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Abstract
The chemistry of hydrogen plasmas plays a vital role in applications such as the deposition of
ultra hard diamond like films, or the production of silicon layers in thin film solar cells.
Understanding the reaction mechanisms of hydrogen plasmas is also essential for the
development of negative hydrogen ion sources for nuclear fusion reactors.
The plasma studied in this thesis is a magnetized hydrogen plasma expansion. This plasma is
bright red for the first 20 cm, after which a sharp transition to a blue afterglow is observed. In
the blue afterglow population inversion of the higher excited states of atomic hydrogen is
observed. The cause of the sharp transition to the blue afterglow was, until now, not
understood.
The reaction mechanisms of the plasma have been studied by analyzing the excited state
densities of atomic hydrogen. The densities of the excited states have been measured with
Optical Emission Spectroscopy (OES) and Tunable Diode Laser Absorption Spectroscopy
(TDLAS). TDLAS also measures the gas temperature of the plasma. The processes
populating the excited states have been determined from Atomic State Distribution Functions
(ASDFs). The ASDFs showed the presence of 3 different plasma regions. In the first 7 cm of
the expansion dissociative recombination is important. After 7 cm the reactions shift to
atomic ion recombination. In the blue afterglow the dominant population process is molecular
ion recombination, which mainly produces the higher excited states. The production of highly
excited states leads to the population inversion and the emission of blue light in the afterglow.
It was found that the transition from atomic to molecular ion recombination was caused by a
Double Layer (DL) at the red to blue transition. The strong local electric field of the DL can
lead to a local increase in asymmetric charge exchange, thereby causing the transition from
atomic to molecular ion recombination, which causes the blue afterglow.
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Introduction

The aim of this thesis is to get a more detailed understanding of the reaction mechanisms
taking place in magnetized hydrogen plasmas. Understanding the processes involved in
hydrogen plasmas is relevant in many research areas.
Industrial plasma processing often involves the use of hydrogen plasmas for surface
modification and the deposition of thin films, e.g. for the growth of amorphous and
microcrystalline silicon for solar cells[1,2]. A better understanding of the chemistry of
hydrogen plasmas can thus lead to an optimization of industrial processes[3].
Hydrogen plasmas also make up the bulk of the (inter)stellar plasmas in the universe,
including our sun. The importance of understanding and predicting solar activity is shown by
the impact that solar weather can have on the technical infrastructure here on earth. There are
numerous reports of power grid failures due to intense solar storms[4], and even radio
communication can break down[5]. An accurate prediction of solar weather however still
requires more detailed knowledge of the underlying physics in solar activity[6]. Studying
hydrogen plasmas can provide a clue as to what processes are involved.
Nuclear fusion is another important application which involves hydrogen plasmas, and it is
this field that is the most relevant to this study. The feasibility of nuclear fusion for energy
production will be studied in the ITER project, discussed below.

1.1

ITER

ITER is the next step on the road towards energy from nuclear fusion for commercial
purposes. The nuclear fusion reaction studied in ITER is the fusion of the hydrogen isotopes
deuterium and tritium, which produces helium and a neutron. The energy released in this
reaction is huge, and it is not surprising that fusion is seen as a potential new energy source.
The challenge is that the optimal temperature for fusion is at 150 MK, ten times hotter than
the core of the sun. To achieve these extreme temperatures ITER will employ a strong
magnetic field to confine the fusion plasma inside a special donut-shaped reactor called a
tokamak[7]. ITER will be built in Cadarach, southern France. Preparation of the construction
site already started in 2007 and construction will continue up to 2017. The first ITER plasma
is not expected until 2018[7].
The official goal of ITER is "to demonstrate the scientific and technological feasibility of
fusion power for peaceful purposes"[8]. This general goal of ITER can be separated into three
specific targets.
First of all ITER should produce more energy through nuclear fusion reactions then is put into
the system externally. An important parameter to quantify this efficiency is Q, defined as the
ratio Pfusion Pext . Here the power released in fusion reactions is given by Pfusion, while Pext is the
external power input into the system. The goal for ITER is to achieve Q = 10 for a short pulse
operation of 100 seconds at an input power of 50 MW. For longer operations, possibly up to
one hour or more, Q = 5 has to be achieved[8]. The main improvement of ITER, compared to
its predecessor JET, will be its size. The bigger the reactor the better is the plasma
confinement as less energy is lost at the reactor walls. ITER will be twice the size of JET in
its linear dimensions. The tokamak chamber for ITER will have a major radius of 6.2 m and a
minor radius of 2 m, the reactor chamber will have a height of 7.5 m. The reactor chamber of
JET is shown in figure 1-1.
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Figure 1-1: The interior view of the JET reactor chamber, with superimposed an image of an actual
JET plasma taken with a visible light camera. Only the cold edges of the plasma can be seen, since the
centre is so hot that it radiates only in the ultra-violet part of the spectrum. The JET reactor chamber
has a height of 3 m.[9]

The second goal of ITER is to test and implement technologies and processes required for
future generation fusion power plants. Technologies to be tested include heating, control and
diagnostics of the plasma. The reactor chamber also becomes radioactive during its exposure
to the fusion plasma and remote handling and maintenance of the reactor chamber has to be
tested. The radioactive waste of fusion energy is minimal compared to fission power plants as
it is limited to the reactor vessel itself. The half-life time for most of the radioactive isotopes
produced in nuclear fusion is about 10 years[8], which means that the waste also does not have
to be stored for the thousands of years required for waste from nuclear fission.
ITER’s third goal is to test and develop the breeding concept of tritium from the lithium
blanket surrounding the plasma vessel. The tritium is produced from the lithium as the blanket
catches neutrons produced in the plasma. The tritium is required as fuel for the nuclear fusion
process together with deuterium. The required deuterium can be extracted from plain water.
The ITER project is not a finished story and still requires a lot of research. One of these
research areas is the Plasma Surface Interaction (PSI) of the fusion plasma with the reactor
walls. PSI causes erosion and re-deposition of wall material resulting in contamination of the
fusion plasma. Another important aspect of PSI is the possible adsorption and retention of
tritium atoms inside the walls. Tritium is a radioactive element which puts strong restrictions
on its retention in the reactor walls[10,11]. An important setup which will investigate PSI at
ITER relevant plasma conditions is Magnum-PSI in FOM Rijnhuizen[12]. PSI has also been
studied at the TU/e with the experimental setups PLEXIS and SOLARIS[13].
Another aspect that still requires further research is Neutral Beam Injection (NBI). NBI is one
of the three heating mechanisms for the fusion plasma. NBI injects fast neutral deuterium
atoms into the plasma with energies up to 1 MeV. The atoms first need to be ionized to
accelerate them to the required energies. After this the ions have to be neutralized in order to
enter the plasma through the strong magnetic field. The neutralization efficiency of positive
ions is very low at energies above 200 keV, while negative ion neutralization still has an
efficiency of 60 % at 1 MeV[14]. Negative ions are therefore required for NBI. The production
of negative ions is more complex compared to the production of positive ions and research on
homogeneous and stable negative ion sources is still necessary. The most demanding task will
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be the control of the complex plasma chemistry involved in the production of negative
ions[15].
It is the latter two subjects, Plasma Surface Interaction and Neutral Beam Injection, to which
this study on hydrogen plasmas can give a contribution. The plasma studied in this thesis is a
magnetized hydrogen plasma expansion, which shows many similarities to the plasma
expansion in the Magnum-PSI setup. Negative hydrogen ions also play an important role in
the studied plasma[16], studying the reaction mechanisms can therefore give a better
understanding into the chemistry required for NBI.

1.2

Magnetized hydrogen plasma expansion

The type of plasma studied in this thesis is a magnetized hydrogen plasma expansion. A
photograph of the studied plasma is shown in figure 1-2. The plasma is produced by a
cascaded arc, a plasma source that has been studied extensively in Eindhoven[17,18]. The
plasma source is connected to a low pressure chamber causing the plasma to expand into the
chamber. In the present study a magnetic field is applied along the centre axis of the
expansion. A characteristic feature of the magnetized hydrogen plasma expansion is the sharp
transition from the red plasma to the blue afterglow at about 20 cm out of the arc. The blue
afterglow is caused by population inversion of the excited states of atomic hydrogen. The
exact shape and position of the red to blue transition depends on the system settings, e.g.
pressure, magnetic field and hydrogen flow.

H2

0 cm

20 cm

40 cm

Figure 1-2: A photograph of the magnetized hydrogen plasma expansion with a schematic
representation of the cascaded arc.

The research regarding the magnetized hydrogen plasma expansion is part of a bigger line of
research on cascaded arc produced plasma expansions. Research started with argon plasma
expansions[19,20], this was later followed by the addition of small amounts of hydrogen into the
plasma[21]. The transport phenomena for hydrogen containing argon plasmas have been
extensively studied by Mazouffre et al.[22]. Pure hydrogen plasmas have been studied further
by Vankan et al.[23], with the emphasis on the role of atoms and molecules in the plasma.
Vankan showed the presence of ro-vibrationally excited hydrogen molecules, H rv2 , which
play an important part in the plasma chemistry. Applying a magnetic field to the hydrogen
plasma gives rise to the appearance of the blue afterglow, which is characterized by
population inversion. Population inversion of hydrogen plasmas was first studied by
Gudzenko et al.[24]. Work on magnetized hydrogen plasmas has also been performed by
Akatsuka et al.[25]. In Eindhoven the magnetized hydrogen plasma was initially studied by
Qing et al.[26,27] and later by Gabriel et al.[28]. The chemistry of the magnetized hydrogen
plasma, and especially the importance of negative ions, has been studied by van Harskamp
and Scheers[16].
These previous studies have already generated a wealth of knowledge regarding the
magnetized hydrogen plasma expansion. It has been shown that the interaction of the plasma
at the exit of the anode and at the reactor walls produces H rv2 , which is an important species in
the plasma chemistry. Next to H rv2 molecules, negative hydrogen ions were also found to be
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important in the chemistry. Applying a magnetic field to the hydrogen plasma causes
population inversion for the higher excited states of atomic hydrogen compared to the n = 3
state in the downstream part of the plasma, causing the plasma to appear blue. Increasing the
magnetic field strength causes the red plasma region to penetrate deeper into the blue
afterglow while the dark region disappears. The red to blue transition also shifts further away
from the arc at higher magnetic field strengths.
This thesis adds a more detailed view to the reaction mechanisms in the magnetized hydrogen
plasma expansion by reporting on the population processes of the excited states of atomic
hydrogen. The higher excited states of atomic hydrogen, with n ≥ 3, all emit visible light and
their densities were already measured with Optical Emission Spectroscopy (OES). The
analysis of these excited state densities is however improved with detailed Abel inversion.
Furthermore the first excited state density of atomic hydrogen, with n = 2, is measured for the
first time using Tunable Diode Laser Absorption Spectroscopy (TDLAS). These
measurements show that the higher excited states densities do not show population inversion
with n = 2. The TDLAS measurements also enable the determination of the gas temperature
of the plasma.
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Theory

This chapter is devoted to describing the relevant theory for the investigation. It starts by
describing the plasma expansion as the plasma flows from a high pressure source into a low
pressure chamber. This is followed by a description of the excited states of atomic hydrogen
and their role in the plasma. Finally the theory regarding the diagnostics, absorption
spectroscopy, emission spectroscopy and Abel inversion, is discussed.

2.1

Plasma expansion

The pressure difference between the plasma source and the low pressure chamber causes the
plasma to expand from the source. The pressure difference is large enough for the plasma
expansion to initially be supersonic, with the Mach number varying around 1 to 2[23]. The
pressure decreases in the course of the expansion down to a point where it is actually below
the background pressure. At this point the expansion is over expanded and the supersonic
expansion collapses with an abrupt shock front. Behind the shock front the expansion
continuous with subsonic speed. The over expanded region before the shock is called the
valley of the expansion. At the sides of the expansion recirculation cells are present[21]. The
flow patterns of the expansion are shown schematically in figure 2-1.

Super
sonic

H2

Shock

Rec ircula tion

Sub sonic flow

Cascaded arc
Rec ircula tion
Figure 2-1: Schematic representation of the plasma expansion, the expansion is not to scale. The
plasma expands supersonically out of the arc. After a shock front the plasma expansion continues with
subsonic speed. Recirculation cells are present at the sides of the plasma expansion.

