground state of Hg+. The dashed line indicates the minimum dissociation energy 
required for associative ionisations at zero incident energy. 

1000 K. The cross-section for reactions in which a singlet state 1 P is involved, decreases 
with increasing temperature. 

For the high pressure mercury lamp the plasma near the wall has a gas temperature 
of 1000 K, which means that molecular ion formation is possible at the wall. If chemi
reactions occur in the Hg-lamp, then the formation of molecular ionsis expected to occur 
via 63 P1 - 63 P0 collisions. The association reaction also gives an extra loss term for the 
excited states Hg(63 P0 ) and Hg(63 PI) since the subsequent recombination reaction does 
not re-populate these states. 

Production and destruction processes of Hgt can also occur by collisions between Hg+ 
and Hg and a third particle, which can be an atom or an electron, 

(2.9) 

If the partiele X is an atom (electron), then the production process is called Atom 
(electron) Assisted Association, AAA (EAA), and the destruction process is generally 
referred to as Dissociation by Atom (electron) Impact, DAl (DEI). When AAA is balanced 
by DAl, the density of the molecular ionscan be obtained from a modified Saha equation 

77Hgt - h2 3/2 
-- 7]Hg(

2 
k T) exp(Ediss/kBTe), (2.10) 

77Hg+ 7f J.L B 

in which J.L represents the reduced mass of the atom ion system. Ediss represents the 
dissociation energy of the molecular ions and is for mercury approximately 0.8 eV. 

12 



Chapter 3 

Equilibrium 

3.1 Thermadynamie equilibrium 

From a macroscopie point of view, a system is in thermadynamie equilibrium (TE) when 
thermal, mechanica! and chemical equilibrium are present. Thermal equilibrium means 
that all species inside the system have the same temperature and that the temperature is 
the same throughout the entire system and constant in time. For mechanica! equilibrium 
the pressure is time independent and the same at every position in the plasma. 
At a microscopie scale many elementary processes are allowed to occur, as long as the 
balances of all elementary processes equilibrate. This means that a system is in TE if 
for each level the number of forward processes is balanced by the corresponding number 
of backward processes acting along the same channel. This is the principle of detailed 
balancing (DB). 
Since plasmas are often used for the production of photons and particles, departures from 
equilibrium are expected to occur due to the large transport fiuxes. When the plasma is 
not in equilibrium it is still possible that some fast processes equilibrate with the corre
sponding backward processes. A certain type of 'partial' equilibrium is established and 
the corresponding equilibrium law is applicable [10]. 
An important partial equilibrium is local thermadynamie equilibrium (LTE), where the 
material particles are inthermal and chemical equilibrium. Thermal equilibrium implies 
that all particles in a plasma have the same temperature and that the energy distribution 
function of the particles is given by the Maxwell distribution function. Chemical equi
librium is settled when the excited state distribution is given by Boltzmann, the relation 
between the densities of subsequent ionic states is according to Saha, and dissociation 
degree is described by Guldberg Waage. In LTE all elementary balances equilibrate ex
cept those of the Planck type. This means that radiation is not locally absorbed and can 
escape from the plasma. 

The elementary processes in atomie plasmas are generally classified in four types of 
balances. The Maxwell balance describes elastic callision processes, the Boltzmann bal
ance excitation and de-excitation, the Saha relation is valid when ionisation processes 
are balanced by recombination. The Planck balance is valid when the total number of 
emission processes is balanced by absorption processes. These four elementary balances, 
Maxwell, Boltzmann, Saha and Planck, will be discussed in this section. 
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3.1.1 Elastic collisions: Maxwell balance 

The Maxwell balance type describes forward and backward elastic collisions between two 
particles in which the kinetic energy is conserved 

(3.1) 
where Xp(E1) is a partiele X in state p with a kinetic energy E 1 . In this balance, the 
internal states of the particles are not altered during the callision and the kinetic energies 
of the two particles before, E 1 + E 2, and after the collision, E~ + E;, are equal. In equilib
rium, the energy distribution function of all partiele types equal the Maxwell distribution 
function, which for instanee for a partiele of type X implies that 

(3.2) 

Here fx(E)dE is the fraction of particles of type X with kinetic energy in the range E to 
E+dE; ks is the constant of Boltzmann. Note that all species have the same temperature 
(Tx = Ty). 

3.1.2 Excitation and de-excitation: Boltzmann balance 

A callision between an atom A in energy state p and an electron e with a kinetic energy 
E may alter the state of the atom. The increase or decrease in internal energy of the 
atom equals the difference of kinetic energy before and after the collision. This process is 
described by the following so called Boltzmann balance, 

(3.3) 

where (Epq = Eq- Ep)· During the excitation process, the electron-atom callision leads 
to a slower electron and an atom in a higher excited state. In the inverse process (de
excitation) the electron-atom callision results in a faster electron and an atom in a lower 
excited state. In thermadynamie equilibrium the number of excitation processes (forward 
processes) equals the number of de-excitation processes (backward processes) and the 
energy levels of the atom are populated according to the Boltzmann distribution function 
given by 

(3.4) 

in which 'TJq is the state density of the upper level q and 'T/p is the state density of the lower 
level p. The state density 'TJ = n/ g equals the number density n of an atom in a particular 
level divided by the statistica! weight g of that level. 

3.1.3 Ionisation and recombination: Saha balance 

If the kinetic energy of the colliding electron is high enough, the impact with the atom 
may result in the ionisation of the atom. This production of free electrans and the inverse 
process of three partiele recombination is described by the Saha balance, 
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Ap + e +--+ At + e + e. (3.5) 

The forward reaction describes the process of ionisation of atom A in state p to the ground 
state of the ion At as a result of the callision between the electron and atom. The inverse 
process is the process of three partiele recombination, where the electron is captured by an 
ion and the third electron is required to fulfill energy and momenturn conservation. If the 
number of ionisation processes equals the number of backward processes of recombination, 
this balance is in equilibrium and the Saha relation is valid, it reads 

(3.6) 

where (lp = E+ - Ep) is the ionisation potential of an atomin state p, TJe = nel 9e and 
'r/i = nd gi, where 9e = 2 and 9i are the statistica! weights for respectively the electron 
and ion. 
By taking the naturallogarithm of equation 3.6, the following expression is obtained: 

(3.7) 

in which 

(3.8) 

The atomie state distribution function (ASDF) of a plasma in LTE is shown in figure 3.1. 

lnrt, 

Sa ha jump f ~ ~ 

0 Ep > < lp 

Figure 3.1: Example of an ASDF of a plasma in LTE, Ep is the energy of an atomie state p in 
eV, whereas lp is the ionisation energy of the atomie state p. 

3.1.4 Emission and absorption; Planck balance 

Besides material callision between atoms and electrons, there can also be interactions 
between particles and radiation. Spontaneous emission and absorption is described by 
the following balance 

A(p) +--+ A(q) + hv, (3.9) 
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where Apis an atom in an upper state p, whereas Aq is an atom in the lower state q, and 
hv is the frequency of the photon. 

In the forward reaction a photon, with an energy of Epq = hv, is emitted. The back
ward process is called absorption and occurs when an atom in the lower energy state Eq 
captures a photon with a frequency v and makes the transition to the higher atomie state 
q. 

The emission of a photon during a transition from a higher to a lower state can also 
occur due to an interaction between an atom and a photon of the right energy. This 
process is called stimulated emission and is described by 

A(p) + hv ___. A(q) + hv + hv. (3.10) 

If the forward processes (spontaneous and stimulated emission) and backward process 
(absorption) equilibrate, the photon energy density in the system is distributed according 
to Planck's distribution law: 

81rhv3dv 
Pv ( v, T)dv = c3 [exp( hv /kT) - 1] ' (3.11) 

where Pv(v, T) is the energy density per unit of frequency and volume. 
Stimulated emission can be neglected for transitions for which hv /kT » 1, the balance 
that only deals with spontaneous emission and absorption and is called the Wien balance. 

3.2 Disturbed Bilateral Relations 

The Maxwell, Boltzmann, Saha and Planck balances are all examples of proper balances, 
where the term proper is used to refer to the fact that the forward and backward pro
cess act along the same channel and are each other reverse. This relation is also called 
a bilateral relation. If there is a departure from TE, at least one of these balances is 
disturbed and therefore called a disturbed bilateral relation ( dBR) [10]. The method of 
dBR can be used to investigate the preserree of equilibrium and todetermine the infl.uence 
of equilibrium disturbing processes. 

A bilateral relation can be described as a balance between at least two generalised 
levels, a and (3, where, if equilibrium is present, the reaction rates Nv of the forward and 
backward reaction are equal to each other, 

N
eq _ Neq 
a: ZIJ - f3 lib. (3.12) 

Na is the density of level a and ZIJ the forward reaction frequency. The generalised 
levels can represent for example atomie levels, ionic levels, groups of electrous and heavy 
particles and parts ( intervals) of the electron energy space. 

Departmes from equilibrium due to the effiux of material particles and photons can 
be described by a dBR between the two generalised levels. In the case of steady state, 
the balance equation for the (3-level (the output level) reads 
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a 

Figure 3.2: A bilateral relation 

(3.13) 

the last term describes transport, sirree Nf3Vt equals the effiux c/Jt of ,8-particles. For steady 
state (SS) conditions, the incoming flux epi is equal to the effiux c/Yt· 

a 

Figure 3.3: Example of a disturbed Bilateral relation. 

Dividing equation (3.13) by equation (3.12) gives 

Na N(3 Vt 

N.
eq = Neq [1 + -] (3.14) 
a (3 Vb 

which expresses that the deviation from equilibrium of level a is related to that ,B by 
means of the dimensionless quantity 1/t , which describes the number of leak processes per 

llb 

balance time (rb = 1/vb)· Equilibrium is established or restored when VtTb « 1. 

It is possible to study the influence of various transport processes on the ASDF of an 
atomie plasma using the principle of dBR. In this section, the influence of the following 
processes on the ASDF is discussed: 

• escape of radiation, a= 1 (ground state), ,B = 2 (fi.rst excited resonant level) 

• influence of effiux of charged particles on the ground state, a = 1 (ground state), 
,B = + (ground state of the ion) 

• influence of effiux of charged particles on excited states, a = p (state p), ,B = + 
(ground state of the ion). 

In this study the methad of dBR will be applied to various aspects of the mercury plasma 
that is described in chapter 2. 
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3.2.1 Escape of radiation 

For this situation the generalised levels are the ground state of the atom a = 1 and the 
first excited resonant level f3 = 2. In equilibrium the forward process of excitation due 
to electron collisions is balanced by the backward process of de-excitation due to electron 
collisions, the Boltzmann balance is given by 

(3.15) 

In (3.15) Vf = neK(1, 2), and vb = neK(2, 1), where Kis the rate coefficient for electron 
impact processes. It can be proved that under equilibrium conditions the Boltzmann 
relation is valid, which reads 

eq eq 
n1 = n2 exp(E12/ksTe)· 
91 9e 

(3.16) 

However, de-population of the upper level can also occur due to radiation processes. 
The population process (n1v1) of level 2 is in steady state balanced by de-excitation due 
to electron collisions and de-population due to spontaneous emission so that the partiele 
balance of level 2 reads 

(3.17) 

where A*(2, 1) is the radiative decay probability corrected for self-absorption. This bal
arree has the same structure as equation (3.13); the transport frequency is given by 
Vt = A*(2, 1) and the frequency ofthe equilibrium restoring process equals vb = neK(2, 1). 

Inserting the expressions for the backward, forward and transport frequencies into 
equation (3.14) yields 

~ = n(2) [1 A*(2, 1) l 
n~q n(2)eq + neK(2, 1) · (3.18) 

The number of radiative processes per callision life time equals N"Y(2, 1) = VtTb = n~~~2~{). 
This expression can be generalised to other excited states, for which the dimensionless 
quantity N"Y(p) = n:k(1) can be used. In this quantity A(p) = 2::;1 A*(p, l) is the total 
frequency for radiative decay and K(p) = I:;q K(p, q) the total callision frequency. Levels 
for which N"Y(p) > 1 are called radiative levels, levels for which N"Y(p) < 1 are called 
callision levels. At the CR boundary, levels are found for which N"Y(Per) = 1, where Per 
equals [10] 

(3.19) 

If Per < 2 the system is determined by collisions and the radiation will not have much 
inftuence on the ADSF. 

By inserting ne = 1022 m-3 and Z = 1 in equation (3.19), a value of Per = 1.65 
is found. The p-value 1 of the resonant level 63 P2 (254 nm radiation level), for which 

lp= 5.5 eV equals p = )13.6/5.5 = 1.57. Thus equation (3.19) suggests that theescape 
of radiation will infiuence the ASDF. In the plasma under study, the plasma is not open 

1This value of pis equal to the principal quanturn number, p = z.JR]J;,, with R = 13.6 eV. 
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to 254 nm radiation and equation (3.19) is too restrictive. Moreover this expression is 
derived for hydrogen like optically open plasmas, in which A(p) ex p-4

• In the mercury 
system, it is found that in contrast to the hydrogen system, relatively high values for A 
occur high in the atomie system (cf table 2.2). For this reason, employing the method 
of dBR is not useful and in order to determine the infiuence of radiation processes a 
Collisional Radiation Model ( CRM) must be consulted. This CRM takes the infiuence of 
radiation from all relevant states into account. This is discussed in section 3.3. 

3.2.2 Influence of transport of charged particles on the density 
of the ground state 

The infiuence of transport of charged particles on the ASDF can be investigated by setting 
a = 1, thus referring to the ground state of the atom, and taking (3 = +, the ground state 
of the ion. For the following derivation, the infiuence of radiative decay is neglected. 

If the number of ionisation processes equals the number of backward three partiele 
recombination processes the (proper) Saha balance 2 is valid. Applying equation (3.12) 
on this Saha balance results in 

(3.20) 

In (3.20) v1 = neS(1, + ), vb = neet(+, 1), where S(1, +) and a(+, 1) are the rate co
efficients for respectively ionisation and three partiele recombination processes. If this 
balance equilibrates, the ground state is populated according to the Saha relation: 

(3.21) 

where ! 1 is the ionisation potential of an atom in ground state 1. 

A net production rate of electrans Se is generated when the ionisation rate nen1S(1, +) 
is not balanced by the three partiele recombination rate nen+a( +, 1) and equals Se = 

nen1S(1, +) - nen+a( +, 1). A leak of charged atomie particles can exist due to ditfusion 
or convection, but can also be present when collisions with atomie ions results in the 
creation of molecular ions. 

Ditfusion of charged particles 

Due to ditfusion and/or convection ion-electron pairs are transported from the active 
plasma zone where these particles are generated. A leak of charged particles exists in this 
ionising part of the plasma, and the following equation describes the partiele balance of 
i ons: 

(3.22) 

The ionisation rate is now balanced by recombination and an extra transport term due to 
ditfusion and convection. Camparing this balance with (3.13), shows that the transport 

2It is possible that this balance is only valid in the upper part of the atomie system or in a specific 
location inside the plasma volume; this is commonly referred to as partial LocalSaha Equilibrium(pLSE). 
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frequency is given by Vt = Y'·::w+. Inserting the expressions for the backward, forward 
and transport frequencies into equation (3.13) gives 

n1 n+ [ \7 · n+ w + ] ---;=-1+ . 
n1 n+ n+necx( +, 1) 

(3.23) 

The b-factor is introduced to describe over-populations from the ground state compared 
to the ground state populations as determined by the Saha relation (3.6) 

The normalised overpopulation factor <Sb is defined by 

and can thus be written as 
<5b1 = \7. n+w+ 

n+nfS(1, +) 

By using the following expression for the effiux of the electrons, 

n+w+ = neWe = -Da \7ne +je, 
e 

(3.24) 

(3.25) 

(3.26) 

(3.27) 

in which Da is the ambipolar diffusion coefficient and je = enetJeE is the electron current 
density, the following relation is obtained 

(3.28) 

The first term on the right represents the outward transport due to ambipolar diffusion, 
while the second term represents the outward transport due to the divergence of the 
current density. Neglecting convection and the divergence in the current density gives 

(3.29) 

The diffusion term \7 · (Da \7ne) is commonly written in termsof the gradient length An. 
of the electron density, which is defined by 

(3.30) 

Inserting equation (3.30) into (3.29) and ne = n+, and 5(1, +) into (3.26) gives an ex
pression for deviations due to the transport of charged particles: 

<Sbl = ( )( )2' nfS 1, + An. 
(3.31) 

This equation shows that the Saha overpopulation factor of the ground state is large for 
large values of the ambipolar diffusion term, small values of the gradient length and small 
ionisation rate. 
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Estimation of the b1 factor for the Hg-lamp 

The averaged energy of the electrans is much lower than the required energy for ionisation 
(kBTe = 8.67 · 10-5 · 7000 = 0.6 eV), whereas 1(1) = 10.44 eV. Therefore, the effective 
rate for ionisation, 5(1, +) can be equated to the rate coeffi.cient for the first excitation 
step K(1, 2). The following expression is used for the ionisation rate [11]. 

where Cs is a sealing factor which is for Hg equal to 0. 79. E12 is effective averaged value 
of the first excitation step. For Hg, this value is approximately 4.7 eV. Numerically 

S(l, +) ~ K(l, 2) = 4.3610- 12 Cs(Hg)Êï22/T: exp( -E12/kTe), (3.33) 

in which Ê 12 and Te are given in eV. 

The following expression for Da in [m2 /s] was found to be valid for Ar for electron 
temperature Te between 5400 K and 13800 K and heavy partiele temperature, Th, between 
2000 K and 7000 K [12]. 

(3.34) 

This expression is used for the derivation of the ambipolar diffusion coeffi.cient of Hg+ 
by using the mass ratio between Hg and Ar, which equals ::: = 23°~;: ~ 5. Thus the 

Hg+ ion has a mobility that is approximately 5 fold smaller than that of the Ar+ ion. An 
estimation for the ambipolar diffusion coefficient for Hg is then given by 

1.8110-11 

Da = 
5 

(5864 + Te)Th. (3.35) 

The gradient length Ane is the typicallength scale over which the electron density varies. 
For cylindrical symmetry and a Gaussian radial density profile the following expression 
will be used 

(3.36) 

where t1x1;e is the full 1/ e width of a Gaussian profile. Inserting the expression for the 
Saha density of the ground state nî for mercury atoms and equation (3.33) into equation 
(3.31) gives 

(3.37) 

in which f(ne, Te) is defined by 

For ne = 5 · 1021 m-3 , Te = 6500 K, T9 = 6000 K, Ê12 4, 7 eV, f(ne, Te) equals 
1.43. 10-5 . According to equation (3.35), the ambipolar diffusion coeffi.cient Da approxi
mately equals 2.69. 10-4 m2s-1 . The gradient length is equated to 1 mm. For these values 
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6b1 = 1.5 · 10-7• For this specific mercury plasma, the transport term which is dominated 
by ambipolar diffusion, does not disturb the balance between ionisation and three partiele 
recombination. 

Summarising it may be stated that neither the transport of radiation nor the leak of 
charged particles are expected to disturb the Saha-Boltzmann balance. In the following 
part the infiuence of molecular ions on the ASDF will be investigated. 

Transport term due to formation of molecular ions 

An extra transport term for Hg+ ions is introduced when heavy partiele excitation kinetics 
(HEK) is taken into account. Collisions between Hg+, Hg and a third particle, which can 
be an atom or an electron, result in an extra destruction process for atomie ions. Atom 
Assisted Association (AAA) can bedescribed by the reaction 

and Electron Assisted Association (EAA) is defined by 

Hg+ + Hg + e ~ Hgt + e. 

(3.39) 

(3.40) 

The ionisation rate is now balanced by recombination and an extra transport term due 
to the formation of moleculair ions. This can be expressed as 

(3.41) 

in which kaaa in [m6 s-1] is the rate coefficient of the AAA reaction, and keaa in [m6 s-1] 

is the rate coefficient of the EAA reaction. 

Camparing this balance with (3.13), shows that the transport frequency is given by 
Vt = n~kaaa + n 1nekeaa· Inserting the transport frequency Vt and the expressions for the 
backward (vb = nea(+, 1)) and forward (vJ = neS(1, +)) frequencies in equation (3.13) 
gives 

(3.42) 

Although precise rate coefficients for AAA and EAA are not known, equation (3.42) shows 
that the b-factor increases strongly with the ground state density of the atoms. 

