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Abstract 

The argon atom and the hydrogen molecule density in an argon and hydrogen expand
ing plasma has been determined, at various positions throughout the expansion, using 
Rayleigh scattering. The results show that the argon atoms and hydrogen moleculescan 
be largely described with the theory of neutral gas expansion from a high pressure source. 
In comparison with previous experiments, it can be noted that the present optical system 
provides a similar detection limit, 8 x 1019 m-3 for the density determination of argon 
atoms. For the detection of hydrogen molecules the setup has a better detection limit, 5 
x 1020 m-3 vs. 1021 m-3 in previous experiments. 

The rovibrationally excited hydrogen molecule (H;•v) density has been determined 
state-selectively with the use of Laser Induced Fluorescence. The results showed that the 
higher rotationallevels (J;::: 5) are overpopulated compared toa Boltzmann distribution 
based on the rotational temperature determined from the lower rotational levels. In the 
expanding plasma high rotationallevels up to J = 19, in v = 2, have been detected. 

By studying the H? population distribution at different spatial positions in the 
plasma, information about the origin of H;,v has been obtained. It has been found that 
the H? axial density profile, i.e. parallel to the expansion, deviates from the density pro
file of the ground state hydrogen molecules, determined with Rayleigh scattering. The 
operation of the are is independent of the background pressure, but it has been found 
that the H;,v density shows a pressure dependenee in the supersonic region of the ex
pansion. The combination of these two facts indicate that population mechanisms occur 
outside the source. This can be partly explained by the inflow of rovibrationally excited 
hydrogen molecules from the periphery of the expansion and the population via heavy 
partiele collisions. The radial H;,v density profile, i.e. perpendicular to the expansion, has 
been determined at different axial positions. At 10 mm from the exit of the souree the 
measured density profiles can elearly not be described with a single Gaussian distribution. 
In this case a second, very broad, density profile needs to be added. This indicates that 
the periphery has a large influence on the H? density. 

Based on the measured density distribution, the total H;,v (v ;::: 1) density is cal
culated to he approximately 10% of the total partiele density in the expansion. The 
overpopulation of the higher rovibrational levels has a large influence on the chemistry 
of the plasma. A number of processes becomes more effi.cient with higher rovibrational 
excitation, e.g. the production of negative hydrogen ions via the dissociative attachment 
of electrous with H? molecules. 
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Technology Assessment 

The main advantage oflow temperature (remote) plasmasistheir ability todeliver highly 
reactive particles, commonly referred to as radicals, to a relative cold surface. When in
teracting with a surface these radicals can induce surface modification, like deposition 
and etching. This makes those plasmas interesting for a wide variety of applications. For 
example the deposition of amorphous hydrogenated silicon (a-Si:H) for the next gener
ation of thin film solar cells. In this specific process hydragen radicals are necessary to 
produce the SiH3 radicals, which are the main growth precursor. Another field of research 
is the formation of molecules at surfaces by plasma activated catalysis. In this process 
molecules are formed by the recombination of gas phase radicals coming from the plasma 
with atoms adsorbed on the surface. Recently it has been found that the formation of 
ammonia (NH3) in a H2-N2 mixture plasma is likely to he caused by plasma surface in
teraction. 

Another field of interest is controlled nuclear fusion. It is believed that the walls of fusion 
reactors, have a large influence on the stability of the fusion plasma. This is mainly due 
to the interaction of the plasma with the surface. The recombination of hydragen atoms, 
expected to form rovibrationally excited hydrogen, H?, can take place at the walls of 
the reactor. The surface recombination influences the transport of particles in the fusion 
plasma. In the study of plasmas used for the fast deposition of thin films, it has already 
been found that the transport of radicals is influenced by the recombination of H atoms 
at the reactor surfaces. 

Another example related to the field of controlled nuclear fusion, are H ion sourees used 
in neutral beam injectors applied to the heating of fusion devices. These neutral beam 
injectors mainly operate via the acceleration and subsequent neutralization of negative 
hydragen ions (H-). The negative hydragen ions are extracted from plasma sources. The 
main production mechanism for H- in these plasmas is considered to be the dissocia
tive attachment of low energy electrans (E I"V 1 eV) to rovibrationally excited hydragen 
molecules. This process is more efficient by a higher rovibrational excitation of the H;•v 
molecules. This example shows that rovibrationally excited molecules can enhance the 
plasma chemistry locally. Thus not only the generation of these excited molecules is of 
interest but also the transport by the plasma. 

This urges for a study of the generation and transport of rovibrationally excited molecules 
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in plasmas. The underlying process behind the generation of rovibrationally excited 
molecules can be stuclied by determining state selectively the density at different spatial 
positions in the plasma. 

In the group Equilibrium and Transport in Plasmas (ETP) in Eindhoven a plasma souree 
has been developed that can handle large gas flows for fast deposition of thin films. Main 
advantage of this souree is the ability to produce great fluxes of mono atomie radicals. 
The plasma souree parameters can all be varied, including the position of the plasma 
inside the reactor. A substrate can be placed at a variabie distance from the souree and 
the interaction of these radicals with the substrate material can he studied. In Eindhoven 
a wide variety of optica! techniques are available, including a new technique to monitor 
rovibrationally excited molecules. For these reasans the experimental setup is well suited 
for the study of both the transport and generation of rovibrationally excited molecules in 
a plasma expansion. 
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Chapter 1 

Introduetion 

This report is the result of a graduation project which has been performed in the group 
Equilibrium and Transport in Plasmas (ETP) at the physics department of the Eind
hoven University of Technology. The project has been performed in the field of laser 
spectroscopy applied as a diagnostic tooi in the study of low temperature plasmas. 

The study of hydragen plasma expansions is of particular interest, since it concerns many 
different systems that cover a braad range of dimensions. Objects like solar fl.ares and 
phenomena like solar wind and supernovae represent examples of astrophysical-scale ex
panding hydragen plasmas. At intermediate scale hydragen expansions are found in sys
tems like the divertor region of a tokamak plasma and at small scale the remote plasma 
jets used for surface modification. 

The interaction of the plasma with a surface is becoming more and more a major subject 
in plasma physics. The surface recombination of atoms to form molecules for example 
is more and more believed to have a large infl.uence on the partiele transport and the 
plasma chemistry. For example hydragen atoms can recombine at surfaces to form hydra
gen molecules with probably high rovibrational excitation [1, 2]. Another recent example 
is the formation of ammonia (NH3 ) by plasma-surface interaction in a plasma produced 
from H2 and N2 mixtures [3]. 

The subjects of this report are the experimental study of the formation and transport 
of rotationally and vibrationally excited hydragen molecules, H;•v, in a thermal plasma 
expansion and the development of the diagnostics used for this study. The plasma is gen
erated by a cascaded are from pure hydragen gas. The local properties of the hydragen 
molecules in different rovibrational states, i.e. density and temperature, are monitored 
throughout the expansion by means of Laser Induced Fluorescence (LIF). This work fol
lows the study of the transport of hydragen atoms in the plasma performed by Mazouffre 
et al [4]. using two photon laser induced fl.uorescence. There it was found that the trans
port of hydragen atoms is infl.uenced by the recombination of hydragen atoms at the 
reactor surfaces, forming rovibrationally excited hydragen molecules. 
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1.1 Earlier Work 

The formation of H? molecules in a plasma can he stuclied by measuring the density 
in the different rovibrational states. The relative densities in the different states give 
information about the underlying formation process. A population distribution of H;•v 
in an expanding hydrogen plasma has been determined for v = 0-2 using Coherent Anti
Stokes Raman Scattering (CARS)[5]. In fig. 1.1 the density per statistica! weight is 
plotted. 
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Figure 1.1: The density per statistica! weight of H;•v in a hydrogen 
plasma expansion determined using CARS from Meulenbroeks et al.[5]. 
The density in the higher rotational levels shows overpopulation com
pared to a Boltzmann distri bution based on the temperature of the lower 
rotational levels. 

It was found that the higher rotationallevels (J>5) are overpopulated compared to 
a Boltzmann distribution based on the rotational temperature. The temperature in this 
Boltzmann distribution was in the order of Trot = 700 K, determined from the lower 
rotationallevels (J<5). On the basis of the characteristics of the used plasma, i.e. low 
electron density (ne around 1016 m-3), low electron temperature (Te around 0.2 eV), the 
possibility of electron induced excitation of H2 was excluded. The main process for the 
formation of rovibrationally excited molecules was considered to he a surface interaction 
process, i.e. the recombination of hydrogen atoms at the surface: 

(1.1) 

The overpopulation of higher rotational levels is not unique to the expanding hydrogen 
plasma. Also in a bucket plasma souree the density in high rotational and vibrational 
levels, determined by laser induced fluorescence, showed overpopulation [6]. The main 
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process bebind the excitation of molecules is considered to he collisions with electrans 
with energiesin excessof 10 eV, referred to as the E-V process: 

e + H2{X1 r:t(v~')) -t H2(B1r:t{v")) + e 

-t H2{X1r:t{vÏ)) + e + hv {1.2) 

1.2 Present Work 

In this work we focus on the detection of H~,v in an expanding hydragen plasma in order 
to give an answer to the following research questions: 

• What is the abundance of H? in the plasma expansion ? 

• What are the population distribution characteristics at different positions in the 
plasma expansion ? 

• How does the abundance of H~,v relate to the H atom density ? 

• What are the mechanisms bebind the formation of H? molecules ? 

These answers we try to obtain by measuring the population distribution of H~,v at differ
ent spatial positions in the plasma expansion. From the development of these population 
distributions along the expansion, information can he obtained about the processes taking 
place invalving H~,v, i.e. the population of different rovibrational states via excitation or 
relaxation, or formation of H? via the possible recombination of hydragen atoms at the 
reactor surfaces. 

Once the population distribution in the plasma is well understood, measurements in 
front of a dedicated surface, the substrate, can he done. The are will then he used as a 
H atom partiele souree and the recombination of H atoms at the surface can he studied. 

The study of H~,v molecules requires knowledge about the molecular energy levels Öf 
diatomic molecules. An introduetion into molecular energy in diatomic molecules is given 
in chapter 2. In this chapter also the background bebind the optical techniques used in 
our experiments, i.e. Rayleigh scattering and Laser Induced Fluorescence (LIF), will he 
described. To study H? molecules a new optical setup has been developed. It is based on 
excitation of H~,v with Vacuum Ultra Violet {VUV) photons produced via the non-linear 
process Stimulated Anti-Stokes Raman Scattering (SARS) [7]. The setup will he described 
in detail in chapter 3. To characterize the plasma expansion Rayleigh scattering has been 
used to study the flow of ground state hydragen molecules from the source. The results 
of that experiment will he presented in chapter 4. First measurements of the density of 
H~,v have been performed and extensively analyzed. A population distribution has been 
determined at a certain position in the plasma expansion. Furthermore the density of 
H? in certain states has been measured throughout the expansion. These results will he 
discussed in chapter 5. The report will he condurled with some conclusions in chapter 6. 
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Chapter 2 

Theory 

The study of rovibrationally excited molecules in a plasma requires some knowledge of 
the molecular energy levels in this molecule. Therefore a short introduetion to molecular 
energy levels will be given. This will be mainly focussed on diatomic molecules and in 
particular H2. 

The molecules are stuclied by measuring the density. The total density of the molecules 
in the ground state can be determined with Rayleigh scattering. Some aspectsof Rayleigh 
scattering will therefore be described. To determine the density in one particular energy 
level, laser induced fl.uorescence can be used. The theoretica! background behind laser 
induced fl.uorescence will be treated. 