2.1.1

Rarefied expansion

The background pressure of the hydrogen plasma expansion is low, around 10 Pa. At these
low pressures the mean free path of the particles can become comparable to the system size.
The Knudsen number is therefore an important parameter. The Knudsen number is given by
Kn =

λmfp
L

∝

1
p

(2-1)

and compares the mean free path of the particles, λmfp, with the size of the system, L. The
Knudsen number increases with lower pressure, p. For Kn < 0.2 the flow is in the
hydrodynamic regime and a continuum description of the flow is valid. For larger values of
Kn the flow is considered as a rarefied regime, which requires molecular dynamics theory to
solve.[22]
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Reported Knudsen numbers for a non-magnetized hydrogen plasma expansion are 0.05 to 0.2
at the exit of the source. This number increases in the course of the expansion up to around
0.2 to 1 in the valley. In the shockwave the Knudsen number decreases again to 0.05 to 0.2[23].
The high Knudsen numbers means that the supersonic expansion becomes semi-transparent to
particles just outside the shockwave as they can penetrate into the zone of silence. The
invasion of particles from the background into the supersonic expansion causes the transition
from supersonic to subsonic flow to become less abrupt and more gradual.[23]

2.1.2

Supersonic shock

The shockwave at the transition from supersonic to subsonic flow is a characteristic feature in
the expansion. At low pressure the flow is expected to be laminar over this shock region and
turbulent mixing does not occur[22]. The position of the shockwave can be estimated for a nonmagnetized plasma by an empirical expression determined by Ashkenas and Sherman, which
has been studied further theoretically by Young[29]. The position of the shockwave is given by

zM = 0.67 d

Psource
,
Pback

(2-2)

with zM the shock position along the centre line of the expansion, d the effective sonic nozzle
diameter and Psource and Pback respectively the source and background pressure.
In the initial supersonic expansion the temperature of the plasma decreases as a result of
adiabatic cooling and thermal energy is converted to kinetic energy. At the shockwave this
kinetic energy is converted back into thermal energy by the collisions with the background
gas. This results in a rise in the gas temperature at the shockwave. The density in the shock
front also rises to conserve the particle flux.

2.1.3

Charged particles

The main difference between an ordinary gas expansion and a plasma is the presence of
charged particles, i.e. ions and free electrons. Electric and magnetic fields have a large
influence on the motion of the charged particles, unlike the neutrals, which remain unaffected.
It will be shown later that the ionization degree of the plasma is low, below 10 %. Therefore
the charged particles are not expected to affect the general flow pattern of the expansion[23].
Applying a magnetic field parallel to the centre axis of the expansion will confine the charged
particles to the centre axis. Particles that move out towards the walls feel a Lorentz force and
are deflected into a circular cyclotron motion around the magnetic field lines. The strength of
the magnetic confinement is given by the Hall parameters, Hei and Hii, given by[30]

H ei = Ωeτ ei =

6.3 ⋅ 1022 Tˆe3 2 Bext
ne ln Λ

(2-3)

H ii = Ωiτ ii =

2 ⋅ 1021 Tˆi 3 2 Bext
,
Ai1 2 ne ln Λ

(2-4)

and

these parameters describe respectively the electron and ion confinement. The hall parameters
compare the time between collisions, τ, with the cyclotron frequency, Ω. The subscripts i and
e indicate respectively ions and electrons. The temperatures of the electrons and ions are
given by Tˆe and Tˆi respectively [in eV]. The applied external magnetic field is Bext [in T] and
ne is the electron density [in m-3]. The atomic mass number of the ions is given by Ai, while
lnΛ is the Coulomb integral.

When the Hall parameters are above 1 the species are considered magnetized and the species
are confined by the magnetic field. For typical experimental conditions the electron Hall
6
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parameter varies from 4 to 13 in the red plasma region to around 5 in the blue afterglow,
while the ion Hall parameter remains below 0.1. The ions however are still confined by the
negative electron charge, and the outward diffusion of charged particles is thus limited by the
electron diffusion.
This brings us to another aspect of plasmas, the negative and positive charges stick together.
Charge separation will lead to strong electric fields, which results in a restoring force.
Plasmas can therefore be considered as quasi-neutral with no net charge. The distance at
which charges are screened is called the Debye length.
On a local scale charge separation does occur. At certain conditions this can lead to a sheath
of charge separation, called a Double Layer (DL). Such DLs can generate strong local electric
fields. An example of a DL can already be found in the Ar plasma expansion studied by van
de Sanden et al.[20]. The ions are decelerated in the shock region, while the more mobile
electrons initially overshoot the shock. The resulting charge separation generates an electric
field, which was found to cause local heating of the electrons.
Apart from pressure gradients, DLs can also be caused by e.g. temperature gradients. The
generation of DLs is complex and will not be discussed in detail. However to give a general
impression DLs are often associated with diverging magnetic fields, plasma currents,
different plasma regions and electronegative plasmas[31,32].
A schematic overview of the behavior of the plasma potential, the electric field and the charge
density in a DL is given in figure 2-2. It is generally accepted that the potential drop over a
DL is larger than Tˆe on the downstream side of the plasma[32]. The DL size is typically tens of
Debye lengths[31].

Φplasma, EDL, ρ (a.u.)

Φplasma
EDL
ρ

Position (a.u.)
Figure 2-2: Schematic representation of the behavior of the plasma potential, Φplasma, the electric field,
EDL, and the charge density, ρ, in a DL.[32]

2.2

Excited states of atomic hydrogen

The excited states of atomic hydrogen are an important species in the plasma. They emit light,
including high energy UV radiation, are relatively easy to measure and are related to ions and
electrons by several reaction mechanisms. The properties of the excited states are discussed
here in more detail. A description of their energy levels and optical transitions is given first,
followed by the population processes for the excited states.
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Energy levels of atomic hydrogen

The hydrogen atom consists of a heavy proton of elementary charge e, together with a much
lighter electron with charge –e. The energy levels of this simple system can be calculated
from quantum mechanics[33]. The solution for the energy levels is given by the famous Bohr
formula[33,34]
 m *  e2 2  1 E1
En = −  2 
  2 = 2,
n
 2ℏ  4πε 0   n

(2-5)

here ћ is the reduced Planck constant and ε0 is the permittivity in vacuum. The reduced mass
of the system, m*, is me m p (me + m p ) with me and mp respectively the electron and proton
mass. The allowed energy levels, En, depend on the principle quantum number n and the
ground state energy, E1. Negative energies are used to indicate that the electron is in a bound
state. For atomic hydrogen the ground state energy is -13.6 eV.
In the Bohr formula (2-5) the energy levels only depend on the principal quantum number,
however the quantum states are described further by the azimuthal quantum number, l, the
magnetic quantum number, ml, and the electron spin projection, ms. For each value of n there
are multiple configurations for l, ml and ms. The energy levels are degenerate. This
degeneracy, gn, is given by
g n = 2n 2 .

(2-6)

The degeneracy is important for a statistical analysis of the excited states, as the distribution
over these states is also determined by the number of available states per energy level.

2.2.2

Line emission

The Bohr formula (2-5) gives discrete energy levels for the electron states. When an electron
falls back from an excited state to a lower level it emits radiation. The discrete energies of the
electron transitions give rise to line emission. The energy of the emitted photon, hv, is
determined by the energy difference between the upper and lower energy level given by
hν = E p − Eq ,

(2-7)

with h Planck’s constant, ν the photon frequency and p and q the principle quantum numbers
of the upper and lower state respectively. The spontaneous decay rates of the excited states
are given by the Einstein coefficients for spontaneous emission, Apq.
The emission lines are grouped into series, based on the lower state of the transition. When an
electron falls back to n = 1, the ground state, the emission lines are called the Lyman series. If
the electron falls back to the n = 2 state the emission lines are called the Balmer series, see
figure 2-3. The lines of each series are abbreviated with Lα, Lβ, Lγ, … for the Lyman lines and
Hα, Hβ, Hγ, … for the Balmer lines. The indices α, β, γ, δ and ε denote the first, second, third,
forth and fifth transition, with the first transition starting from the next highest state. Table 2-1
shows the transitions for the Balmer lines, along with their energy, wavelength and Einstein
coefficients.
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n
... 8

0.0
-0.9
-1.5

Paschen

-3.4

IR radiation

4
3

Visible radiation
2

Energy (eV)

Balmer

Vacuum UV radiation
Lyman

-13.6

1

Figure 2-3: The energy levels of atomic hydrogen together with the optical transitions that produce the
typical line emission series in the hydrogen spectrum. The Lyman series fall in the vacuum UV range of
the spectrum. The Balmer series are in the visible part of the spectrum. The Paschen and higher series
fall into the infrared.
Table 2-1: The wavelength, energy and transition probabilities for the Balmer lines[35].
Name

Wavelength
-1 Transition
Epq (cm )
q-p
vacuum (nm)

-1

Apq (s )
7

Hα

656.46

15233

2-3

4.410 × 10

Hβ

486.269

20565

2-4

8.419 × 10

Hγ

434.169

23032

2-5

2.530 × 10

Hδ

410.29

24373

2-6

4.389 × 10

2.2.3

6
6
5

Fine structure of the energy levels

The Bohr formula (2-5) was derived by only using the Coulomb potential energy. However
there are other interactions to be considered which cause a perturbation in the energy levels.
One of these interactions is the so called spin-orbit coupling. With spin-orbit coupling the
magnetic field induced by the orbit of the electron interacts with the intrinsic magnetic
moment of the electron, its spin. Besides spin-orbit coupling a correction for the relativistic
energies of the electrons should also be included.
Both influences can be estimated with first order perturbation theory and give rise to the fine
structure splitting in the energy levels. The energy levels, including the fine structure, are
given by[33]
Enj =

E1  α  n
3 
1+ 2 
−  ,
2 
n  n  j + 1 2 4 

(2-8)

here j is the quantum number depicting the total angular momentum and α is the fine structure
constant defined as
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≃ 0.0073 .

(2-9)

The quantum numbers ml and ms are no longer ‘good’ quantum numbers due to the spin-orbit
coupling. The allowed values for j for a one electron system are[36]
j= l±s

(2-10)

which are determined by the azimuthal quantum number, l, and the spin, s, of the electron.
The degeneracy of the energy levels is also changed due to the fine structure splitting. The
degeneracy including spin-orbit coupling is given by[34]
g j = 2 j +1

2.2.4

(2-11)

Optically allowed transitions

With the degeneracy in n lifted, the optical transitions become more complex. Not all
transitions between the split energy levels are optically allowed. The following selection rules
describe which transitions for atomic hydrogen are allowed, depending on the change in
quantum numbers[34,37]. The change in l is limited to

∆l = ± 1,

(2-12)

while ∆j is given by

∆j = 0, ± 1.

(2-13)

The allowed change of the projection of j, given by mj, is

∆mj = 0, ± 1.

(2-14)

A schematic overview of the energy levels, up to n = 3 and including fine structure, is given
in figure 2-4. The seven optically allowed transitions between n = 2 and n = 3 are also shown.
The energy difference and the Einstein A coefficients for these seven transitions are given in
table 2-2, which illustrates the size of the fine structure and the influence of the selection
rules.
Table 2-2: The wavelength, energy and transition probabilities for the optically allowed transitions
between the excited states n = 2 and n = 3.[38]
Wavelength
vacuum (nm)

Energy (cm )

Transition
q-p

Apq (s )

656.45225

15233.4006

2p - 3d

5.388 × 10

656.45376

15233.3655

2s - 3p

2.245 × 10

656.45646

15233.3029

2p - 3s

2.104 × 10

656.45843

15233.2571

2s - 3p

2.245 × 10

656.46645

15233.0709

2p - 3d

6.465 × 10

656.46801

15233.0347

2p - 3d

1.078 × 10

656.47222

15232.937

2p - 3s

4.209 × 10

10

-1

-1

7
7

6
7
7

7
6
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j=5/2
j=3/2
j=1/2

n=2

j=3/2
j=1/2

Energy

n=3

n=1

j=1/2
l=0
(s)

l=1
(p)

l=2
(d)

Figure 2-4: Energy levels of atomic hydrogen, including fine structure. The energy is not to scale. The
optically allowed transitions between the n = 2 and n = 3 state are indicated with the grey lines.