It should be realised that each process and thus also the AAA and EAA have their 
corresponding backward process. Thus the rates in (3.42) should be replaced by effective 
rates (forward - backward). Befare such areplacement can be dorre insight is needed in 
all the various processes. For this an appropriate Collisional Radiation Model is needed. 

3.2.3 ASDF of an Ionising Atomie System 

If an atomie system is ionising, the rate at which ions are produced will be larger than 
the rate of three partiele recombination, and the atoms and ions are not distributed 
over their internal state according to the Saha equation. The ASDF will deviate from 
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the equilibrium form since the Saha balance is not valid. Especially the lower states 
are expected to be overpopulated with respect to the Saha balance. Population occurs 
by excitation from the ground state, while the main de-population processes occur by 
spontaneous emission or by excitation to higher levels, and not by the conesponding 
backward process of de-excitation. At low electron densities, spontaneous emission is the 
most dominant de-population process fora state low in the atomie system, and the level 
is in the so called Corona balance. If the levels are mainly de-populated by excitation 
to a higher level, the level is said to be in Excitation Saturation Balance (ESB). This 
situation occurs at relatively high electron densities, where most of the emitted radiation 
is reabsorbed. States close to the ground state of the ion are in pLSE: the recombination 
rate is fast enough to balance the ionisation rate. These regions are schematically shown 
in figure 3.4, obtained from [7]. 
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Figure 3.4: Example of an ionising ASDF 

For the ground state level of an ionising plasma, in steady state the effiux of charged 
particles and three partiele recombination balance the ionisation rate. If the electron 
density is high enough and the plasma is in ESB, the ionisation process through the 
system is stepwise, and the effiux of charged particles from the ground state is an input 
flux for the first excited state. Most of the ions are produced by stepwise excitation and 
an ionisation flow will propagate through the system to the higher levels. The influence 
of molecular ion formation and destruction on an atomie ASDF can also be important, 
but at this moment this effect is not fully understood. 

3.3 Collisional radiative model 

The atomie state distri bution function of the mercury atoms in the high pressure mercury 
lamp can be obtained using a collisional radiative model [7], [13]. The model used is 
called CRModel and is explained in chapter 5 of [13]. It is valid for high density and 
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low temperature atomie plasmas in which all inelastic processes are either radiative or 
induced by electron collisions. The influence of HEK processes, discussed in subsection 
(2.4.1), are not taken into account in this model. The modelled results (cf. figures 3.5 
and 3.6) show that theescape of radiation will not influence the atomie ASDF largely. 

3.3.1 Theory 

In a CRM, the partiele balances for all atomie states have to be solved. For an atomie 
state p, the partiele balance is given by 

(3.43) 

in which np is the number density of state p and Wp is the velocity of this state. The 
terms on the left hand si de describe the change in n(p) due to time-dependent processes 
and the divergence of the flow respectively. The right hand side describes the change in 
state n(p) due to electron induced collisions or radiative processes. 
Typical time scales fortransport related processes (in most cases larger than 10-6 s) are 
much larger than time scales for radiative and collisional processes (lo-s s), which means 
that transport related processes can be neglected. This simplifies equation (3.43) into 

0 = (&nP) 
Ot CR 

(3.44) 

This is called the Quasi Steady State ( QSS) assumption and is applied to all excited 
levels. For the ground state and ion state the complete partiele balance has to be solved. 

3.3.2 CRM-Results 

The plasma parameters that have to be specified for the CRM are: ne, Te and n1. The 
ASDFs are determined for n1 = 5 · 1024 m-3

, 7 · 1021 < ne < 7 · 1021 m-3 in steps of 
1 · 1021 m-3 and 5000 K < Te < 7500 K in steps of 500 K. Radiation processes can be 
turned off completely, or for a few selected states. For these input parameters, the follow
ing coefficients are also calculated: the ionisation coefficient Je ( 1, +), the recombination 
coefficient Je(+, 1), and the specific effective emissivity from the ground state Lo and the 
ion state L+. These last terms describe the contri bution of the ground and ion state to 
the total radiation energy flux out of the plasma [13]. The results presented in figures 
(3.5) and (3.6) show that omitting the radiative processes doesnotaffect the ASDF much. 
Therefore, it can be coneluded that for the Hg-lamp, the ASDF will not be affected by 
the escape of radiation. 
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Figure 3.5: ASDF obtained using a CRM at two different electron densities. For 3.5(a): with 
radiation processes (rad) Je(1,+) = 3.30 ·10-20 ,Je(+, 1) = 1.92 ·10-17 ,L0 = 3.73 .1Q-16 ,L+ = 
1.14 ·10-14 . Without radiation processes (norad) Je(1,+) = 8.280 ·10-20 ,arec = 1.15 ·10-17

. 

For 3.5(b) with radiation processes: Je(1,+) = 5.66 ·10-20 ,Je(+, 1) = 4.26 ·10-17,L0 = 5.05. 
w-16 ,L+ = 4.49 ·10-16 . Without radiation processes Je(1,+) = 8.280 ·10-20 ,Je(+,1) = 
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Figure 3.6: ASDF obtained using a CRM at two different electron densities. For 3.6(a): with
out radiation (no rad) and with radiation processes of the 6p triplet states included (3p rad), 
where Je(1,+) = 5.66 .1Q-20 ,Je(+,1) = 1.65 ·10-17 ,Lo = 1.81·10-16 ,L+ = 4.93 ·10-16

. For 
3.6(b )without radiation and with radiation processes of the 6p triplet states included, where 
Je(1,+) = 7.21·10-20 ,Je(+, 1) = 3.87 ·10-17 ,L0 = 1.92 .1Q-16 ,L+ = 1.67 ·10-14

. 
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Laser scattering on plasmas 

Thomson Scattering (TS) is the scattering of radiation by free electrans in a plasma. It 
can be applied as an active diagnostic technique to measure plasma parameters like the 
electron density and electron temperature. TS can be considered as a non-intrusive tech
nique, and high spatial and temporal resolution in measurements can be achieved. TS is 
a limiting case of Campton scattering. It is applicable at low frequencies of the incident 
radiation where the photon energy is much less than the electron rest energy. For this 
case quanturn mechanica! effects can be neglected. Depending on the properties of the 
plasma, there are two types of TS, incoherent and coherent scattering. For the first type, 
the interpretation of the spectrum is straightforward. The intensity of the scattered light 
is proportional to the electron density and the width of the spectrum is related to the 
temper at ure of the electrons. However, due to the small cross-section of light scattering 
on electrons, the intensity of the scattered light is extremely low and the infiuence of other 
light sourees emitting in the samespeetral region has to be reduced. Due tothese exper
imental difficulties, TS on laboratory plasmas was not possible befare the introduetion of 
high power lasers. For Thomson scattering on low-temperature plasmas, also relativistic 
effects can in general be neglected. 

Thomson scattering is non-intrusive, i.e. it does not disturb the properties of the 
plasma. The first four sections only describe non-intrusive laser scattering processes. This 
part start with a general introduetion of laser-plasma interactions, foliowed by a section in 
which general expressions for the scattered electromagnetic field due to an incident field 
on the electrans in the plasma can be derived. Also expressions for the Thomson scattered 
power and cross-sections are derived, foliowed by expressions for the speetral distribution 
for both incoherent and coherent scattering. Scattering of radiation on molecules is called 
Raman scattering and is discussed since this type of scattering will be used for calibration. 
This absolute calibration methad will also be explained. Although Thomson scattering is 
a non-intrusive process, the incident field of the laser that acts upon the plasma can heat 
the plasma or can create more charged particles. Therefore, the last part of this section 
deals with intrusive aspects of the Thomson scattering technique that are generated by 
the fields of the laser. The following literature, Evans and Katzenstein [14], Sheffield [15] 
and Griffiths [16], have been used throughout this chapter. 
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4.1 Overview of laser-plasma interactions 

In laser scattering experiments a laser is used to irradiate the plasma. The particles in 
the plasma oscillate in the electric field produced by this laser beam. The electromagnetic 
radiation that these accelerated particles emit can be detected and is normally interpreted 
as scattering of the incident radiation. 

Since a plasma consistsof different components, different laser-plasma interactions can 
be distinguished. As already mentioned, Thomson scattering is the elastic scattering of 
incident radiation on the free electrans in the plasma. The scattering of the laser beam on 
the electron clouds surrounding atoms, ions and molecules is called Rayleigh scattering. 
Since these heavy particles do not gain or lose energy during the scattering, Rayleigh 
scattering is also an elastic process. The spectrum emitted by Rayleigh scattered elec
trans consists of one narrow line at the same wavelength as that of the incident laser light. 
The inelastic scattering of laser light on molecules is referred to as Raman scattering. It 
induces a rotational or vibrational transition in the molecules which changes their internal 
energy and results in specific wavelength shifts of the scattered photons. The spectrum 
shows a large number of narrow lines at different wavelength shifts conesponding to dif
ferent rotational or vibrational transitions in the molecules. 

When the laser is emitting light at an angular frequency wi towards a scattering 
particle, the scattered radiation might be observed at a different frequency w5 • If the 
partiele is moving, and its velocity has a component in the direction of propagation of 
the incident wave, a Doppler shift will occur. The partiele will oscillate in the field of the 
wave at a different frequency, 

(4.1) 

where ki is the wave vector of the incident wave and vis the velocity vector of the particle; 
wa is the frequency of the scattered light emitted by the partiele in the rnaving coordinate 
frame of the particle. However, if the partiele velocity has a component in the line of 
sight of the observer, a further Doppler shift will occur. The frequency of the scattered 
light received by the observer (ws) is given by 

(4.2) 

where ks is the wave vector ofthe scattered wave. Defining k = k 5 -ki, the total frequency 
shift between the incident and scattered waves may be written as 

W = W 8 - Wi = k ·V. (4.3) 

Equation ( 4.3) shows that the frequency shift of incident photons depends on the com
ponent of the velocity of the scattering partiele in the scattering direction (k). Since 
the heavy particles are rnaving 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 veetors is 
shown in figure 4.1, where ()is the angle between the incident and scattered beam. 
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k 

Figure 4.1: Waveveetors kb k5 , k 

Because almost no momenturn is transferred to the electrens by the incident wave (as 
is observed in the relativistic case, the Compton effect), the condition lkil ~ lksl is valid. 
Then the amplitude of the scattering vector k equals 

( 4.4) 

where k = lkl, ki = ikil, ks = lksl and (} is the angle between ks and ki. The shift in 
frequency can also be expressed as 

-=2sm- ·--. W . ((}) k ·V 

Wi 2 C 
(4.5) 

If radiation is scattered on a group of charges that are randomly distributed within the 
scattering volume, interference effects between the particles can be neglected. This case 
is referred to as incoherent scattering. In this incoherent case, equation ( 4.3) shows that 
the frequency distribution of waves scattered by a group of different particles is directly 
related to the velocity distribution of the particles in the direction of k. Thus for a given 
direction of the incident beam and a given direction of observation, information is avail
able about the component of a partiele in the direction of the scattered wave. This makes 
laser scattering suitable to measure the velocity and energy distributions in a plasma, and 
parameters related to this distribution, such as the temperature of the scattering particles. 

In general, it can be stated that scattering takes place on electron density fiuctuations 
of wavelength À = 271" j k. If these fiuctuations are random, scattering is incoherent. The 
infiuence of coherence effects is generally described by the scattering parameter a, which 
is defined by 

1 1 Ài 
a=--~----

- kÀn 471" sin((} /2) Àn' 
(4.6) 

where Àn = (c.okBT/e2n) 112 is the so called Debye length, which is a length scale above 
which electron positions certainly show no correlations. Within a Debye sphere, electron 
motionscan be correlated. When À~ Àn, i.e. a~ 1, the electron density fiuctuations can 
be correlated on this length scale and this leads to coherent scattering. Now if À « Àn, 
i.e. a « 1, the electrans in a Debye sphere have random phases of oscillations with 
respect to each other, and the scattering is incoherent. 
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4.2 Theory of Thomson scattering 

This section describes how expressions for the scattered electromagnetic field due to an 
incident field on the plasma can be derived. From the Maxwell equations, the inho
mogeneous wave equations for the potentials are derived. The general solution for the 
potentials is given, and expressions for the potentials for an accelerating electron are 
shown. Following these expressions, the scattered electromagnetic field can be written 
as a function of the acceleration of the electron. This acceleration can be obtained from 
the equation of motion for the electron, and the fields emitted by the electrous due to 
this acceleration are generally referred to as scattered fields. Finally expressions for the 
scattered power and cross-sections are derived. All expressions are only valid in the long 
wavelength regions where Compton scattering may be neglected. For high frequencies 
the Compton effect is important and scattering must be treated quanturn mechanically. 
Neglecting quanturn mechanica! effects requires that the photon energy is much less than 
the charge rest energy (hvi « mec2

). 

4. 2.1 Electromagnetic fields and potentials 

Maxwell's equations are given by 

p 
V'. E = -, 

Eo 

V'· B = 0, 

-oB 
V' x E =at' 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

Since B is divergenceless, it can be written as the curl of a vector potential (A), (since 
V'· (V' x A) = 0): 

B =V' x A. (4.11) 

Inserting equation ( 4.11) into equation ( 4.9) yields an expression for the electric field: 

(4.12) 

The term E + 88~ can be written as the gradient of a scalar potential </J, (V' x (V'</J) = 0), 
and the electric field is defined in terms of <P and the vector potential (A): 

(4.13) 

Since these potentials are not uniquely defined, it is allowed to impose extra conditions 
on <P and the vector potential A. The physical fields E and B are not allowed to change 
when these extra conditions are imposed. In electromagnetics the Lorentz gauge, V' x A = 

-f-toEo ~~ is normally applied. When Maxwell's equations are written in terms of the 
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potentials and the Lorentz gauge is applied, it can be shown [16] that both potentials 
satisfy the inhomogeneous wave equation: 

2 []2 p 
(V' - P,oEo-)<P = --, (4.14) 

öt2 Eo 
2 f)2 

(V' -p,oEo
0

t
2
)A=-p,oJ, (4.15) 

where the sources, the volume charge density p and the volume current density J, are 
placed on the right hand side. 
Since the electromagnetic wave has to travel from the souree to the detector, information 
of the souree at some earlier time will arrive at the detector. This 'retarded time' is 
defined by 

- Ir- r'l 
lr=t- , (4.16) 

e 
where r' is defined to be the position of the source, r is the field point (position of the 
observer) and r - r' is the position vector from the souree point to the field point. The 
following expressions for the potentials satisfy the wave equations and meet the Lorentz 
condition [16]. 

<P(r, t) = _1_ j p(r', tr) dT' 
47rEo Ir- r'l 

A(r t) = P,o j J(r', tr) dT' 
' 4n Ir- r'l 

( 4.17) 

(4.18) 

The integrands are evaluated at the retarded time ( tr). The integrals are over all space 
and dT' is a small volume element. 

4.2.2 Lienard-Wiechert potentials 

In this section expressions for the retarded potentials <P(r, t) and A(r, t) of a point charge 
q moving on a specified trajectory are given. These are called the Lienard-Wiechert 
potentials. For a point charge q that is moving on a specified trajectory, rj(t) is defined 
to be the position of charge q at time t. r j ( tr) is called the retarded position of the charge, 
and the retarded time is implicitly determined by the equation 

(4.19) 

Since rj is the position vector from the origin to the electron and r is the position vector 
from the origin to the observation point, the direction of the scattered radiation is given 
by R = r- rj(tr)· Defining es to be the unit vector in this direction, R can be written as 
R = IRies = Res (figure 4.2). Thus Ris the distance between the position of the electron 
and the observation point r. 

The electric and magnetic fields of an electron in arbitrary motion are calculated using 
the Lienard-Wiechert potentials: 

1 -ee 
<P(r, t) = - . ( ) , 

47rEo Re - R · rj tr 
( 4.20) 

A( ) 
= rj(tr) _1_ -ee 

r,t 2 . ( )" e 47rEo Re - R · rj tr 
(4.21) 
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origin 

electron R observer 

Figure 4.2: Definition of the position veetors r, rj, R. 

4.2.3 Electromagnetic field of an accelerating electron 

This section determines the physical fields (E,B) of the motion of a non relativistic elec
tron. The vector potential can be written as follows: 

(4.22) 

If the motion of the electron remains non-relativistic, r~r « 1, then equation (4.22) 
reduces to 

A(r, t) = -erj(tr), (4.23) 
47rt:oRc2 

and the expression for the potential can be written as 

-e 
cj;(r, t) = 4 R. 

7rEo 
(4.24) 

If the origin of the coordinate system is chosen inside the plasma, then the inequality 
lrjl « lrl is assumed to hold for all electrons. The distance between the electron and 
detector is approximated by 

R = Virl 2 - 2r · rj + irjl 2 ~ Virl 2
- 2r · rj == irl- r~~~j. (4.25) 

The retarded time then equals 

_ R lrl r · rj 
tr = t - - = t - - + --. 

c c lric 
(4.26) 

The magnetic field is equal to the curl of the vector potential. 

-e 
B ( r, t) = 

4 
R 2 'V X Ï"j ( tr) . 

7rEo c 
( 4.27) 

U sing the equality 
( 4.28) 
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with 
R R 

\ltr =- ~ -- (4 29) 
c (R- Rr~(tr)) eR . 

for non relativistic velocities, the magnetic field is given by 

B(r, t) =-
4 

eR 2 Vtr x Fj(tr) ~ ~2 3 R x rj(tr)· (4.30) 
7rEo c 47rEo c 

The electric field is obtained by inserting ( 4.24) and ( 4.23) in E = -V q;- 88~. The 
final result of the complete calculation with the original potentials is given by equation 
(10.65) of chapter 10 in [16]. Inserting the non relativistic limit, C'j~r) « 1), into this 
expression yields an expression for the electric field of a non-relativistic electron: 

-ee -e 
E(r, t) = 

4 
~2 + 

4 
R 2 (es X [es X Fj(tr)]). (4.31) 

7rEo 7rEo c 

The first term describes the electrastatic result and falls off with R2, the second term 
falls off as the inverse of the distance from the electron to the observed, R, and is thus 
dominant at large distances from the electron. In the limit R ---+ oo, only the second 
term, which depends on the acceleration of the electron, will contribute to the field, thus 

( 4.32) 

describes the radiation field, also called acceleration field, of an accelerating electron 
sufficiently far away from the electron. Camparing (4.30) and (4.32) yields an expression 
for the electric field in terms of the magnetic fields, namely 

c 
E(r, t) = RR x B(r, t). ( 4.33) 

Equation ( 4.30) shows that, for a low temperature plasma with non relativistic electron 
veloeities and with the origin chosen inside the plasma volume, the magnetic field is 
determined by the acceleration of the electron and by the direction of and distance from 
the electron (source) to the detector (observation point). Equation (4.33) makes it clear 
that the electric field can easily be obtained from the magnetic field. 

4.2.4 Acceleration of a free electron 

The acceleration of the electron due to an external electromagnetic field is determined in 
this section. The electromagnetic force on an electron at position r j ( t) and moving with 
velocity Ï"j(t) is given by -e[Ei+rj(t)(rj(t) x B(rj, t))]. The magnetic force Bw = Ew/c on 
the electron is at least a factor ~ smaller than the electric force. Thus for non-relativistic 
electrans the infiuence of the incident magnetic field (Bi) can be neglected. 

With only the force of the electric field acting on the electron, the equation of motion 
becomes 

(4.34) 

The electron heavy partiele collisions are not taken into account in this equation. This is 
only justified when there is no energy transfer from the electric field of the laser to the 
plasma, and the field is not damped. The infiuence of friction terms in equation ( 4.34) 
will be discussed in subsection 4.5.1. 
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4.2.5 Incident wave 

The external field, produced by a laser, is a linearly polarised monochromatic plane wave. 
A wave is called monochromatic when it is confined to a single frequency w. The po
larisation vector defines the plane of vibration and because electromagnetic waves are 
transverse, this direction is always perpendicular to the direction of propagation. Linear 
polarisation results from the combination of horizontally and vertically polarised waves 
of the same phase. 
An incident wave propagating in the ki direction, with polarisation direction eiO is de
scribed by 

Ei(r, t) = EiO exp j(ki · r- wit), 

Bi(r, t) =ei x Ede, 
( 4.35) 

( 4.36) 

where ki = kiei is the incident wave vector, ki = 27r / Ài, Ài is the magnitude of the wave 
vector, and wi is the frequency of the incident wave. 
Ew is defined by 

( 4.37) 

in this expression EiO is the (complex) amplitude of the electric field. The propagation 
direction ei of the electromagnetic wave is perpendicular to the polarisation direction 
eiO of the incident wave. By convention, the polarisation direction of the electric field is 
used to specify the polarization of an electromagnetic wave. Since eiO is the polarisation 
direction of the electric field, the total wave is said to be polarised in the eiO direction. 