2.1 Molecular Energy Levels 

First expressions for the energy of vibrational and rotational energy levels will be derived. 
Furthermore their characterization by the use of vibrational and rotational quanturn 
numbers ( v, J) will be introduced. A general expression in terms of Dunham coefficients 
for rovibrational energy levels will be presented. For a more elaborate description thë 
reader is referred to hooks like Herzberg[8] or Steinfeld[9]. 

2.1.1 Rovibrational energy levels 

The energy of a molecule consists of the following contributions, translation, rotation, 
vibration, electronk motion, and electronk and nuclear spin. In first approximation 
these contributions can be considered to be separable, the total energy is then given by 
the sum of them: 

Etatal = Etrans + Erot + Evib + Eelectronic + Espin (2.1) 

Quanturn mechanically this requires, that the terms in the Hamiltonian operator corre
sponding to each variable, commute with all the other terms. In other words the wave 
function for the total system can be written as a product of wave functions for each 
variabie 

Wtotal = '1/Jtrans(X, Y, Z)'I/Jrot(O, </>, x)'I/Jvib(R)'I/Jelectronic(r)'I/Jspin (2.2) 
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Usually the molecule is studied in the center of mass system, therefore the translational 
contri bution can be neglected. Here we will focus on the description of the rotational and 
vibrational energy contributions. 

In the rigid rotor approximation the molecular distance between the atoms (Re) is 
considered constant and the energy contribution for rotation is given by 

n,2 
Erot = 

2 
R2 J(J + 1) = BJ(J + 1) 

J1, e 
(2.3) 

with J the rotational quanturn number and B the rotational constant. For H2, B I"V 60 
cm-1. 

The vibration of the molecule can be described as an harmonie oscillator movement 
around an equilibrium distance Re. The energy contribution for vibration is then given 
by 

1 
Evib = liwe(v + 2) (2.4) 

with v is the vibrational quanturn number and We the vibration frequency. In H2, liwe :::::= 

4155 cm-1. 

To visualize the total energy of the molecule one generally speaks about energy levels 
in a potential energy well. On top of different vibrational levels, there are different 
rotational energy levels. But also the term state can be used to indicate the energy of the 
molecule, e.g. the v, J = 3,2 state. For clarity this can be expanded by also mentioning 
the electronic state, e.g. X, B, C. 

In any real molecule rotation and vibration occur simultaneously and an extension to the 
previously found contributions has to be made. For a vibrating molecule, in contrary 
to the rigid rotor approximation where B is the same for every vibrational state, the 
rotational constant is given by 

1i2 1 
Bv = 2JJ,R~ < vl R21v > (2.5) 

with lv > the set of eigenvectors. The rotational constant thus differs for each vibrational 
state. The dependenee of the rotational constant on the vibrational quanturn number is 
most conveniently expressed as a power series, 

1i2 1 1 
Bv = 2JJ,R~ - O:'e(v + 2) + ïe(v + 2)2 + ... (2.6) 

The molecule is not a perfect rigid rotor and one effect of the rotation is the stretching of 
the molecular bond length away from its equilibrium position (Re) by the centrifugal force 
in the rotating molecule. This leads to a correction for the rotational energy contributions 
in the order of several cm-1 for high J. The infiuence of both interactions, i.e. vibration
rotation and bond stretching, on the rotational energy contributions can be expressed 
empirically as a series expansion, 

(2.7) 
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with 
1 

Dv =De- f3e(v + 2) + ... (2.8) 

and so on. 
In the description of the vibrational energy a harmonie oscillator potential was as

sumed. For high v however the real molecular potential begins to deviate from this 
parabolic potential. This is generally called anharmonicity. The effect of anharmonicity 
on the vibrational energy levels of a molecule depends on the detailed shape of the poten
tial. But it is convenient to represent the energy of vibrationallevels in terms of a power 
series expansion 

(2.9) 

The main effect of anharmonicity on vibrational energy levels is that the levels are not 
equally spaeed anymore but the energy gap between two successive vibrational states 
becomes smaller for higher v. 

2.1.2 Dunham coefficients 

One method used for the calculation of rovibrational energy levels in diatomic molecules 
has been introduced by Dunham [10). This method is used for fitting diatomic potential 
energy curves basedon ab-initio calculations, resulting in so-called Dunham coefficients. 
But also Dunham coefficients can he determined from fitting experimental data. Dunham 
showed that for the vibrational energy levels (J = 0) the energy can he expressed in terms 
of Dunham coefficients [11): 

"""" 1 I Evib = Ev,J=O = n L....J Ylo(v + 2) 
I 

(2.10) 

where Yio represent the rotationless Dunham coefficients. The first few rotationless Dun
ham coefficients can he expressed in the spectroscopie constants given in eqn. (2.9): 

For the other rovibrational energy levels (J =/= 0) the energy is given by: 

1 
Ev,J = n LYim(v + 2)1Jm(J + 1)m 

l,m 

(2.11) 

(2.12) 

with Yim the Dunham coeffi.cients. The first few Dunham coefficients can he expressed in 
termsof the spectroscopie constants given in eqn. (2.6), are given by: 

Yo1 = Be Yn = -ae Yn = 'Ye 

The rotational constants follow from the expression 

(2.13) 
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in terms of the Dunham coefficients, thus 

(2.15) 

2.1.3 Potential diagram 

A graphical way of presenting the molecular structure of molecules is a so-called potential 
diagram. In a potential diagram the different energy levels as function of the internuclear 
distance are plotted. In fig. 2.1 part of the potential diagram of H2 is shown. 
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Figure 2.1: Part ofthe Potential diagram ofH2. Here both the electronic 
ground state X1~t and the B1 ~;!" electronic state are shown. Some of 
the vibrationallevels in the ground state have been indicated. 
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2.2 Rayleigh scattering 

An active way of determining the density of particles in a plasma is by scattering light from 
it. The elastic scattering of light from particles is generally referred to as Rayleigh scat ter
ing. Molecules in a plasma can find themselves in different rovibrational states. Rayleigh 
scattering can not be used to state selectively probe the density of these molecules, only 
the total density of all the molecules can be determined. 

The Rayleigh scattered power is given by 

da 0 
PR=R ·nLd t•- ·-

' e dO 411" (2.16) 

where Pi is the power of the laser (J s-1 ), n the partiele density (m-3), Ldet is the lengthof 
the detection volume (m), ;n the differential Rayleigh cross-section (m2), and 0 the solid 
angle. Since the amount of scattered light scales linear with the laser power, Rayleigh 
scattering experiments are frequently done with either the fundamental beam or at one 
of the higher harmonies of asolid-state laser, e.g. 532 nm second harmonie of a Nd:YAG 
laser. 

The differential Rayleigh scattering cross-section is given by [12] 

d 2 2 
a 1ra ·2 2 

dO = ê 2). 4 • ( 1 - sm (} cos cp) 
0 

(2.17) 

where a is the polarisability, Eo the permittivity of the vacuum and ). the wavelengthof 
the incident light. Since the cross-seet ion scales with ). - 4 , Rayleigh scattering can also 
be done with low wavelength photons at considerable lower laser intensity without loss 
of efficiency. One advantage of using a low intensity laser beam is that the amount of 
straylight, which normally forms the main limitation in scattering experiments, can be 
reduced considerably. 

The polarisability a can also be written in terms of the refractive index J-t of the gas, 

3Eo ~-t2 - 1 
a=-·--

nJ.t ~-t2 + 2 
(2.18) 

where nJ.t is the gas density at which the refractive index 1-" is measured. For J-t- 1 « 1 
this can be approximated by a~ 2êo(J-t- 1)/nJ.t, so that 

(2.19) 

Where it has been assumed that the detection takes place perpendicular to the polarisa
tion of the incident light, i.e. (} = cp = 90°. 
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2.3 Laser induced fluorescence 

To determine the density of the rovibrationally excited molecules in the different rovibra
tional states, the spectroscopie technique Laser Induced Fluorescence (LIF) can be used. 
In a typical LIF experiment the probed partiele is excited to a higher level using laser 
light. The fluorescence, emitted in the radiative decay, of the higher level is detected. 
The process of absorption and emission of light by particles can be described by so-called 
rate-equations. In these equations radiation processes are characterized by the Einstein 
coefficients. Different relations between the coefficients are used in literature. The rela
tions between the different Einstein coefficients and their units used in this text will be 
given here. 

The relation between emission and absorption of light for two different energy levels 
i and j is given by 

Aïj = ( S1r~v
3

) Bij {2.20) 

where Aij is the Einstein coefficient of spontaneons emission (s-1 ), h Planck's constant 
(J s), c the speed of light, v the transition frequency (s-1 ), and Bij the coefficient of 
stimulated emission (J-1 m3 s-2). 

Another relation is between the coefficient of absorption Bji and the coefficient of 
stimulated emission Bij 

g· 
Bji = _!:_Bij 

9j 

where 9i and gj are the degenerades of the involved levels. 

2.3.1 Laser induced Fluorescence measurements 

(2.21) 

A typical LIF measurement involves a three-level system as depicted in figure 2.2. Laser 
light is used to excite the partiele of interest from a partienlar state 11> toa higher lying 
state 12>. From state 12> the molecule can decay back either to its initia! state 11> or 
to a different lower lying state 13>. 

The rates at which the three states are populated and depopulated depend on the 
Einstein coefficients of the transitions involved {11> +-+ 12> and 12> +-+ 13>) and the 
power density p. The power density p (J s m-3) fora pulsed laser beam is given by: 

j 
p=--

ScTjl/[ 
(2.22) 

where i is the average laser intensity ( J) during the laser pulse, S is the cross section of 
the laser beam in the detection volume (m2), Tz the duration of the laser pulse (s), and 
vz the linewidth of the laser (s-1 ). 

This three level system can therefore be described by the following rate equations: 

(2.23) 
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-------'L----13> 

Figure 2.2: Energy diagram of a typical LIF experiment. The radiative 
transitions, i.e. absorption, emission and stimulated emission are indi
cated. Also the population and depopulation rates (s-1), expressed in 
terms of Einstein coefficients of the different levels, are given. 
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{2.24) 

{2.25) 

where n 1 (t), n2(t), and n3(t) represent the density of the particles in the different states. 
The assumption has been made that population of state ll> through convection of par
ticles into the detection volume (typically 107 m-3 s-1) and collisional depopulation 
(typically 105- 6 m-3 s-1) can both be neglected. 

This system of ra te equations can be solved by assuming the following start conditions: 

{2.26) 

Furthermore, the power density is time dependent, since a pulsed laser is used. The power 
density is assumed to be a block pulse with height pand width Tl· After the laser pulse 
{ t > rz) the power density p = 0 and the ra te equations simplify to: 

äni(t) 
= A21n2{t) {2.27) 

ät 

än2(t) 
-(A21 + A23)n2(t) {2.28) = ät 

Ön3(t) 
= A23n2(t) {2.29) 

ät 

By solving the rate equations for the different time segments {0 :::::; t :::::; r and t > r), 
the density of the different states as function of time (n1(t), n2(t) and n3(t)) can be 
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obtained. To get the laser induced fluorescence yield (photons m-3) one has to integrate 
the radiative decay of n2(t) over time: 

(2.30) 

2.3.2 The linear case 

Although the solution via these rate equations completely describes the experiment, it 
is also illustrative to deduce the simplest case first: the linear case where F f"V B12P· 
Suppose that B21P « A23 and A21 « A23, this means that both stimulated emission and 
decay back to the initial state can he neglected. Then the rate equations simplify to: 

8n1 (t) 
8t 

8n2(t) 
8t 

- -B12pn1(t) 

8n3(t) 
at = A23n2(t) 

The solution for n2(t) is then given by: 

n,(t) = { 

(2.31) 

(2.32) 

(2.33) 

(2.34) 
t >Tl 

In fig. 2.3, the density n2(t) is plotted as function of time to indicate what happens 
during and after the laser pulse. 