2.2.5

Local production of the excited hydrogen atoms

The excited states have a very short lifetime, which means that the excited states are produced
locally. The distance traveled by the excited states between production and destruction, ∆x, is
estimated with
∆x = vτ ,

(2-15)

neglecting any collisions of the excited states. Here v is the speed of the excited state atom
and τ is its lifetime. The maximum speed of the atoms in the expansion is around 10 km·s-1, as
measured by Vankan[23]. A simple estimation of the lifetimes of the excited states can be
given by the Einstein coefficients for spontaneous emission. Electron (de)excitations can also
be important, especially for the higher excited states. However these are much harder to
quantify.
Radiative decay through the Lyman series gives the shortest lifetimes of the excited states,
however the selection rules only allow radiative decay with ∆l = ± 1. For Lyman emission
this means that decay only occurs from an l = 1 state to the l = 0 ground state. The Balmer
radiative decay therefore gives a better estimate for the lifetimes as more transitions are
allowed. The n = 2 state can however only have radiative decay through Lyman emission.
This leaves the 2s state of atomic hydrogen in a so called metastable state, there is no allowed
radiative decay and its lifetime will therefore be longer[33]. Metastable states have to decay by
collisions or by ‘forbidden’ transitions, which are less likely.
The distances traveled by the excited states during their lifetime are calculated in table 2-3.
The travel distances of the excited states are a few mm at maximum. This shows that the
excited states are indeed produced locally with the n = 6 state as an exception. However
starting already at n = 5 the electron collisions become important in the population process.
For n = 5 the electron excitation rates are comparable with the radiative decay rate, and the
excitation rate only increases for the higher excited states[39]. The traveled distance for n = 6 is
thus already an overestimation and it is more likely that the travel distance is in the same
order as for n = 5. The travel distance for the higher excited states, with n ≥ 7, are expected to
decrease again compared to n = 6 because of the increasing rate of electron (de)excitations.
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Table 2-3: Estimated travel distances for the excited states. The lifetimes are approximated with the
spontaneous decay rates for Balmer emission, with an exception for the n = 2 state, which is based on
Lyman decay*. For n ≥ 5 electron (de)excitation becomes important and neglecting this leads to an
overestimation of the travel distance.
Excited state Travel distance
n
(mm)

2.2.6

2

0.02*

3

0.23

4

1.19

5

3.95

6

22.8

Production mechanisms of excited hydrogen atoms

The reaction mechanisms that lead to the production of excited hydrogen atoms have been
studied extensively by Qing et al.[16,26]. The excited states are produced for a large part from
the recombination of the ions, although electron (de)excitations can also be important, as was
noted in the previous section. The local production of the excited states means that the
densities of the excited states are related to the local ion and electron conditions in the plasma.
The red part of the plasma is characterized by a high density of the lower excited states, as the
red color is caused by Hα line emission from the n = 3 state. Two reactions that mainly
produce the lower excited states are dissociative recombination
H rv2 ,+ + e − → H + H* (n = 2,3) ,

(2-16)

and atomic ion recombination
H + + H − → H + H* (n = 3) .

(2-17)

Dissociative recombination produces atomic hydrogen in the n = 2 and n = 3 excited states.
The excitation of the hydrogen atoms depends on the energy stored in the ro-vibrationally
excited hydrogen ions. The stored energy was found to be insufficient to produce excited
states with n ≥ 4[40,41]. The atomic ion recombination produces hydrogen atoms excited to the
n = 3 state. Branching to the other excited states is negligible for atomic ion recombination[42].
In the blue afterglow the density of the higher excited, with n ≥ 4, is high, as these states are
responsible for the blue light emission. Two proposed reaction mechanisms, which mainly
produce higher excited states, are molecular ion recombination[16] and three particle
recombination[43]. The most important reaction mechanism is expected to be molecular ion
recombination
H +2 + H − → H 2rv + H* (n = 4,5,6) .

(2-18)

The cross section of molecular ion recombination is largest for the production of excited
states with n equal to 4, 5 and 6[42]. The other proposed reaction mechanism, which also
produces higher excited states, is the three particle recombination
H + + e − + e− → e − + H* (n = high) .

(2-19)

It will be argued in the discussion of chapter 5 that three particle recombination is not
important as it can not explain the observed excited state densities in the blue afterglow.
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Important ions in the reaction mechanisms are H+, H rv2 , + and H-. The relations between these
ions and their production mechanisms are briefly discussed here. The H+ ions can produce
H rv2 , + ions by asymmetric charge exchange
H + + H rv2 → H + H rv2 , + ,

(2-20)

which requires ro-vibrationally excited hydrogen molecules to start with because the reaction
is endothermic. The H- ions are also produced from the H rv2 molecules by dissociative
recombination with an electron
H rv2 + e− → H + H − .

(2-21)

Both reactions (2-20) and (2-21) require ro-vibrationally excited hydrogen molecules. The
required H rv2 molecules are produced by wall interactions at the arc nozzle and at the reactor
walls[44].
The production of the excited states is not limited to the reaction mechanisms given in eq.
(2-16) through (2-19). Excited states are also produced from the other excited states by
radiative decay to lower levels and by electron (de)excitations. Besides this re-absorption of
the hydrogen emission lines is also a possible process. Re-absorption of the Lyman lines can
lead to production of excited states from the hydrogen ground state density. The production of
excited states from other excited states can lead to a projection of one excited state density to
the other excited state densities, e.g. when a reaction mainly produces n = 5, electron
(de)excitations will also cause a rise in the densities of the n = 4 and n = 6 states. As an
example atomic ion recombination can thus also indirectly lead to the production of n = 2
excited atoms, while the initial reaction only produces n = 3 excited atoms.

2.3

Absorption spectroscopy

In laser absorption spectroscopy the amount of absorption of laser radiation is monitored as a
function of the laser frequency. In this study the absorption is caused by the interaction of the
radiation with the n = 2 excited hydrogen atoms in the plasma and the absorption spectra can
give information on the density and temperature of the n = 2 excited atoms.
The focus here will be on the absorption of the Hα line, which corresponds to the transition
from the first, n = 2, to the second, n = 3, excited state of atomic hydrogen. The Einstein
relations that describe the interaction of light with particles will be explained first. This is
followed by a description of the absorption cross section and lineshape of the spectrum. At
the end the main points on absorption spectroscopy will be summarized.

2.3.1

Einstein relations

The Einstein coefficients determine the rate of spontaneous emission, absorption and
stimulated emission. Stimulated emission can become important in absorption spectroscopy if
the population of the higher excited state is significant compared to the lower state of the
transition. The Einstein coefficients for each process are schematically shown in figure 2-5
for the transition between the n = 2 and n = 3 state.
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hv
n=3

B32

B23

A32
n=2

hv
hv

Figure 2-5: Einstein coefficients for stimulated absorption (B23), stimulated emission (B32) and
spontaneous emission (A32) for the transition of the Hα line.

The rate of change of the first excited state density of atomic hydrogen, caused by radiation of
the laser, is given by
∞

dn2
= ( B32 n3 − B23 n2 ) ∫ ρν (ν )G (ν − ν 32 ) dν .
dt
0

(2-22)

Here n2 and n3 are respectively the densities [in m-3] of the first and second excited states. The
Einstein coefficients for stimulated emission and absorption are respectively B32 and B23 [in
J·s-2·m3]. The laser power energy density per unit frequency interval, ρν, [in J·s·m-3] is
integrated over the frequency, weighted by the normalized lineshape of the transition, G, [in
s]. This lineshape will be discussed in more detail in the next section.
The radiation density follows from the laser intensity per unit frequency interval, Iν, [in
W·s·m-2] by

ρν =

Iν hν Fν
=
,
c
c

(2-23)

with Fν the photon flux per unit frequency interval [in s·m-2].
The Einstein coefficients are related to each other. For a black body radiator in thermal
equilibrium the processes of spontaneous emission, stimulated emission and absorption
balance each other out. The relations between the Einstein coefficients can thus be found by
the method of detailed balancing.
The relation between the Einstein coefficients for stimulated emission and absorption is given
by[34,45]

B32 =

g2
B23 .
g3

(2-24)

And B23 follows from A32 by[34,45]

B23 =

g3 c3
A32 .
3
g 2 8π hν 32

(2-25)

It is assumed that stimulated emission can be neglected. It follows from (2-22) and (2-24) that
for this assumption to be valid the following relation should hold

n2
n
≫ 3 ,
g2
g3
with the degeneracies for g2 and g3 respectively 8 and 18.
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Absorption cross section

The total amount of Hα absorption is proportional to the change in the density of the first
excited state (2-22). As the laser beam passes through the plasma part of its intensity is
absorbed. Under assumption (2-26) the change in Iν, after a short length dl, is given by

dIν
= − B23 n2 ρv G (ν −ν 32 ) hν 32 = − Iν σ 23 n2
dl

(2-27)

Introduced here is the absorption cross section per photon, σ23, [in m2], which follows from
eq. (2-23), (2-25) and (2-27) and is given by[34]

σ 23 =

2
g3 c A32G (ν −ν 32 )
.
g2
8πν 322

(2-28)

The solution of eq. (2-27) is known as Beer’s law given by

(

)

L

Iν = I ν0 exp − ∫ σ 23 n2 dl ,
0

(2-29)

here I ν0 is the starting laser intensity per unit frequency interval and L is the absorption path
length. Note that the n2 density will vary over the path length and also the lineshape of the
cross section can change with temperature gradients. Eq. (2-29) can be simplified under the
assumption that the plasma is optically thin[27] and the term in the exponent is small. The
result is

(

)

L

Iν ≃ I ν0 1 − ∫ σ 23 n2 dl .
0

(2-30)

The integral can be reduced by introducing the integrated local n2 density along the Line Of
Sight (LOS) of the laser beam, N 2LOS . The LOS is determined by the length of the detection
region in the plasma, which is shown in figure 2-6. The LOS density [in m-2] is defined as
L

N 2LOS ≡ ∫ n2 dl .

(2-31)

0

Plasma
L

0

Laser beam

Detector
Detection region

Figure 2-6: Detection region for laser absorption spectroscopy. The measured LOS density is the local
density integrated over the length of the detection region, which is indicated here from 0 up to length L.

An average absorption cross section has to be introduced as well as σ23 can vary over the path
length. The average absorption cross section, σ 23 , is defined as

σ 23

∫
≡

L

0

σ 23 n2 dl

∫

L

0

.

(2-32)

n2 dl
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The absorptance of the laser power inside the plasma, Xabs, is then given by

X abs ≡ 1 −

Iν
≃ σ 23 N 2LOS ,
I ν0

(2-33)

which is proportional to the LOS density of the n = 2 state and is made absolute by
calculating the absorption cross section. A quantity that is closely related to the absorptance is
the transmittance, Xtrans, defined as
X trans ≡

Iν
= 1 − X abs .
I ν0

(2-34)

An important part of the absorption cross section in eq. (2-28) is its lineshape. The lineshape
is a normalized function and in the ideal classical case the lineshape would be described by
the Dirac delta function, with one fixed transition frequency. This is clearly not possible as
the energy of the transition is not precisely defined due to the Heisenberg time-energy
uncertainty relation of
∆E ∆t ≥ ℏ ,

(2-35)

with ∆E and ∆t respectively the energy and time uncertainty. The spontaneous lifetime of the
excited states means that an atom can not, on average, be found at a particular energy for
longer than the time for spontaneous emission. By approximating ∆t with A32−1 the minimum
∆E can be estimated. This corresponds to a minimum Full Width Half Maximum (FWHM)
linewidth of 7 MHz, which is called the natural linewidth.
The Heisenberg time-energy uncertainty is not the only mechanism which determines the
lineshape. Many more broadening mechanisms exist and it will be shown that the natural
lineshape is in fact insignificant compared to some of these. The following section will
discuss important broadening mechanisms. These mechanisms are Doppler broadening, fine
structure splitting, Zeeman splitting, collisional broadening and instrumental broadening. The
resulting total lineshape will be a combination of the strongest of these effects.
2.3.2.1

Doppler broadening

The absorption cross section, eq. (2-28), depends on the frequency, as observed by the
absorbing atoms. The motion of atoms causes a Doppler shift in the observed frequency, ν’,
with respect to the laser frequency, ν, given by



ν ' = ν 1 −


v⋅k 
.
c k 

(2-36)

Here the relativistic correction is neglected due to the non-relativistic velocities of the
atoms[34]. The atom velocity is given by v and the propagation direction of the laser radiation
is given by k.
The Doppler shift means that all atoms interact with a slightly different radiation frequency.
As a result the chance for photon absorption, which depends on the frequency, changes with
the motion of the atoms. The resulting lineshape can be calculated by assuming a MaxwellBoltzmann velocity distribution. The velocity distribution, in the direction of the laser, is then
given by
pv dv =

 − mH v 2
mH
exp 
2π k BTg
 2k BTg


 dv ,


(2-37)

here mH and Tg are respectively the mass and temperature of the hydrogen atoms. The
Boltzmann constant is given by kB and pvdv is the probability of finding an atom at the
velocity interval dv, with v the atom velocity in the direction of the laser.