4.2.6 Expressions for the scattered fields 

For non-relativistic velocities, the scattered magnetic field is given by 

( 4.38) 

The acceleration of the electron rj ( tr) can now be determined by inserting equation ( 4.89) 
into equation ( 4.34), 

(4.39) 

Inserting equation ( 4.39) into equation ( 4.38) gives an expression for the magnetic field 
in terms of the incident electric field, 

( 4.40) 

Using equation (4.33), an expression for the electric field is also obtained 

e -eEw(rj, tr) . ) 
E(r, t) =ces x B = R 

2 
expz(ki · rj- witr)es x (es x eiO . 

47rEo C ffie 
( 4.41) 

Equation (4.41) has to be evaluated at the retarded time tn so approximations for 
R( tr) have to be made. When radiation is detected in the far field, R( tr) is also large 
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compared to the distance travelled by the electron during scattering L. The distance 
from the electron to the observer at the retarded time is then assumed to be equal to 
this distance at the time of the measurement, R( tr) ~ R( t). One exception is equation 
(4.16), where it is notallowed to use this approximation. With he origin chosen close to 
the scattering volume, rj « R, and R(tr) may be approximated by R- es· rj(tr)· In this 
case, the retarded time can be written as 

lr-e ·r·(t')l tr ~ t - s J • ( 4.42) 
c 

In determining the orbit of the electron the infiuence of the electromagnetic wave is 
neglected. This means that the electron is assumed to be rnaving at a constant velocity 
during the scattering process. The unperturbed orbit of the electron is given by 

(4.43) 

This equation is not valid in the preserree of an external steady magnetic field, where the 
orbit of the electron takes on a helical form and the velocity is not constant. Inserting 
equation ( 4.43) into equation ( 4.42) yields 

!"V( r es·rj(O))[ e8 ·Ï'jl-l tr = t - - + 1 - --
C C C 

( 4.44) 

With the definition of the classica! electron radius re = 4 e
2 

2 , and the approximation 
71'éQffieC 

R(t') ~ R(t), the scattered electric field can be written as 

( 4.45) 

It can be shown that inserting equation ( 4.44) for the retarded time into equation ( 4.45) 
yields the following expression: 

where ks = ~es. The electron radiates the Doppler shifted electromagnetic field at a 
c 

frequency Ws given by 
_ . [ 1- ei· Ï'j/cl 

Ws-W1 , / • (4.47) 
1- es· rj c 

This expression ( 4.4 7) can also be written in the following form: 

( 4.48) 

4.2. 7 Scattered power and cross-sections 

Since expressions for the scattered electric field are derived, it is now possible todetermine 
the scattered power via the radiation Poynting vector S, which describes the radiated en
ergy per unit time and per unit area. 
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The scattered power arriving at the detector is 

( 4.49) 

where (S) is the time averaged radiation Poynting vector. For an accelerating electron 
(S) is given by 

(4.50) 

with Es the electric field scattered by one electron. Inserting the real part of equation 
(4.41) into equation (4.50) yields 

(4.51) 

Sirree the radiation is only emitted in the scattering direction es, and the time averaged 
of the square of a eosine wave equals 1/2, the scattered power in the solid angle of the 
detector dO. at a distance R from the electron is 

dPs = R2(t)i(S)IdD. ( 4.52) 

1 2 2 2 
= 2éocreles x (es X ew)l IEwl dO.. 

Inserting the power flux density of the incident wave Si= ~éociEwl 2 of the incident laser 
beam, 

(4.53) 

The angular dependenee of the scattering process is described by the factor in brackets. 
It is commonly described in terms of the scattering angle e between the incident scattered 
wave veetors ki and ks and the angle tp between the plane of scattering and the polarisation 
direction of the incident electric field ew. If the radiation is polarised 

les x (es x ewW = 1- sin2 (8) cos2 (cf;), (4.54) 

then the scattered power that arrives at the detector can be expressed as 

(4.55) 

The distri bution of the scattered radiation is like that of a radiating dipole. The scattered 
field is rotationally symmetrie around the dipole axis Ew and most intense in directions 
perpendicular to the axis, whereas no radiation is emitted along the dipole axis. 

The differential cross-section for Thomson scattering is defined by 

dar 1 dPs 2 2 
dO. =si dO. =re les x (es x ew)l ' ( 4.56) 

and describes the process of Thomson scattering for a single electron. 
The total scattering cross-section is known as the Thomson scattering cross-section and 
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is found by integration of the differential cross-section for unpolarised light over all solid 
angles. 

CJr = 87; = 6.65 x w-29
. (4.57) 

This cross-section in [m2
] is extremely small and independent of the wavelength of the 

incident light. This very small value of the scattering cross-section shows why Thomson 
scattered radiation is difficult to detect unless a very powerful souree is available. The 
scattering cross-section for a single proton is found by multiplying the Thomson cross
section for an electron by (me/mp) 2 ~ 3. w-7

. 

4.3 Salpeter approximation 

For a scattering volume V and mean electron density ne, the Thomson scattered power 
at a certain frequency shift w and within asolid angle dO is generally described by 

(4.58) 

Pi is the incident laser intensity, Ldet is the length of the detection volume along the 
incident light beam, ~ is the differential cross-section for Thomson scattering, and 
S (k, w) is the speetral distri bution factor. This factor is also known as the dynamic form 
factor and describes the shape of the scattering spectrum, it represents the spectrum of 
electron density fiuctuations. 

Incoherent spectrum 

Intheincoherent limit S(k, w )dw8 is the probability that the frequency shift of a scattered 
photon lies within a range dw8 around w. This equals the probability that the scattering 
electron has a velocity component along k within a range dvk around the corresponding 
velocity vk = wjk. 
Intheincoherent limit (a~ 0) the speetral distribution factor equals 

( 4.59) 

where Fk( vk) is the one-dimensional velocity distri bution along k. 
In the case of a Maxwellian electron energy distribution function (EEDF) this velocity 

distribution is given by 

(4.60) 

where a is the most probable speed of the electrons, 

a= c~~'t' (4.61) 

Now 

(4.62) 
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The scattered power at a frequency w and within a solid angle dQ for incoherent scattering 
and a Maxwellian energy distribution is 

(4.63) 

In this expression ka is the half 1/e width of the spectrum. For non-relativistic electrans 
kis given by k = (2wï/c) sin(O /2), therefore the half 1/e width equals 

w1;e =ka= (2wï/c)sin(8/2)a, ( 4.64) 

and 

(4.65) 

Inserting equation ( 4.61) into this equation yields an expression for the electron temper
ature, 

T. = ffieC Wlje 2 ( )2 
e 8kB sin2 

() Wi 
(4.66) 

It is thus possible to obtain the electron temperature from the half 1/ e width of the Gaus
sian spectrum. 

The scattered power within the solid angle dQ is related to the electron density in the 
scattering volume and is determined by integration of the signal over all frequencies, 

1
-oo 8Ps dar 1-oo 

dPs = -
8 

dws = PineLdet dr. dQ S(k,w)dw. -oo W 8 H -oo (4.67) 

Inserting equation ( 4.62)into equation ( 4.67): 

(4.68) 

The integration over all frequenties yields unity, this means that for incoherent scattering 
the speetral density distribution has no influence on the total scattered power, 

dar 
dP8 = PineLdet dQ dQ. ( 4.69) 

The number of electrans in the detection volume is N = neALdet· The differential cross
section was derived insection 4.2.7 and is given by: 

dar 2 l ( 2 dQ =reesX e8 Xeiü)l (4.70) 

The total scattered power within the solid angle dQ is 

(4.71) 

where Si = Pï/ A. The tot al scattered power equals N times the scattered power from 
one electron ( see equation ( 4. 53)). This is as expected for incoherent scat tering, the tot al 
scattered power equals the sum of all individual scattered powers from the free electrans 
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within the scattering volume. 

For a low temperature collision-less plasma that consists of electrans and a single 
species of ions of charge Z and for which the electron temperature approximately equals 
the ion temperature, Te ~ 7i, the Salpeter approximation is commonly used for the 
speetral distribution function. It also assumes that the electrans have a Maxwellian 
velocity distribution. Using the Salpeter approximation, this function is given by 

(4.72) 

where 

(4.73) 

and r a(x) is given by 
exp( -x2 ) 

ra (x) = 11 + a2 W( x) 12 ' (4.74) 

this function is called the Salpeter function. W( x) is defined as 

W(x) - 1- 2x exp( -x2 ) fox exp(p2)dp- i..fiix exp( -x2
). ( 4. 75) 

The other parameters are given by 

Xe= wjka; Xi = wjkb, (4.76) 

where a and b are the most probable speeds of the electron and ion respectively 

(4.77) 

The two components in equation ( 4. 72) are known as the electron spectrum and the ion 
spectrum respectively. Their integrals over all frequencies are 

for the electron component, and 

1 
S(k)e = 1 + a2' 

Za4 

S(k)i = (1 + a 2)[1 + a 2 + Za2(Te/Ti)]' 

for the ion component. 

( 4.78) 

(4.79) 

Thus for a « 1 only the electron component neecis to be considered and the integral 
is almost unity. For a » 1 the ion component is dominant and for Z = 1 the integral is 
approximately 1/[1 +(Te/Ti)]. 

Fora» 1, the electron component is very small, except fora resonance which occurs 
when the denominator in the Salpeter function for the electron, r a(Xe), approaches zero. 
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This occurs when 11 + a 2 W(xe) 12 ---+ 0 and this condition is satisfied when Xe is the root 
of the equation -Re{ W(xe)} = ; 2 (fora» 1 the imaginary part of W(xe) is small for 
this large value of Xe)· 

For a« 1, the total scattered spectrum has a Gaussian profile whose width is deter
mined by the electron temperature. For a » 1 the spectrum consists of a narrow central 
feature, whose shape is determined by both the ion and the electron temperatures, to
gether with a symmetrical pair of sharp spikes displaced from the centre by the plasma 
frequency. 

4.4 Raman scattering 

Raman scattering is the inelastic scattering of radiation by molecules. These molecules 
can undergo a rotational or vibrational transition, hereby changing the internal energy of 
the molecules. This results in specific wavelength shifts of the scattered photons. Raman 
scattering is always incoherent, thus the total scattered power is the sum of the scattered 
powers of individual particles. The scattered radiation has an arbitrary phase relation 
with the incident radiation. In this study rotational Raman scattering is used to calibrate 
the absolute intensity of the system. 

The theory described in this paragraph is only valid for simple linear molecules like 
N2 and in approximation also for 02 and 002. All the molecules are assumed to be in 
the vibrational ground state, which is the case at low temperatures ( < 1000 K). The 
energy of a state with rotational quanturn number J is for nitrogen approximated by 
EJ = BJ(J + 1), with B = 2.48 · 10-4 eV. Only transitions between J and J ± 2, in 
which these values are both positive, are allowed. The wavelengths of different peaks 
conesponding to these transitions are given by 

À~ 
(4.80) ÀJ ...... J+2 - Ài+ h~ ·B(4J+6), 

À2 
(4.81) ÀJ ...... J-2 - À·- _t • B(4J- 2) 

t he ' 

where Ài is the wavelength of the incident radiation. 
The scattered power of a specific Raman peak is given by 

( 4.82) 

where da ~0 1' is the differential cross-section for the transition from rotational state J to 
J' and nJ is the density of the initial rotational state J. 

4.4.1 Absolute eaUbration with Raman scattering 

For a scattering volume V and mean electron density ne, the Thomson scattered power 
within a solid angle t:.O is generally described by the following expression 

dCJr j Pr = PineLdet dO !:::" S1 S(k, w)dw, (4.83) 
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where Pi is the incident laser intensity, Ldet the length of the detection volume along the 
incident light beam, ~ the differential cross-section for TS, and S(k, w) the speetral 
distri bution factor integrated over all scattered frequencies. Dividing equation ( 4.83 by 
equation ( 4.82) yields 

Pr _ ne~ J S(k,w)dw 
du 

1
_

1
, 

nJ dO 

(4.84) 

which shows that the electron density can be determined when the ratio of the total 
Thomson and Raman powers are measured, namely 

p duJ-J' 
n = nJ . __ T_ . dO . 

e PJ_.J' ~ J S(k, W )dw 

For incoherent scattering J S(k,w)dw = 1, and equation (4.85) can be written as 

du J-J' 
dO 

IÉ!I. . 
dO 

(4.85) 

(4.86) 

If the scattering is coherent and the electron temperature approximately equals the 
ion temperature, ~ ~ 1, it is allowed to use the Salpeter approximation (4.72) for the 
speetral distribution function S(k, w). Using this approximation, the integration over all 
frequencies yields: J S(k, w )dws = 1+1a 2 , and equation ( 4.85) can be written as 

(4.87) 

For both coherent and incoherent scattering the electron density can be determined 
from the ratio of the Thomson and Raman spectrum intensities when a calibration gas 
with a known rotational density nJ is used and the Raman and Thomson cross-sections 
are determined for the particular experimental set-up. 

4.5 Effect of the incident beam on the plasma 

When an electromagnetic wave with a frequency Wi is incident on a collisionless plasma, 
two situations regarding the macroscopie interaction can occur. For wi < Wpe, the electrans 
in the plasma can respond on a time scale rv 1 I Wpe and are able to cancel the incident 
electromagnetic fields. In this case the wave number ki is imaginary and the wave is 
damped as it propagates through the plasma. Only the surface layer of electrans interacts 
with the incident radiation and the beam is refiected provided that the plasma is many 
wavelengths thick. For wi > Wpe the wave number is real and the wave is transmitted 
through the plasma. Wpe is the electron plasma frequency, this is the frequency at which 
an electron in a plasma oscillates and is given by Wpe = ( nee

2 I meéo) ~. 
In a re al situation ( wi 2:: Wpe), the plasma is not ( completely) collisionless, and the 

electron cannot oscillate freely in the wave. The electron will collide with other particles 
in the plasma and some of the incident energy will be dissipated in the plasma. In section 
4.5.1, it is shown how the dissipation ,can be determined from the equation of motion of 
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the electrens by taking an extra cellision term into account. In sectien 4.5.2, an overview 
will be given of different dissipation processes that occur at increasing intensities of the 
incident beam. 

4.5.1 Laser-plasma coupling 

The equation of motion for an electron subjected to an electric field and to collisions with 
heavy particles reads 

- eEi(r, t) - Vehmer = mer. (4.88) 

The incident electric field is a harmonie wave with a frequency wi, given by 

(4.89) 

Inserting this expression into equation (4.88) yields the following expression for the ve
locity of the electron r' 

(4.90) 

In which Veh represents the electron-heavy partiele cellision frequency. It can be shown 
[26] that the time averaged power per unit volume dissipated in the plasmaPdis [Wm-3] 

due to collisions between electrens and heavy particles is described by 

2 E2 P.. _ e ne 0 Veh 
d~s - 2 2 2' me veh + wi 

(4.91) 

where E0 is the amplitude of the electric field. Thus the energy will flow from the field of 
the laser to the electrens in the plasma and from the electrens to the heavy particles in 
the plasma. Inserting the time averaged power per unit area, I= ~é0cE5 [Wm-2

], yields, 

( 4.92) 

in which Wpe is the electron plasma frequency [s-1
]. The last step is valid since the laser 

power dissipated in the plasma per unit volume Pdis equals ~I, in which I is the incident 
flux density and ~ the absorption coeffi.cient. 

For a weakly ionised plasma, collisions between electrens and atoms dominate, whereas 
fora completely ionised plasma, electron-ion collisions are dominant. These processes can 
be elastic, which results in plasma heating, or inelastic, which leads to the generation of 
extra ions and excited species due to ionisations and excitations of atoms. 

The dissipated energy per unit volume during the time of a laser pulse T is given by 
Pdis · T. The incident laser energy will initially be absorbed by the electrens in the plasma. 
This shalllead to an increase in electron thermal energy density of ~ne~Te. Cernparing 
this electron energy increase with the absorbed laser energy (~I· T) yields 

fj.Te ~I· T 
---3 . 

Te 2kBTene 
( 4.93) 

This formula is only valid in the case of adiabatic heating, which is the case for a strongly 
ionised plasma. For adiabatic heating, the heated electrens have to be isolated from the 
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heavy particles and from other electrous in the plasma. Thus the period of the laser 
pulse T has to be smaller than the electron-heavy partiele callision time Tei, so that the 
electrans cannot transfer the absorbed laser energy during the laser pulse. It is also not 
allowed for the laser energy to be conducted away during the time of the laser pulse 
( Theatcond < T). Summarising, it can be said that the laser pulse period has to be smaller 
th . d . t d t . t t el el i nel) Th . d an peno s assocm e o vanous con ac s: T << Theatcond, Tei, Tea' Tea . ese peno s, 
T:}, T:~ and T~~el, are callision times for energy transfer of respectively elastic electron-ion, 
elastic electron-atom and inelastic electron-atom collisions. 

When T > T~~el, the increase in electron temperature due to the absorption of laser 
energy will immediately lead to an enhancement of ionisation. This process will temper 
the increase in Te. Thus the laser power will not only enhance the kin et ie energy of 
the electron-ion pairs, but will also contribute to the increase of the internal energy by 
creating new electron-ion pairs. From the electron energy balance, in which convection 
and heat conduction terms are not included, it can be shown that the relative increase in 
Te is approximated by: 

(4.94) 

The rate coefficient K(l, 2) for the rate of the 1 ---+ 2 transition is calculated according to 
equation (3.33), and E 12 is the energy of the first excited state. 

4.5.2 Plasma disturbances 

Depending on the intensity of the laser beam, different laser-plasma interactions can 
be distinguished. At moderate laser powers linear effects, like heating of the plasma 
by the laser, occur. Laser energy can be absorbed by the continuurn or by speetral 
lines of the plasma. Absorption of the continuurn takes place by the process of inverse 
Bremsstrahlung. In the linear regime the absorption coefficient is constant and it is 
therefore independent of the energy of the laser beam. With increasing laser intensities 
a domain is reached where non-linear effects like multi-photon ionisation and tunnelling 
can occur. In these processes the absorption coefficient of the plasma is altered, it is no 
longer constant but depends on the intensity of the incident beam. 

4.5.3 Heating of the plasma 

Heating of the plasma is a result of elastic collisions between electrous and neutral atoms 
( e - a) and el ast ie collisions between electrous and i ons ( e - i). 

Elastic electron ion collisions, inverse Bremsstrahlung 

Heating of the plasma that is caused by elastic ( e- i) collisions occurs by a process that is 
called inverse Bremsstrahlung. A laser photon is absorbed by an electron near a heavy ion 
and the ion is only involved in the process to conserve momentum. The power dissipated 
in the plasma per unit volume Pdis equals /"i,JBI, where I is the laser intensity and /"i,JB is 
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the absorption coefficient for this inverse Bremsstrahlung process, which equals 

(4.95) 

where wi is the frequency of the incident electric field from the laser, and llei is the electron
ion callision frequency for momenturn transfer in the preserree of an electromagnetic field. 
For singly charged ions, zi = 1, and wi > Wpe the following expression is valid1

: 

(4.96) 

with 

(4.97) 

Electran-atom collisions 

The dissipated power due to electran-atorn collisions equals 

(4.98) 

where llea is equal to the electran-atorn callision frequency. The absorption coefficient for 
electran-atorn collisions "'ea is thus given by 

(4.99) 

and equation (4.98) can be written as Pdis = "'eal. The electron atom callision frequency 
llea is given by 

(4.100) 

in which na is the neutral density in [m-3], O"ea is the cross-section for electran-atorn 
collisions in [m2], and lle is the thermal velocity of the electron. For collisions between 
electrans and mercury atoms, 

(4.101) 

in which na is the density, and 0"~9 the cross-section of the Hg atoms. This cross-section 
approximately equals 0"!9 ~ 1.13. w-18m2 and lle = -) 2"-:ï:e. 