The total fluorescence yield can he calculated using eqn. (2.30): 

(2.35) 

Under the circumstance that B12PTt « 1, i.e. the depletion of state 11> remains small, 
the fluorescence yield can he approximated by: 

(2.36) 

This implies that the fluorescence scales linear with the power density, and thus linear 
with the intensity of the laser beam. 

2.3.3 Saturation 

The situation that the fluorescence scales not linear with p is generally referred to as 
saturation. This is the case when one of the assumptions B21P « A23 or B12PT « 1 
is not valid any more. In the first case, saturation will occur because the laser beam 
transfers a significant number of particles from the lower state 11 > to the up per state 
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Figure 2.3: The density in state 12> as function of time in the linear 
case (B21 p « A23). The density in the excited state is not linear in 
time. An equilibrium between population and depopulation of state 12> 
is already reached during the laser pulse. 
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12>. The density intheupper state n2(t) is not small anymore compared to the density 
of the lower state n 1 ( t) and stimulated emission can no long er he neglected. In the second 
case, saturation occurs because the lower state becomes depleted. Particles in the upper 
state are lost by radiation, or collisional transfers, toa third state 13> and the lower state 
is not renewed fast enough. 

One method to quantify the degree of saturation is by introducing aso-called satura
tion parameter which can he defined as 

(2.37) 

Here Rdep represents the depopulation rate of state 12>, in our case Rdep = A21 + A23· 

In the linear case B21P « A23, S approaches zero. Indicative one can state that the 
fluorescence yield can he considered non-saturated, i.e. linear with B12p, when S « 1. 

2.3.4 The complete case 

The salution to the system of rate equations (eqn. 2.23, 2.24, and 2.25) given insection 
2.3.1 takes into account all saturation effects that might occur. The salution for the 
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density in state 12> is now given by: 

N1 *B21P ( -~((B21P(l+~ )+(A23+A21))-R)t 
R e 91 

--2
1 ((B21P(l+~ )+(A2a+A2l))+R)t) -e 91 

N1 *B21P ( -~((B21P(l+~)-(A2a+A21))-R)Tt 
R e 91 

-e -!((B"p(l+l} )-(A"+A"))+R)~) e-(A"+A")I t >'Tl 

with 

R = (B21p(1 + 92
) + (A23 + A2I))2 - 4

92 
B21PA23 

91 91 

The fiuorescence yield can he calculated with use of eqn. (2.30): 

with 

F = N !n.B p(91-2EAe-~91Tt + 2EA-92e-~92T1 + 4EA) 
191 21 91R 92R 9192 

Q1 = (B21p(1 +~)+~A)- R 
Q2 = (B21p(1 +~)+~A)+ R 
~A A21 + A23 

Theory 

(2.38) 

(2.39) 

(2.40) 

(2.41) 

The solution for the fiuorescence yield is plotted as function of the saturation parameter 
S fora typical transition in H;,v (A23 "' 108 ç 1, B 12 "' 1019 J-1 m3 s-2) in fig. 2.4. Here 
it is shown that the fiuorescence will start to deviate from linearity well before S = 1. 
Indicative, one can identify three regimes. First the linear regime where the fiuorescence 
yield is linear with the power density p, and thus linear with S. Second the intermediate 
regime where the fiuorescence yield deviates from linearity because stimulated emission _ 
will start to occur which competes with the normal emission. Third the highly saturated 
regime where the fiuorescence yield is independent of the power density. In this regime 
the two states are optically coupled and can he regarcled as one level which is depleted 
via the radiative loss of molecules to state 13>. In other words the fiuorescence yield 
becomes only dependent on A23. 

2.3.5 The LIF signal 

In the previous sections it has been shown that the fiuorescence yield (F) is related to the 
density in the probed state (NI)· The number of detected photons, however, is dependent 
on the detection efficiency 

(2.42) 

where Vdet is the detection volume {m-3), 0 the solid angle, T the transmission of the 
detection opties, À the detected wavelength and 'fJ the response of the detector. 
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Figure 2.4: Fluorescence yield as function of the saturation parameter 
S. Three regimes can be identified, the linear regime also referred to 
as the non-saturated regime, the fiuorescence yield goes linear with the 
applied laser intensity, the intermediate regime where the fiuorescence 
yield starts to deviate from linearity, the yield becomes more and more 
saturated and the highly saturated regime, where the yield becomes 
independent of the applied laser intensity. 
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When a three-level system is considered, and only one of the possible radiative decay 
transitions from 12> is detected, the branching ratio ~ has betaken into account. The 
detected LIF signa! in the linear case is then given by 

(2.43) 

In the case of molecules, normally multiple radiative transitions from state 12> to lower 
lying states are possible. This leads to fiuorescence at different wavelengths. When all 
of these radiative transitions are detected, both the detection efficiency per transition, 
which is wavelength dependent, and the branching ratio per transition have to be taken 
into account. The LIF signa! is then given by 

(2.44) 

where i represents one of the lower states to which the excited molecule can decay. 
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2.4 Summary 

In this chapter the theory behind molecular spectroscopy has been discussed. The vibra
tional and rotational quanturn numbers, i.e. v and J have been introduced. The Dunham 
technique for the calculation of the energy of different rovibrational states has been de
scribed. A visualization of the structure of the molecule has been given in the form of a 
potential diagram. 

The theory behind the spectroscopie techniques Rayleigh scattering and Laser In
duced fluorescence has been treated. In this work Rayleigh scattering will be used for 
determining the density profile of H2 molecules in a pure hydrogen expansion. With LIF 
the rovibrationally excited hydragen molecules will be state-selectively probed, i.e. the 
density in a particular rovibrational level will be determined. With the treatment of 
the theory of LIF, the aspect of saturation has been mentioned. A description of the 
Fluorescence which takes into account saturation effects, has been given. 
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Chapter 3 

Experimental Setup 

In this chapter the details of the experimental set up will he discussed. A schematic view of 
the experimental setup is given in figure 3.1. The differentpartsof the setup, i.e. plasma 
source, VUV light generation, reference branch and LIF detection will he described in 
the following sections. 

' 
230 nm: 

Figure 3.1: The experimental setup. In the figure M indicates a mirror, 
Sa slitmask, W a window, BS a beam splitterand La lens. 



26 Experimental Setup 

3.1 Plasma souree 

The plasma souree used in our experiments is a cascaded are that has been optimized 
for operation with pure hydrogen (fig.3.2}. The cascaded are consists of 4 plates, the 
diameter of the are channel is 4 mm. The operating conditions of the are are typically a 
de current of 60 A and a cathode-anode voltage of around 150 V with a gas flow of 3.0 
sim H2, giving a stagnation pressure inside the souree of 0.12 bar. The plasma expands 
into a roots-blower pumped vessel. The background pressure in the vessel can be varied 
from 10 Pa to 1 atm. The cascaded are plasma souree is mounted on a translation arm, 
allowing spatial scans to be made by moving the are relative to the intersection of laser 
beam and detection volume. 

Figure 3.2: Example of a cascaded are with 4 channel plates and a 
straight nozzle. 

3.2 Vacuum ultra violet photon generation 

In this workLIF on H2 is done via transitionsin the Lyman spectrum (X1Et- B1E~). 
The wavelengthof these transitionsis in the range 120-165 nm, which is normally referred 
to as the vacuum ultra violet (VUV}. The production of VUV radiation is not straight
forward. Several techniques based on the use of a dye laser can he used. For example 
third harmonie generation in metal vapours or rare element gas jets. Main disadvantage 
of these techniques is that they are experimentally difficult to implement. A more simple 
and common used method for VUV light generation is via Stimulated Anti-Stokes Raman 
Scattering (SARS). 

3.2.1 Stimulated Anti-Stokes Raman Scattering 

When a high intensity laser beam is focussed in a gas medium Stimulated Anti-Stokes 
Raman Scattering (SARS) can occur. Part of the incident laser beam then generates 
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several blue and red-shifted laser beams. The main advantages of this technique are first 
of all that it enables coverage of the needed wavelength range (120-165 nm, starting from 
230 nm). Second the wavelengthof the dye laser output can be tuned without a lossof 
efficiency of the SARS process. 

In principle SARS is a multiple wave mixing process where all waves, incoming and 
outgoing, interact tagether at the same time. For simplicity however SARS is described 
here by assuming it to be a stepwise process. 

During the SARS process the pump photon (P) coming from the laser excites a 
molecule in the Raman medium from the ground state v = 0 to a so-called virtual state 
v' (see figure 3.3). From v' the molecule will decay back to the first vibrational state v 
= 1, by emitting aso-called fi.rst Stokes (81) photon. As can be seen in the left part of 
fig. 3.3 the Stokes photon is red-shifted with the so-called Raman shift n, i.e. the energy 
distance between V = 0 and V = 1. In hydragen n = 4155.11 cm-1 at 77 K. Next, the 
molecule in the v = 1 state is excited by another pump photon to an even higher virtual 
state v", from which it can decay back to the ground state by emitting a so-called first 
Anti-Stokes (ASI) photon, which is blue-shifted with n. 

v" 

v' 

p s. p AS1 
p s. ASn ASn+l 

In v=l 

v=O 

Figure 3.3: Energy diagram of the SARS process 

To produce AS2 photons, AS1 photons instead of the pump photons are used to excite 
the molecules from the v = 1 state to a third virtual state. From this virtual state the 
molecule can decay back to the ground state by emitting a AS2 photon. This iterative 
processcan repeat itself several times, producing higher order Anti-Stokes (right part of 
fig. 3.3). 

3.2.2 Experimental implementation 

A scheme of the laser system to generate the VUV photons is shown in figure 3.1. A 
tuneable dye laser (Sirah Precisionscan) is pumped with the third harmonie (350 mJ at 
355 nm) of an injection seeded pulsed Nd:YAG laser (Quanta-ray GCR-230) operating 
at 20 Hz. The dye laser produces radiation around 460 nm (Coumarine 460) which is 
frequency doubled using a BBO crystal, resulting in 5 ns pulses with an energy of 5-12 
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mJ and with a bandwidth of 0.15 cm-1. After the BBO crystal, the fundamental dye 
laser output is separated from the UV beam (230 nm, also called Second Harmonie (SH)) 
by use of three dielectric mirrors. 

The SH of the dye laser is coupled into a so-called Raman cell. In the Raman cell the 
SARS process takes place, and part of the pump beam (230 nm) generates different Anti
Stokes (AS) and Stokes (S) beams. Since only the AS beams are used for the excitation 
of the H~,v molecules, the Stokes beams will he left out of the rest of the discussion. In 
figure 3.4 the output of the Raman cell is given, i.e. the intensities of the different AS 
beams and their wavelength. 
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Figure 3.4: Output of the Raman cell, i.e. the Anti-Stokes intensity as 
function of wavelength. All the AS beams are produced simultaneously 
and together leave the Raman cell along the direction of the pump beam. 
The pressure in the Raman cell was 1.5 bar and the laser intensity was 
7.5 mJ per pulse. 