16

Chapter 2: Theory

2.3: Absorption spectroscopy

The normalized lineshape function for Doppler broadening, GD, resulting from a MaxwellBoltzmann velocity distribution (2-37), is a Gaussian function given by[34]
GD (ν − ν 32 ) =

 m c 2 (ν − ν 32 ) 2
mH c 2
exp  − H
2π k BTg
2k BTgν 322


1

ν 32


.


(2-38)

The FWHM of the Gaussian profile, ∆νD, is
∆ν D = 2ν 32

2k BTg ln ( 2 )
mc 2

.

(2-39)

Typical FWHM values for the Doppler broadening mechanism are 8 to 15 GHz for
temperatures of 1000 to 3000 K respectively. With these values Doppler broadening is much
larger than the natural linewidth of 7 MHz and it is one of the dominant broadening
mechanisms.
Now realize that with Doppler broadening the cross section depends on the temperature of the
plasma. Since the temperature is not constant throughout the plasma, the cross-section
changes as well. This is an important observation when analyzing the absorption spectra
obtained from Beer’s law (2-29). The changing cross section is also the reason why the
average cross section was introduced in eq. (2-32). The measured Doppler shift in the spectra
is an average over the velocity distribution along the line of sight of the laser beam.
2.3.2.2

Fine structure splitting

The fine structure is the splitting of the energy levels as already discussed in section 2.2.3.
The energy splitting of the levels give rise to seven different optically allowed transitions
between the n = 2 and n = 3 state, see figure 2-4. The result is that the Hα line is made up of
multiple transitions. The separation between the two strongest transitions is 9.9 GHz, which is
the same order of magnitude as Doppler broadening. Therefore the fine structure splitting has
to be taken into account as well when analyzing the absorption spectra.
The absorption cross sections for the different transitions have to be added together to
calculate the total absorption cross section. The distribution over the different lower energy
states is important, as each transition to n = 3 only happens from one of the lower n = 2 states.
The distribution over these lower states is assumed to be equal to their degeneracy, relative to
the total number of quantum states for n = 2. The resulting total cross section is given by[46]

σ 23 =

c2
64πν 322

7

∑g

k
3

A32k G (ν − ν 32k ) ,

(2-40)

k =1

with A32k the Einstein coefficients for the seven sub transitions, indicated with the index k, the
degeneracy of the upper level of each transition is given by g3k . The central transition
frequency of the sub transitions is ν 32k , which shifts the lineshape function for the different
transitions.
2.3.2.3

Zeeman splitting

Applying an external magnetic field to the plasma will cause Zeeman spitting of the energy
levels. Zeeman splitting is caused by the interaction of the magnetic dipole moment of the
electron with the externally applied magnetic field, Bext. The effect is similar to the spin-orbit
coupling that causes the fine structure splitting. The change in energy levels, ∆E, caused by
an external magnetic field is[33]
∆E = µ B g J Bext m j ,

(2-41)
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here µB is the Bohr magneton and gJ is known as the Landé g-factor, which is approximately 2
for an electron. An assumption for eq. (2-41) is that the fine structure splitting is already
important, which results in the use of mj as quantum number to characterize the quantum
state.
The selection rules only allow transitions between states as long as ∆mj = 0, ±1. The change
in energy, corresponding to each optically allowed transition will therefore only depend on
∆mj. The resulting shift in transition frequency is
∆ν Z =

µ B g J Bext ∆m j
h

.

(2-42)

For ∆mj = ±1 and an external magnetic field of 17 mT the Zeeman splitting is 0.5 GHz, which
is much smaller than the fine structure splitting of 9.9 GHz. When the laser is polarized along
the magnetic field lines the only allowed transition is ∆mj = 0 and the Zeeman splitting
vanishes completely[37]. Broadening of the absorption spectra by Zeeman splitting can
therefore be neglected.
2.3.2.4

Collisional broadening

Collisional broadening is the line broadening caused by collisions of the excited states with
other particles, which disturbs their energy levels. The influence of collisions with neutrals is
very small, with typical broadening values of 7.5 MHz per hPa of pressure[34]. The interaction
with charged particles is however much more important. Their electric field causes a
perturbation in the energy levels of the excited states. The resulting line broadening, by the
collisions with charged particles, is called Stark broadening[47].
Calculating the perturbation by charged particles is a complicated problem because it depends
on the particle dynamics and the local induced electric field during a collision. Several
methods have been developed based on different approximations of the particle
dynamics[48,49], see also figure 2-7 for a comparison. The earliest attempts use a quasi static
approximation for ions[50,51], however neglecting the motion of ions seriously underestimates
Stark broadening at lower electron densities. At an electron density of 1019 m-3 this
discrepancy can already be a factor of 30[52]. The impact approximation[53,54] gives much
better results for ne values in the order of 1019 m-3 and lower[48]. Above 1019 m-3 numerical
Full Computer Simulation Methods (FCSM) are required[48,55].
The low electron density, ne < 1019 m-3, expected in the hydrogen plasma expansion makes the
impact approximation the most suitable solution for calculating the Stark broadening. Stehlé
and Feautrier[53,56] determined that the lineshape for Stark broadening of the Hα line, in the
impact approximation, is Lorentzian with a FWHM, ∆νS [in Hz], given by the analytic
formula
1

1.55 ⋅ 10−10 × ne  m *  2 1
∆ν S =
 m  T1 2
π
 e  i


 6 TDTi me  
 27.54 + ln 10 ×
.
ne m *  



(2-43)

Here the reduced mass, m*, is mi mx (mi + mx ) with mi and mx respectively the ion perturber
and emitter mass. The reduced temperature TD is Ti Te (Ti + Te ) with Ti and Te respectively the
ion and electron temperature [in K]. The electron mass is given by me [in kg]. The derivation
of (2-43) uses a cut-off procedure to avoid problems with low impact parameters (strong
collisions), which only makes it valid for Ti > 2000 K[54].
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Figure 2-7: Comparison of different calculations for the Stark broadening FWHM[48]. The simulated
plasma conditions deviate from the plasma studied in this thesis; main differences are the temperature
and the mass of the perturbing species. For ne < 1019 m-3 the impact approximation[53] shows good
agreement with FCSMB simulations by Olchawa et al.[48]. At higher densities the FCSMA by Gigosos et
al.[55] and the FCSMB overlap. The quasi-static approximation[50] shows a serious underestimation of
the broadening at ne < 1022 m-3.

A typical value for Stark broadening is 2 GHz for a hydrogen plasma with a gas temperature
of 3000 K and an ne of 1019 m-3. With 2 GHz the Stark broadening is the third largest
broadening effect, after the Doppler broadening and the fine structure splitting. Including
Stark broadening in the analysis requires a convolution of the Gaussian Doppler lineshape and
the Lorentzian Stark lineshape, under the assumption that there is no correlation between
motion and ion collisions. The resulting lineshape is a Voigt profile.
2.3.2.5

Instrumental broadening

The previous broadening mechanisms all relate to the optical transition at the atom itself.
However the frequency of the laser also has a finite linewidth. An atom therefore observes a
radiation spectrum. The linewidth of the laser spectrum is smaller than 500 kHz for short term
variations within 50 ms[57]. Estimating the linewidth for longer periods, using the Root-Allen
variance[58,59], gives values around 10 MHz for a one minute time period. The specifications
for hourly variations are smaller than 0.7 GHz.
The typical time for a measurement is around one minute. The resulting width of 10 MHz is
small compared to the Doppler broadening and fine structure. This means that instrumental
broadening by the laser linewidth can be neglected.
2.3.3

Total absorptance and lineshape

The two dominant broadening mechanisms, which determine the lineshape, are Doppler
broadening (2-38) and fine structure splitting (2-40). The width of both mechanisms is in the
order of 10 GHz in the plasma described in this report. Stark broadening has a width of
around 2 GHz, which gives it a minority role in the total lineshape at larger ne values. Stark
broadening can be included by taking the convolution of the Stark Lorentzian shape with the
lineshape resulting from fine structure and Doppler broadening.
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The absorptance depends on the LOS density and the absorption cross section, eq. (2-33). The
lineshape of the cross section is a combination of the seven fine structure transitions and the
Doppler lineshape. The absorptance, Xabs, excluding Stark broadening, is described by
X abs = N 2LOS

c2
3
64πν 32

mH c 2
2π k BTg

 mH c 2 (ν −ν 32k ) 2 
k
k
A
g
exp
32 3
−
.
∑
2k BTgν 32k 2 
k =1

7

(2-44)

This expression will be used to fit the absorption spectra when Stark broadening is negligible.
If this is not the case then a convolution between eq. (2-44) and the Lorentzian Stark profile
has to be used to calculate the absorptance. Two assumptions for eq. (2-44) are a LOS
averaged cross section and an optically thin plasma.
A simulation of a typical absorption profile is shown in figure 2-8. The absorptance is
calculated using eq. (2-44). The simulated conditions for the spectrum are a gas temperature
of 1000 K and a LOS density of 1013 m-2. It can be seen clearly that the absorption lineshape
of the Hα line is asymmetric due to the fine structure splitting in the energy levels.
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Figure 2-8: Simulation of a typical absorption spectrum showing the 7 optical transitions in the fine
structure that make up the Hα line, two of the sub transitions are barely visible. The absorption
spectrum is asymmetric.

2.4

Emission spectroscopy

The Balmer emission lines are an important feature in the visible part of the emission spectra
of hydrogen plasmas. The measured intensities of the Balmer lines can be used to determine
the higher excited states densities of atomic hydrogen, with n ≥ 3.
The excited state densities can be determined from the peak area of the measured Balmer
lines, Îpq, [in counts·s-1·m] with the following expression[40]:
N pLOS = Iˆpq C pq

4π
,
Apq E pq

(2-45)

here the subscripts p and q indicate respectively the upper and lower level of the principal
quantum numbers of the transition. For the Balmer series the lower level q is always the first
excited state, n = 2. The energy of the emitted photons, Epq, was already described in detail in
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section 2.2.1. The densities obtained with Optical Emission Spectroscopy (OES), N pLOS , are
LOS densities. The detection region, along which the local density is integrated, is shown
schematically in figure 2-9. Calibration coefficients, Cpq, [in J·counts-1·m-3·sr-1] are used to
relate the Balmer line emission to absolute densities. Included in these calibration coefficients
are the detection angle, detection area and detector sensitivity of the experimental setup. The
calibration coefficients are determined by measuring the emission spectrum of a tungsten
ribbon lamp and calibrating this spectrum with the specifications for the emission spectrum of
the given tungsten ribbon lamp[28].

Plasma
+
Detector
Detection region
Figure 2-9: Detection region for optical emission spectroscopy. A lens is used to focus the plasma
emission on a detector. The measured LOS density is the total density integrated over the length of the
detection region.

Another important feature in the visible part of the emission spectrum of hydrogen plasmas is
the Fulcher-α band. The radiative transition of molecular hydrogen from the d3Πu to the a3∑g+
state forms the Fulcher-α band structure at a wavelength around 580 to 640 nm. The
excitation from the molecular ground state, X1∑g+, to the radiating excited d3Πu state requires
15 eV, which means that the initial excitation only becomes important Te > 1 eV[27]. The
energy level scheme for the Fulcher-α band is shown in figure 2-10.
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Figure 2-10: Potential energy diagram for the hydrogen molecule[27]. High energy electron collisions
can excite the molecular hydrogen from the ground state to the d3Πu state. Radiative decay from the
d3Πu state to the a3∑g+ state causes the Fulcher-α band emission.
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Abel inversion

The densities measured with emission and absorption spectroscopy are integrated densities
along a Line Of Sight (LOS), see figure 2-9. These LOS densities can be converted to local
densities by measuring the LOS density at different lateral positions and assuming cylindrical
symmetry of the plasma. The mathematical conversion technique is called Abel inversion.
The LOS density is related to the local density by the Abel integral equation
N nLOS ( y ) = 2 ∫

∞

y

rnn ( r ) dr
r 2 − y2

,

(2-46)

which integrates the local density along the LOS, in principle up to infinity. The r and y axis
are indicated in figure 2-11, this figure also gives a schematic overview of Abel inversion.
The analytical inversion of eq. (2-46) reads as[60]
nn ( r ) = −

1

π∫

∞

r

dN nLOS ( y )
dy

dy
y − r2
2

.