In the case of elastic scattering, kinetic energy is exchanged and the dissipated power 
is used for heating of the electrons. If collisions are inelastic, the dissipated power is used 
to electronically excite or ionise atoms, hereby increasing the number of free electrans in 
the plasma. An upper limit of the increase in electron density (.6.ne) due to the dissipated 
power is given by .6.ne = "'eai T /lp, where lp is the ionisation potential. 

1wi is the angular frequency ofthe incident electromagnetic field and not the electron plasma frequency, 
which is often used to determine !lei in the presence of an oscillating external field. 
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4.5.4 Photo-ionisation processes 

This section discusses ionisation processes due to absorption of incident photons from the 
laser beam. De pending on the incident laser energy, single photon ionisation can occur, 
where anion is created by the absorption of one photon by an (excited) atom. At higher 
laser intensities multiple photons can be absorbed simultaneously, this process is called 
multi-photon ionisation. At even higher laser powers, the electric field becomes strong 
enough to tilt the atomie potential energy, creating a potential harrier through which the 
electron can tunnel [26]. 

Photon and multi-photon processes will be discussed for a laser beam which has an 
incident wavelength of Ài = 532 nm, and is guided into a pure mercury plasma. For 
Ài = 532 nm, the photon energy equals hvi = ~~ = 2.34 eV. In the electric field of 
the laser, the maximum energy that can be gained by the electron equals ~meu6 with 

2 e2E2 c 
u0 = ~· The ionisation potential1or mercury atoms is equal to 10.4 eV. 

m wi 

Photo-ionisation 

Direct photo-ionisation occurs when the energy of the incident laser photon is high enough 
to excite the atom from the ground state to the continuum, thus creating a free electron 
and an ion. This process can only occur when the energy of the incident photon is higher 
than the ionisation potential. Photo-ionisation can also occur from excited states. For 
a wavelength of 523 nm, incident photons have an energy of 2.33 eV, and ionisation 
is possible if the ionisation energy of the excited state is less than 2.33 eV. For the 
mercury system, where the ionisation potential E+ for mercury atoms equal 10.4 eV, 
photo-ionisation is only possible for atomie states with an excitation energy of 8.1 eV or 
higher (at transitions with À< 119 nm). 

Multi-photon processes 

Multi-photon processes occur when an atom absorbs severallaser photons simultaneously, 
resulting in an atomie transition from the ground state to the continuum, producing an 
extra free electron. This transition occurs through laser-induced states which are multi
ples of hvi. The lifetime of a laser induced state is of the order of one optical cycle, T ~ ~· 
The time that an atom can spend in a laser induced virtual state is very short. The 
absorption of photons through laser induced states has to occur within this time scale, 
and therefore large photon fiuxes are needed. 

These processes are only important when the energy gained by the electron in the in
cident field ( e

2 
P;>-J = 1.2 · 10-22 Pi>.; = 3.4 · 10-35 Pi), becomes comparable with the photon 

me oe 
energy of 2.4 eV. This corresponds with a laser power density of 1.13 · 1016 Js-1m-2 . 

When a laser induced virtual state is close to an atomie state, the time that the atom 
can spend in the virtual state is increased and in this situation determined by Heisenberg's 
uncertainty relation, T = nj2D.E7r, where D.E is the difference between the energy of the 
virtual state and the atomie state. This process can occur at lower laser intensities and 
is called resonant multi-photon ionisation. 
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Basic set-up for measurements on 
lamps 

This chapter gives a description of the experimentalset-up that has been used for Thomson 
Scattering (TS) experiments on the high pressure mercury lamp. An essential part of this 
set-up is the triple grating spectrograph (TGS), that has been developed [12] to suppress 
the false stray light and Rayleigh signal. False stray light is the reileetion of laser light 
on the surroundings of the plasma or on the electrades and Rayleigh scattering is the 
scattering of light on heavy particles. The TGS was first applied on the QL lamp [17], 
a low-pressure, inductively powered gas discharge lamp. This QL lamp was adapted for 
TS with extension tubes and quartz laser windows at Brewster angle. For plasmas at 
low pressures like the plasma inside the QL lamp, the scattering is incoherent and the 
interpretation of the data is straightforward. For a Maxwellian energy distribution of the 
electrons, the Thomson spectrum is Gaussian, and the area and width of the spectrum 
are proportional to electron density ne and electron temperature Te, respectively. After 
the QL lamp, the TGS was used to detect TS on an Ar modellamp [18]. This model 
lamp, filled with 1 - 2 bar argon, has also been adjusted for the TS experiments. The 
scattering of laser light by the electrons introduces coherent effects at these pressures and 
the interpretation of the Thomson spectrum is much more difficult. The coherent TS 
measurements performed in the current study are not performed on a modellamp but on 
a real mercury lamp (although the outer bulb was removed). The same TGS has been 
used to perform TS measurements on the mercury lamp, although some adjustments in 
the set up were made in order to measure directly on a reallamp. This set-up that has 
been used for TS-experiments is described in the first section, foliowed by an overview of 
the different measured contributions to the TS spectrum. 

5.1 Basic system for Thomson scattering experiments 

To reduce the influence of stray light and to record the Thomson spectrum the Triple 
Grating Spectrograph (TGS) that was designed and constructed by M. v.d. Sande [12] 
has been used. This TGS is specially designed to study spectrochemical plasmas and 
gas discharge lamps which are close to surrounding objects or contained in glass. For 
these plasmas ne < 2 · 1021 m-3

, Te ~ 0.8 eV and Thomson scattering is non-collective 
(incoherent). In our case of the high pressure mercury discharge, the typical values are 
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1020 m-3 < ne < 1022 m-3
, Te ~ 0.6 eV, so that Thomson scattering on central parts 

in the plasma can be expected to be more coherent. Compared to the spectrochemical 
plasmas, the width of the spectrum will be smaller due to the lower electron temperature. 
This generates additional difficulties in the interpretation of the TS signal. 

This section starts with a global description of the basic system, foliowed by more 
detailed descriptions of the TGS, adjustments that had to be made, the iCCD and the 
triggering system of the laser and the iCCD. 
A frequency doubled Nd:YAG laser produces pulses at a wavelengthof ,\ = 532 nm and 
with a pulse repetition rate of 10 Hz. The pulse width ( r) is between 5 - 7 ns, the pulse 
energy (Epulse) is 0.40 J and the pulse energy stability is ±3%. For a pulse width of 7 
ns, the pulse power equals 57 MW, whereas the average laser power is 4.0 W. The laser 
beam is guided by a dichroic mirror and a beam splitter (10% reflection) and focussed 
by a plano-convex lense with a focallength of 25 cm into the plasma volume (see figure 
5.1). The waist d0 (diameter of the beam at the position of the focus) is approximately 
32 f.1m. A diaphragm is placed after the beam splitter to block the reileetion from the laser 
beam at the mounting of the beam splitter. The polarisation of the laser beam is chosen 
vertically, perpendicular to the direction of the laser beam and the scattering direction 
(horizontal plane of scattering, figure 5.1). This means that rp = 90° so that the differential 
cross-section for Thomson scattering and the scattering probability is at a maximum (see 
equations ( 4.56) and ( 4.54)). Scattered photons are detected at a perpendicular scattering 
angle, (J = 90°, cf figure 5.1; at this angle the influence of stray light is minimised. The 

Nd:YAG 532 nm 
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·· i~~~e-
(focus 30 cm) 
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Figure 5.1: The incident laser beam (ki,EiO) is focussed into the plasma volume, the scattered 
radiation (ks, Eso) is also vertically polarised and travels in the scattering direction k5 , to the 
TGS. 

laser beam is scattered by electrans inside the plasma volume and the scattered light is 
collected by two achromatic doublet lenses. These lenses have a focallength 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. An overview of the set-up is given in figure 5.2. A two dimensional iCCD
camera records the scattered spectrum and speetral information for different positions 
along the plasma volume is obtained simultaneously duringa measurement. 
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5.1.1 Triple grating spectrograph 

The TGS contains a Double Grating Filter (DGF). This DGF operates as a notch filter 
for the rejection of stray light in the speetral centre that is caused by scattering on the 
surroundings of the plasma (false stray light) and heavy particles in the plasma (Rayleigh 
scat tering) . The third spectrograph is used for dispersion and focusses the signal onto 
the iCCD detector. Each grating contributes to stray light rejection in the wings of the 
recorded Thomson spectrum. In the TGS lenses are used instead of mirrors sirree mirrors 
are almast always used off-axis, which has the effect that the focal planes of optimal 
spatial and optimal speetral resolution do not coincide. Achromatic doublet lenses are 
used instead of plano-convex lenses to reduce image aberrations. 
The horizontal entrance slit of the TGS is parallel to the laser beam so that a long 
detection volume can be chosen. A 90° image rotator is placed after the entrance slit so 
that spatial information is assigned to the vertical direction. The first spectrograph is 
placed directly after the image rotator. A lense collimates the incident light onto a grating 
that disperses the light into the horizontal direction. It is then focussed by a second lense 
onto a mask that is placed in its exit plane. By the focussing most of the stray light 
is imaged onto this mask. The second spectrograph focusses the remairring stray light 
next to the exit slit of the second spectrograph (the intermediate slit) and cancels out the 
dispersion of the first spectrograph. This intermediate slit also acts as the entrance slit for 
the last spectrograph, which images most of the remainder of the stray light in the centre 
of the spectrum instead of in the wings where the Thomson spectrum is to be detected. 
A two dimensional iCCD detector is placed in the exit plane of the last spectrograph 
to record the scattered spectrum. Since the dispersion direction and the optical axis of . 
the spectrograph system are horizontally chosen, the horizontal direction of the image 
gives speetral information and the vertical part gives spatial information. Beside this, 
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Figure 5.2: Basic set-up used for the Thomson scattering experiments 
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a polarised beam splitter is placed in front of the detector to transmit the Thomson 
scattered photons (polarised in the vertical direction) and to reflect the unpolarised part 
of the stray light and plasma emission. With this configuration, it is possible to record the 
TS spectrum at several positions along the laser-plasma interaction region simultaneously. 

5.1.2 Adjustments in the basic set-up 

If the laser intensity at the position of the plasma surroundings is too high, then break
down of the quartz wall can occur. It is also possible that the laser intensity at the focal 
position, which corresponds with the centre of the lamp, is too high and that a laser 
induced plasma (LIP) is created. An example of a spectrum of a LIP is depicted in figure 
5.3, which shows that the LIP makes a measurement useless. As a diagnostic technique 
Thomson scattering should be non-intrusive and not influence the plasma. 

Figure 5.3: Laser induced plasma, 15 mg mercury lamp, laser power 4 mW, laser focussing 
lense has a focal distance of 15 cm. 

To avoid breakdown at the wall of the lamp, the intensity of the laser beam at the 
wall is decreased by using a focal lense that is shorter than the original 1 m focal lense, 
which has a waist of about 106 f-Lm. Sirree the TS experiment, in which a lense of a focal 
distance of 15 cm and a laser power of 4 m W were used, created a laser induced-plasma 
(cf. figure 5.3). Compared tothese settings, the laser power was reduced and the focal 
distance of the lense was increased to 25 cm. By using a lense with a langer focal distance, 
the waist of the laser beam is increased, so that the intensity of the laser beam at the 
position of the plasma is reduced. In the TS experiments, a 25 cm focal lense is used 
which has a waist (do = 2f >..j D) of~ 26.6 f-Lm at a wavelength (>..) of 532 nm and a beam 
diameter (D) of approximately 1 cm. The laser energy has to be reduced from 4 W to 
1 - 2 m W, however the laser is optimised to work at full power and for these energy 
values the reproducibility of the frequency of the pulses and the power per pulse is not 
guaranteed and thus very unreliable. Moreover, the quality of the laser beam is very poor 
at these energies. Therefore, a beam splitter is used instead of a dichroic mirror to reduce 
the laser power entering the plasma, but with reasonably good stability. A diaphragm 
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is placed after the beam splitter to block refiections from the beam on the holder of the 
beam splitter. At these laser powers, the Thomson signal is relatively low compared to 
the background. Therefore, the mask inside the notch filter of the TGS was replaced by a 
mask that, besides the centrepart of the spectrum, also blocks the most intense emission 
lines of the mercury plasma. This is more important for lamps at higher pressure, sirree 
the intensity of the emission lines increases with increasing lamp pressure. 

The electron temperature of this plasma is found to be around 0.56 eV, which re
sults in a small width of the scattering spectrum. The measured electron densities 
vary between 1 · 1020 m - 3 < ne < 8 · 1021 m - 3 , and therefore the scattering parameter a 

(a= 0.08 * }ne/'Fe, with ne in 1020 m3 and 'Î'e in eV), varies between 0.1 and 0.9. For 
highervalues of a (coherent scattering), the shape of the spectrum (see figure 5.4) makes 
it difficult to determine the width of the spectrum accurately, especially when the centre 
part of the spectrum is cut out. Sirree the width of the mask determines the part of the 
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Figure 5.4: Shape of the Thomson spectrum for different values of the scattering parameter 

spectrum that is blocked in the centre, it is important to use a mask width as small as 
possible. Thomson measurements were performed with mask widths of 0.6, 0.8 and 1.0 
mm. However, for mask widths of 0.6 and 0.8 mm the width was not sufficient to block 
the large amount of false stray light from the lamp which infiuenced the points around the 
mask position. Sirree these points cannot be used for the fit of the Thomson spectrum, a 
mask width of 1.0 mm was used for the Thomson scattering experiments. 

5.1.3 Principle of the intensified Charge Coupled Device 

A two dimensional intensified CCD camera is used in the measurements to record the 
Thomson spectrum. The function of the image intensifier is to amplify the intensity of 
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an image so that single photon events can be detected. Moreover, it also allows ultra 
fast shuttering. The major elements of an image intensHier are the photocathode, the 
multichannel plate (MCP) and the output fluorescent layer (phosphor screen). These ele
ments are shown in figure 5.5, which schematically displays the image intensifier coupled 
to the CCD chip. The main construction is that of an evacuated tube with, on top of 
the intensifier, a front window which has a photocathode coated on its inside surface. 
The input image is projected on top of the photocathode, and when a photon enters the 
photocathode, an electron is emitted. This electron is drawn across a small gap toward 
the MCP by an electric field. The MCP has a high potential difference and the electron 
will produce secondary electrens as it travels through the plate. Depending on the voltage 
(500 to 1000 V), the amplification can be up to 104

; the gain of the iCCD is therefore 
controlled by the voltage over the MCP. The electroncloudis accelerated from the MCP 
towards the fluorescent layer, due to the high voltage the cloud doesnotspread but moves 
directly to the phosphor. This fluorescent layer converts the electrens into photons again 
which are subsequently detected in the CCD chip on the bottorn of the tube. The process 
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Figure 5.5: Schematic overview of an intensified CCD camera (original picture from [12]). 

of gating takes place in the photocathode, where the voltage is normally negative (-200 
V) relative to the input of the MCP. However, if the voltage is made positive +50 V, 
then the energy of the photoelectrons is not suftkient to reach the MCP and the image 
intensifier is effectively off. This gating process takes place in a time scale around 10 ns 
or less, which makes the image intensifier an extremely fast optical shutter [19]. 

A Charge Coupled Device (CCD) is a silicon-based semiconductor chip hearing a two
dimensional matrix of photo-sensors (pixels). This CCD chip camprises 578 rows and 385 
columns and is cooled down to -40 C to reduce the dark current toa minimum. lf photons 
fall on a pixel of the two-dimensional array, electrens are produced and, under normal 
conditions, confined to their respective elements. If a light pattem is projected onto the 
array, a corresponding charge pattem will be produced. The well depth or maximum 
charge of a pixel, is the amount of charge that it can maximally hold, and is generally 
quoted in electrens or coulombs. Thus a signal is measured in terms of the amount of 
charge that has been built up in the individual pixels of the CCD-chip. This charge 
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pattem must be transferred from the chip into computer memory, which is accomplished 
by making use of a shift register and an analog to digital (A/D) converter which converts 
the charge packets into a 16 bit binary number. This readout sequence of the CCD is 
described in detail in section 4.2 of [19]. After the digitisation by the A/D, data is 
displayed in terms of counts, which is the basic unit in which data are displayed and 
processed. One count corresponds with a certain number of electrans on a pixel of the 
CCD, this number depends on the particular version of the detection device. 

5.1.4 Triggering 

The triggering of the system can be divided in two parts. The first triggering system 
enables the laser to fire on a certain phase of the driving current. The second one en
sures that the iCCD records the spectrum at the moment the laser is interacting with the 
plasma. 

In order to measure at different phases of the driving current, a Rokowski coil is posi
tioned around the cable connections from the ballast to the lamp. This coil is connected 
to the external trigger input of the delay generator. The negative A U B-output (figure 
5.6) of the delay generator is used as a triggering pulse for the flash lamps of the laser. 
In this case the laser is operated in external trigger mode, the positive A U B-output is 
connected to the lamp input so that approximately 1 ms after the input pulse the flash 
lamps are triggered. Since the frequency of the lamp is not equal to the frequency of the 
laser '(10 Hz)' the programmingmode of the delay generator is used to correct for this. 
The delay generator will not send a new trigger pulse to the laser until the complete cycle 
is finished. If the delay generator is programmed in such a way that one cycle takes 100 
ms, then the frequency of the triggering pulses to the laser is also 10 Hz. 

8 
delay generator! 
•xternal ' 
~lgger AnB AuB 

0 0 ~ 

Nd YAG laser 
laser control synch output ! 

Input lamp variabie , 

Rokowskll~, ---ë"__ ___ _ 

coll ; ~ son 

1/0 box 

IC CD 

Figure 5.6: Triggering diagram. 

The variabie synchronised output of the laser is used to give a pre-pulse, this is a 
pulse that precedes the opening of the Q-switch. This prepulseis used to trigger the I/0 
box. One output of this box is connected to the computer and when a data acquisition is 
initiated, the I/0 box sends a pulse to the external trigger input of the delay generator. 
When the delay generator detects the rising edge of this pulse at timeT, it sends a TTL 
pulse to the iCCD aftera delay d, where dis the time programmed in the delay generator. 
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The total delay (T + d) of the pulse that is sent to the iCCD determines the moment 
at which the shutter opens and the width of this pulse determines the time the shutter 
remains open. After the measurement, data is acquired by the measuring program. The 
pre-pulse is necessary to correct for the delay between the flash lamps and the output 
of the Q-switch and propagation time through the system, because the shutter must 
be open before the optica! signal arrives at the iCCD camera. The delay time ensures 
that the shutter opens at the moment the scattered beam reaches the camera, which is 
approximately 20 ns after the moment that the laser beam reaches the detection volume. 

5.2 Thomson spectrum 

The recorded image from the TS measurement contains not only the TS signal, but also 
the signals of plasma radiation, dark current in the detector and a large contribution of 
stray light in the centre (the scattering of the laser on the heavy particles (Rayleigh) and 
the surroundings of the plasma). The contributions of the background can be subtracted 
from the recorded spectrum to obtain the Thomson spectrum. This section discusses the 
plasma radiation, stray light and dark current of the iCCD, followed by the noise sourees 
and saturation effects of the iCCD. 

5.2.1 Dark current 

Dark current is a continuous background souree which is the result of thermal electrans 
in the CCD chip. Dark current is minimised by cooling down the CCD chip to -40 C. 
Other background sourees that occur inside the iCCD are Equivalent Background Illu
minance (EBI) and readout noise. EBI is due to the thermal generation of electrans in 
the photocathode of the image intensifier, read out noise arises with the read out of the 
CCD chip. EBI is only present during gating of the intensHier and has, with a gate time 
around 20 ns, no significant contribution. 

5.2.2 False stray light and Rayleigh scattered photons 

The intensity of the Thomson signal has to be higher than the intensity of the stray light 
and the Rayleigh signal. The main part of this signal is positioned around the central 
wavelength and blocked by the mask (width 1 mm) inside the TGS. This mask is not 
enough to block the very intense stray light that comes from the position of the lamp 
where the laser hits the wall. The entrance slit is blocked on the edges to ensure that 
the most intense stray light can not enter the TGS. This means that only the Thomson 
spectrum of a small region around the centre of the lamp can be measured. 