A conventional Raman cell consists of a long tube filled with high pressure gas, and 
the laser light is focussed by a long focal distance lens. The Raman cell used in our 
experiments has a different design, which has been introduced by Döbele et al. [13]. Two 
advantages of this Raman cell above the conventional ones are that only a small volume 
of the Raman medium is cooled and the fact that the cell can he operated at considerable 
lower pressures (rv 1 bar) withoutlossof efficiency. The Raman cellis placed in the far 
field of the laser beam. The efficiency at which the AS photons are produced depends 
critically on the quality of the pump beam and in the far field the laser beam approaches 
a Gaussian profile. The laser beam is focussed into the Raman cell using a 19 cm focal 
distance quartz lens. The focus is located inside a 10 mm diameter channel in the copper 
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cold finger. The fanned copper cold finger is cooled with liquid nitrogen. To prevent 
water vapour from condensating at the lens surface and at the MgF2 exit window these 
are isolated from the cell by thick plastic rings. Additionally, heating on entry and exit 
windows can be applied. From the Raman cell the collection of Anti-Stokes beams as 
pictured in fig. 3.4 emerges. 

3.3 Reference and excitation 

As mentioned in chapter 2 the detected LIF signal depends on the intensity of the laser 
beam used for excitation, in this case one of the AS beams. Since fluctuations in laser 
intensity cause fluctuations in the AS intensities, the LIF signal will be affected by this. 
To correct for these fluctuations the AS intensity is monitored in a reference branch. After 
exiting the Raman cell the AS beams diverge into a vacuum system (p ~ 2x10-5mbar). 
The exit window on the Raman cell is tilted with respect to the beam path to prevent 
backreflections into the production area inside the cold finger. 

A thin MgF2 plate just after the Raman cell acts as a beamsplitter reflecting a small 
part (rv 8 -10%) of the reduced pump beam and the different AS beams onto a concave 
mirror which focusses the light onto the entrance slit of a 50 cm VUV monochromator 
(McPherson). A solar blind PMT (Hamamatsu R1259) mounted on the exit slit of the 
monochromator detects the intensity of one of the AS beams for reference. Because the AS 
beams all have different intensities and different frequencies, a sort of multi-wavelength 
multi-intensity laser beam is created. In the field of optica! data-transmission the use 
of such laser beams is referred to as multiplexing. The multiplexing of the AS beams 
has one great advantage: when the frequency of the SH of the laser system is varied, 
the frequencies of all the AS beams will also be varied and different parts of the VUV 
spectrum can be covered simultaneously. However it also introduces some complications 
when measuring a spectrum, i.e. varying the frequency of the SH of the laser 10-100 
cm-1. 

First, during the measurement the intensity of only one of the AS beams can be 
monitored and it is not precisely known how variations in intensity of the monitored AS 
beam relate to variations in intensity of the other AS beams. In this work it is assumed 
that the relative AS intensities remain fixed and scale linear with the laser intensity. 

Second, the identification of the lines in a measured H~,v spectrum will become more 
difficult, since the multiplexing makes the spectrum more dense (in some parts several 
lines per cm-1 ). The lines typically have a width of 1.3 cm-I, but can be speetrally 
resolved. To correctly identify the lines the frequency of the SH of the laser system 
has to be known accurately. The frequencies of the AS beams will then also be known. 
To accurately determine the frequency of the SH the remnant of the fundamental dye 
laser beam can be used to excite nitric monoxide (NO) in a reference cell via a 2-photon 
transition in the -y-band. The fluorescence to the NO ground state can be imaged onto 
a PMT (Hamamatsu R7154). The resulting spectrum is well known from literature and 
from the position of the lines in this spectrum the frequency of the SH can be calibrated 
[14]. 
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The partsof the AS beams which are passing through the MgF2 plate are reflected 
by an Al-MgF2 coated 2.25m radius of curvature concave mirror. The converging beams 
are then reflected into the vessel by a flat Al-MgF2 coated mirror. The AS beams are 
focussed in the plasma vessel. To separate the different AS beams the mirror can also he 
replaced with an Al-MgF2 coated grating reflecting one specific AS beam into the plasma · 
vessel. The holographic 1200 lines/mm grating has a blazing angle optimized for 150 nm 
and can he rotated from outside the vacuum system. The advantage of the use of the 
grating is that it simplifies the identification of the lines. A disadvantage is that it limits 
the spatial resolution of the system, because the focus becomes a 2 cm line instead of a 
spot. Plasma vessel and vacuum system are separated by a MgF2 window. 

3.4 Detection 

The laser induced fluorescence is collected using a 5 cm diameter 250 mm radius of 
curvature concave mirror located at the side of the plasma vessel which focusses the 
fluorescence on a slit mask located before the detection PMT (Hamamatsu R1259). The 
detection volume is defined by the waist of the focus ("' 600 J.Lm) and the slit mask (1 x 0.5 
mm after correction for the imaging). The detection PMT is separated from the plasma 
vessel by a MgF2 window. To proteet the PMT from plasma background radiation it 
can he gated. Both the LIF signal and the reference signal ( coming from the reference 
branch) are recorded shot-to-shot by a 2 GSample/s oscilloscope (LeCroy LT372). The 
number of wavelength steps over the FWHM of the fluorescence line is typically 10. At 
every wavelength step typically 100 laser shots are averaged. The data per wavelength 
step is transferred to a PC and a complete spectrum is produced. From the area under 
the peaks the density can he calculated. From the width of the mainly doppier broadened 
peaks the temperature can he determined. 
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This chapter is about the density evolution of an expanding argon plasma and an ex
panding hydragen plasma as measured with Rayleigh scattering. First an introduetion 
will be given and the goal of this experiment will be explained. To provide the reader 
more insight in the behavior of the expansion an introduetion to free jet expansion will 
be given. After this, a short description of the experimental setup will follow. The last 
part will focus on the results of the Rayleigh experiment on both an argon plasmaand a 
hydrogen plasma. The measured axial density distributions of argon atoms in the argon 
plasma and hydrogen molecules will he presented and discussed. 

4.1 Introduetion 

The total density of ground state particles at different spatial positions in the expansion 
can be determined with Rayleigh scattering. A number of experiments, using Rayleigh 
scattering, in expanding plasmas with different gases and mixtures and at different laser 
wavelengtbs have been performed [15, 16, 4]. These include experiments clone with the 
second harmonie output of a Nd:YAG laser {532 nm, ± 190 mJ pulse), on an argon 
plasmaand an argon-hydrogen mixture plasma, and experiments clone with the output 
of a Nd:YAG pumped dye laser {205 nm, ± 2 mJ pulse) on a pure hydrogen plasma. The 
argon atom density profile in a pure argon plasma is plottedon the left side in fig. 4.1, 
on the right side the molecular hydrogen density in a pure hydrogen plasma is plotted. 

The main advantage of using ultra violet radiation in Rayleigh scattering is the fact 
that the Rayleigh scattering cross-section is much larger at these wavelengths. This 
means, that a lower intensity laser beam can be used and this leads to a considerable re
duction of straylight, which is generally the main limiting factor in density determination 
by Rayleigh scattering. 

The goals of the present experiment are, first of all, to provide more insight in the 
expansion behavior of both the argon and hydrogen plasmas created with the present 
setup. Second, to compare the quality of the results obtained with the present optical 
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Figure 4.1: On the left hand side the argon atom density profile in an 
argon plasma determined with the use of 532 nm laser light, adapted 
from Van de Sanden (15] and Meulenbroeks (16]. The background pres
sure was 40 Pa, with an argon flow of 58 sccs and a are current of 45 A. 
On the right hand side the H2 density profile in a pure hydragen plasma 
determined with the use of 205 nm laser light, adapted from Mazouffre 
[4]. The background pressure was 100 Pa, with an H2 flow of 3.0 slm 
and a are current of 60 A. 

setup (230 nm, 10 mJ pulse) to previous results obtained at 532 nm (argon) and 205 
nm (hydrogen). Therefore the same settings, i.e. gas flow, are current and background 
pressure will be used. 

4.2 Free jet expansion 

Since we want to study the behavior of minority particles in the plasma expansion, it 
is important to know the behavior of the majority particles. In this case the majority 
particles are formed by the souree gas, i.e. Ar atoms or H2 ground state (v, J = 0) 
molecules. To provide more insight into the behavior of the expansion of a plasma, the 
basic theory of plasma expansion will be treated here. 

The expansion of a plasma is comparable to the expansion of a neutral gas from a 
hot souree (high pressure, high temperature) into a low pressure vacuum chamber. The 
typical structure of a neutral gas expansion from the souree into the vacuum chamber 
is depicted in figure 4.2. Several regions can be distinguished, depending on the Mach 
number. The Mach number M is given by 

M=:!.... 
Cs 

(4.1) 

Cs= ~~~T (4.2) 

where v is the gas velocity, c8 the local speed of sound, 1 the isentropic coeffi.cient, kB 
the Boltzmann constant, T the local temperature of the gas and m the mass of the gas. 



4.2 Free jet expansion 

barrel 
shock 

background gas 

PB<< p 0 

supersonic 
flow 

M» 1 

jet boundary 

stationary 
shock 

mfp 

------------
shock 
front, 

or 
Mach 
disk 

M= 1 

subsonic flow 
M< 1 

---- ---- -----

Figure 4.2: A scheme of an adiabatic expansion structure from a high 
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The gas exits the souree at sonic speed (M = 1) and accelerates into the supersonic 
regime of the expansion. The density and the temperature decrease rapidly and the 
velocity increases quickly. The density decrease (rv 1/z2), also called rarefaction, is due to 
the increase in thejet diameter, and thus the surface (rv z2), during the expansion process. 
The temperature decrease and velocity increase is due to the conversion of thermal energy 
into directed motion. In the analysis it will be assumed that the expansion is adiabatic. 

At some distance, the sum of the static and kinetic pressure in the expansion becomes 
comparable to the background pressure in the vessel and particles from outside can pen
etrate the jet. The pressure however, continues to decrease and aso-called overexpanded 
region is formed. In this overexpanded region the pressure in the jet is lower than the 
background pressure and there is inflow of particles from outside. The jet particles then 
start colliding with these residual background gas particles. This leads to the formation 
of a stationary shock, across which the flow undergoes a transition from supersonic to 
subsonic motion. The velocity decreases and the temperature starts to increase due to 
conversion of directed motion into random motion, i.e. thermal energy, by collisions. 

The density increases, since the forward flux is conserved and the expansion radius 
remains constant throughout the stationary shock. Behind the shock front, also referred 
to as the Mach disk (M = 1), the gas expands subsonically. The shock thickness, i.e. 
the distance from the beginning of the shock to the position of the Mach disk is always 
in the order of a few mean free paths for momenturn exchange. In radial direction the 
supersonic part of the expansion is limited by the barrel shock. 

4.2.1 Axial density profile along jet centerline 

The plasma expansion can be described using this supersonic free jet theory for neutral 
gas. The density profile along the jet centerline in the first region can be approximated 
by assuming a straight flux of particles coming from the source. The density is then given 
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by 
cp 

no = C01rr~ (4.3) 

with ei> the flow of particles coming from the souree (s-1 ), co the acoustic velocity (m 
s-1) at the exit of the source, and r the radius of the souree exit {m). Just after the 

souree exit the particles start accelerating to their maximum velocity ~CO and start 
to expand. If the exit of the souree is diverging, e.g. when a diverging nozzle is used, this 
acceleration already takes place inside the source, and one speaks of pre-expansion. 

Since the particles in first order originate from a point souree and flow along straight flow 
lines the density in the supersonic regime along the jet centerline is given by 

1 
n(z) = no 1 + (L)2 

zo 
{4.4) 

where z is the distance to the souree and zo the position of the virtual point source. 

At the end of the supersonic expansion a stationary shock region is formed. In the shock 
region the plasma particles start to collide with the background particles. The velocity 
of the plasma particles decreases and the temperature increases. Since the forward flux 
is conserved the density increases abruptly in the shock. 