(2-47)

One way of solving eq. (2-47) is by approximating the LOS density by a series of K
Gaussians
K
 y2 
N nLOS ( y ) ≃ ∑ ai exp  2  ,
i =1
 bi 

(2-48)

here ai and bi are respectively the amplitude and width of each Gaussian in the series.
The analytical inversion of a Gaussian function by eq. (2-47) is again a Gaussian function[28].
As a result the Abel inversion of the LOS densities, approximated with a series of Gaussians,
is given by[60]
 y2 
exp  2  .
i =1 bi π
 bi 
K

nn ( r ) ≃ ∑

ai

(2-49)

There are many other methods for Abel inversion of LOS densities, e.g. expanding the LOS
densities in a series of Gaussian weighted Hermite polynomials[61]. It will be shown, however,
that an expansion into a series of Gaussians gives sufficiently good results.
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Figure 2-11: Schematic representation of Abel inversion. The LOS densities are measured at different
lateral positions, yi, and Abel inversion converts the LOS densities to local densities.
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Experimental setup

The experiments discussed in this report have been performed on the setup called PLEXIS.
This acronym stands for PLasma Expansion in Interaction with Surfaces. The setup consists
of a cascaded arc and a low pressure vessel into which the plasma expands.
The PLEXIS setup is described first in more detail, followed by a description of the
diagnostics. The diagnostics that are used in this work are Tunable Diode Laser Absorption
Spectroscopy (TDLAS) and Optical Emission Spectroscopy (OES). TDLAS measures the gas
temperature and the first excited state density of atomic hydrogen, while OES measures the
higher excited state densities.

3.1

Plasma setup

The plasma setup, called PLEXIS, consists of a cascaded arc plasma source[17,18,62] placed
inside a low pressure chamber. The cascaded arc is mounted on a movable arm, which allows
for spatial measurements with fixed diagnostics, see figure 3-1.

Figure 3-1: A schematic overview of PLEXIS. The cascaded arc is mounted on a movable arm. Four
Helmholtz (MC) coils can apply a magnetic field of up to 200 mT. The smaller ports, at a 45° angle,
are used for the diagnostics.

The cascaded arc, shown in figure 3-2, is made up of three cathode pins and an anode plate,
separated by four separately insulated plates. The hydrogen gas is injected from the left, and
ignited by applying a short high-voltage pulse on the three cathodes. The arc discharge runs
through a 4 mm diameter channel, through the insulated stabilizing plates, to the anode end
plate. The expansion starts when the plasma exits the channel. The arc operates at a hydrogen
flow of 3000 sccm and at a pressure of 7000 Pa. The current through each of the cathodes is
15 A and the discharge voltage is around 150 V, giving a total input power to the plasma of
6.8 kW.
A nozzle can be mounted on the anode end plate, which changes the interaction of the plasma
with the anode. The amount of surface interaction is determined by the nozzle’s size and
geometry. A large surface interaction area will increase the surface recombination and
produces a lot of H rv2 by surface association. Limiting the surface interaction area, by using a
short open nozzle, reduces the H rv2 production and the amount of surface recombination. The
latter case, with the open nozzle, proved to produce optimal conditions for population
inversion in the blue afterglow[44], which is the experimental region of interest. The open
nozzle has an inner diameter of 9.6 mm and a length of 7 mm.
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Figure 3-2: A schematic view of the cascaded arc with an open nozzle. The gas inlet is on the left side.
The plasma is ignited by three cathodes and is sustained in the channel between the anode and the
cathodes. The expansion is on the right side, into the low pressure vessel. The z-direction is along the
centre axis, perpendicular to this is the r-axis.

The plasma expansion chamber is a 3 m long cylindrical vessel with a diameter of 30 cm.
During operation the pressure is pumped down to around 9 Pa by two rotary pumps and a
roots blower.
Four Helmholtz coils are mounted on the setup which can produce a magnetic field of up to
200 mT, see figure 3-3. The magnetic field is set at 17 mT and is uniform over a length of
approximately 1.4 m. Higher field strengths give slightly stronger population inversion but
significantly reduce the arc’s lifetime[28].
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Figure 3-3: The magnetic field in the low pressure vessel as function of the current through the
Helmholtz coils.

The plasma expansion has cylindrical symmetry. The z-axis is defined along the centre axis,
with z = 0 at the end of the nozzle. The r-axis is defined perpendicular to the centre axis, see
figure 3-2.
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Absorption spectroscopy setup

The spectrometer used for the absorption experiments is based on a Hα tunable diode laser,
where the absorption of the laser light is measured as the tunable diode laser scans its
wavelength range. The result is an absorption spectrum of the Hα line with a very high
resolution, due to the very narrow linewidth of the laser. Both the temperature and density of
the n = 2 state of atomic hydrogen can be determined from this spectrum.
The tunable diode laser is a continuous wave TLB-7005 External-Cavity Diode Laser and
operates according to the Littman-Metcalf principle[57,63]. It has a tunable range from 656.33
to 656.60 nm around the Hα line, and an output power of 4 mW. The short term linewidth of
the laser is < 500 kHz for a period of 50 ms[57]. The laser beam is polarized horizontally,
parallel to the magnetic field. Mirrors and beam splitters are used to guide the direction of the
laser beam. An etalon, with a free spectral range of 9.95 ± 0.07 pm measures the relative
change in laser frequency. Three photo diodes are used to measure the laser intensity. The
positions of each of these elements are shown schematically in figure 3-4. The laser intensity
is measured before it enters the vessel, behind the etalon and after it has passed through the
plasma. The diode that measures the absorption is placed approximately 2.5 m after the laser
beam passes through the plasma. This way the detection of direct plasma light by the detector
is reduced. Because of the additional path length the laser beam diverges to 9 mm in diameter
and requires focusing by a lens before falling on the photo diode. The spatial resolution is
determined by the laser diameter inside the plasma, which is approximately 3 mm. The
windows through which the laser enters and leaves the vessel are placed at Brewster angles to
minimize interference effects.

M

M
BS

BS

Diode laser

M

Lens

+

I
PD

Etalon

I0

Iet

PD

PD

Figure 3-4: Schematic representation of the TDLAS setup, showing the tunable diode laser, the
photodiodes (PD), the beam splitters (BS) and the mirrors (M). The laser enters and leaves the vessel
through Brewster windows.

3.3

Optical emission spectroscopy setup

The Optical Emission Spectroscopy (OES) setup is used to measure the absolute densities of
the higher excited states of atomic hydrogen ( n ≥ 3 ) by looking at the Balmer line emission.
The OES setup is shown in figure 3-5. It shows the lens system that projects a 1 to 7 image of
the plasma on an optical fiber. The plasma light is collected along a LOS, with a spatial
resolution of 3 mm. The optical fiber transmits the light to a Czerny-Turner spectrometer[64] to
analyze the emission spectra. The spectral resolution and wavelength range depend on the
grating used for the measurement, see table 3-1.
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Figure 3-5: The optical emission spectroscopy setup. A lens system projects an image of the plasma on
an optical fiber which transfers it to a Czerny-Turner spectrometer. A typical emission spectrum,
recorder at z = 20 cm, is shown on the right.
Table 3-1: Spectral resolution and wavelength range of the spectrometer.
Wavelength
range (nm)
178 - 1100
571 - 680
370 - 450
194 - 413

Grating
M1
S1
S2
S3

Spectral
resolution (nm)
0.8
0.12
0.5
0.3

-1

Measured intensity (counts.ms )

The Balmer line emission is proportional to the excited state densities. However the detection
volume and detector sensitivity need to be calibrated to relate the line intensities to absolute
densities. This is done by measuring the emission of a tungsten ribbon lamp, placed at the
centre of the low pressure chamber. The calibration procedure is described in detail by
Delplanque[28]. Figure 3-6 compares the measured tungsten ribbon lamp spectrum with a grey
body radiator, which describes the theoretical tungsten ribbon lamp emission spectrum. The
conversion factor between the theoretical and measured spectra remains about constant for
wavelengths from 300 to 550 nm. Larger wavelengths show a rapid decrease in detector
sensitivity resulting in a larger conversion factor.
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Figure 3-6: Comparison of the measured tungsten ribbon lamp emission spectrum with a grey body
radiator, describing the theoretical tungsten ribbon lamp emission. The measured spectrum shows a
reduction in detector sensitivity for the longer wavelengths. The positions of the Balmer lines are also
indicated.
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Spectral measurements

This chapter presents the measurements of the absorption and emission spectra obtained with
TDLAS and OES. The measurement and analysis of the absorption spectra are given first,
after which the emission spectra are analyzed.

4.1

Absorption spectra

The absorption spectra of the Hα line give information regarding the n = 2 excited states of
atomic hydrogen. The area of the absorption peak gives the LOS density of n = 2, while the
lineshape of the spectrum gives information on the gas temperature and electron density of
the plasma.
4.1.1

Measurement procedure

The absorptance of the laser in the plasma is described by eq. (2-33). An absorption spectrum
is obtained by scanning the laser frequency periodically at 81 Hz and thereby monitoring the
absorptance. Every measurement is based on 4000 averages. The laser power is measured at
two positions in the experimental setup, before and after the laser enters the plasma, as is
shown in figure 3-4. The change in laser power between these two positions is however not
only caused by laser absorption in the plasma. Part of the laser intensity is lost in the optics of
the setup, e.g. by interference. Besides this the sensitivity of the detectors is expected to
change slowly in time, about ±1‰ . Therefore the experimental setup has to be calibrated
with a reference measurement, without laser absorption in the plasma. The absorptance in the
plasma, including calibration, is given by
X abs = 1 −

I abs I abs ,0
Cnorm ,
I ref I ref ,0

(4-1)

here I0 and I refer to the laser intensities measured respectively before and after the laser
enters the plasma vessel, as shown in figure 3-4. The subscripts abs and ref indicate
respectively the actual absorption and the reference measurement. The reference measurement
is measured with the magnetic field turned off at a position in the plasma where the n = 2
LOS density is below the detection limit. Changes in detector sensitivity are calibrated with
the normalization parameter, Cnorm, which normalizes the absorption spectrum to a baseline of
zero. The measured laser intensities are not corrected for background light and dark currents.
This is because these contributions are small, at most 3 ‰ of the total signal, and of the same
order of magnitude as cross-talk of the signals in the electronic components. The contribution
of the dark current is the same for the reference and absorption measurements and therefore
cancels out for a large part. The remaining error is negligible compared to the signal noise.
The wavelength of each spectrum is calibrated by measuring the laser transmittance through
an etalon. The etalon’s transmittance shows minima and maxima at regular wavelength
intervals, based on its free spectral range[64]. The absolute calibration of the wavelength is
done by the position of the absorption peak, which is at 15233.2 cm-1. It is not expected that
the absorption peaks are shifted to a different frequency because TDLAS measures a LOS
averaged spectrum of a radial symmetric plasma. Any shifts, e.g. by Doppler, are therefore
averaged out in all directions.
Figure 4-1 shows the important steps in the measurement procedure for an absorption
measurement at z = 11 cm. The laser intensity after it has passed through the plasma is shown
in figure 4-1 (a), which shows a strong laser power dependence on laser frequency. The
relative change in laser power, given by I I 0 , is plotted in figure 4-1 (b). This graph shows
that interference in the optics of the experimental setup gives a contribution to the
transmittance comparable to the absorption signal itself. Figure 4-1 (c) gives the transmittance
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of the laser through the plasma, without normalizing. The modulation voltage which tunes the
laser frequency is given in figure 4-1 (d). The change in laser transmittance of the etalon is
given in figure 4-1 (e), which relates the time to the laser frequency. Figure 4-1 (f) shows the
change in laser transmittance of the optics after an 8 minute time period by comparing two
different reference measurements measured 8 minutes after each other. It is expected that the
change in transmittance is caused by a bending of the angle of the Brewster windows, due to
heating of the window mounts. The resulting change in interference makes the change in laser
transmittance highly selective to the laser wavelength, resulting in peaks in the transmittance
of around 3 × 10-4 between reference measurements after about 8 minutes. This change in
transmittance is significant compared to the actual absorptance in the plasma, which is around
10-3 in the blue afterglow of the plasma. Reference and absorption measurement therefore
have to be done in quick succession to minimize the noise level of the system. The time
between a reference and an absorption measurement is typically one minute.
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Figure 4-1: Measurement procedure for TDLAS. Figures (a), (b) and (c) give different steps in the
procedure. The first step (a) is the measurement of the laser intensity after absorption in the plasma.
Figure (b) corrects for the periodic change in laser power and shows that system interference is
significant compared to the actual absorption in the plasma. Figure (c) gives the transmittance of the
laser in the plasma, which is determined by comparing the absorption measurement with the reference
measurement. The laser modulation voltage is given in figure (d). The change of the laser
transmittance through the etalon is given in figure (e). Figure (f) shows the change in laser
transmittance of the optics in the setup after an 8 minute time period.
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Absorption spectra analysis