5.2.3 Plasma radiation 

To distinguish the Thomson spectrum from the background emission of the plasma the 
Thomson spectrum has to be more intense than the fiuctuations in the noise of the plasma 
spectrum. A higher laser power results in more scattered photons and thus in a higher 
intensity of the TS signal. This method is not applicable in all situations because a high 
laser power causes lamp damage and creates a laser induced plasma. The intensity of the 
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plasma emission is minimised when the gate time (time when the shutter of the iCCD 
remains open) is as short as possible. The length of the laser pulse equals 7 ns, and 
a gate time of 20 ns is chosen to ensure that the shutter is open during the complete 
length of the pulse. Since the intensity of the emitted plasma radiation increases with 
increasing pressure, the first Thomson measurerrients were made at a relatively low gas 
pressure. Figure 5. 7 shows a measurement of the plasma radiation. The wavelength 
range corresponds to 527 nm < À < 537 nm around the central wavelength of 532 nm. 
According to the consulted literature, no mercury lines should be present in this speetral 
range. However, a double line around 520 nm can clearly be observed in the measured 
spectrum of the plasma radiation. It is also possible that these are second order signals 
of a line at half of the original wavelengths. 

Figure 5. 7: Spectrum of the plasma background radiation, measured for the 30 mg quasi-DC 
lamp. 

Since the gate time is already optimised, the plasma radiation has to be reduced in 
a different way. To accomplish this, a mask is designed that, besides the stray light 
around the centre wavelength, also blocks the strong emission lines of mercury ( figure 
5.8) . This is especially important for Thomson measurements on mercury lamps at higher 
pressures since the intense emission lines of the mercury plasma should not interact with 
the Thomson spectrum or saturate the iCCD. 

Figure 5.9 shows a measurement of the Thomson spectrum with the new mask. Com
parison with figure 5.8 shows that the Thomson scattered photons are collected around 
the central wavelength. 

5.2.4 Signal to noise ratio 

This subsectien discusses the infiuence of the background contributions (plasma radiation, 
stray light and dark current) on the Thomson spectrum. Although it is possible to 
subtract the background from the Thomson spectrum, the noise from the background 
spectrum remains and is added to the noise of the Thomson spectrum. An extensive noise 
calculation [12] shows that the different noise sources, including noise on the Thomson 
spectrum, have a Poisson distribution and that the total noise level is dominated by the 
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statistica! noise on the Thomson signal, provided that the plasma background and false 
stray light are eliminated from the spectrum. For a Poisson distribution the standard 
deviation (J on a signal S is equal to the square root of S. The signal to noise (SIN) ratio 
lS 

§_ = ..;s 
N 

(5.1) 

and increases with increasing signal strength. For a reliable detection of the signal, the 
SIN ratio should at least be equal to 2. 

Figure 5.8: Spectrum of the plasma background radiation, measured for the same 30 mg quasi
DC lamp. The spectrum clearly shows that wavelengths in the centre and at the edges are 
blocked by the mask. 

Figure 5.9: Spectrum of the TS radiation, measured for the same 30 mg quasi-DC lamp. 
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5.2.5 Saturation of the iCCD 

The signal to noise ratio increases with the intensity of the Thomson signal, which is 
higher when more individual spectra from individualshots are added together. This can 
be achieved by increasing the integration time of the measurement. However, at too high 
intensities, saturation of the iCCD can occur, which can make some part or even the 
complete spectrum useless. The integration time of the measurement therefore has to be 
as long as possible to obtain the optimum (S/N) ratio but the signaland the noise should 
stay under the saturation limit. 

A CCD can saturate in two different ways. The first type of saturation occurs when 
too many electrans are collected within one or more pixels of a CCD and the particular 
pixel starts to overflow. This overflow will occur when the full well capacity of a pixel 
is exceeded. This is easily noticed on the CCD image as one or more bright pixels with 
bright streaks leading away from that region. This type of saturation is called blooming. 
The CCD can also saturate if a pixel collects more charge than can be represented by the 
output of the A/D converter, even if the amount collected is below the full well capacity 
of the pixel. As the amount of charge collected by the pixels increases, one of these types 
of saturation will set the usabie upper limit for a given system. The effects of saturation 
can clearly be observed in figure 5.10, the left side shows a picture of the spectrum where 
at some positions the intensities of different pixels can not be distinguished from each 
other. The right side shows a cross-section of the spectrum at a certain position, thus the 
corresponding intensity as a function of wavelength is displayed, where the fiatterring of 
the spectrum due to pixel saturation effects can clearly be observed. 

Figure 5.10: The figure on the left-hand side shows a TS spectrum in which saturation effects 
occur; due to overflow of one or more pixels the individual pixels can not be distinguished from 
each other. The figure on the right-hand si de ·shows a cross-section of the spectrum at a fixed 
position ( d = 171). The wavelength regions in which blooming effects occur are observed as a 
fiattening effect of the spectrum. 

Although long integration times are required to obtain a good signal to noise ratio 
of the Thomson spectrum this image clearly shows that saturation effects can make a 
measurement useless. The right picture shows that it is not possible to perfarm a decent 
fit through this spectrum. Pixel saturation effects can be prevented by reducing the in-
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tegration time so that the number of counts of the total signal, thus also the noise peaks 
on top of the spectrum, remain below the saturation limit. 

To estimate the upper limit of the i CCD, the saturation limitsof the individual pixels 
are calculated. For a 16 bit system, the maximum number of counts equals 216 = 65536 
per pixel, whereas the number of photoelectrons per count per pixel is also dependent on 
the readout speed. Fora read out speed of 16f.L s, this equals 7electronsjcount- pixel, so 
that the maximum value of 65536 counts per pixel corresponds with a maximum charge 
of 458752 electrens per pixel. Sirree the pixel full well capacity of the iCCD is estimated 
to be 1 · 105 electrens which is much lower than the 458752 electrens per pixel, the full 
well depth is expected to set the saturation limit of a pixel. The maximum number of 
counts per pixel is thus limited by full well depth and equals 1.4 · 104 counts. 

It is also possible that the linearity of the CCD will set the upper limit. That is, the 
measured number of counts has to increase linear with increasing signal intensity at least 
until the moment of pixel saturation. 

To test the linearity of the iCCD the response of the iCCD at different integration 
times is measured. These tests are performed at the maximum gain (9) of the iCCD, sirree 
this gain is used in the TS measurements. The regime in which the measured intensity 
(number of counts per pixel) is not linear with integration time, which might be the case 
when the iCCD is (almost) saturated, has to be avoided during the TS experiments. 

In order to perform the linearity test, some adjustments in the measuring set-up were 
made. The entrance slit holder and the intermediate slit holder were removed. The laser 
beam of a green diode laser passes through a 0.1 % transmission filter and a short focal 
lense was used in order to make a large spot on the entrance of the TGS. Measurements 
were performed at different integration times until blooming on the CCD could clearly be 
observed. Background images at the same integration times were also made. The images 
were not made at integration times longer than 200 s sirree overexposure to light may dam
age the iCCD. To reduce the infiuence of noise and to acquire the same circumstances 
as for the TS experiments, the spectrum was binned with a factor of 40. This means 
than one binned pixel is in reality the sum of 40 pixels. The horizontal (wavelength) 
direction was binned with a factor of 4 and in the vertical (position) direction with a 
factor of 10. Figure 5.11 shows the measured intensities as a function of integration time 
while in figure 5.12 the dark current of the iCCD is plotted for different integration times. 
Although blooming of individual pixels was already observed at an integration time of 
100 s ( corresponds with a bout 9500 counts), the average response of the i CCD is still 
linear and thus the saturation limit is determined by pixel saturation effects and not by 
the linearity of the iCCD. This discrepancy is explained by the fact that the noise on a 
pixel is sometimes enough to reach the saturation limit, while the averaged spectrum is 
still below this limit. Therefore, not only the averaged level has to be below this number 
of counts, also higher peaks because of fiuctuations and noise added to the spectrum has 
to be below this saturation value. Cernparing fitted data of similar Thomson measure
ments at different integration times, it was found that if the number of counts per pixel 
at a read out speed of 16 f.LS exceeded 7500 counts, then the spectrum was infiuenced by 
saturation effects. 
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Figure 5.12: Measured background 
against integration time. 

lt can be concluded that TS measurements have to be performed at integration times 
as long as possible to obtain an optimum signal to noise ratio, but the signal should never 
exceed 7500 counts per pixel because this influences the measurement of the Thomson 
spectrum. Signals with even more counts (> 10000 counts) can cause damage to the 
i CCD. 

5o3 Conclusions 

The TGS that is originally designed for plasmasin which ne < 2 · 1021 m-3 , Te~ 0.8 eV 
is successfully applied on a real mercury HID lamp, in which the typical values are 1 · 
1020 m-3 < ne < 1·1022 m-3 , Te~ 0.6 eV. The differences in the properties of the electron 
gas have the following consequences: 

• The width of the TS spectrum is smaller due toa lower Te. 

• The scattering parameter a is higher, which means that TS is partially coherent 
(high a), instead of almast completely incoherent (low a) and the scattering spec
trum does not have a Gaussian shape anymore. 

• Perturbation of the plasma by the laser or LIP is more likely to occur at lower 
electron temperatures and higher electron densities, so that the laser power has to 
be reduced to ensure that the laser-plasma interaction remains non-intrusive. 

In these measurements, a reallamp is used, which introduced the following difficulties: 

• The laser intensity at the position of the lamp surroundings ( quartz) has to be low 
in order to avoid lamp damage. Since the laser power is only stabie at high powers, 
it was necessary to adjust the set-up so that laser power is reduced by means of a 
beam splitter and a diaphragm and not by adjusting the laser itself. 

• The entrance slit has to be blocked at the edges in order to prevent the huge amount 
of false stray light from the laser-quartz interaction to enter the TGS. This has the 
disadvantage that only a small region around the centre of the lamp can be measured. 
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• A filter to block the UV-emission lines of the Hg-plasma has to be used in front of 
the entrance slit of the TGS. This is to prevent that photons emitted at half the 
wavelength of the incident ·laser wavelength pass through the gratings and interfere 
with the measured spectrum. 

• The integration time has to be long enough for an reasonable signal to noise ratio, 
but is also limited by pixel saturation effects that can occur for long integration 
times. For this iCCD, the signal should not exceed 7500 counts per pixel. 



Chapter 6 

Thomson measurements on the 
Hg-lamp 

This chapter describes calibration methods and presents the results of Thomson scatter
ing (TS) measurements that are performed on a high pressure Hg discharge lamp. This 
diagnostic technique makes it possible to determine specific plasma parameters like elec
tron density ne and electron temperature Te from the TS spectrum. The interpretation 
of the measured spectra is not straightforward since these high pressure lamps introduce 
coherent effects which influence the shape of the Thomson spectrum. For this plasmaand 
scattering geometry, the scattering parameter a is between 0.2 and 0.9, which means that 
both incoherent and coherent scattering occur. To obtain ne and Te from the measured 
spectrum, the system is calibrated using the Raman spectrum of nitrogen. The Salpeter 
approximation, described in sectien 4.3, is used for the speetral distribution function. 
If the spectrum is coherent, it is in principle possible to determine ne and Te directly 
from the spectrum without calibration. However, for the Hg lamp under investigation, 
the scattering is slightly coherent and the centre points of the spectrum are blocked by 
the mask that suppresses stray light and thus cannot be used. This makes the fitting 
extremely sensitive to the shape of the outer parts of the spectrum and therefore absolute 
calibration is performed for all measurements. For Thomson measurements on lamps, cal
ibration with the Rayleigh spectrum is not possible since the Rayleigh spectrum cannot 
be distinguished from the large amount of false stray light since both are positioned in 
the centre part of the spectrum. 

6.1 Calibration methods 

A Thomson spectrum is obtained when the laser beam is guided into the plasma (laser 
on, lamp on) and the scattered radiation emitted by the accelerated electrens is collected. 
However, the obtained spectrum contains contributions of dark current of the iCCD, 
(false) stray light (scattering of the laser beam on the plasma surroundings, Rayleigh 
signal), and the continuurn and line radiation emitted by the plasma itself. To obtain the 
actual Thomson spectrum, a subtractive procedure has to be applied in order to remove 
these contributions from the spectrum. The spectra of plasma radiation and false stray 
light were measured and subtracted from the total spectrum. Since both these spectra 
contain dark current, a contribution of the dark current has to be added (table 6.1) to 
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the results of subtraction. 
A Thomson spectrum at a specific height is shown in figure 6.1, it is binned four times 

type souree laser lamp 
Thomson scattered radiation of the quasi free electrans on on 

Stray light scattering on surroundings and bound electrans on off 
Plasma continuurn and line radiation off on 
Dark dark current of the iCCD off off 

Table 6.1: Different contributions of a measured spectrum 

in the horizontal direction (spectral information) and ten times in the vertical direction 
( spatial information). The background is subtracted from the measured spectrum in order 
to obtain the Thomson spectrum. 
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Figure 6.1: Example of a Thomson spectrum. 

In order to calibrate the system, the mercury lamp is replaced by a nitrogen (N2) 

tube of the same geometry. A Raman measurement is made with the same settings (laser 
power, gain of the iCCD, exposure time) as used for the Thomson measurement. If these 
calibration constants are determined, ne and Te can be obtained from a fit through the 
Thomson spectrum. 

In section 4.4.1 it was shown that for both coherent and incoherent scattering the 
electron density can be determined from the ratio of the Thomson and Raman spectrum 
when a calibration gas with a known rotational density nJ is used and the Raman cross
sections are known as well. For this equation (4.87), which is derived insection 4.4.1, is 
used. 

(6.1) 
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However, with the TGS the individual Raman lines can hardly be resolved (cf. fi.gure 6.2) 
and the total Raman spectrum is used for calibration. 

Instead of using the intensity of a single Raman peak that corresponds to a single 
transition from rotational state J to J', the total intensity of the Raman spectrum is 
used. To obtain ne in terms of the total Raman power, summatien over all rotational 
lines has to be performed for both the Raman power and the cross-section. Equation 
(6.1) changes to 

""" .!:!:.L der .1 _ J' 
LJJ,]' nN

2 
dO 

fÉ!.I. 
dO 

(6.2) 

Since a perpendicular scattering geometry is used, i.e. the angles () and </J both equal 90°, 
the differential cross-section for Thomson scattering equals ~ = r;. Defining PRm = 
EJ,J' PJ_.JI and ~~m = EJ,J' nn/;2 dcrdn.J'' equation (6.2) simplifi.es to 

( 2) Pr ~~m ( 2 Pr n = nN · 1 +a -- · -- = n · 1 +a ) -- · fR e 2 p fÉ!.I. p m, 
Rm dO Rm 

(6.3) 

~ 
where r Rm equals ~ , and is thus defined to be equal to the differential averaged Raman 

dfl 

cross-section divided by the differential Thomson cross-section. 
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Figure 6.2: Measurement of the Raman spectrum from a N2 tube using the TGS. 

The calibration gas is nitrogen at room temperature and a perpendicular scattering 
geometry is used. For this particular calibration gas and scattering geometry, the value of 
r Rm is calculated in [12] and equals r RmN2 = 8.15 . 10-5

. The Raman spectrum measured 
with the nitrogen tube is shown in figure 6.2, the total intensity is equal to the total area 
of the spectrum. 
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6.2 Results 

This section presents the results of Thomson measurements that have been performed on 
mercury lamps at different gas fillings (pressures), powers, and with the quasi-DC (square 
wave) and AC-ballasts (sine wave). 
During these measurements, the laser energy was 1.2 mJ per pulse, the gain of the i CCD 
was set at the maximum value (gain 9), and the integration time was between 5 and 20 
minutes. The root mean square values of the current Urms), voltage (Urms) and power 
(Prms) of the lamp were measured for both the quasi-DC and AC ballast using a power 
meter (Norma 3000-PP30). 

6.2.1 Quasi-DC measurements 

Quasi-DC measurements have been performed at different lamp powers (Prms ~ 150,200 
and 240 W) at the central position of the DC-phase. The frequency of the lamp equals 
f = 123.5 Hz. Thomson measurements were also performed at different positions of the 
phase, but no differences in the Thomson spectrum could be observed for different phases 
of the current oscillation. 

Figure 6.3 shows ne and Te as a function of radial position r, where the centre of the 
lamp is defined by r = 0, measured at different powers for a Hg filling of 15 mg. This 
figure shows that, for all powers, ne has a maximum in the centre of the discharge r = 0 
and decreases for increasing r-values. It also shows that ne at a lamp power of 150 W is 
lower than ne at the lamp powers of 200 W and 240 W, while the shapes of the curves 
are similar. On the other hand, figure 6.3(b) shows that Te does not vary with position, 
but is fiuctuating around a certain value. The position averaged value of Te was found to 
increase with lamp power (table 6.2). 

Power Averaged Te 
[W] [K] 
150 6578 
200 6700 
240 6973 

Table 6.2: The averaged value forTe at different lamp powers (150, 200, 240) W for the 15 mg 
Hg DC-lamp. 

TS-measurements were also made for gas fillings of 30,50 and 70 mg Hg. The results 
of these measurements, thus the radial profiles of ne and Te at different powers, can be 
found in appendix A. Figure 6.4 shows ne and Te as a function of the vapour pressure. 
These measurements were made for four different gas fillings at a constant lamp power 
(200 W) and show that ne and Te are independent of the pressure for a range between 
1-7 bar. The slightly lower values of ne at a pressure of 3.2 bar can be caused by a small 
mis-alignment of the system during the TS-measurement, cf. subsection 6.3.1. 
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Figure 6.3: 6.4(a) and 6.3(b) show ne(r) and Te(r) fora quasi-DC lamp filled with 15 mg Hg 
(~ 1.7 bar) operated at lamppowersof 150 W, 200W, and 240W. 
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Figure 6.4: ne(P) and Te(P) measured for different gas filling pressures with a lamp power fixed 
at 200 W at two different lamp positions. 

6.2.2 AC Measurements; time resolved 

Thomson scattering measurements on the mercury lamp using the 50 Hz AC ballast are 
made on different moments of the AC cycle of the current. These AC measurements are 
made at a constant RMS of the power, which depends on the gas filling pressure. The 
phase of the current r.p is defined by r.p = t"1:o , with t0 the time of the current zero cross
ing. Measurements were made just after the zero phase (t = 0.9 ms, r.p ~ 1/20), at half 
way the maximum value (t = 2.6 ms, r.p ~ 1/8), at the maximum (t = 5.2 ms, r.p ~ 1/4) 
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and at half of the maximum value on the other si de of the maximum ( t = 7. 7 ms, cp ~ 3 I 8). 

AC measurements are performed for different gas fillings (15, 30, 50, 70 mg) at different 
phases of the current. Figure 6.5 shows ne and Te determined for the 15 mg AC lamp as 
a function of radial position measured at different cp values. All other results of the time 
dependent TS-measurements can be found in appendix A. 
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Figure 6.5: Values of respectively ne(r) and Te(r) are shown for the AC lamp filled with 15 mg 
Hg (~ 1.7 bar) at different moments <p values of the current; <p = tio, with to the moment of 
current zero crossing. 

Figure 6.5(a) shows that after the zero crossing ofthe current ne increases with increas
ing current until the maximum of the current is reached at cp = 1 I 4 and that ne decreases 
afterwards until cp = 3/8. The position dependenee for both Te and ne is comparable with 
the quasi-DC lamp. Taking averaged values for Te at different positions shows that Te is 
also a bit higher at the maximum of the current (table 6.3). It is found that Te oscillates 
with an amplitude of b,.T = 500 K. 

Time Phase cp Averaged Te 
[ms] [-] Te [KJ 
2.6 1/8 6700 
5.2 1/4 7100 
7.7 3/8 6500 

Table 6.3: The averaged value forTe at differentmomentsin the phase for the 15 mg Hg 
AC-lamp. 
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6.3 Discussion 

The discussion presented in this section consists of three parts. The fi.rst one, subsec
tion 6.3.1 gives a general discussion about errors in ne and Te, the possible infiuence of 
iCCD saturation and the intrusive aspects of laser-plasma interaction on ne and Te. In 
the second part, subsection 6.3.2, the TS-results will be discussed in terms of the global 
electrical properties of the discharges as determined by the measured current, voltage 
and power. The last part, subsection 6.3.3 is devoted to equilibrium departures. The 
Saha densities nî of the ground state are calculated from the measured properties of the 
electron gas. These nî-values are compared to the n1-values as found via the ideal gas 
law. This gives the brfactor, b1 = ndnf. 