The Rankine Hugoniot relations conneet the jump in density and temperature to the 
Mach number in front of the shock 

= 
('y + l)Mf ('y + 1) 

('y-l)Mt+2~ ('y-1) Ml»l {4.5) 

[21Mf - ('y- l)][('y- l)MfJ + 2 
('y + 1)2Mf 

{4.6) 

where M1 is the Mach number in front of the shock. In the case of a strong shock, i.e. -
M1 » 1, the density ratio tends to go to the constant limit ('y + 1)/('y- 1). Therefore 
for a mono-atomie gas ( 1 = ~) the maximum achievable compression ratio is 4. But it 
has been found that even in an atomie "plasma", e.g. argon, the adiabatic coefficient is 
1"' 1.4 over a large range of ionization degrees [17]. However, in this case we deal with a 
rarefied plasma were ionization-recombination and dissociation-association equilibria are 
frozen in, i.e. the degrees of freedom are limited, thus we expect 1 ~ ~· 

The location of the end of the shock ZM (m), where M = 1, is given by the following 
formula [18] 

Zk - 2 Sci> {1 + lo/2) JToA {4.7) 
. 1/2 ' lo Pback 

ZM = 0.7dJPstag (4.8) 
Pback 
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where <.P is the heavy partiele flow (m3 s-1 ), 'Yo the isentropic coefficient in the reservoir, 
A is the atomie mass number, To is the souree temperature (K), d the diameter of the 
reservoir orifice, Pstag the stagnation pressure in the reservoir (Pa), and Pback the back
ground pressure in the vessel {Pa). 

In the subsonic region the pressure remains constant and the density is related to the 
temperature of the cooled particles via the ideal gas law: 

Pback 
n= kBT (4.9) 

where Pback is the background pressure and T is the temperature of the plasma. The 
temperature decreases with distance due to heat transfer to the walls of the vessel. The 
behavior of the density, temperature and velocity along the jet centerline is shown in 
figure 4.3. 
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Figure 4.3: Development along the expansion centerline of density, tem
perature and velocity. Across the stationary shock the density and tem
perature increase and velocity decreases. The forward partiele flux is 
conserved. 

4.3 Experimental details 

For the Rayleigh scattering measurements part of the experimental setup as described 
in chapter 3 were changed. Here only the most important alterations will he mentioned. 
First of all the SH output of the dye laser (230 nm, 10 mJ per pulse) is directly used 
for scattering, i.e. the Raman cellis empty. The output of the laser is monitored by the 
reference branch, therefore the output of the monochromator is attenuated by application 
of several filters. The scattered light is focussed onto a slit in front of the detection PMT. 
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The Rayleigh signa! coming from the detection PMT is given by 

da n 
SR =I· noLdet · - · - · T · 'fJ 

dO 47r 
(4.10) 

where I is the energy of the laser (J), v the frequency of the incident laser light, no 
the density of the target species (m-3), Ldet the lengthof the detection volume (m), ~~ 
the Rayleigh scattering cross section (m2), n the solid angle, T the transmission of the 
detection system, and 'fJ the response of the detector. 

The densities determined on the basis of the detected Rayleigh signa! are relative. The 
relative Rayleigh signals are calibrated by performing a measurement on a static gas at 
a given pressure and temperature. The density is then known via the ideal gas law. By 
camparing both signals the density is calibrated: 

SR _ I· noLdet · ~ · P,r · T · 'fJ no 
--- d n ---
Sref I· nrefLdet · d~ · 471" • T · 1] nref 

(4.11) 

The Rayleigh signal (SR) is deduced from the measured signa! (Smeas) by subtracting a 
parasitic scatter signal, the straylight signal (Sstray): 

SR= Smeas- Sstray (4.12) 

This straylight signal is produced by light scattered from the reactor surfaces, mainly 
from the front plate and nozzle of the cascaded are source, which is scattered for the 
most part directly onto the detector, a small part is imaged by the detection mirror. The 
straylight signa! thus varies with the distance to the cascaded are source. The straylight 
signa! is determined by measuring the signa! in an empty vessel as function of the distance 
to the souree (z). 

As described in chapter 3, the Rayleigh scattered light is focussed by a mirror at the 
back of the vessel onto a slitmask in front of the detector. To investigate if the detection 
is not infl.uenced by the position of the are, the Rayleigh signa! at a constant gas pressure 
has been determined for different spatial positions. In fig. 4.4 the result has been plotted, 
here one can see that the position of the are has little infl.uence on the Rayleigh signa!. 

When Rayleigh scattering is used in environments where multiple species of particles 
are present, like a plasma, the determination of the correct partiele density can form a 
problem since the light is scattered by all particles. On the basis of the Rayleigh scattering 
cross-sections of the different particles one can make assumptions about the origin of the 
scattered light. 

In the case of a hydragen plasma both Hand H2 are present. In table 4.1 the Rayleigh 
scattering cross section is mentioned at different wavelengths. It can he seen that H and 
H2 have nearly the same scattering cross-section, thus problems can arise in determination 
of the origin of the scattered light. 
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One solution to this problem is to look at the polarisation of the scattered light, H2, 
being a molecule, can change the polarisation, while H can not. This method is commonly 
referred to as depolarisation Rayleigh [16]. 

Another solution is the use of radiation with a frequency close to a resonant transitio~ 
in the target species. The scattering cross section then increases several orders of magni
tude. In the case of Rayleigh scattering on a hydrogen plasma, the use of light near 121 
nm (Lyman-a in H atoms), could also be a method for distinguishing scattering from H 
atoms and from H2 molecules. 

Table 4.1: Values ofRayleigh scattering cross sections for species present 
in the stuclied plasmas at different wavelengtbs for 0 = l/J = 90° [19]. 

Species der (À - 532nm) (10 30 m2) der (230} der (205} dO - dO dO 

Ar 0.052 1.5 2.4 
H2 0.013 0.36 0.57 
H 0.012 0.34 0.53 
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4.4 Rayleigh scattering on an argon plasma 

The expanding argon plasma is a well stuclied object and is often used as a test case to 
indicate the behavior of a carrier gas. The experimental conditions for the argon plasma 
are given in table 4.2. 

Table 4.2: Experimental conditions for Ar plasma 
current cascaded are I 45 A 
flow cascaded are éP 58 sccs 
background pressure Pback 10-40 Pa 

The axial Ar atom density distribution along the jet centerline (r = 0) has been 
plotted in figure 4.5. On the basis of the expansion theory described in the previous 
section several characteristic regions can be identified. In figure 4.5 some of the regions 
have been characterized with use of asymptotes. 
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Figure 4.5: Axial Ar atom density distribution at a background pressure 
of 15 Pa and 40 Pa, under standard conditions. Different characteristic 
regions based on free jet theory have been indicated for the 40 Pa case. 

When assuming a souree temperature of 'Î'o = 0.8 e V [15] and with 1 = i the acoustic 
velocity at the exit of the are can be calculated with eqn. ( 4.2) to be co = 1.8 x 103 m s-1. 

The density can now be calculated with use of eqn. ( 4.3) by assuming a homogeneaus 
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flow profile over the cross section of the are: 

ql 58 . 2.51019 22 -3 
no = c011T~ = 1.8103 . 1r • {2.0 lQ-3 )2 = 6.4 10 m (4.13) 

This density has been indicated with a asymptote in fig. 4.5. The measured density in 
region I is slightly lower. This might he duetoaslight pre-expansion, leading toa greater 
exit velocity. 

After exiting the are the particles are still accelerating to their maximum velocity. At 
a distance equal to approximately the are channel radius {zo) the plasma will start to 
expand radially (region 11). In this regime the density can he approximated by eqn. {4.4), 
with zo= 1.9 mm approximately equal to the are channel radius. This has been indicated 
in fig. 4.5 with the use of an asymptote ("" 1jz2 ). 

In the overexpanded region {III) there is an inflow of particles from the side. The plasma 
particles start colliding with these particles, i.e. the background gas, forming a stationary 
shock front. In the shock the mean free path of the particles is in the order of the jet 
diameter. The density increases rapidly over the shock. The density jump however, is 
too high, 4.6 at Pback = 40 Pa, then the maximum jump of n2/n1 = 4 predicted by the 
Rankine Hugoniot relations. This is probably due to incorrect straylight substraction in 
this measurement. 

The position of the shock front (IV) can he calculated with eqn. (4.8). For a souree 
temperature of To = 0.8 eV and 'Yo = i, one finds ZM = 56 mm and ZM = 112 mm for 
respectively Pback = 40 Pa and Pback = 10 Pa. From fig. 4.5 one obtains a value ZM = 59 
mm for Pback = 40 Pa and ZM = 110 mm for Pback = 10 Pa, both values are thus in close 
agreement with the predictions. 

Region V represents the subsonic region where the pressure is constant. The density can 
therefore he approximated with the ideal gas law. The density increases slightly because 
the particles are cooled by heat transfer to the walls. When the density in region V is 
fitted with the ideal gas law using the temperature profiles measured by Van de Sanden 
[15], one can see that for both pressures the density fits correctly. 

The density measurements on the argon plasma show that the present optical system 
works correctly and that a quantitative comparison for the detection limit can now he 
made. The detection limit can he determined from the lowest Ar atom density measured 
just before the shock where the signal to noise ratio is the smallest. Here one can find 
that the detection limit is 8x1019 m-3 comparable to the detection limit of 1020 m-3 in 
Rayleigh at 532 nm [15]. 
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4.5 Rayleigh scattering on a pure hydrogen plasma 

In this section the results of Rayleigh scattering on a pure hydragen plasma will be 
discussed. As mentioned befare in the treatment of Rayleigh scattering in section 4.3 
there are two main species present in the hydragen plasma from which light can be 
scattered, i.e. H atoms and H2 molecules. Close to the are, where the dissociation degree 
is the highest, a correct density determination proves more difficult than other parts of the 
expansion. Therefore for the start of the expansion two limiting cases will be presented: 
full dissociation of the are, i.e. only H-atoms leave the source, and no dissociation, i.e. 
H2 molecules leave the source. 

For the other parts of the expansion it is assumed that most of the scattering takes 
place on H2 molecules. Although they have similar cross sections (see table 4.1), the 
scattering from minority particles like H atoms, ions and H;,v can be neglected, since 
their total abundance in the plasma is much lower ( < 10%). The experimental conditions 
for the H2 plasma used in this Rayleigh scattering experiment are given in table 4.3. 

Table 4.3: Experimental conditions for H2 plasma 
current cascaded are I 60 A 
flow cascaded are ~ 3.0 slm 
background pressure Pback 20-100 Pa 

The axial H2 molecule density profile is shown in figure 4.6. Similar to argon, several 
regions have been indicated for the Pback = 20 Pa case. At the start of the expansion 
the density for the two limiting cases have been calculated with eqn. (4.3). One can 
notice that the measured density in the start of the expansion is somewhat lower than 
the calculated values of no = 2.5 x 1022 m-3 for the expansion of H2 molecules and no 
= 3.5 x 1022 m-3 for H atoms, basedon a souree temperature of 'Î' = 0.2 eV [4]. This 
is another indication that some pre-expansion occurs. The position of the virtual point 
source, zo = 1.6 mm, is somewhat less than in the argon expansion (zo = 1.9 mm), 
probably due to slight error in z = 0 determination. 

For Pback = 20 Pa the density profile appears normal, i.e. it shows all expansion 
characteristics. The density jump over the shock region ~ ~ 3.3, in agreement with the 
calculated value using eqn. (4.5) with 'Y = 5/3 and M1 = 3.75 [7]. For Pback = 100 Pa the 
density jump is smaller than calculated, ~ ~ 1. 7 vs. ~ = 2.6 calculated using M1 = 2.4 
[7]. The density jump over the shock is lower than expected because the expansion is 
limited by the higher background pressure. 