Typical absorption spectra obtained with TDLAS are shown in figures 4-2 to 4-4. The
absorption spectra are analyzed using two different methods. The first, called method A, is to
fit the spectra with eq. (2-44) using the gas temperature and LOS density as fitting
parameters. Method A takes into account Doppler broadening and fine structure splitting, and
it assumes an optically thin plasma. The second method, called method B, simulates the
spectra based on given plasma parameters for LOS density, gas temperature and electron
density. The simulation includes Stark broadening of the spectra and the plasma does not have
to be optically thin. The simulation parameters are varied to obtain the best correspondence
with the measured spectra. Method B is applicable to a wider range of plasma conditions, on
the downside it also requires an extra parameter for the Stark broadening compared to method
A. The results of method B show a dependence on starting parameters because of the extra
freedom by the additional parameter.
Fitting the absorption spectra with method A gives a good agreement with the measurements
for z ≥ 9 cm. The asymmetric profile, predicted in figure 2-8 for lower gas temperatures, can
be observed in figure 4-4. For z < 9 cm method A fails in the wings of the spectra, see figures
4-2 and 4-3, which indicates that Stark broadening is important. Method B is therefore
required to analyze the spectra for z < 9 cm. The Stark broadening of the spectra has the
additional effect that the wings can become very wide, and at z = 0.5 cm the baseline of the
spectrum has to be estimated from the spectrum simulation. A close inspection of the residue
of the spectra analyzed in figures 4-2 and 4-3 also reveals a deviation in the line centre. The
measured spectra are more round in the top compared to the lineshapes obtained with both
methods A and B. This might indicate a small shift in the energy levels, which could also be
caused by the Stark effect.
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Figure 4-2: Absorption spectrum at z = 0.5 cm. Fitting the spectrum with only Doppler and fine
structure broadening fails to reproduce the spectrum in the wings. Including Stark broadening into the
lineshape improves the correspondence in the wings.
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Figure 4-3: Absorption spectrum at z = 5 cm. The inclusion of Stark broadening into the lineshape
improves the correspondence in the wings of the spectrum.
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Figure 4-4: Absorption spectrum at z = 19 cm. The asymmetry caused by the fine structure shows
clearly. The amount of noise is typical for the measurements in the blue afterglow.

The temperature and electron density are determined from the Doppler and Stark broadening
of the spectrum, which are averaged along the LOS of the measurement. It will be shown in
chapter 6 that lateral temperature gradients for z ≥ 11 cm are small and that the LOS averaged
temperature gives a good representation of the local temperature. Closer to the arc the effects
of gradients in the electron density and temperature are important. The averaging over the
LOS leads to an underestimation of the local plasma conditions in the centre of the plasma.
In order to estimate the size of the underestimation a simple block distribution is assumed for
the electron density, with a high density in the centre and zero density at the sides. The total
absorption spectrum is then made up of a part with and without Stark broadening, as shown in
figure 4-5. Figure 4-5 shows a typical density distribution along the LOS of the measurement
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and indicates the part of the plasma where Stark broadening is important. Calculating the
absorption spectrum, using a ratio for the Stark broadened vs. non Stark broadened part of the
spectrum of 3 to 1, already increases the electron density in the centre with a factor of 1.5
compared to the averaged density. The lineshape is not significantly altered by this procedure.
Note that the density is used as a weight function for calculating the average lineshape, as
already indicated in eq. (2-32). A more quantitative analysis of the influence of lateral
temperature and electron density gradients will be given in chapter 6.
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Figure 4-5: Influence of LOS averaged Stark broadening. Stark broadening is only present in the
centre of the plasma where the electron density is high. Only the excited states in the centre will
therefore contribute to Stark broadening.

The LOS densities decrease further downstream of the expansion, reducing the absorption
signal, see figure 4-7. The lower detection limit for the TDLAS setup is at an absorptance of
1-2 × 10-4 which corresponds to a LOS density of 1012 m-2. The LOS density is below the
detection limit for z > 33 cm. The absorptance close to the arc, at z = 0.5 cm, is 10 %,
corresponding to a LOS density of 1.55 × 1015 m-2. This is already approaching the upper
detection limit for TDLAS as the laser must still pass through the plasma. LOS densities that
are an order of magnitude larger, above 1016 m-2, can become a problem to analyze because of
significant changes in the lineshape due to the high absorptance of around 60 %.
The signal to noise ratio in the blue afterglow is 10 or lower, see figure 4-4, and this makes it
more difficult to determine an accurate temperature from the lineshape. This is further
complicated by a decrease of the gas temperature further downstream the expansion. At a gas
temperature of 1000 K the fine structure splitting is already larger than the Doppler
broadening and the lineshape becomes less sensitive to temperature changes. The third
complication is the possibility of peaks in the background signal as a result of a poor
reference measurement. These interference peaks could be falsely interpreted as the fine
structure, see figure 4-6. Spectra with peaks in the background can therefore not be used to
determine the temperature. Typical errors in the gas temperature of the blue afterglow of the
plasma are about ± 180 K, as determined from the uncertainty in the fit parameters using
method A.
The uncertainty in the LOS densities can be estimated by comparing the spectrum analysis of
the two different methods. The variation in the LOS densities between both methods is about
6 % in the red part of the plasma. In the blue afterglow this raises to around 10-20 %
depending on the quality of the measurement.

33

Chapter 4: Spectral measurements

4.1: Absorption spectra

-4

4x10

Absorptance

z = 30cm

-4

2x10

0

-4

-2x10

15232

15233

15234

15235

-1

Frequency (cm )
Figure 4-6: Noise can be a serious problem when measuring low absorptance signals. Interference
patterns from a poor reference measurement can give the impression of false peaks, making it
impossible to determine the lineshape of the spectra.
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Figure 4-7: The maximum absorptance of the absorption spectra along the plasma expansion,
compared with the noise level. The laser power is varied to check the influence of the laser on the
plasma. At 100 % the laser power is 4 mW.

Figure 4-7 also compares the absorption for different laser powers to check the influence of
the laser on the plasma. High power lasers can influence the population of the excited states.
Measuring the density of the n = 2 state with Hα absorption will excite the absorbing atoms to
the n = 3 state. This process can lead to a transfer of population from the n = 2 to the n = 3
state up to a saturation point where stimulated emission becomes equal to absorption. For
laser absorption spectroscopy the absorptance is independent of laser power as long as the
system does not saturate. When saturation is reached the maximum absorptance decreases
with higher laser powers. Figure 4-7 shows that the absorptance is independent of laser power
and the system is therefore not in saturation.
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Emission spectra

The emission spectra of the plasma are obtained by measuring the light emitted by the plasma
with a spectrometer. Two typical spectra are plotted in figures 4-8 and 4-9 for respectively the
red plasma region and the blue afterglow. The used spectrometer grating for measurements of
the Balmer line emission is M1 from table 3-1.
The higher excited state densities are low in the red plasma region and only Balmer lines up
to Hγ show clearly. Figure 4-8 also faintly shows the Hδ line corresponding to the n = 6 state
of atomic hydrogen. Figure 4-9 shows that in the blue afterglow the lines up to H11-2 can be
observed, which corresponds to the transition from n = 11 to n = 2. Figure 4-9 also shows that
the Hβ emission is actually stronger than the Hα emission. This is already an indication for
population inversion, which will be discussed further in chapter 5.
The excited state densities are determined from the Balmer lines using eq. (2-45). The
intensities, Îpq, correspond to the area of the emission lines. Calibration coefficients are
obtained by measuring a calibration spectrum of a tungsten ribbon lamp, see figure 3-6, which
can be compared with its specifications. The resulting calibration coefficients per wavelength
are plotted in figure 4-10. The figure shows that the sensitivity of the spectrometer varies at
different wavelengths, the difference in sensitivity to Hα and Hβ emission is almost a factor 4.
The measured intensity of the Balmer lines is determined by the integration time. The
integration times are adjusted for maximum intensity of the strongest emission line, just
below the saturation limit of the spectrometer. This prevents saturation of the detector.
Typical integration times are 2 to 8 ms. The background noise in the spectra is very low as
can be seen in figures 4-8 and 4-9. The background is therefore only a problem for the highest
observed excited states. Increasing the integration time and taking multiple averages can
increase the sensitivity of OES to reveal higher Balmer lines with greater accuracy. The
uncertainty in the excited state densities determined with the above settings is expected to be
around 10 %.
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Figure 4-8: Typical emission spectrum in the red region of the plasma at z = 17 cm. The Balmer lines
are only visible up to Hδ (n = 6).
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Figure 4-9: Typical emission spectrum in the blue afterglow of the plasma expansion at z = 34 cm. The
Balmer lines are visible up to H11-2. The limit of the Balmer series is indicated at 364.6 nm. The
emission of Hβ is stronger than the Hα emission, indicating population inversion between these states.
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Figure 4-10: Calibration coefficients for different wavelengths to determine absolute excited state
densities from the Balmer line emission. The calibration coefficients calibrate the system for detection
angle, detection area and spectrometer sensitivity. The latter is wavelength dependent.

For long integration times, around 200 ms, the Fulcher-α band becomes visible in the
emission spectrum of the red part of the plasma. The Fulcher-α band is related to excited
hydrogen molecules. The energy level diagram for the hydrogen molecule was already
introduced in figure 2-10, which showed that the initial excitation requires a high electron
temperature. A typical emission spectrum of the Fulcher-α band at z = 4 cm is shown in figure
4-11. The spectrometer grating used to measure the Fulcher-α band is S1 from table 3-1. This
grating has a higher spectral resolution which measures the Fulcher-α band in more detail.
The Fulcher-α band emission, which is proportional to the density of the excited hydrogen
molecules, can be used to estimate the electron temperature of the plasma. The excited state
population is determined by electron (de)excitation processes, which depend exponentially on
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the electron temperature. The total Fulcher-α band emission therefore increases exponentially
with the electron temperature[65]. Estimating the electron temperature requires a reference
point to calibrate the total emission with the electron temperature. For z ≥ 17 cm the electron
temperature has been measured with a Langmuir double probe[40]. Extrapolating the
temperature from z = 17 cm, using the Fulcher-α emission, shows that the temperature
increases from 0.9 eV at z = 17 cm to around 2 eV at the arc exit.
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Figure 4-11: Emission spectrum of the Fulcher-α band at z = 4 cm. The Fulcher-α band emission in the
red part of plasma of the expansion indicates an electron temperature of 1 to 2 eV. Measuring the
Fulcher-α band requires long integration times, around 200 ms. The detector is saturated at the Hα
line.