6.3.1 Errors in ne and Te 

Errors in ne are mainly determined by calibration errors, which can be divided into exper
imental errors that vary from day to day and by the accuracy of the Thomson and Raman 
cross-sections. Errors in Te are mainly determined by the fit through the spectrum. This 
section starts with an overview of experimental errors that cannot be avoided, then the 
infiuence of iCCD saturation on ne and Te is shown, foliowed by the intrusive aspects of 
the laser on the plasma. 

Calibration errors 

The 'every day' alignment of the system is performed on the nitrogen tube (N2-tube) by 
changing the height of the lenses in front of the TGS until the intensity of the Raman 
spectrum is at a maximum. After the measurement of the Raman spectrum, the N2-tube 
is replaced by the mercury lamp. It is assumed that the vertical position (height) of the 
laser beam through the lamp is the same as for the N2-tube; the height of the lenses is 
not changed anymore. 
However, when the height of the laser beam changes due to long-term instabilities, or 
when the lamp position is different from that of the N2-tube, the image of the laser beam 
is not in the centre of the entrance slit. In this situation, the transmission of the system 
is reduced. 
Thus, when the position of the Hg-lamp is different from that of the N2-tube, an error in 
ne is introduced, sirree ne depends on the ratio of the intensities of the measured Thomson 
and Raman spectrum (cf. equation (6.3)). Sirree the transmission is optimised with the 
N2-tube, this calibration error is expected to result in an underestimation of ne. 

The accuracy of the Raman scattering cross-section equals 8 % [20] and the pulse to 
pulse energy stability of the laser is ±3 % at full power. Due to relatively long integration 
times (> 5 minutes), the fiuctuations cancel out partially. The long-term stability might 
be more important and is estimated to be around 3 %. 

Fit of the Thomson spectrum 

An extra error in the fit is introduced by the mask that blocks the centre of the spectrum. 
Sametimes points close to the mask position are infiuenced by stray light that is not 
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completely blocked by the mask. These points cannot be used for the fit through the 
spectrum, and an uncertainty in the width of the scattering spectrum is introduced. An 
example of a coherent fit (a ~ 0.5) is shown in figure 6.6. The error in Te due to the 

Figure 6.6: Example of a fit through a measured Thomson spectrum. 

uncertainty in width of the spectrum (number of pixels) can easily be determined for 
incoherent scattering, where Te = 5238>.f;e [K) (>.1;e being the 1/e width of the scattering 
spectrum in nm). The averaged pixel uncertainty is estimated at 5 pixels, the dispersion 
of a pixel equals 0.0752 nm/pixel, and introduces an error in Te of 740 K. 

Influence of saturation on ne and Te 

For the TS measurements of the 50 mg Hg quasi-DC lamp, flattening of the Thomson 
spectrum (broader and lower) was observed at half of the maximum of the plasma phase 
around the centre of the lamp. The integration time was 30 minutes. When the integra
tion time was reduced to 15 minutes, the flattening was not observed anymore. 
A fit through a spectrum that is broadened due to saturation results in a large overestima
tion of Te, and in a (relatively smaller) overestimation of ne. This is obvious from figure 
6.7(a) , which shows the values of Te determined with integration times of respectively 15 
and 30 minutes. The values of ne are shown in figure 6.7(b). For the saturated positions, 
Te can be increased with about 3500 K, introducing an extra relative error of about 50 %. 
The influence of saturation on ne is smaller, but can also lead to an increase in ne of 
approximately 17 % at the centre. 

Intrusive aspects of laser-plasma interaction 

In this part the changes in ne and Te created by the laser-plasma interaction will be 
discussed. In sectien 4.5, an overview has been given of the intrusive aspects of the laser
plasma interactions. Laser energy can be absorbed by speetral lines or in the continuurn 
of the plasmaand at high laser power processes like multi photon-ionisation can occur. 

Line absorption 
Line absorption of the laser is also a process that can result in heating of the electrens in 
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Figure 6.7: a: Te(r) as a function of radial position for the 50 mg quasi-DC lamp. The influence 
of iCCD saturation on Te is clearly visible. b: the corresponding values of ne(r) as a function 
of radial position. The influence of iCCD saturation on ne is also visible but is much less 
pronounced as that on Te 

the plasma. This process does not occur for the mercury plasma since the Hg-spectrallines 
are not in the region of the laser wavelength. The dosest speetral line is at À = 546 nm 
and has a width of approximately 2 nm. This is sufficiently distant from the wavelength 
of the laser À = 532 nm. 

(Multi) Photon-ionisation 
Photo-ionisation from the ground state is not important since the incident laser energy 
(2.33 eV) is much lower than the ionisation potential E+ - 10.4 eV for mercury atoms. 
Although photo-ionisation from highly excited states is possible, this is not expected to 
have much infl.uence due to the low density accupation of these states. Multi photon pro
cesses start to become important at laserpowersof 1.13 · 1016 [Js-1m-3] (cf. subsection 
4.5.4), these powers are not achieved during the current TS measurements. 

Inverse Bremsstrahlung 
Heating of the plasma can occur through the process of inverse Bremsstrahlung (IB). 
The absorption coefficient for IB, K,IB [m- 1

], was given by equation (4.95). For wi »Vei, 
2 

this expression for K,JB can be written as: K,JB = ~ · ~- Inserting the incident angular 
c wi 

frequency of 3.5 · 1015 ç 1 , the TS measured values forTe= 6500 K, ne = 5 ·1021 m-3 and 
n1 = 5 · 1024 m-3 yields K,JB = 1.78 · w-s m-1. The resulting relative change in electron 
temperature due to IB results from equation (4.93), 

(6.4) 

where I · T = QiT /A is the absorbed laser energy per unit area, Qi is the incident laser 
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energy per pulse, and A the cross-sectional area of the laser beam. 
For TS measurements the measured laser power was about 1 mJ per pulse. For a waist 

of 1 mm, the incident laser energy per unit area equals I· T = 3.2 · 104 Jm-2. Inserting 
this value and "'IB = 1.78 ·10-8 m-1 into equation (4.93) gives a relative increase in Te of 
8.56 · 10-4 %. Thus no significant heating of the plasma occurs by the processof inverse 
Bremsstrahlung. 

Electron-atom collisions 
For wi » Vea, the expression for the absorption coefficient for collisions between electrous 

2 

and mercury atoms ( equation 4.99) reduces to "'ea = ~ (~~)2 • At the same settings the 
electron atom callision frequency (vea) equals 2.5 · 1012 s-1. Since Wpe = 3.98 · 1012 ç 1 

and wi = 3.54 · 1015 s-1, the absorption coefficient equals "'ea = 0.01 m-1. Inserting these 
values into equation (6.4) results in a fractional increase ( ~e) of 0.5, which corresponds 
with a temperature increase of 3250 K. However, it is only allowed to use equation (6.4) 
in the case of adiabatic heating. Due to the low excitation cross section of the mercury 
atoms, it is excepted that the inelastic callision time for electron atom collisions is short 
and that it is not allowed to use (6.4). The laser power will not only enhance the kinetic 
energy of the electron-ion pairs, but will also contribute to the increase of the internal 
energy by creating new electron-ion pairs, and equation ( 4.94) is used to estimate the 
relative increase in Te. For the mercury system, the energy of the first excited state 
equals 4.95 eV, and this corresponds with a wavelength of 254 nm. The conesponding 
rate coefficient equals (K(1, 2))Te=6000 = 5 · 10-18 [m3s-1], and using (4.94), the increase 
in Te was found to be about 90 K. The upper limit of the increase in electron density 
(~ne) due to the dissipated power is given by ~ne = "'ealT /lp, where lp is the ionisation 
potential. When applied on the mercury system, for which / 1 = 10.4 e V, this gives an 
increase in ne of ~ne = 1.9 · 1020 m-3

. 

Estimation of the total error in ne and Te 

The total error in ne can be found from the different independent error contributions: 

• long term instahilities of the laser, 3 % 

• uncertainty in the cross-section of Raman scattering, 8 % 

• alignment error, different transmission of the system for TS and Raman scat tering, 
5%. 

Quadratic summing yields a total error in ne of 10 %. The total error in Te is assumed 
to be determined mainly by the pixel uncertainty in the fit of the system, which equals 
12%. 

Besides these contributions, the measurement can also be infiuenced by plasma insta
hilities and saturation effects of the iCCD. 

6.3.2 Measured profiles of ne and Te 

In this subsection the results of the TS measurements for both the quasi-DC (qDC) and 
the AC lamp will be discussed. The radial profiles of ne and Te will be explained, and 
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the influence of lamp power and lamp filling pressure on the properties of the electron gas 
will be mentioned. 

In order to explain the influence of lamp power and gas filling pressure, expressions for 
the current density and electrical conductivity are given. The current density is defined 
by j =<JeE, in which the electrical conductivity, <Je, equals enefJe· Using equation (2.2), 
(Je can be written as 

e2ne e2ne J2kBTe 
<Je= mena(<JeaVe) = mena~ me . (6·5) 

This expression is valid since Vea » Vei and based on the assumption that the electran
atorn cross-section <J ea is more or less constant over the electron energy range, so that 
(<JeaVe) ~ <JeaJ2k:;,;e can be substituted. For a mercury plasma, the electron-atom cross
sectien is given by <Jea ~ 10-18 m2 . This equation shows that (Je increases with increasing 
values of ne and decreases when the mercury density (gas filling pressure) and / or electron 
temperature becomes higher. 

Radial profiles inside the lamp 

The measured profiles of the electron density ne have a maximum in the centre of the 
discharge and decrease rapidly for increasing r-values 1 . The measured values of the 
electron temperature, Te, were found to fluctuate around a constant averaged value. The 
measuring range was -3.0 < r < 1.0, with r in mm. In [5] it was mentioned that the 
discharge in a high pressure mercury lamp is contracted to the centre. Therefore the 
discharge and thus creation of ions mainly takes place at the centre axis of the lamp. In 
LTE the electron density profile is determined by the temperature profile in the lamp, 
which can be obtained by solving the energy balance equation. 

A simulation of the 50 mg Hg lamp with the VIHID model (section 2.3) shows that 
the temperature curve is almost flat at a small range around the centre. U sing this model, 
the value of T obtained in the centre of the discharge (r = 0) at the maximum of the 
asciilating current is about 6300 K. In the radial temperature profile, at a distance of 
3 mm from the centre, the temperature is found to be about 200 K lower than at the 
centre of the lamp. This temperature difference is too small to be measured with Thom
son scattering, where the estimated error is 740 K. Therefore, the shape as predicted by 
the model corresponds within the error bars to the measured values for Te, where a real 
difference in Te for different radial positions was not observed. 

The temperature found in the model has to be compared with the electron temperature 
measured in the 50 mg AC lamp in the centre at the maximum of the current. This 
measured value of Te was around 7000 ± 740 K (cf table 6.4), which is higher than the 
modelled value of T, (Tmodel = 6300 K), but the difference is just within the error range. 

Infl.uence of lamp power 

The influence of lamp power on ne and Te is discussed for the 15 mg Hg qDC-lamp. There 
is no need to discuss the power dependenee of the other gas fillings (30, 50, 70 mg) since 

1r is defined as the radial distance from the centre (r = 0) of the discharge. 
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these are comparable with the 15 mg case. At a lamp power of 150 W, the maximum value 
of ne equals 4.2 · 1021 m-3 . For lamppowersof 200, 240 W, these values are respectively 
equal to 4.7 · 1021 m-3 and 4.8 · 1021 m-3 . There is a slight increase in ne with lamp 
power, although the difference between 200 W and 240 W is very small. Variatiens in 
the radial profile of the TS measmed electron temperatmes were not observed. This can 
be explained by realising that in the spatial range in which the electron temperatmes are 
measmed the temperatme variations are too small compared to the error margins of Te. 
For this reason, spatial averaged vàlues were determined forTe (cf table 6.2). 

These averaged values show that Te increases with increasing lamp power. Due to the 
fact that the mercmy gas is unsatmated (all mercmy is in the gas phase), it is assumed 
that the mercmy density is the same for all powers. The measmed values for both the 
cmrent (I ex j) and voltage (V ex E) were higher at higher powers. In this case, where 
na is constant, the electrical conductivity is determined by the ratio Jt· 

Influence of gas filling pressure 

The measmed values of both ne and Te do not depend on the amount of mercury gas 
inside the lamp. Measmements were made for gas fillings of 15, 30, 50 and 70 mg Hg, 
which corresponds with a pressure range of 1. 7 - 6.9 bar. 

When the lamp filling pressme (na) was increased, it is predicted by equation (6.5) 
that the electrical conductivity decreases. For a constant cmrent, this would result in a 
higher averaged electric field and thus in a higher voltage. 

From the measmed values of the voltage and lamp cmrent it was found that the 
lamp voltage (V) increased whereas the measmed current (I) decreased with higher filling 
pressmes. This means that the electrical conductivity (ae) is lower at highervalues of na. 
The decreasein O'e is explained by the increase in na when the ratio Jt is approximately 
constant. 

Time dependenee of the AC lamp 

The measmements of the AC lamp show that after zero crossing ne increases with increas
ing current, until the maximum value of the current is reached. The electron temperatme 
(Te) was also found todependon the phase of the driving current (cf. table 6.3). 
Just after zero-crossing, the lamp current I and the conductivity O'e are low, which corre
sponds with a minimum value for ne. After zero crossing, the cmrent (density) increases, 
since O'e is stilllow, this means that the electric field (E) has to increase quickly, which 
results in a re-ignition peak of the lamp voltage U. A fmther increase in I will increase the 
ionisation frequency, and ne increases until the maximum value of the cmrent is reached. 
After this maximum value, the cmrent density a E decreases, and results in a minimum 
number of electrans just befare zero-crossing. 

6.3.3 Equilibrium departures 

In this subsectien thermal and chemical equilibrium departmes will be discussed. Thermal 
equilibrium departmes occm when the measmed electron temperatme is not equal to the 
gas temperature. Deviations from chemical equilibrium occur when the Saha balance 
is distmbed. From the TS-results the Saha-density of the ground state (nî) can be 
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determined. These densities are calculated for different r-values, lamp powers, gas filling 
pressures and moments in the phase of the current. Saha-densities of the ground state 
can be compared with the ground state densities that are calculated from the ideal gas 
law ( nl). By comparison of these values, deviations from Local Saha Equilibrium (LSE) 
can be found. The electron densities that follow from the measured spatially averaged 
electron temperature according to the Saha equation are also determined and compared 
with the measured values. 

Thermal equilibrium 

The spatially averaged values of the electron temperature determined with TS can be 
compared with the measured profiles of the gas temperature, Tgas . These X-ray mea
surements of Tgas have been made for the 15 and 50 mg qDC lamp [4] operated at 240 W. 
The gas temperature in the centre was found to be equal to 6100 K for the 15 mg lamp 
and 5200 K for the 50 mg lamp. The averaged electron temperatures in the 15 and 50 mg 
qDC lamps determined with TS were found to be equal to be about 7000 ± 7 40 K. From 
these results, it can (for the 15 mg qDC lamp) not be said if deviations from thermal 
equilibrium are present. For the 50 mg qDC lamp, it can be stated that according to 
these experimentally determined temperatures this lamp is not in LTE in the sense that 
Te> Th. The TS results of Te for the 50 mg AC lamp can be compared with the temper
atmes obtained from an LTE model (VIHID). A modelled temperature T is obtained for 
settings comparable to that of the 50 mg AC lamp. In the centre of the discharge and at 
the maximum of the current T was equal to 6300 K, which is lower than the TS-result, 
Te = 7000 ± 740 K, but still within the error range of the measurement. 

Saha densities of the ground state for different powers and position 

The b1 parameter has been introduced in section 3.2.2 to describe deviations from LSE 
and can be determined from the ratio between nî and n 1 . An atomie system is ionising 
when b1 > 1. For 0.1 < b1 < 10 the atomie system is still close to equilibrium, whereas 
for b1 > 10, it is far from (Saha) equilibrium [25]. 

The Saha-densities of the ground state nî for the 15 mg qDC lamp operated at different 
lamp powers are calculated using the spatial averaged values of Te ( cf. table 6.2) and the 
radial profiles of ne. To determine the ground state density from the ideal gas law, 
p = n1kBTgas, a constant gas temperature of 5000 K 2 is used, and lamp pressures of 
respectively 1.6, 1. 7, and 1.8 bar for powers of 150, 200 and 240 W are used. The radial 
profiles of nî are displayed in figure 6.8(a). The conesponding b1- values are shown in 
figure 6.8(b). 

Figure 6.8(b) reveals that the b1 factors for lamp powers of 150 and 200 W are more 
or less the same. Forthese powers b1 > 10 when the radial distance from the centre r is 
more than 1.3 mm. For 240 W, b1 > 10 for all positions and varies between 18 < b1 < 54. 
The minimum value of 18 is obtained in the centre, the maximum value is at a distance 
of 2.3 mm. 

2For most lamp settings, the gas temperature is not exactly know, but it is expected to be around 
5000 K < Tg as < 6000 K. 
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Figure 6.8: Radial profiles of nî and b1 fora 15 mg Hg qDC lamp operated at lamppowersof 
150, 200 and 240W. The corresponding n 1 values are 2.3, 2.5, and 2.6 [-1024 m3]. 

The increase in b1 = !!:t for higher lamp powers is a result of bath a small increase in 
nl 

n1 due toa higher pressure (n1 = p/ksTgas) at a higher lamp power, and a decreasein nî 
due to an increase in the averaged value forTe. Although ne is also a bit higher for higher 
powers, which would lead to an increase in nî, this increase is smaller than the decrease 
in nî due to the higher temperature. 

The increase in b1 away from the centre is explained by the decrease in ne and the 
constant value of Te. This results in a decreasein nî (figure 6.8(a)) and therefore in an 
increase in b1. In this discussion, the gas temperature Tgas is also kept constant over the 
radial profile. The T9a8 -value is not constant, but shall decrease at positions away from 
the centre, which will result in a higher ground state density and hence even largervalues 
of b1• 

This means that the plasma is especially ionising at higher r-values, and that a 
minimum in the net ionisation rate is present in the centre (r = 0) of the discharge. 
This result is rather surprising since the ionisation rate is expected to have a maximum 
in the centre. 

lnfl.uence of lamp filling pressure 

Figure 6.9 shows the influence of gas filling (lamp pressure) on the b1-factor measured at 
a lamp power of 200 W, again determined using the spatially averaged electron tempera
tures. The departure from Saha equilibrium increases with increasing lamp pressure, for 30 
and 50 mg it can beseen that the b1-values vary between 18 (r = 0) < b1 < 224 (r = 2.9 mm), 
so that plasma is strongly ionising. For 70 mg, these factors are even higher, 90 (r = 0) < 
b1 < 512 (r = 3.1 mm). The minimum departure is in the centre of the plasma whereas 
the net ionisation increases towards the edges of the lamp. 
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AC Lamp 

These measurements are discussed by means of the results of the 50 mg Hg AC lamp. 
Again a position averaged value for Te is used for each point in the phase, these values 
are shown in table 6.4. Lamp power, pressure and ground state density are constant and 
are respectively equal toP= 240W, p = 5.2 bar, n1 = 7.5 · 1024 m - 3

. 

Time 
[ms] 
0.9 
2.6 
5.2 
7.7 

Phase cp 
[-] 

1/20 
1/8 
1/4 
3/8 

Averaged Te 
[K] 

6600 
6650 
7000 
6500 

Table 6.4: Values of the averaged value for Te at different cp-values for the 50 mg AC 
lamp operated at a lamp power of P = 240 W. The lamp filling pressure is approximately 
p = 5.2 bar and n 1 = 7.5 · 1024 m-3

. 

Figure 6.10(a) shows the infl.uence of phase and position on nî, whereas figure 6.10(b) 
shows the b1-factors, again determined using the position averaged electron temperature. 
Figure 6.10(a) shows that deviations from LSE (b1 > 10) are present for all phases and 
positions. Maximum deviations are found just after zero crossing of the current ( t = 
0.9 ms, cp = 1/20), and minimum values are obtained at t = 7.7 ms, cp = 3/8, after the 
maximum of the current. 
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Figure 6.9: b1 factors for different qDC lamps operated at a lamp power of 200 W, spatially 
averaged electron temperatures for mHg = 15, 30, 50, 70 mg Hg are respectively given by 
Te= 6700,6760,6720,7170 K. 
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Figure 6.10: (a) ni-factors for a 50 mg Hg AC lamp at different moments in the phase. (b) 
bi-factors fora 50 mg qDC lamp operated at different lamp powers. 