The position of the shock front at Pback = 100 Pa, indicated in fig. 4.6, is close to the 
calculated value, 10 mm, vs. calculated ZM = 11 mm. In the 20 Pa case the shock front 
lies further away (zM = 35 mm) than calculated ZM = 25 mm. This might be due toa 
higher stagnation pressure in the source. 

Downstream in the expansion the H2 density is fitted using the ideal gas law and the 
temperature profile for H atoms, which in this region have roughly the same temperature 
as the H2 molecules, measured by Mazouffre [4], one can see that for both pressures the 



4.6 Conclusions and recommendations 

1022 I 

-'? 
E -

'"C ..... 
.... ~ ~=35 

~ 
"ü; 

1021 c: 
Cl) 

0 
••• 
) 3.3x 

• 
zo= 1.6 

10 100 

z(mm) 

• 20Pa 
• 100 Pa 
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density fits correctly. 
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Since the sameplasma conditions have been used in an earlierexperiment [4] a direct 
comparison for the detection limit can he made. The detection limit for H2 in the present 
case is 5x1020 vs. 1021 in the previous experiment. The detection limit of H2 molecules is 
higher than for argon atoms due to the difference in the Rayleigh scattering cross section 
(see 4.1). 

4.6 Conclusions and recommendations 

It has been shown that bath argon and hydragen plasma expansions follow the cam
man expansion laws. The fact that the measured argon atom density and the hydragen 
molecule density at the start of the expansion are somewhat lower than expected can he 
explained by slight pre-expansion. In the case of the hydragen expansion, there is still a 
debate about the origin of the scattered light close to the source, i.e. scattering from H 
atoms or H2 molecules. 

To make a clear distinction between scattering from H atoms and H2 molecules another 
measurement will have to he done. Depolarisation Rayleigh scattering would he the best 
option, since little alterations to the optical setup will have to he made to implement 
this technique. With depolarisation Rayleigh the dissociation degree of the souree can he 
determined in a single experiment. 
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Compared to previously done experiments, it has been determined that the present setup 
has a similar detection limit, 8 x 1019 m-3, for the determination of the density of argon 
atoms in an argon plasma. For the detection of hydrogen molecules in a hydrogen plasma 
the present setup has a better detection limit, 5 x 1020 m-3 vs. 1021 m-3• 



Chapter 5 

LIF on rovibrationally excited 
hydrogen molecules 
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In this chapter the LIF measurements of the H? density in different rovibrational states 
and at different positions in the expansion will be described. In the introduetion details 
about the LIF experiment will be given. The density is determined by the area under 
peaks in the measured spectrum. Details about the measurement of the spectrum will be 
given in section 5.2. Since a LIF measurement is relative, a calibration has to be made. 
The calibration used in this experiment and alternative methods for calibration will be 
presented in section 5.3. A population distribution at a given position in the plasma 
has been measured. This result will be presented and discussed in section 5.4. In LIF 
experiments saturation of the signa! can cause problems in the determination of the correct 
density. A check if saturation occurs in this experiment has been performed by comparing 
a measured spectrum to a simulation. The results of this comparison can he found in 
section 5.5. The density of certain rovibrational states have been measured at different 
spatial positions in the plasma. In section 5.6 the results will be presented and discussed. 
At the end of this chapter some conclusions will be drawn and recommendations will bè 
given. 

5.1 Introduetion 

To determine the density of rovibrationally excited hydrogen (H;•v) the optica! technique 
Laser Induced Fluorescence (LIF) is used. In this case the density is measured via tran
sitionsin the H2 Lyman spectrum (X1Et-B1Et}, which lie in the vacuum ultra violet 
(VUV}. In fig. 5.1 a schematic diagram of the processis shown. 
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Figure 5.1: Schematic diagram of the LIF process. Both excitation and 
detection are performed in the VUV. 
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5.2 The H 2 Lyman spectrum 

In order to deduce the density in different rovibrationallevels from peaks in the measured 
spectrum, the corresponding rovibrationallevels have to be assigned to the peaks. This 
means that the excitation frequency has to be known accurately. The frequency of the 
excitation radiation, i.e. one of the AS beams, is coupled to the frequency of the dye 
laser via the Raman shift n = 4155.11 cm-1 (at T = 77 K). Once the frequency of the 
dye laser is known, the frequency of the AS is also known. 

The calibration of the dye laser frequency has been done with a 2 photon LIF exper
iment on nitric oxide (NO). The NO spectrum of the gamma band is well known from 
literature [14). To identify the hydragen peaks the NO spectrum and the Lyman spec
trum can be measured simultaneously, calibrating the excitation frequency with the NO 
spectrum. In figure 5.2 a Lyman transition of H2 is plotted tagether with part of the NO 
spectrum. 
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Figure 5.2: Two photon LIF spectrum of NO tagether with a Lyman 
transition of H2 X(v=4,J=7) -+ B(v=0,J=6)). 

With the use of this calibration the Lyman spectrum of H2 is measured. Part of this 
spectrum is shown in fig. 5.3. The spectrum is more dense because of the multiplexing 
of the AS beams, i.e. all AS beams enter the vessel simultaneously. In the multiplexed 
spectrum the peaks are identified by the frequency of the second harmonie of the dye 
laser. The actual peak position on a linear frequency scale depends on the frequency of 
the second harmonie and the AS order used in excitation. For clarity the 8th and 9th AS 
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frequency axis arealso shown in fig. 5.3. 
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Figure 5.3: Part of the H2 Lyman spectrum. The different energy scales 
belonging to the different excitation AS beams ( only AS 8 and 9 are 
shown) are converted into one energy scale, the second harmonie of the 
dye laser. This has already been referred to as multiplexing. The rovi
brational excitation of the state (v,J) is shown near the corresponding 
peaks. 

For the determination of the density in a certain state, typically one peak is measured 
tagether with the AS intensity for reference. The density of the state can then he deter
mined from the area under the peak. The temperature can he determined from the width 
of the peak. 

5.3 Density calibration 

Densities measured via LIF are relative. To get an absolute value for the density the 
measurement has to be calibrated. Main problem lies in the determination of the wave
length dependenee of the experimental factor G in eqn. {2.43) and the intensity of the 
excitation radiation at the detection volume. Therefore one wants to perfarm calibration 
measurements using the same experimental settings but on a known density. The LIF 
signal can be calibrated using this measurement as a reference. 
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A direct calibration via LIF with a measurement on static hydrogen gas within the 
current setup is not possible. lt would require low wavelength photons ( <115 nm} to 
reach the rotational levels within the v = 0 state that are populated at room temper
ature. Therefore the calibration has to be done indirectly, by performing an additional 
measurement. 

Measurements of the density of H;,v (v=0-2} in this plasma have been performed 
with Coherent Anti-Stokes Raman Scattering (CARS} by Meulenbroeks et al.[16]. The 
overlap with these measurements H2 X(v=2,J=3} has been used as calibration of the 
present density measurements. The absolute density calibration could be improved by 
performing an alternative experiment. Some alternative experiments for calibration will 
now be discussed. 

The comparison with Rayleigh scattering from a gas with a known Rayleigh scattering 
cross-section e.g. argon would be an option. This method of calibration can be interpreted 
easier when only one frequency is used in scattering. This can he done by selecting only 
one AS beam to enter the detection volume, by applying a grating, or in the detection by 
applying a monochromator. Both options require alterations to the setup, which introduce 
new uncertainties, e.g. the transmission of the monochromator or the reflectivity of the 
grating. 

Another way of calibration is by a LIF experiment on a gas with transitions in the 
VUV, e.g. carbon monoxide (CO) gas. The A111- X1~+ (v'-0) bands of CO lie in the 
VUV and can be excited with the same radiation used in the LIF measurements on H?. 
Because the rotational constant of CO is in the order of several cm-1 a great number 
of rotationallevels in the ground state (v"=O} are populated at room temperature. The 
vibrational bands of CO A-X that can be reached from the ground state are mentioned in 
table 5.1. lt can beseen from table 5.1 that the overlap of the different bands, caused by 
the fact that due to the multiplexing two different bands can he excited simultaneously 
by two different AS beams, can be avoided by choosing the right frequency range for the 
second harmonie of the laser. This means that no alterations to the set up on the excitation 
branch will have to be made. The decrease in absorption {B) for the higher vibrationäl 
levels {three orders) in combination with the decrease in intensity of the higher order 
anti-Stokes beams ("' factor 3 per increasing AS-beam) will make detection and therefore 
the calibration of the density measured with higher AS beams more di:fficult ("' 105 less 
signal). This can be compensated partly by increasing the CO density in the detection 
volume. 

First calculations showed that another way of calibration is possible via a single pass 
absorption measurement on one of the lower rovibrational states, e.g. v, J = {2,3). The 
single pass absorption is a ~ 0.1. The density is then determined absolute. This is 
a line integrated measurement, a relative profile has to be determined with LIF. This 
measurement could even be done simultaneously with the LIF measurement. 

From these three alternatives, the calibration via Rayleigh scattering proves the most 
di:fficult. Absorption measurements can only be used for lower rovibrationallevels, i.e. it 
provides a similar calibration as the CARS measurements. The LIF experiment on CO 
provides the most complete calibration of the setup. 
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Table 5.1: Overview ofthe A1IT- X1E+ (v'-0) that can he used in the LIF 
experiment. Some of the bands can he reached with using one partienlar 
AS beam. The frequency of the band head v, the strength of the band 
given by the absorption coeflicient B, and the AS beam (AS) used for 
excitation with corresponding start frequency of the second harmonie of 
the dye laser (SH) are mentioned. 

VA v cm ·1 B (J ·1 m3 s ·:.!) AS# SH (cm "1 ) 

0 64747.6 9.64E+18 5 43972.6 
1 66230.2 2.07E+19 
2 67677.1 2.43E+19 6 42747.1 
3 69089.3 2.08E+19 6 44159.3 
4 70467.1 1.46E+19 
5 71810.2 9.91E+18 7 42725.2 
6 73118.8 4.97E+18 7 44033.8 
7 74392.8 2.57E+18 
8 75632.6 1.07E+18 
9 76838.2 4.94E+17 8 43598.2 
10 78009.9 2.10E+17 
11 79147.7 9.08E+16 
12 80251.5 4.48E+16 9 42856.5 
13 81320.9 3.44E+16 9 43925.9 
14 82355.4 1.75E+16 

5.4 Density population 

With LIF the relative densities in different rovibrational states have been determined. As 
mentioned before, the density is calibrated using CARS measurements. The density of a 
number of states has been measured at a distance z = 10 mm from the source, i.e. in the 
shock of the expansion. With these densities a population distribution of H;,v over the 
different rovibrational levels can he made. In figure 5.4 the population distribution at a 
distance of 10 mm from the souree has been plotted. 

From the densities of the lower rotational levels a rotational temperature can he 
determined, assuming a Boltzmann distribution. This temperature is in the order of 900 
K. The translational temperature determined from the width of the fluorescence lines 
is approximately equal to the rotational temperature of 900 K. This indicates that the 
lower rotationallevels are in thermal equilibrium. However both the CARS and the LIF 
measurements showed overpopulation of the higher rotationallevels (J>5) compared to 
the Boltzmann distribution determined from the lower levels. This is generally the case 
for all vibrationallevels. 

Interesting is the population of high rotational levels, in the v = 2 state rotational 
levels have even been observed up to J = 19. The temperature that could he determined 
from these higher levels is approximately 3600 K. This is in the order of a vibrational 
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Figure 5.4: Population distribution per statistkal weight of H;,v in the 
shock of a pure hydrogen plasma expansion. 
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temperature rather than the translational temperature, determined from the peak widths. 
It can therefore be concluded that the higher rotationallevels are not in thermal equilib
rium. Probably this is due to the large energy gap between the rotational levels making 
collisional relaxation very inefficient. 