4.3

Discussion and conclusion

The absorption spectra obtained with TDLAS allow the determination of the LOS densities
and LOS averaged temperature of the first excited states of atomic hydrogen. Two different
methods are used to analyze the spectra. Fitting the spectra with an analytical expression,
called method A, gives a good agreement with the measured spectra for z ≥ 9 cm. Closer to
the arc Stark broadening becomes important and method A fails in the wings of the spectra.
The Stark broadening is included in the second method, method B, which simulates the
spectra based on given plasma parameters. The inclusion of Stark broadening significantly
improved the analysis of the spectra. What remains is a minor deviation in the line centre,
which can indicate a shift in the fine structure. The presence of Stark broadening in the
absorption spectra for z < 9 cm also enables the estimation of the LOS averaged electron
densities.
The Doppler broadening of the absorption spectra is represented with a single Gaussian
function, with good results. This shows that there is no indication for multiple velocity
distributions of the neutral particles in the plasma.
The gas temperature and electron densities obtained with TDLAS are averaged along the
LOS. For z < 11 cm the gradients in gas temperature and electron density are significant and
the LOS averaged values give an underestimate of the local plasma conditions in the centre.
The underestimation of the local electron density at the plasma centre can reasonably be a
factor 1.5.
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The measurement noise in the absorption spectra is around an absorptance of 1-2 × 10-4. This
puts the detection limit for TDLAS is at an absorptance of 10-4, while the maximum measured
absorptance is 0.1. This gives TDLAS a dynamic range of three orders of magnitude in LOS
densities. The LOS density decreases from 1.55 × 1015 m-2 at z = 0.5 cm down to the detection
limit of 1012 m-2 at z = 33 cm. The decrease in signal strength further down the expansion also
decreases the signal to noise ratio. In the blue afterglow this results in a large uncertainty in
the gas temperature determination of ± 180 K. This is however also related to a decrease in
the gas temperature. At lower temperatures the fine structure becomes more important in the
lineshape and the spectra become less sensitive to temperature changes. Changes in the
interference pattern of the optics in the setup can also produced false peaks in the background,
complicating the analysis even further. The uncertainties in the LOS densities for TDLAS are
expected to be around 6 % in the red plasma, with z < 19 cm. This increases to 10-20 % in the
blue afterglow.
The laser absorptance was also checked for possible saturation effects by the laser power. No
indication of saturation by the laser was found.
The densities of the higher excited states, with n ≥ 3, are determined with OES, using the
Balmer lines in the plasma emission spectrum. The Balmer lines form a dominant feature in
the emission spectrum of the hydrogen plasma expansion. In the red plasma region Balmer
lines up to Hδ, corresponding to the n = 6 state, can be observed. In the blue afterglow the
Balmer lines from excited state up to n = 11 are visible. The OES setup has been calibrated
with a tungsten ribbon lamp with a known emission spectrum. The calibration of the setup
allows the determination of absolute LOS densities of the excited states. The uncertainty in
the LOS densities determined with OES is expected to be around 10%.
The plasma emission spectrum in the red part of the plasma also showed the presence of the
Fulcher-α band. The Fulcher-α band is related to excited hydrogen molecules. The population
of the excited hydrogen molecules is strongly coupled to the electron temperature. The
presence of the Fulcher-α band indicates that the electron temperature is around 1 to 2 eV in
the red part of the plasma expansion.
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5.1: LOS densities

Excited state density measurements

This chapter discusses the excited state densities of atomic hydrogen, obtained with TDLAS
and OES measurements. The measured densities are absolute densities integrated along the
Line Of Sight (LOS) of the measurement. These LOS densities [in m-2] are presented first.
The LOS densities are then Abel inverted to local densities [in m-3]. The local excited state
densities are related to the production mechanisms, discussed in section 2.2.6, using Atomic
State Distribution Functions (ASDFs).

5.1

LOS densities

The measured LOS densities are plotted in figure 5-1, as measured along the centre axis of the
expansion. The data for the higher excited states, with n ≥ 7, are moved to Appendix A for the
sake of clarity in figure 5-1. The given densities are the reduced LOS densities, which are
weighted by their statistical weight. Figure 5-1 shows that assumption (2-26), which neglects
stimulated absorption, is correct because N 2LOS g 2 ≫ N 3LOS g 3 .
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Figure 5-1: LOS densities of the excited states of atomic hydrogen, measured along the centre axis of
the plasma expansion.

5.2

Abel inverted local densities

The LOS densities are converted to local densities by means of Abel inversion. The Abel
inversion is performed on lateral LOS density profiles, which are fitted with a series of 1 to 3
Gaussians. The series of Gaussians, describing the lateral LOS density profile, are converted
to local densities with Abel inversion. Several typical measurements of the lateral LOS
density profiles, including the Gaussian fits, are shown in figure 5-2.
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Figure 5-2: Lateral LOS density profiles fitted with a series of Gaussians for Abel inversion. Using a
series of Gaussians gives a good representation of the density profiles, both for the very peaked profile
close to the arc and the hollow profile at z = 19 cm. The position of the hollow profile corresponds
with the red to blue transition in the plasma.

Figure 5-2 shows that the fitting procedure, with a series of Gaussians, is accurate. The
density profile for n = 2 is very peaked close to the arc, and 3 Gaussians are needed for an
accurate fit at z = 2 cm. The n = 2 profile at z = 11 cm is already less peaked and it can be
fitted with only 2 Gaussians. The higher excited state densities, with n ≥ 3, do not show the
strongly peaked lateral density profile close to the arc. At z = 19 cm a hollow profile is
observed for the higher excited states, with n ≥ 4, which corresponds to the red to blue
transition in the plasma. The hollow profile can be fitted with 2 Gaussians, one with negative
amplitude. At z = 27 cm the hollow profile has disappeared and is replaced by a much
smoother profile that can be fitted with a single Gaussian function.
It should be noted that the measured LOS density profiles do not all extend down to zero
density at the spatial limits of the measurement. The fitted Gaussians are, in these cases, an
extrapolation of the LOS density profiles. This could effectively lead to e.g. an offset in the
local Abel inverted densities should the Gaussian extrapolation decrease faster than the actual
LOS densities.
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Figure 5-3: Contour plots of the excited state densities. The density profiles in the blue afterglow, with
z > 20 cm, are much broader than in the red plasma region. After z = 20 cm all the excited states also
show an increase in density, with a maximum around 23 cm. The densities of the states with n ≥ 3 show
a hollow profile in the red to blue transition.

The Abel inverted local densities are plotted in figure 5-3. The hollow profile can be seen
clearly in the contour plots and it indicates a lateral inflow of reactive species from the sides.
The hollow profile starts at z = 18 cm and continues up to z = 22 cm. Figure 5-3 also shows
that the excited state density profiles in the red plasma region are very narrow, compared to
the blue afterglow.
A cross section of the on-axis local densities is given in figure 5-4, which compares the onaxis excited state densities in the course of the expansion. The local densities of the excited
states with n ≥ 7 can be found in Appendix A. Figure 5-4 shows that the excited state
densities decrease initially during the expansion, down to a minimum value at the red to blue
transition. The red to blue transition is followed by a strong rise in the local densities, which
results in population inversion of the states n = 4, 5 and 6 compared to n = 3 for z > 20 cm.
The rise in densities continues up to z = 23 cm, after which the densities decrease again.
The local on-axis densities are determined from the LOS densities using conversion factors
obtained from the lateral density profiles. These conversion factors are plotted in figure 5-5.
The data points are interpolated with a B-spline to determine the conversion factors for the
whole centre axis. The conversion factors converge after z = 21 cm for the higher excited
states, with n ≥ 3. This convergence allows for the use of the conversion factors of the n = 6
state for all the higher lying states, which were not directly analyzed with Abel inversion.
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Figure 5-4: On-axis local densities of the excited states, the lines are a guide to the eye. The higher
excited state densities, with n ≥ 3, show a local minimum at the red to blue transition. For z > 20 cm
the excited state densities show population inversion for the higher excited states n = 4, 5, 6 with
respect to n = 3. The three indicated regions are explained below with ASDFs.
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Figure 5-5: Conversion factors for the conversion of LOS densities to the on-axis local densities. The
conversion factors are derived from the Abel inverted lateral density profiles. The space in between the
lateral profile measurements is interpolated with a B-spline. The extrapolation of n=2 conversion
factors for z > 27 cm are unreliable as it is not clear how fast the decay should be. For larger z values,
z > 21 cm, the conversion factors for the higher excited states, with n ≥ 3, converge.
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Atomic state distribution functions

Atomic State Distribution Functions (ASDFs) of the excited state densities are useful for
studying the reaction mechanisms inside the plasma. The ASDFs plotted in figure 5-6 show
the presence of three distinct plasma regions. These three regions are indicated in figure 5-4.
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Figure 5-6: ASDFs for three distinct plasma regions. The ASDFs are given for z = 1, 13 and 25 cm.
The lines are a guide to the eye.

The first region starts at the arc nozzle and continues up to z = 7 cm, it is indicated in figure
5-6 for z = 1 cm. The first region mainly produces n = 2 excited states. The n = 2 production
can be explained by dissociative recombination (2-16). Dissociative recombination produces
n = 2 and n = 3 excited states, depending on the ro-vibrational energy of H rv2 , + ions. The
required H rv2 , + ions can be produced from the H rv2 molecules produced at the arc nozzle.
The second region ranges from z = 7 cm to z = 19 cm, a typical ASDF for this region is given
in figure 5-6 for z = 13 cm. The main difference with the first region is the strong increase in
the n = 3 density compared to the n = 2 density. This can mean that atomic ion recombination
(2-17) plays an important role as it mainly produces n = 3 excited states. The deviating
behavior of n = 3 can also be seen in figure 5-4. In the second region the general trend
followed by density of the n = 3 state is different from the other excited states.
The third region is the blue afterglow of the plasma, starting at around z = 19 cm. A typical
ASDF is given in figure 5-6 for z = 25 cm. The ASDF shows population inversion of the
higher excited states n = 4, 5, 6, compared with the n = 3 state. The population inversion is
characteristic for the blue afterglow of the plasma. The proposed reaction mechanisms for the
population inversion are molecular ion recombination (2-18) and three particle recombination
(2-19). Determining which reaction is the most important requires a quantitative analysis of
the ASDF using a Collisional Radiative Model (CRM). A CRM calculates the population of
the excited states based on the plasma conditions, the atomic ground state density, the ion
density and the involved reaction mechanisms. Using a CRM, which only includes atomic
processes[66], shows that including only three particle recombination underestimates the
excited state densities in the blue afterglow by two orders of magnitude. The population
inversion is therefore expected to be caused by molecular ion recombination as three particle
recombination can not explain the observed densities. A more advanced CRM, which also
includes molecular processes, is currently being developed by Fantz et al. The data gathered
in this thesis can prove to be a valuable tool to benchmark this model.
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Discussion and conclusion

Local excited state densities are obtained with Abel inversion performed on the measured
LOS densities. The Abel inversion uses a series of Gaussian functions to fit the lateral density
profiles. The fitted Gaussians are in very good agreement with the measurements. A potential
problem for the Abel inversion is that some of the lateral LOS density measurements do not
yet reach zero density at the lateral measurement limits. These limits are determined by the
movement allowance of the cascaded arc. The measurement limits could lead to an effective
offset in the local densities should the Gaussian extrapolation decay faster than the actual
densities. It was checked that moving the cascaded arc did not notably influence the plasma as
the lateral density profiles remained symmetric. Neither was this expected as the arc
movement is limited to around 5 cm, which is small compared to the diameter of the plasma
vessel.
The LOS densities also show that for TDLAS the stimulated emission from the n = 3 state to
the n = 2 state is negligible compared to laser absorption from the n = 2 to the n = 3 state.
Assumption (2-26), which neglects stimulated emission, is therefore proven to be correct.
The local excited state density profiles show that the expansion starts out with a very narrow
lateral profile. After the transition to the blue afterglow the profile broadens. At the red to
blue transition a hollow profile is observed for the higher excited state densities, this can
mean a local influx of reactive species from the walls. In the course of the expansion the
densities decrease, up to z = 19 cm. After the red to blue transition the densities start to rise
again, the strongest rise in density is for the higher excited states with n ≥ 4. This results in
population inversion in the blue afterglow for the higher excited states with n = 4, 5 and 6
compared to the n = 3 state.
ASDFs of the local densities show the presence of three distinct plasma regions. The three
observed plasma regions are caused by different reaction mechanisms. The first region is
close to the arc. Dissociative recombination is expected to be the most important population
process, as the density of the n = 2 state is high compared to the other excited states. The
required H rv2 , + ions can be produced from the H+ ions by asymmetric charge exchange with
H rv2 molecules produced at the arc nozzle. The n = 2 density decreases rapidly close to the arc,
which might indicate that the H rv2 , + ions are being depleted.
The second region, expected from z = 7 to 19 cm, is characterized with a relatively high
population of n = 3. Atomic ion recombination, which mainly produces n = 3 excited states,
can therefore be expected to be important in this region. Atomic ion recombination requires
H rv2 molecules for the production of H- ions. A significant depletion of the H rv2 molecules is
therefore not expected.
The third region is the blue afterglow of the plasma expansion. The afterglow shows
population inversion of the higher excited states, with n = 4, 5, 6, compared to the n = 3 state.
Two reaction mechanisms were proposed for the blue afterglow, molecular ion recombination
and three particle recombination. A CRM, based only on atomic processes, showed that three
particle recombination can not explain the high observed densities. Molecular ion
recombination is therefore expected to cause the population inversion in the blue afterglow.
The transition between the second and third region showed a hollow profile in the densities.
The difference in reaction mechanisms between these two regions is the recombination of
either atomic or molecular ions. Therefore the balance in these species should shift during the
transition. The hollow profile could indicate a lateral inflow of H rv2 molecules, produced at the
reactor walls. This can lead to an increase in asymmetric charge exchange and therefore tip
the balance between molecular and atomic recombination. The position of the red to blue
transition is however strongly influenced by the magnetic field. This excludes the possibility
that the transition is purely caused by flow patterns like recirculation cells. The magnetic field
dependence means that the electron density and temperature play an important role in the
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transition. This will be discussed further in the next chapter with the analysis of the gas
temperature.
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Gas temperature measurements

The temperature is determined from the lineshape of the Hα absorption spectrum, obtained
with TDLAS. The measured temperature is that of the first excited state of atomic hydrogen,
with n = 2. It is assumed that the temperature of the n = 2 state is comparable with the neutral
gas temperature. There is however also a coupling between the neutral excited atoms and the
ions. The temperature of the n = 2 state can therefore give an overestimation of the neutral gas
temperature, depending on the exact kinetics in the plasma.