Saha electron densities 

Deviations from the Saha balance have until now been determined in an absolute way by 
means of the bi-factor. These results can also be used in a relative way in order to follow 
relative changes, i.e. whether a certain measured change in b.ne corresponds with the 
change in ne, D.n:, as predicted by the Saha equation. If the plasma is in LTE, the Saha 
balanceis valid and changes in n: are only caused by changes in temperature. 

The ratio of the electron densities at resp~ctively the maximum and minimum TS 
measured temperature can be calculated using the Saha equation. This ratio can also be 
determined directly from the TS measured electon densities. Gomparing the calculated 
density ratio with the measured ratio shows whether the changes in electron density are 
caused by the variations in electron temperature. This is done for changes in ne in the 
radial profile and in the phase of the current. 
The Saha equation can be written in termsof the Saha electron density n:: 

s rrn; ( -lp) 
ne = V g;:;; exp kBTe ' (6.6) 

in which v = ( 
2 

h~ T. ) 312. Assuming that in LTE changes in n5
e are only caused by 

'll"ffie B e 

different temperatures in the exponential of equation (6.6), the ratio of neim~x? can be ne mtn 
written as 

ne(max) (-lp ( 1 1 )) (-lp b.T) 
ne(min) = exp kB Te(max) - Te(min) = exp kB T2 

(6.7) 

where b.T = T(max)- T(min), and T2 = T(max)T(min). 
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Radial profile 
TS-results of the 15 mg qDC lamp were found to be 2.0 ·1021 m-3 < ne < 4.8 · 1021 m-3 

for the electron density, and 6700±740 K for the spatially averaged electron temperature. 
The maximum ne-value is measured in the centre (r = 0), the minimum value is obtained 
at r = -2.5 mm. Thus the measured ratio n.~m~x? equals 2.4. 

ne m~n 
In order to calculate the ratio from the measured electron temper at ure and absolute error, 
the values !:::.T = 740 K, and T = 6700 K are substituted in equation (6.7). This resulted 
in a value of 3.0. 

From these results, it can be said that the variations in ne along the radius, gr, are 
only partially caused by temperature fiuctuations around the averaged value. 

Time dependenee 
The measured results of an AC lamp can be used to study time dependent processes. 
TS-results of the 15 mg AC lamp in the centre (r = 0) are: 

• t = 2.6 ms (cp = 1/8), ne(min) = 3.5 · 1021 m-3 , Te(min) = 6700 K 

• t = 5.2 ms (cp = 1/4), ne(max) = 5.5 · 1021 m-3
, Te(max) = 7100 K 

The measured ratio ~:~:~~? equals 1.57. Using !::::.T = T(max) - T(min) = 400 K, and 
1'2 = T(max)T(min) = 6897 K2, the calculated ratio equals 1.66, camparabie with the 
measured ratio. From this it can be concluded that %t = 0; changes in ne at different 
phases of the oscillating current are caused by changes in Te. 

6.4 Conclusions 

Thomson measurements have been performed on the pure mercury high pressure gas 
discharge. The electron density and electron temperature of both quasi-DC and AC 
operated lamps with gas filling amounts of 15, 30, 50 and 70 mg have been measured. 
For the quasi-DC lamp, measurements at different lamp powers have been clone. The 
measured electron density profiles had a maximum in the centre of the discharge and 
were found to decrease rapidly in the radial direction towards the wall. The electron 
temperature profile was constant over the measuring range. It is possible that the electron 
temperature decreases slightly, but the expected differences in this range are too small to 
resolve with TS. The electron density and electron temperature were found to increase 
slightly with lamp power and with the RMS-value of the current, but not with gas filling 
pressure. Deviations from Saba-equilibrium were present and increased with lamp power, 
gàS filling pressure and distance from the centre. The increase in the b1-value corresponds 
with equation (3.42), in which it was made plausible that the formation of molecular 
ions disturbs the Saha balance. The conesponding b1-factor is found to increase with the 
ground state density of the mercury atoms. In the AC lamp, deviations were largest just 
after the zero crossing of the current. This can be understood by realising that at that 
moment new electrans have to be created in order to carry the current for later moments 
in the phase of the current. Furthermore, in the AC lamp, changes in ne at different 
phases of the oscillating current have been found to depend on changes in the electron 
temperature. 
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Chapter 7 

Emission measurements 

7.1 Plasma radiation 

Different radiation processes occur in a plasma. These can be divided into line and 
continuurn radiation. In an atomie plasma, line radiation occurs between electronic states 
of the atom, whereas continuurn radiation is generated by collisions between free particles. 
In a dense plasma some of the generated radiation will be absorbed as it travels through 
the plasma. This processis called self-absorption. The speetral intensity, Iv(v), depends 
on both the emission and the absorption coefficients of the plasma for the specific radia
tion. 
This chapter starts with a small description of line, continuurn and blackbody radiation 
and introduces the radiative transfer equation. After this introductory part, the inten
sity of optically thin lines of the mercury plasma in both the 50 mg quasi-DC and AC 
lamp will be measured using the method of absolute line intensity (ALl) measurements. 
From the absolute intensity of these lines and the known density of the ground state, 
the Atomie State Distribution Function (ASDF) can be determined. If LTE is present, 
the electron density and electron temperature can be determined from the ASDF. Time 
resolved measurements are also made of these lines in order to obtain insight in time 
resolved processes. 

7 .1.1 Line radiation 

Line radiation is generated by electronic transitions between energy states of an atom. 
Since these states are bound to the atom, line radiation is also called bound-bound (bb) 
radiation. The processof spontaneous emission is described by 

A(p) --t A(q) + hvpq (p > q). (7.1) 

In the process of spontaneous emission (7.1) the probability that a transition from level p 

to level q takes place is given by Apq· Without disturbances from other particles, the life 
time T of an atomie state p is determined by the sum of all possible transition probabilities 
from levelp to q (p > q), and thus given by Ap = L:q Apq· The life time Tp of state p due 
to spontaneous emission is called the naturallife time and equals 1/ Ap. 
The width of the line (6v) is increased due to the finite naturallife time, and determined 
by inserting 6E = h6v into Heisenberg's uncertainty relation 6rp6E 2:: 2:, which yields 
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a minimum line width of 4:;. This natural broadening results in a Lorentzian line shape. 
Besides the broadening of the line due to natural life time, the speetral width of atomie 
lines is usually broadened by a number of perturbation processes, such as 

• Doppler broadening ( thermal broadening) due to the thermal motion of the radiating 
atoms. 

• Stark broadening (pressure broadening), caused by the interaction of the radiating 
atoms with the electric fields of nearby electrons and ions. 

• Van der Waals broadening (pressure broadening) due to interaction with neighbour
ing atoms. 

Thermal broadening results in a Gaussian line profile, pressure and natural broaden
ing give a Lorentzian line profile. The total line shape due to the different broadening 
mechanism is a convolution of the different line shapes, where the convolution of two 
Lorentzian profiles gives a Lorentzian profile and the convolution of a Lorentzian profile 
and a Gaussian profile results in a Voigt profile. 

7.1.2 Continuurn radiation 

Bremsstrahlung is created by elastic collisions between electrons ( e) and other particles 
like atoms (a) or ions (i). During the interaction, the electron is slowed down and a photon, 
with an energy that equals the difference in kinetic energy of the electron before and after 
the collision, is emitted. Since transitions occur between two free electron states, this type 
of radiation is denoted by free-free (ff) radiation. Two types of bremsstrahlung processes 
are considered, collisions between electrons and a torn ( e - a) and beween electrons and 
ions e-i. 
Besides Bremsstrahlung processes, continuurn radiation is also created in the process 
where a free electron is captured by an ion A+ and these particles recombine to a neutral 
a torn. The emitted radiation is called free-bound ( fb) radiation. 
The collision process between a fast electron, ef, and an atom is described by 

A(p) + ef ---7 A(p) +es+ hv, (7.2) 

and results in a neutral atom, a slow electron, e8 , and a photon hv with an energy equal 
to the difference in kinetic energy before and after the process. The emission coeffi.cient 
of the ff, e - a radiation is called j1 fe-a. 

The interaction between a fast electron and an ion generating continuurn radiation is 
similarly given by 

(7.3) 

The emission coeffi.cient of the f J, e-i radiation is called J!!i. 
Continuurn radiation is not generated by the collision between two electrons since mo
mentum is conserved. The radiation that is created by the interaction between ions and 
atoms is negligible due to the large mass of the ions. 

80 



Emission measurements 

Recombination radiation results from the process where a free electron is captured by an 
ion A+ creating an a torn, 

A++ e -7 A(p) + hv. (7.4) 

The atom can be in the ground state (p = 1) or in an excited state (p > 1). The emission 
coefficient is given by j fb e-i. 
The total emission coefficient for continuurn radiation can be found by the summatien 
jffe-a + jffe-i + jfbe-i· Expressions for the individual componentscan for example be 
found in [21]. 

7.1.3 Radiative transfer equation 

The speetral emission coefficient j 11 (v) [Wm-3Hz-1sr-1] is defined as the amount of energy 
emitted per unit of time, volume, solid angle and frequency interval [27]. If the generated 
radiation is not self-absorbed, the radiation is called optically thin, and the speetral 
intensity l 11 (v) for a plasma column of length D equals 

(7.5) 

where the speetral intensity I 11 (v) [Wm-2Hz-1sr-1] is the power per unit of solid angle, 
frequency interval and area measured perpendicular to the propagation direction . 

The absorption coefficient ,.,;(v) [m-1] is defined by the reduction in speetral intensity 
dlv due to absorption in a plasma layer of thickness ds, 

dlv(v) = -I11 (v),.,;(v)ds. (7.6) 

The absorption coefficient is also used for the definition of the optical thickness T(v). 
Fora plasma of length D, the optical thickness T(v) is defined by T(v) = J0D ,.,;(v)ds. If the 
plasma is homogeneous, ,.,;(v) is constant and the optical thickness equals T(v) = ,.,;(v)D. 
The optical thickness of the plasma determines whether radiation at a certain wavelength 
is self-absorbed or can escape out of the plasma. The plasma is optically thin when 
T(v) « 1 and optically thick when T(v) » 1 for radiation at the specific frequency v. 
Note that T(v) is a strongly variabie function over the energy interval corresponding toa 
speetral line. 

The radiative transfer equation combines the absorption and emission processes and 
thus describes the change in intensity due to emission and (self- )absorption of a small 
plasma layer. 

dlv(v) . 
ds = -,.,;(v)Iv(v) + Jv(v), (7. 7) 

Introducing the so called souree function Sv(v), which is defined by Sv - J:l:], equation 
(7. 7) can be written as 

(7.8) 

where dT = ,.,;(v)ds. If the souree function is constant the speetral intensity I11 (v) can be 
found by solving equation (7.8); 
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Iv(v) = Sv(v)(1- exp(-~(v)D)). (7.9) 

For the optical thin case ~(v)D « 1, the approximation exp( -~vD) ~ 1- ~(v)D can be 
applied, so that the speetral intensity equals Iv(v) = Sv(v)~(v)D = )v(v)D. For optically 
thick lines ~(v)D -t oo, thus exp( -~vD) -t 0, so that Iv = Sv· The optical thickness 
is not a property of the plasma as such but strongly depends on the frequency of the 
radiation. If the absorption coeffi.cient conesponding to the central frequency v0 of a line 
is large, then T(v0 ) >> 1, and thus Iv(vo) = Sv(vo). However, in the wings a speetral 
region in which the absorption coeffi.cient is small (T(v) « 1) is present. Therefore, a 
single line can contain both optically thick and optically thin radiation. 

7 .1.4 Blackbody radiation 

Blackbody radiation occurs when the plasma is optically thick, thus for all frequencies 
T(v) -t oo. The.forward processes of spontaneous and stimulated emission and backward 
process of absorption equilibrate (Planck balance), and the plasma acts as a black body 
surface emitter for which the speetral intensity is distributed according to Planck's law 
( cf. section 3.1.4), 

!Planck = B - 2hv3dv 
v,T - v,T - c2 [ exp( hv I kT) - 1 r (7.10) 

When the temperature of the black body increases, the frequency at which the maximum 
amount of radiation is emitted shifts to higher values. · 

The frequency of maximum speetral intensity Bv,T, or the frequency at which the peak 
of the curve occurs, is found by differentiating Bv,T with respect to v and setting the result 
equal to zero. This leads to the so called Wien displacement law, given by 

llmax = 1.03 · 1011 
· T. (7.11) 

The tot al intensity emitted by the blackbody radiator ( F) is found by integrating equation 
(7.10) over all frequencies and asolid angle of 271" and equals, 

(7.12) 

F is given in [wm-2], and a in [Wm-2K-4] is the constant of Stefan-Boltzmann. This 
result is known as the Stefan-Boltzmann law. 

A blackbody is anideal emitter; the Bv,T given in equation (7.10) only depends on the 
temperature and not on the chemical nature of the emitting materiaL It is the maximum 
intensity which can be emitted at a certain temperature. The ratio of emitted radiation 
from a real surface compared to that of the blackbody radiation is defined to be equal to 
the emissivity c:(v) 

_ fv(v) 
c:(v) = Bv(v)' (7.13) 

where Iv(v) is the intensity emitted by a real surface, and Bv(v) is the maximum intensity 
emitted by a blackbody radiator of the same temperature. 
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7.2 Absolute Line Intensities 

The method of Absolute Line Intensity (ALl) measurements will be discussed and used 
as a diagnostic tool to determine absolute intensities of optical thin lines of the mercury 
plasma in both the 50 mg quasi-DC and AC lamp. In this section, the more fundamental 
representation of the speetral intensity I~.~(v) is replaced by the more practical one, namely 
h(>..). 

If the plasma is optically thin, T(À) « 1 for the transition p -+ q, the radiation can 
escape the plasma as absorption can be neglected. The corresponding speetral emission 
coefficient, }>.(>..) [wm-3nm-1sr-1], is given by 

(7.14) 

where np is the density of the upper level p, Epq = EP - Eq the energy of the photon hvpq 
and cp >. ()..) defines the line shape of the transition, in such a way that integration over the 
line profile gives unity; i.e. J tp>.dÀ = 1. The wavelength integrated speetral density, also 
called line integrated emission coeffi.cient and denoted by }pq [Wm - 3sc 1], is defined by 

This equation shows that the population density np of level p is proportional to the 
emission coeffi.cient of a particular transition }pq, 

. 4n ( ) np=)pqA E. 7.16 
pq pq 

However, it is the speetral intensity h(>..) [W /m2nm sr] ofthe transition that is determined 
via the calibration procedure and this quantity is given by 

(7.17) 

for a plasma column of length D. If the emission coeffi.cient is constant over the length 
of this column, this relation simplifies to ~).(>..) ~ D · }>.(>..), which is always true for a 
homogenous plasma. Inserting this relation into equation (7.15) yields 

. = J Ipq(>..) d>.. = Îpq D.>.. 
)pq D - D ' (7.18) 

where Îpq is the mean line intensity and D,).. the corresponding line width of this transition. 
Inserting equation (7.18) into (7.16) gives an expression for np in termsof the mean line 
intensity (Îpq) 

(7.19) 

The Îpq-value can be obtained from an emission measurement and calibrated absolutely 
with the known speetral density of a ribbon lamp. 
By measuring several T/p = np/ g values, the atomie state distri bution function (ASDF) can 
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be constructed. In local Saha equilibrium, the ASDF is described by the Saha equation 
which has the following form (cf. subsection 3.1.3). 

n I 
ln( 2) = -k P + ln(7Joo). 

9p BTe 
(7.20) 

When the population density is obtained from different transitions using the ALl method 
and partiallocal Saha equilibrium (pLSE) is present, Te can be deduced from the slope of 
the ASDF (see figure 7.1). Moreover, ne can be calculated from the value ln(7J00 ), which 
is derived from the ASDF by extrapolation to the ionisation energy level (lp= 0). 

Sahajump , 

: ln Tl~ 

I 

I 
0 Ep--> +-lp 

Figure 7.1: Example of an ASDF. 

7.2.1 The absolute calibration procedure 

The mean line intensity Î has to be calibrated with a light souree of which the speetral 
density is accurately known. This has to be dorre for all transitions for which the line 
intensities are measured. A tungsten ribbon lamp operated at an accurately known electric 
current is used for calibration. The position on the optical path of the reference lamp has 
to be the same as the position of the plasma source. The Î value of the line can be found 
from the following equation, 

Î = h Irib 
>.oh ' rib 

(7.21) 

here h>.0 is the signal height of the line intensity at Ào, where Ào is the wavelength corre
sponding to the maximum line intensity (figure 7.2); Irib is the speetral intensity of the 
ribbon lamp for Ào, and hrib is the height of the signal generated by the ribbon lamp at Ào 

on the detector. The Irib is a function of the temperature of the rib bon, which is normally 
denoted by Ttrue· The speetral intensity for the ribbon lamp at a true temperature Ttrue 

and wavelength À can be found in [22). The Irib values relevant for the ALI-measurements 
are shown in table 7.1. 

By interpolation the speetral intensity of the calibration lamp can be found for every 
À-value. Another possibility to obtain Irib at a certain wavelength at Ttrue is to calculate 
the corresponding blackbody radiation (7.10) and to multiply this with the emissivity 
factor é (see equation (7.13)). The speetral intensity of the calibration lamp has to be 
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Figure 7.2: Line profile measured at À= 577 nm for the 50 mg quasi-DC lamp; Î was taken to 
be equal to that of the central wavelength, the corresponding ~À is defined such that Îpq6À = 
f Ipq(À)dÀ. 

À Iri b. 10 é 

360 5.46 0.47 
370 7.49 0.47 
540 178 0.45 
560 219 0.45 
580 263 0.44 
365* 6.48 13.79 0.47 
546* 190 421.2 0.45 
577* 231 516.6 0.45 
579* 233 520.0 0.45 

Table 7.1: The intensity Irib emitted by the ribbon lamp for several À-values. The current 
through the ribbon lamp equals Irib = 12.2A, which corresponds with a true temperature of 
Ttrue = 2400 K. Wavelengths À are given in nm, intensities Irib, htackbody in Wm-2sr-lm-1

, 

and é = 1
ribbqn • Values with an * are found by interpolation. 

hlackbody 
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multiplied with a factor 0.92 to compensate for the transmission losses of the glass sur
rounding the tungsten ribbon. 

In the specifications of the ribbon lamp, the radiant temperature is given for a certain 
current through the calibration lamp Urib)· This radiant temperature has to be converted 
into the true temperature in order to obtain Ttrue as a function of the current. 

7.2.2 Experimentalset-up 

The experimentalset-up that was used for emission measurements is shown in figure 7.3. 
Light emitted by the plasma souree is collected and focussed by a lense onto the entrance 
slit of a monochromator. A neutral density filter is placed between the lamp and the 
monochromator to attenuate the signal. 

A Czerny-Turner spectrometer is used as a monochromator. Light from the vertical 
entrance slit is directed to a concave mirror which collimates the light and focusses it onto 
a grating (1200 grooves per mm). The dispersed light is incident on a second concave 
mirror, which then focusses the spectrum at the exit slit. For the ALl measurements, a 
CCD camera is positioned at the exit slit, and a two dimensional time averaged image of 
the spectrum can be made. For the measurement of a certain line, the horizontal axis is 
used for speetral information and the vertical axis is used for the intensities. A Photon 
Multiplier Tube (PMT) is used for time resolved measurements of the AC lamp, where 
the line intensity can be measured at different phases in a single measurement. 

Lens Neutral density 
Plasma f= 12 cm filter I % 

() . ·--!·-
~---------"·--------------------+ 

0 14 cm 76.5 cm 

PMT 

CCD 

Czemy-Turner 
Monochromator 

Figure 7.3: Set-up for emission measurements; ALl measurements are performed using the 
CCD, whereas the PMT is used for time resolved measurements. 