Another indicative way to determine the origin of the rovibrational excitation is by 
camparing the H;,v density to the density of H atoms in the plasma. The measured H;,v 
density can be compared with a calculated value for the H;,v density in the situation 
where this density would be in equilibrium with the H atom density at the measured gas 
temperature, 700 K, determined from the first few rotationallevels within v = 0. This can 
be done via the mass action law of Guldberg-Waage. This law states that in equilibrium 
the density of the reaction constituents are linked to the density of the reaction products 
following the concept of detailed balancing. 

H+H +-+ H? (5.1) 

The density of H;,v is linked to the continuum, i.e. H density. There is a discontinuity, 
referred to as the "Guldberg-Waage jump" between n(H;'v)jg(H;'v) close to the disso
ciation continuurn (Edis) and nH / YH. This jump is characterized by the combination of 
the H atom density and temperature and is given by 

(5.2) 

The H;,v density in the different rovibrational levels can now be calculated with this 
formula, by replacing Edis with the energy distance of the state to the dissociation energy 
(Edis-E(v, J))-
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In fig. 5.5 the measured population distribution is compared to a population distri
bution based on two equilibrium conditions, i.e. thermal equilibrium with the Boltzmann 
law and the mass action law of Guldberg-Waage. Here one can see that the measured 
density population shows overpopulation in relation to the Boltzmann distribution. In re
lation to the Guldberg-Waage distri bution the levels are underpopulated. The formation 
H;•v from H atoms does not take place under equilibrium conditions. 
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Figure 5.5: Population distribution per statistica! weight of H;•v in 
the shock of a pure hydrogen plasma expansion compared to different 
equilibrium population distributions: a Boltzmann distribution and a 
Guldberg-Waage density distribution based on a temperature of 700 K 
determined from the first rotationallevels in v = 0. 

5.5 Simulation of the spectrum 

Normallyin LIF experiments the signa! is assumed to he linear, this has also been clone 
for the results presented in the previous section. However, it should he checked that 
this assumption is valid. To make sure that the interpretation of the H;•v fluorescence 
spectrum is clone correctly, the spectrum will he simulated. The calculated values will 
he compared to measured values in a part of the spectrum. This comparison will then 
he used as a validation of the population density presented in the previous section. In 
this section an overview of the simulation procedure will he given, and the results will he 
discussed. 

5.5.1 Input parameters 

For the simulation several input parameters are needed: 
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• Information about the transitions in the Lyman spectrum, i.e. wavelength and 
transition probabilities. A table of transitions between X1 L;t -B1 L;t based on emis
sion spectroscopy has been used [20]. In this table the Einstein coefficients of the 
transitions are given. 

• The power density of the excitation radiation, i.e. the power density of each of the 
AS beams. 

• A density distribution in the different rovibrational levels. 

• The transmission of the optical system. 

• The wavelength dependenee of the detection, i.e. solid angle, detection volume, and 
detector efficiency. 

With these input parameters the LIF signal can be calculated on the basis of the model 
of the LIF process given in chapter 2. The LIF signal is given by eqn. (2.43): 

A2· 
SuF= F · L L;~ G(.\2i) 

t 

(5.3) 

In this case the complete model is taken for the calculation of the fluorescence yield F. 
This means that the influence of possible saturation effects on the appearance of the 
spectrum are taken into account. The input parameters will now be discussed in more 
detail. 

For the simulation a density distribution based on the results presented in section 5.4 
has been used. In fig. 5.6 the simulated density distribution is plotted tagether with the 
CARS and LIF results. The simulated distribution is a fit of the densities based on these 
results. From this fit of the measured states the densities of the rotational levels in the 
higher vibrational states have been extrapolated. 

The power density is dependent on the intensity of the different AS beams and the cross 
section of the beam in the detection volume. In the present setup all the AS beams 
are focussed in the detection volume. Main uncertainty in the calculation of the power 
density is the diameter of the focus. The diameter of the focus will be estimated on the 
basis of the comparison with a measured spectrum. 

The intensity of the AS beams has been measured with the reference branch. The results 
have been mentioned in chapter 3. In fig. 5. 7 the relative intensities of the higher order 
AS are plotted. In first approximation it is assumed that the intensity of the AS beam 
scales linear with the intensity of the laser, where the relative intensities of the AS beams 
remain fixed. The correctness of this assumption will be tested by comparison with a 
measured spectrum. 

Before the AS beams enter the vessel, they are reflected by two Al coated MgF 2 mirrors 
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Figure 5.6: Population distribution used in the simulation. This simu
lated population distribution is based on the CARS and LIF measure
mentsof the density in a number of rovibrationallevels, which arealso 
shown. For the higher rovibrationallevels the density has been extrap
olated. 

and pass through a MgF2 window, each having a wavelength dependent infl.uence on the 
intensity. The intensity of each AS beam becomes wavelength dependent. The wavelength 
dependenee is assumed on the basis of data provided by the manufacturer of the optical 
components. 

The laser induced fl.uorescence is emitted at different wavelengths. This means that the 
wavelength dependenee of the detection has to he taken into account. This has been 
clone on the basis of data provided by the manufacturers of the optical components and 
the PMT (Hamamatsu). The size of the detection volume and the solid angle have been 
estimated on the basis of the geometry of the detection system. 

5.5.2 Comparison simulation with measured spectrum 

From a part of the measured spectrum the area of several unambiguously identified peaks 
has been determined. These values are compared to the calculated values of the simula
tion, which has been run with the input parameters presented above. From the relative 
areas of the peaks, the simulated signal can he corrected. Once the simulation is op
timized the degree of saturation can he assessed. This optimization has been clone for 
each AS beam separately. To improve the simulation, we want to vary only one of the 
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Figure 5. 7: Intensities of the higher order AS beams, basedon a measure
ment of the intensity close to the exit of the Raman cell. The intensities 
have been normalized to the intensity of 5th AS. 

parameters at a time. Therefore two steps have been taken: 
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1. The diameter of the focus, and with that the power density, has been determined 
by camparing the relative areas of close lying rotational states that are excited by 
the same AS beam, e.g. 3,8 and 3,9 with AS 9, of which we expect that the relative 
densities are known correctly. With this comparison, the diameter of the focus is 
determined to be 0.6 mm, which gives an average error for the simulation of 16 % 
for AS 9 and 13 % for AS 8. 

2. With use of the new diameter of the focus, 0.6 mm, the assumption of the relative 
intensities of the different AS beams has been evaluated. Since SARS is a non-linear 
process the relative AS intensity can fiuctuate per measurement. We make use of 
the relative areas of peaks belonging to the same rovibrational level but that are 
the result of excitation by two different AS beams. This means that there is no 
difference in density. On the basis of this comparison it has been found that in this 
measurement the power density of AS 9 relative to the power density of AS 8 was 
slightly lower than measured, factor 2. Since the AS intensities have been measured 
close to exit of the Raman cell, the infiuence of the opties between the exit and the 
detection volume could be an explanation for this difference. It needs to be noted 
here that the amount of data for this step in the procedure was limited to only two 
rovibrational levels. 

When evaluating the results of step 1 and 2 we concluded that no saturation occurs for AS 
8 and AS 9. When the simulation is extended to AS 6 and 7, i.e. using the same diameter, 
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and relative intensities as pictured in fig. 5. 7 we find that a small degree of saturation 
occurs. This needs further investigation by the evaluation of detailed measurements of 
specific peaks that are the result of excitation by AS 6 and 7. 

In fig. 5.8 the measured area is compared to the area predicted by the simulation AS 
8 and 9. The discrepancies in these areas give us information about the correctness of 
the simulation. Here the correction for the difference in AS intensity, mentioned in point 
2 has not been used. We can see in fig. 5.8 that the majority of the peaks is matched 
by the simulation within the accepted accuracy of a factor 2. This means that no major 
differences for the measured density population, as presented in the previous section will 
occur. For the higher vibrationallevels measured with AS 6 and 7 the density could he 
underestimated, due to the saturation. The density plotted in fig. 5.4 could therefore he 
assumed to he a minimum value . 
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Figure 5.8: Comparison between the area under certain peaks in the 
measured spectrum and the area under the same peaks in the optimized 
simulation for AS 8 (top) and AS 9. The rovibrational excitation has 
of the state has been indicated with v J. It can he seen that the simu
lation matches the majority of the measured peaks within the accepted 
accuracy of a factor 2. 



5.6 Spatial density profiles 55 

5.6 Spatial density profiles 

The study of the H~,v population distribution over space, both radially and axially, gives 
information about the population and depopulation mechanisms occurring in the plasma 
expansion. To study the evolution of the population distribution, the density of several 
states has been measured at different spatial positions throughout the plasma expansion. 

First a number of population and depopulation mechanisms will be introduced. This 
will be foliowed by the discussion of measured radial and axial density profiles of different 
rovibrational states. On the basis of these results some conclusions will be made about 
the origin of the H? molecules in the plasma. 

5.6.1 Population and depopulation mechanisms 

Several processes in which the rovibrationallevels of H~,v molecules are populated and 
depopulated exist: 

• Population: 

- Thermal population due to the temperature in the are ("' 0.2 e V) under as
sumption of thermal equilibrium in the plasma souree 

- production ofH~,v via recombination ofH atoms at the wall (or in the gas-phase 
via three-part iele-recombination): 

Hgas + Hsurf--+ H? {5.4) 

- population via the collisional depopulation of higher rovibrational levels 

- population by excitation via collisions with electrons, i.e. respectively e-V and 
E-V processes: 

e + H2{X1 Et(v~')) --+ H2(X1Et(vÏ)) + e {5.5) 

e + H2{X1 Et(v~')) --+ H2(B1Et(v")) + e 

--+ H2(X1Et(vï)) + e + hv {5.6) 

• Depopulation: collisions with heavy particles. 

Due to the properties of the expanding plasma, i.e. low electron density and low 
electron temperature outside the souree region the main population mechanisms in the 
expansion are the infl.ow of rovibrationally excited particles entering the expansion from 
the periphery and the depopulation of higher rotational levels through heavy partiele 
collisions. 

The recombination of H atoms is believed to take place at the reactor surfaces outside 
the source. At the start of the expansion, H atoms are believed to he lost by scattering 
processes. When these scattered H atoms come in contact with the reactor surfaces they 
can be adsorbed, covering the surface with H atoms. When H atoms come in contact with 
this H atom covered surface, recombination to form rovibrationally excited hydrogen can 
take place. 
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5.6.2 Axial density profile 

In figure 5.9 the axial density profile of v, J = (6,3) along the jet centerline for a back
ground pressure of 20 Pa and 100 Pa is shown . 
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Figure 5.9: Axial density profile H2 (v,J = 6,3) along the jet centerline 
(r=O). The density does not show expansion behavior. 

In the 100 Pa case the density remains approximately constant throughout the su
personic expansion (z = 2-10 mm). In the subsonic region the density decreases rapidly, 
probably due to collisional depopulation. No clear shock valley structure can he seen, as 
expected on the basis of the H2 density profile determined by Rayleigh scattering (see fig. 
4.6). 

In theory, one does not expect that the background pressure in the vessel would have 
any influence on the operation of the cascaded are plasma source. But when camparing 
both pressure cases one notices a background pressure dependenee of the density in the 
supersonic region. This indicates that part of the production of H;,v takes place outside 
the souree and that this production mechanism is pressure dependent. 