7.3 Results 

In the first subsectien 7.3.1 results will be given for ALI-measurements of the 50 mg Hg 
lamp, eperating with both the AC and quasi-DC ballast. The Hg lines of 577 nm and 
579 nm were chosen forthese measurements since in literature they are considered to be 
optically thin. The 546 nm line has also been measured, but this line is known to be 
not optically thin. The second part of this sectien presents the results of time resolved 
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À [nm] hv [eV] 'Iransition n quasi DC [m -3] n AC [m -3] 

546.073 2.27 73
81---+ 63 

p2 3.3 1017 -
576.959 2.15 63 

D2---+ 61 P1 5.5 1016 7.72 1016 

579.066 2.14 63 D1---+ 61 P1 4.5 1016 6.28 1016 

Table 7.2: Excited state densities of the 50 mg quasi-DC and AC lamp determined with 
ALl. 

emission (relative) measurements, which are only performed for the sine wave ballast on 
the same lamp. 

7.3.1 ALI-measurements 

The excited state densities of the 50 mg Hg-lamp can be calculated using equation (7.19), 
in which the mean line intensity Îpq can be obtained from ALI-measurements. The densi
ties of the excited states for the measured transitions are shown in table 7.2, where both 
the time averaged densities for the quasi-DC and AC ballast are displayed. The ASDF for 
the quasi-DC ballast is shown in figure (7.4(a)), where the ground state density of mer
cury is inserted as an extra point. From the slope of the line, the excitation temperature 
(Texc) was determined and was found to be equal to 5115 K. The electron density, ne can 
be obtained by equating n~ = 4ry00 ( 2 h~ T. ) 312 and was found to be 1.0 · 1021 m-3 . The 

7rme B e 

ln(7J00 )-value is found by inserting lp = 10.4 eV into the linear fit, Te is determined by 
equating Te = Texc, which is only allowed when the plasma is in LTE. For the AC lamp 
(cf. figure 7.4(b)), the excitation temperature was found to be 5208 K, which lead to the 
value ne = 1.3 · 1021 m-3

. 
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Figure 7.4: ASDF for the 50 mg Hg lamp. In figure 7.4(a), the lamp is driven by a quasi-DC 
current, and figure 7.4(b) shows the AC situation. 

In Thomson scattering measurements of the 50 mg quasi-DC lamp, the time averaged 
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value of Te was found to be around 6600 K, which is significantly higher than Texc = 5115 
Kas determined withALL Also the Thomson measured value of ne, namely 5 ·1021 m-3 , 

is higher than the value of ne that is determined withALl (1.3 · 1021 m-3). 

7.3.2 Relative time resolved measurements 

Time resolved measurements were performed using the PMT in order to determine the 
modulation depth of optically thin emission lines. The absolute density of an excited state 
is given by equation (7.19), which shows that the density (np) of an excited state p can be 
expressed in terms of the measured intensity Îpq. This can be used to relate the density 
nP determined at the maximum of the driving current, np(max), with the the density np 
determined at a minimum value of the driving current, np(min). This yields 

np(max) Îpq(max) 
np(min) - Îpq(min)' 

(7.22) 

in which Îpq(max) and Îpq(min) are the corresponding intensities. Figure 7.5 shows the 

measured intensities for the 50 mg AC lamp. For the 579 nm line lfq(max) = 8.7, which 
lpq(min) 

2.0 
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1.0 
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(a) (b) 

Figure 7.5: lntensities measured of the 50 mg AC lamp of respectively the 579 nm 7.5(a), and 
546 nm 7.5(b) line. Modulation depths are determined from the measurement. The output of 
the PMT gives negative values which have to be compared to the signal that corresponds with 
a dark measurement. 

equals np~m~xj. For the 546 nm line ~q~maxi = 3.3. 
np m~n pq m~n 
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7.4 Discussion 

7 .4.1 Discussion of ALI-measurements 

The ASDF determined withALl can be compared with the ASDF as determined with 
a collisional radiation model (CRM). Using a CRM, the ASDF is determined for a Hg
plasma which has a ground state density n1 of 5 · 1024 m-3 , an electron density ne of 
2 · 1021 m-3 at electron temperatures of 5000, 5500, 6000 and 6500 K. Figure 7.6 shows 
both the measured ASDF, determined by applying ALI-experiments on the Hg-lamp, and 
the ASDF at different temperatures determined using this CRM. Forthese ground state 

60 

55 

50 

~ 45 
t: :s 

40 

35 

30 
0 2 4 6 

Eup [eV] 

• ALl 
• CRM: T = 5000 
• CRM: T = 5500 
..- CRM: T = 6000 

CRM: T = 6500 
- Linear Fit of Data2_B 

8 10 12 

Figure 7.6: ASDF obtained from ALl measurements and from a CRM. Data2B is a fit of 
the ALl measurements. The CRM is calculated at the following densities n1 = 5 · 1024 m-3 , 

ne = 2 · 1021 m-3 . 

and electron densities, the modelled ASDF in which 5000 < Te < 5500 K corresponds 
with the measured ASDF, in which Texc = 5115 K. Since Texc is much smaller than Te 
as determined with TS, it is questionable whether the plasma is in LTE. In subsection 
(6.3.3), the b-factors were determined from the TS-results. For the 50 mg quasi-DC and 
AC lamp, these factors were larger than 10. This indicates that the ground state is over
populated with respect to Saha and that the plasma is not in LSE. 

lt is generally assumed that there is always an upper part of the system that is in 
pLSE, even when the lower levels are not. Assuming that the highly excited levels (*) are 
in pLSE, the b-factor can be determined from the difference between Texc and the electron 
temperature (Trs) as determined with TS. The excitation temperature is defined by 

rJ1 = rJ* exp(E* /kBTexc)· (7.23) 
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By assuming that the ALl levels * are in pLSE, the following expression is obtained 

rJf ='Tl* exp(E/kBTTs). (7.24) 

Dividing equation (7.23) by equation (7.24) yields 

7]1 ( E ( Texc ) b1 = --; = exp 1 - -) 
'Tl1 kBTexc TTs 

(7.25) . 

For E* = 8 eV, Tex = 5115 K, and TTs = 6600 K this gives 

8 5115 
b1 = exp(

0
.4

6 
(1-

6600
)) = 46 (7.26) 

which is a little higher than the b1 factor that is determined with TS, which in the center 
of the lamp was found to be equal to 33. 

7.4.2 Discussion of PMT measurements 

The modulation depth of the line radiation can be compared with the ratios found from 
T(max)/T(min) as determined by the TS measurements of section 6.2. Rewriting equa
tion (7.19) gives 

(7.27) 

Assuming that the plasma is in LTE at any moment of the AC cycle, the Boltzmann 
equation can be used to express np in terms of n1, 

(7.28) 

Variations in np, and thus also in Îpq, are only caused by changes in temperature. Dividing 
the maximum intensity at the maximum temperature by the minimum intensity at the 
minimum temperature gives 

~q(T(max)) = exp (Epq (T(max)- T(min))). 
Ipq(T(min)) kB T(max)T(min) 

(7.29) 

Defining !:lT = T(max) - T(min) and 'Ï' = JT(max)T(min), equation (7.29) can be 
written as 

(7.30) 

By TS measurements it was found that Te is modulated with the AC driving current. Just 
after zero crossing of the current, t = 0. 9 ms, the electron temperature has a minimum 
value, T(min) = 6600 K. At the maximum of the current, t = 5.2 ms, a maximum electron 
temperature of T( max) = 7100 K was measured. This gives an averaged temperature of 
'Ï' = 6845 K and a variation of !:lT = 500 K. Inserting these values into equation (7.30) 
yields for the 546 nm line a modulation ratio of 3.0 and for the 579 nm line a ratio of 
2.6. The measured ratios were respectively equal to 3.3 and 8. 7. 

For the 579 nm line, the modulation ratio that is calculated by using Boltzmann's law 
and Te measured by TS is much higher than the measured modulation ratio. These ratios 
are comparable to those for the 546 nm line. This difference might be explained by the 
difference in optical thickness of these lines. 
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7.5 Conclusion 

The ALl method was used to construct the ASDF for the 50 mg lamp driven by a quasi
DG and AC power supply. It was found that for the 50 mg quasi-DC lamp, the excitation 
temperature equals Tex = 5115 Kin the center of the discharge. This value is considerably 
lower than the electron temperature in the center obtained from the TS-experiments 
Te = 6600 K. The electron density obtained from the measured ASDF equals 1.0·1021 m-3 , 

which is also lower than the value obtained from TS experiment, namely ne = 4.0 · 1021 

m-3 . This suggests that the plasma is not in LTE, or more specific that Texc i= Te and 
that LSE is not present. From the difference in Texc and Te(TS), a b-value was also 
determined and was found to be equal to 46, a bit higher than the value of 33 found from 
TS experiments. By comparing the modulation as found in Te(TS) compared with that 
in the measured line intensities it can be concluded that the plasma is not modulating 
according to LTE. These findings indicate that LTE is notpresent in the 50 mg quasi-DC 
and AC lamp. 
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Conclusions 

The last chapter of this report presents conclusions and recommendations. The conclu
sions of this study of ( active) spectroscopy of high pressure mercury lamps are presented 
in the first three sections of this chapter. The first one describes some of the experimental 
aspectsof Thomson Scattering (TS) applied to a reallamp. The second section presents 
the results of the TS-measurements, the electron densities ne and electron temperatures 
Te. Conclusions about the LTE assumption in the Hg-lamp are given in the third section. 
Recommendations will be mentioned in the fourth section. 

The main condusion is that by comparing the different spectroscopie techniques, there 
are strong indications that departmes from LTE are present in all cases and that these 
departmes increase with increasing pressures. 

8.1 Instrumental aspects of Thomson Scattering 

The TS set-up, consisting of a pulsed laser and a triplegrating spectrograph (TGS), that 
is used in this study was originally designed for spectroscopie plasmas and modellamps 
in which electron densities ne are below 1021 m-3 and the electron temperature Te is 
around 0.8 eV. This set-up was successfully applied on technological plasmas: the high 
pressure discharge lamp. In the Hg-lamp, typical electron densities are around 1020 m-3 

< ne < 1022 m-3 and electron temperatures approximately equal 0.6 eV. The following 
challenges were encountered when the TS-set-up was applied on the Hg-lamp: 

• Applying TS directly on the lamp, thus without extension tubes, resulted in a large 
amount of false stray light, i.e. laser photons scattered by the lamp surroundings. 
This was solved by using a broader mask and partially blocking the entrance slit of 
the TGS system. Disadvantages of this method are the fact that only a small radial 
part of the plasma can be measured and that the fit is less accurate since the centre 
part of the spectrum cannot be used. 

• The laser intensity at the position of the wall of the lamp has to be low in order 
to avoid lamp damage. Since the laser power is only stabie at high powers, it was 
necessary to adjust the set-up so that laser power is reduced by means of a beam 
splitter and a diaphragm and not by adjusting on the laser itself. 
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• Compared to the original application of the TS set-up, the electron temperatures are 
smaller. As a result, the width of the TS spectrum is also smaller. Because electron 
densities are equivalent or even higher, the scattering parameter a: is larger. This 
means that TS is partially coherent (high a:), insteadof almost completely incoherent 
(low a:) and that the TS spectrum does not have a Gaussian shape anymore. A fit 
through the spectrum is difficult sirree the spectrum is narrow (low Te), the centre 
points of the spectrum cannot be used, and also a coherent fitting routine is required. 

• Perturbations of the plasma by the laser can be important in a mercury plasma, 
in which electron-atom callision frequencies are large. The laser intensity in the 
plasma has to be sufficiently low so that the electrans in the plasma are not heated 
and not so many new electrans are created. These low laser powers require long 
integration times to obtain sufficient signal to noise ratio, but the integration times 
should not be too long in order to prevent pixel saturation effects. 

8.2 Results of Thomson Scattering measurements 

Thomson measurements have been performed on a high pressure gas discharge Hg-lamp. 
The electron density and electron temperature of both quasi-DC and AC operated lamps 
with gas filling amounts of 15, 30, 50 and 70 mg have been measured. For the quasi
De lamps, also measurements at different lamp powers have been made. The measured 
electron density profiles have a maximum in the centre of the discharge and are found to 
decrease rapidly in radial direction towards the wall. The measured electron temperature 
profile was over the measuring range constant within the error margin. The spatial vari
ation in Te has also been determined with an LTE model (VIHID) and was found to be 
smaller than the resolution of the TS set-up. The electron density and electron tempera
ture were found to increase with lamp power and with the RMS-value of the current, but 
not with the gas filling pressure. 
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• The TS-measured electron density radial profiles ne(r) have been measured in a 
spatial range -2.5 mm < r < 0.5 mm, at a constant lamp power of 200 Wand at a 
gas filling of 15 mg Hg. ne(r) varied between 2.0 · 1021 m-3 < ne < 4.8. 1021 m-3 . 

The TS-measured electron temperature Te(r) fiuctuated around a constant value in 
the spatial range -2.5 < r < 0.5 mm, at the samesettings (200 W, 15 mg Hg), a 
spatially averaged temperature of 6700 K was found. 

• TS-measurements have been performed for the quasi-DC lamp at lamp powers of 
150, 200 and 240 W. In the centre of the discharge for the 15 mg lamp, electron 
densities varied between 4.4·1021 m-3 < ne < 4.9·1021 m-3 . The spatially averaged 
electron temperatures was also found to increase with lamp power, 6587 K< Te < 
6973 K. 

• In the AC lamp, at the (tempora!) maximum value of the current, the electron 
density radial profile is in the range of 3.0 · 1021 < ne < 6.0 ·1021 m-3 . The electron 
temperature equals 7100 K at this maximum value. Just after zero crossing, these 
values have a minimum, and increase with increasing current until the maximum is 
reached, and then decrease. 



Conclusions 

8.3 Equilibrium in the Hg-lamp 

Local Thermadynamie Equilibrium (LTE) is generally assumed for the high pressure 
gas discharge (HID) lamp. In LTE the material particles are in thermal and chemical 
equilibrium. Thermal equilibrium implies that all particles in a plasma have the same 
temperature and that the energy distribution function of the particles is given by the 
Maxwell distribution function. One speaks of chemical equilibrium when the excited 
state distribution is given by Boltzmann, the relation between the densities of subsequent 
ionic statesis according to Saha, and dissociation degree is described by Guldberg Waage. 

8.3.1 Thermal equilibrium 

The measured spatially averaged values of the electron temperature can be compared with 
the measured profiles of the gas temperature Tgas· X-ray measurements of Tgas have been 
done for the 15 and 50 mg quasi-DG lamp [4] operated at 240 W. The gas temperature in 
the centre was found to be equal to 6100 K for the 15 mg lampand 5200 K for the 50 mg 
lamp. Since the electron temperature was around 7000 K, it is to be expected that the 
15 mg quasi-DG lamp is not inthermal equilibrium. For the 50 mg quasi-DG lamp, the 
temperature difference is much higher, and it can be said that this lamp is not in LTE. 
The TS results of Te for the 50 mg AC lamp can be compared with the temperatures 
obtained from a LTE model (VIHID). For settings comparable with that of the 50 mg AC 
lamp, a modelled temperature T is obtained. This temperature equals 6300 K, which is 
lower than the TS-result, Te = 7000 ± 7 40 K. 

Absolute Line Intensity (ALl) measurements were performed in order to obtain the 
excitation temperature. lf LTE is valid the excitation temperature can be equated to the 
electron temperature. The time averaged excitation temperatures Texc of the 50 mg quasi
DG and AC lamp have been determined in the centre of the discharge (r = 0) and were 
both around 5100 K. For the 50 mg quasi-DC and AC lamp, the excitation temperature 
was found to be Texc = 5115 K in the centre of the discharge. This value is considerably 
lower than the electron temperature in the center obtained from the TS-experiments 
Te= 6600 K. 

8.3.2 Chemica! equilibrium 

A Collisional Radiative Model ( CRM) was used to investigate the influence of radiative 
processes on the Atomie State Distribution Function (ASDF). The ASDF has been de
termined with both radiative and without radiative processes and it was found that the 
ASDF did not change much when radiative processes were not included. The methad of 
disturbed Bilateral Relations ( dBR) is applied in order to determine the influence of the 
effiux of charged particles on the Saha balance. It was found that the mercury system was 
too complicated to determine the radiative processes directly. With the dBR method, it 
was found that the Saha balance was not disturbed by transport of charged particles by 
means of convection or ambipolar diffusion. The influence of effiux due to the formation 
of molecular ions has also been tested with the dBR method. It is possible that the 
formation of molecular ionscan have a significant influence and become more important 
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especially at higher neutral densities. Summarising: 

• The Boltzmann balanceis not significantly disturbed by radiative processes. 

• The Saha balance is not disturbed much by conveetien and ambipolar diffusion. 

• The Saha balance might be disturbed by the formation of molecular ions, but a CRM 
that includes molecular processes is necessary to take the influence of all different 
processes into account. 

The b1-factor, defined as b1 = ndnî, has been introduced to describe deviations from 
LSE. An atomie system is ionising when b1 > 1. For 0.1 < b1 < 10 the atomie system is 
still close to equilibrium, whereas for b1 > 10, it is far from (Saha) equilibrium [25]. 
From the TS-results of Te and ne, the Saha-density of the ground state (nî) can be 
determined. These have been calculated for different radial positions, lamp powers, gas 
filling pressures and momentsin the phase of the current: 

• For the 15 mg quasi-DC lamp operated at powersof 150 and 200 W, b1 > 10 when 
the radial distance from the centre ris more than 1.3 mm. For 240 W, b1 > 10 for 
all positions and varies between 18 < b1 < 54. The minimum value of 18 is obtained 
in the centre, the maximum value is at a distance of 2.3 mm. 

• For the 30 and 50 mg quasi-DC lamps, operated at a lamp power of 200 W, the 
b1-values vary between 18 (r = 0) < b1 < 224 (r = 2.9 mm) and thus the plasma 
is strongly ionising. For 70 mg, these factors are even higher, 90 (r = 0) < b1 < 
512 (r = 3.1 mm). The minimum departure is again in the centre of the plasma 
whereas the net ionisation increases towards the edges of the lamp. 

• In the 50 mg AC lamp, deviations from LSE (b1 > 10) are present for all phases and 
positions . Maximum deviations are found just after zero crossing of the current 
and minimum values are obtained after the maximum of the current. 

Deviations from Baha-equilibrium were present in the mercury lamp and increased 
with lamp power, gas filling pressure and distance from the centre. The main condusion 
is that by camparing the different spectroscopie techniques, there are strong indications 
that departures from LTE are present in all cases and that these departures increase with . . 
mcreasmg pressures. 

8.4 Recommendations 

The following recommendations apply for future experiments and molecular processes in 
high pressure mercury lamps. 
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• The range of TS measurements on the real Hg-lamp is greatly limited by the scat
tering of laser photons on quartz (false straylight). When a larger radial range 
has to be measured, adjustments of the lamp are required in order to reduce false 
straylight. 



Conclusions 

• A further improverneut of the laser stability and beam quality is obtained by re
placing both mirrors with beam-splitters. 

• Pixel saturation can be prevented by an iCCD system in which, in contrast to the 
used iCCD, the pixels are collectedincomputer memory. 

• A CRM is required to describe the Heavy partiele Excitation Kinetics (HEK) of the 
mercury system in high pressure gas discharges. 
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Appendix A: Results of Thomson 
Scattering measurements 

This appendix presents the results of the TS measurements on the quasi-DC (qDC) and 
AC lamp. The mercury gas fillings are 30, 50 and 70 mg. 
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Figure 8.1: ne as a function of r, 30 mg 
(~ 3.1 Atm) DC-lamp. 
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Figure 8.2: Te as a function of r, 30 mg 
(~ 3.1 Atm) DC-lamp. 
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Figure 8.3: ne(r), 50 mg (~ 4.9 bar) DC
lamp. 
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Figure 8.5: ne(r), 70 mg (~ 6.7 bar)DC
lamp. 
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Figure 8. 7: ne(r), 30 mg AC-lamp. 
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Figure 8.4: Te(r), 50 mg (~ 4.9 bar). 
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Figure 8.6: Te(r), 70 mg (~ 6.7 bar) DC
lamp. 
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Figure 8.8: Te(r), 30 mg AC-lamp. 
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Figure 8.9: ne(r), 50 mg AC-lamp. 
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Figure 8.11: ne(r), 70 mg AC-lamp. 
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Figure 8.10: Te(r), 50 mg AC-lamp. 
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Figure 8.12: Te(r), 70 mg AC-lamp. 
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