In the 20 Pa case there is an increase in density which occurs at the start of the 
supersonic expansion. This can he caused by the inflow of H;,v molecules from the si de, or 
relaxation of higher rovibrational states. In figure 5.10 the v, J = (6,3) density profile at 20 
Pa is compared to the groundstate H2 density profile determined with Rayleigh scattering. 
A clear difference can he seen, i.e. the v, J = (6,3) density profile does not relate to the 
expansion behavior of the H2 molecules. In the supersonic expansion of the plasma some 
decreasein density with increasing z can he seen. But the typical (1/ z2 ) dependenee of the 
density is not exhibited by the H? density. Since in the supersonic part of the expansion 
the H2 density starts to drop, collisional depopulation becomes more unlikely and only an 
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explanation for the density behavior can be found by assuming an inflow of H~·v from the 
periphery. Over the shock (z = 20-40 mm) the density remains approximately constant, 
indicating that both population and depopulation processes balance each other there . 
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Figure 5.10: Comparison between axial density profile of the v, J = {6,3) 
state determined using LIF, and the H2 density profile, determined using 
Rayleigh scattering at a background pressure of 20 Pa. 

The combination of these two arguments, i.e. no expansion behavior of the density 
and pressure dependenee of the density in the supersonic region, show that the population 
of lower rotational states in H? partly takes place outside the source. For a large par:_t 
of the expansion, between zo and the start of the shock, the density profile can only be 
explained by the inflow of H~·v from the periphery of the expansion. 

The axial density profile has also been measured for the v, J = {2,3) and {4,3) states. 
These results are plotted in fig. 5.11. Here one can see that the density profile of the 
v, J = {2,3) and {4,3) states show similar behavior as the v, J = {6,3) state, i.e. constant 
across the supersonic and shock regions of the expansion and a decline in the subsonic 
region. Interesting is that here also a pressure dependenee of the density in the start of 
the expansion can be seen. 

At a certain distance Ze, the cross-over point, the density in the at 100 Pa becomes 
smaller than the density at 20 Pa. For v, J = (6,3) this cross-over point is Ze ~ 120 
mm, for v, J = (2,3), ze ~ 380 mm. This indicates that higher vibrational states are 
depopulated faster. Based on the fact that the cross-section for collisional depopulation 
is larger for higher excited states, it can he concluded that collisional depopulation is the 
main depopulation mechanism at the end of the expansion. 
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Figure 5.11: Density profiles of the v, J = (2,3) (top) and v, J = (4,3) 
states determined with LIF for background pressures of 20 Pa and 100 
Pa. 
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5.6.3 Radial density profile 

In analogy with the axial density measurements a radial density profile is also determined 
for different rovibrationallevels. In fig. 5.12 the radial density profile for the v, J = (6,3} 
state is plotted. 
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Figure 5.12: Radial density profile of the v, J = (6,3} state measured at 
an axial position of z = 4 and 10 mm, and a background pressure of 20 
Pa. The profiles are fitted by a Gaussian fit todetermine the FWHM. 
For the 4 mm profile the FWHM is 5 mm, as expected. For the 10 mm 
profile two Gaussian distributions are used, one with a FWHM 9.6 mm 
and one with a FWHM of 34.0 mm. 

The profiles have been fitted using a gaussian distribution to obtain the FWHM of 
the peak. At 4 mm the FWHM of the profile is 5 mm. The origin of the expansion is 
considered to be a point source, with the position of the origin at a distance zo from the 
source. From zo the particles expand with 1/ z2 . When the origin is put on a distance 
zo ~ 2 mm, in analogy with the Rayleigh scattering measurements, the density profile 
at 4 mm fits closely. The profile at 10 mm however shows a clear distinction from the 
expected value. It shows a combination of a narrow forward flux forming the middle 
part of the profile, with a FWHM of 9.6 mm, and a broad periphery forming the base 
of the expansion, with a FWHM of 34.0 mm. This indicates that there is already a 
large influence of the periphery of the jet on the density profile at 10 mm. At 10 mm 
the pressure inside the expansion is lower than the background pressure, and inflow of 
hydrogen molecules from the side occurs. 
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5.6.4 Axial temperature profile 

In fig 5.13 the translational temperature profile for v, J = (6,3) is given. The translational 
temper at ure has been determined from the width of the peaks. An expansion behavior for 
the 20 Pa case, i.e. a decrease in temperature, can he seen. The increase in temperature 
in the shock can he explained by the infiow of hydrogen molecules coming from the side 
of the expansion. 

When compared to the ground state density profile of H2 determined with Rayleigh 
scattering (see fig. 5.14) it can he seen that the temperature "shock" takes place in 
advance of the density "shock". This has already been found in measurements on an 
argon and hydrogen expanding plasmas. 

Figure 5.13: Axial translational temperature profiles, determined from 
the widths of the v,J = 6,3 state peaks. The increase in temperature at 
20 Pa indicates infiux of particles from the side. 

From the spatial profiles we can conclude that there is production of H? in the plasma 
expansion, i.e. outside the source. The fact that the densities do not show expansion be
havior, and the pressure dependenee in the supersonic region indicate population taking 
place at the jet centerline close to the source. This is due to relaxation of higher rovi
brational states and for a large part by the infiow of particles from the periphery of the 
expansion. 

5. 7 Impact of overpopulation on the plasma chemistry 

The overpopulation of the higher rovibrational levels has a profound infiuence on the 
chemistry of the plasma. As indicated before the density population for high rotational 
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Figure 5.14: Comparison between the temperature profile, determined 
from the width of the v, J= 6,3 state peaks, and the density of H2 
determined with Rayleigh scattering. 
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levels shows distinct overpopulation in respect to the Boltzmann distribution and a un
derpopulation with regard to the mass action law of Guldberg-Waage. This indicates 
that the H~,v molecules are not formed under equilibrium conditions. 

The overpopulation of the levels in respect to the Boltzmann distribution makes the 
plasma chemically more active while the kinetic temperature of the plasma remains low. 
One example of the enhanced activity is that the cross section for the production of H
via the dissociative attachment of electrons to hydrogen molecules 

(5.7) 

is 5 orders of magnitude larger for v = 6 than for ground state hydrogen molecules (v=O). 
The measured density distri bution should follow the Guldberg-Waage distri bution 

for energies > 4 e V, i.e. the extrapolated cross-over point of the measured population 
and the Guldberg-Waage distribution. When using the density distri bution used in the 
simulation, this cross-over point would he in the v=10 vibrational state (see fig. 5.15). 
This has also been observed by Mosbach et al. They found that the overpopulation of 
the density starts to decrease dramatically for higher vibrationallevels v > 10 [21]. 

In fig. 5.16 the total density per vibrationallevel, basedon the simulation is plotted 
as function of the vibrational energy. The H~,v density in the higher rovibrational levels 
(v=1-9) is approximately 10% of the total H2 density in the plasma. This is big in 
comparison to the H atom density which is approximately 1% [4]. 
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Figure 5.15: Simulated density distribution adjusted with the Guldberg
Waage mass action law (700 K). Here it can he seen that the density 
should start to decline following this equilibrium law for v ~ 10. 
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Figure 5.16: Total density per vibrational level plotted as function of 
vibrational energy, based on the extrapolation of the measurements. 
From this vibrational distribution (v ~ 1) a vibrational temperature of 
3600 K can he obtained 
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5.8 Conclusions, Recommendations 

It has been found that thè fl.uorescence induced by the 8th and 9th AS is not saturated. 
For the 6th and 7th AS the simulation points out that there is a light degree of saturation. 
The result of the saturation investigation is that the density of higher rovibrationallevels, 
which is mostly measured with the excitation by lower order AS, could he affected by 
saturation effects. The exact impact of these saturation effects needs to he further inves
tigated. The determined population distribution however is believed to he still correct, 
because the lower levels are not saturated and the density in the higher rovibrational 
levels would he in first principle he determined too low if the signals are saturated. 

The saturation of the lower order AS beams can he solved by increasing the diameter of 
the focus. This could he done by making the beam parallel before entering the vessel. 
Another solution would he the use of neutral density filters to reduce the intensity of the 
incoming AS beams. 

First measurements have shown that notall of the H? is produced in the source. There 
is an infl.uence of the downstream conditions on the population distribution of the density 
over the rovibrational states. This is expressed in the background pressure dependenee 
of the v, J= (2,3), (4,3) and(6,3) densities in the supersonic region of the expansion. An
other fact is that the H~,v density does not follow the expansion behavior exhibited by the 
carrier gas, i.e. H2 molecules as determined with Rayleigh scattering in Chapter 4. At 
the start of the expansion, where no infl.ow of particles from the background is expected, 
this can he explained by the population of lower rotational levels by the collisional de
population of high rotationallevels. Further in the expansion where the H2 density starts 
to decrease the possibility for collisions becomes lower. In that region the axial density 
profile could he explained by the infiow of H~,v molecules coming from the background 
gas. 

For the study of wall recombination processes a substrate can he put in the plasma ex
pansion. The plasma souree will then he used as a H partiele source. The combination of 
the H atom transport properties in the plasma from Mazouffre et al [4]. and the knowl
edge gained on the expansion behavior of the H~,v molecules, presented in this work, the 
recombination of H atoms on a substrate could he investigated. 

The population distribution of H~,v is interesting from a plasma chemistry point of view. 
The overpopulation of the higher rovibrationallevels ("' 3600K) compared to a Boltzmann 
distri bution determined from the lower rotational levels ("' 900K) once more indicates 
that the chemica! activity of the plasma is enhanced even at low temperatures. The total 
H~,v density predicted by the measurements is around 10% of the total H2 density. This 
shows that H~,v has a profound infl.uence on the plasma chemistry. 
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Chapter 6 

General Conclusions 

Rayleigh scattering measurements of the argon atom density and the hydragen molecule 
(H2) density in an argon and a hydragen expanding plasma have been performed. The 
argon atom density profile showed close correspondence with the theory for neutral gas 
expansions from a high pressure source. It was found that the plasma already starts 
expanding in the nozzle of the are, i.e. a slight pre-expansion occurs. In comparison with 
previous experiments it has been found that the detection limit, 8 x 1019 m-3, of the 
present optica! system (230 nm, 10 mJ per pulse) is in the same order of the detection 
limit achieved in other experiments (532 nm, 190 mJ per pulse [15]). This means that 
this optica! setup can be used as an alternative in Rayleigh scattering experiments. 

The density profile of H2 foliowed the theory of neutral gas expansion closely. The detec
tion limit of the present setup is better than in previous experiments, 5 x 1020 vs. 1021 

m-3 [4]. Some debate still exists about the density determined close to the source, i.e. 
does the scattering come from H atoms or H2 molecules. To solve this issue, a depolarisa
tion Rayleigh scattering experiment is the best alternative. With depolarisation Rayleigh 
the dissociation degree of the are can be determined in a single experiment. 

The H;·v population distribution determined with LIF showed that higher rotationallevels 
( J ~ 5) are overpopulated compared to a Boltzmann distribution based on the rotational 
temperature determined from the lower rotational levels. On the basis of the evolution 
of this density distribution over space, it can be concluded that part of the production 
of H;•v takes place outside the source. One production process is the population of lower 
rotational levels by the collisional depopulation of high rotational levels. This can only 
occur at the start and the end of the expansion, where the H2 density is high. In the 
supersonic region of the expansion population can occur by the inflow of H;•v molecules 
from the background gas. The H? particles in the background gas are expected to be 
produced by the wall-recombination of hydragen atoms to form H? with high rovibra
tional excitation. 

The total H;·v (v ~ 1) density is found to be 10% ofthe total partiele density. This means 
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that the H;,v molecules will have a large infiuence on the plasma chemistry. 
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