6.1

Temperature profiles

The temperature profiles determined with TDLAS are given in figures 6-1 and 6-2. Figure 6-1
gives the temperature as measured along the centre axis of the plasma expansion. Lateral
temperature profiles are plotted in figure 6-2. The temperatures are determined from the
absorption lineshape using two different methods, as described in chapter 4. Method A fits the
lineshape with eq. (2-44) and only includes fine structure splitting and Doppler broadening.
Method B simulates the absorption spectrum with given plasma conditions and includes Stark
broadening. Method A gives good results for z ≥ 9 cm, as Stark broadening is no longer
observed in the spectra due to the lower electron densities. Closer to the arc Stark broadening
is important and neglecting it leads to an overestimation of the gas temperature of around
1000 K for z < 5 cm. The error bars for method A are determined from the 95 % uncertainty
interval in the fit parameters. The uncertainty in method B is estimated from the upper and
lower temperatures that still provided a good agreement with the measured data. The
uncertainty in method B is larger because of the extra freedom allowed by including a
parameter for Stark broadening.
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Figure 6-1: The gas temperature profile along the centre axis of the plasma expansion. A local rise in
temperature can be observed at z = 19 cm, corresponding to the transition to the blue afterglow. Close
to the arc Stark broadening is important and neglecting it leads to an overestimation of the gas
temperature.

The temperature profile in figure 6-1 shows that the gas temperature initially decreases from
2100 K at z = 0.5 cm to 1100K at z = 7 cm. This decrease in temperature is caused by
adiabatic cooling of the plasma as it expands from the high pressure source into the low
pressure background. During this initial expansion the thermal energy of the plasma is
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converted into kinetic energy. At the shockwave of the supersonic expansion the kinetic
energy is again converted back to thermal energy by collisions, resulting in a rise of the
temperature. Using eq. (2-2), the position of the shockwave is expected around z = 7 cm. In
experiments without magnetic field, but otherwise identical conditions, the shockwave was
determined at z = 10 cm[67]. Figure 6-1 only gives a faint indication of an increase in the gas
temperature at z = 9 cm. The uncertainty in the gas temperature, caused by Stark broadening,
prevents a clear determination of the temperature rise at the shockwave.
Further downstream of the expansion a second rise in temperature can be observed in figures
6-1 and 6-2. On-axis the temperature rise is at z = 20 cm and at z = 17 cm it is at a lateral
position of 2 cm. The local rise in temperature is about 400 K compared to the surroundings,
and it must be caused by a local heating process. The position of the temperature rise
corresponds to the transition from the red plasma to the blue afterglow. The origin of the local
heating will be discussed further on.
Close to the arc the lateral temperature profiles are very peaked, as can be seen in figures 6-2
(a) and (b). For a part this is caused by neglecting Stark broadening. For z < 9 cm the Stark
broadening is important, and its influence changes with different lateral positions as the
electron density decreases rapidly to the sides due to the magnetic confinement. The wings of
the spectra show that Stark broadening is important up to at least r = 1.1 cm for z = 2 cm. It is
expected that the temperature profiles flatten out considerably by including Stark broadening
in the determination of the temperature. A temperature estimate, including Stark broadening,
is indicated in the corresponding figures, which shows that the profiles indeed flatten out.
Similar changes in peaked lateral temperature profiles, caused by neglecting Stark
broadening, are reported by Cappelli et al.[52,68].
Another process that can cause peaked temperature profiles is a net outflow from the centre of
the plasma. The temperature is determined from the Doppler broadening which is averaged
along the LOS of the measurement. A net outflow towards the walls will therefore not result
in a Doppler shift but in Doppler broadening as it is averaged out in all directions because of
the radial symmetry. The lateral velocity component of the outflow is largest when measuring
through the centre of the plasma, with r = 0 cm. The presence of a net outflow is expected
from the initial expansion of the plasma, as schematically shown in figure 6-3. The plasma
expands with an initial velocity of 7.5 km·s-1 [23], which can cause a Doppler shift of 0.38 cm-1.
The lateral velocity component is however much smaller because the detection region for
TDLAS is limited to the centre of the plasma, as indicated in figure 6-3. Filling in the proper
geometry for z = 2 cm gives an estimate for the averaged Doppler broadening, caused by the
expansion, of 0.18 cm-1. This is 0.4 times the measured Doppler broadening of 0.43 cm-1. The
expansion will therefore lead to an overestimation of the gas temperature up to the shockwave
at around z = 10 cm. Figure 6-2 (a) shows that the lateral temperature profile at z = 2 is indeed
peaked, even after including Stark broadening. Figure 6-2 (b) is however already more flat,
which indicates that the influence of the expansion is already small at z = 5 cm. The lateral
temperature profiles for z ≥ 11 cm are all flat, with the exception of figure 6-2 (d), and give no
indication for a strong outflow from the centre.
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Figure 6-2: Lateral temperature profiles. Close to the arc the profiles are peaked in the centre, see (a)
and (b). The peaked profiles are for a large part caused by neglecting Stark broadening in the
absorption spectra. The influence of Stark broadening on the temperature further downstream the
expansion, with z > 9 cm, is expected to be negligible. Profile (c) also no longer shows a peak in the
profile, indicating that Stark is indeed less important. At z = 17 cm, profile (d), an interesting feature is
observed, the temperature rises again towards the sides of the profile, compared to the centre. The rise
in temperature at the sides precedes the on-axis rise in temperature at z = 20 cm, see figure 6-1. In the
blue afterglow, with z ≥ 20 cm, the temperature profiles are flat again as seen in profiles (e), (f), (g)
and (h).
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Figure 6-3: The expansion of the plasma gives the atoms a velocity component in the direction of the
laser. This means that the Doppler broadening close to the arc is a combination of the thermal motion
and the directed velocity. The dimensions are not to scale.

6.2

Local heating at red to blue transition

The temperature profiles in figures 6-1 and 6-2 show a local rise in the gas temperature at the
transition from the red plasma to the blue afterglow. The position of this local temperature
rise is indicated in figure 6-4.
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Figure 6-4: Artist impression of the local rise in temperature at the transition from the red plasma to
the blue afterglow. The local heating has been indicated by the white area at the red to blue transition.

It is expected that the local heating at the red to blue transition is caused by a Double Layer
(DL). The local electric field of the DL accelerates the ions, which in turn transfer their
gained energy to the neutrals by collisions. The presence of a DL is closely related to the
behavior of the charged particles. We will therefore investigate the charged particles in
further detail below.
The importance of charged particles at the red to blue transition is shown by the influence that
the magnetic field has on the transition. Increasing the magnetic field shifts the red to blue
transition further away from the arc. At higher field strengths the red plasma also penetrates
deeper into the blue afterglow, while the dark region between the red and blue plasma
disappears[28]. The magnetic field dependence shows that the transition can not be explained
by flow patterns, e.g. recirculation cells, because the ionization degree of the plasma is too
low to alter the flow with the charged particles.
The electron density and temperature have been measured with a Langmuir double probe for
z ≥ 17 cm[40]. The electron density close to the arc, with z ≤ 9 cm, can be estimated from the
Stark broadening of the TDLAS absorption spectra. The electron temperature is expected to
rise up to 1 to 2 eV, as determined from the Fulcher-α emission. The electron densities and
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temperature are plotted in figure 6-5. Note that the TDLAS electron densities are averaged
along the Line Of Sight as explained in chapter 4. The local electron densities at the centre of
the plasma can well be a factor 1.5 higher. The electron density is also above 1019 m-3, which
was estimated to be the upper limit for the validity of the impact approximation. The
derivation of eq. (2-43) for the Stark FWHM is also only valid for temperatures above
2000 K, which also reduces the reliability of using the impact approximation to determine the
electron density. The TDLAS electron densities therefore give an underestimate of the
densities close to the arc. Figure 2-7 shows that the underestimation of the impact
approximation with computer simulations is about a factor 2 at electron densities of
5 × 1019 m-3. On top of this the electron temperature and perturber mass were kept constant in
calculating the electron densities from the Stark broadening FWHM using eq. (2-43).
However varying these parameters over the expected range changes the FWHM with less than
20 %. Considering all these contributions gives an expected electron density at z = 0.5 cm of
around 1020 m-3. The electron density can also be estimated from the ASDFs in section 5.3.
Using a CRM with the excited states in Saha equilibrium[66] gives an upper estimate of the
electron density at the arc exit of 2 × 1020 m-3. The electron density at z = 0.5 cm is thus
1-2 × 1020 m-3. With this density the ionization degree of the plasma is estimated to be a few
percent close to the arc.
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Figure 6-5: Electron densities determined with TDLAS and Langmuir double probe measurements[40].
The TDLAS densities are determined from the Stark broadening in the absorption spectra and are
averaged along the LOS density. The Langmuir double probe also measures the electron temperature.

Figure 6-5 shows a strong gradient in the electron temperature at the transition from the red
plasma to the blue afterglow. The temperature gradient separates the plasma into a hot and
cold electron region. The DL could be sustained by this electron temperature gradient. The
hot electrons diffuse faster to the cold electron side than the other way around. The resulting
charge separation generates an electric field to accelerate the electrons back into the hot
region.
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Discussion and conclusion

The temperature is determined from the Hα absorption spectrum. The measured temperature is
that of the n = 2 excited hydrogen atoms. It is assumed that the temperature of the n = 2 states
gives a good representation of the neutral gas temperature. There is however also a coupling
between the neutral excited states and the ions in the plasma. The production of the excited
states is for a large part by recombination of ions. And also charge exchange of an ion with an
excited state is a very efficient process which can couple the excited states to the ions[69]. The
temperature of the n = 2 excited states can thus also contain a component from the ion
temperature and therefore give an overestimate of the neutral gas temperature. The absorption
spectra however give no indication of a multi-component velocity distribution. This could
indicate that the ion and neutral particles are in equilibrium, which might also be expected
from the low ionization degree of the plasma.
The temperature profiles show that the plasma expansion initially cools adiabatically from
2100 K at z = 0.5 cm to 1100K for z = 7 cm. The shockwave of the expansion is expected
around z = 9 cm. The temperature profiles however only give a faint indication of the shock at
z = 9 cm as the uncertainties in the temperature for z < 9 cm prevent a clear determination of
the temperature rise. The uncertainties are mainly caused by the Stark broadening of the
absorption spectra for z < 9 cm. The Stark parameter that is required to analyze these spectra
gives some degree of freedom in the analysis. This is because a small Stark contribution has
only a minor influence on the absorption lineshape, while it does reduce the Doppler
component. This means that there are multiple configurations for the Doppler and Stark
broadening that produce approximately the same lineshape. The clearest example is the
temperature at z = 9 cm. The corresponding spectrum does not show a clear Stark component
in the wings. The spectrum can however still be analyzed with a small Stark component
which reduces the Doppler component but which does not alter the lineshape in a significant
way. This also means that for z > 9 cm a small Stark component could still be present, even
while it is not observed in the absorption spectra. Neglecting this contribution could lead to an
overestimation of the temperature of about 100 K at maximum. Since this contribution is
small any trends in the temperature profile will remain the same.
The Stark broadening is used to estimate the electron density at z = 0.5 cm at around 1020 m-3.
With this density the ionization degree of the plasma is estimated to be a few percent at the
arc exit and decreasing further downstream of the expansion. The density of 1020 m-3 at
z = 0.5 cm also shows that the impact approximation is at the limit of its validity. An accurate
analysis of the Stark parameter will therefore require more advanced models.
A second contribution to the uncertainty for z < 9 cm is the initial supersonic expansion of the
plasma. The expansion causes a net outflow of the neutral particles with velocities around
1 km·s-1. The Doppler broadening measured with TDLAS is averaged along the LOS of the
measurement. Any outflow of particles to the sides will therefore be averaged out in all
directions, resulting into an additional Doppler broadening of the spectra. The Doppler
broadening caused by the expansion can be significant compared to the measured Doppler
broadening. The initial expansion of the plasma can thus lead to an overestimation of the gas
temperature as determined from the Doppler broadening. Lateral temperature profiles indicate
that this effect can be important up to at least z = 5 cm.
The temperature profiles showed a second rise in temperature at the red to blue transition in
the plasma at z = 20 cm. It is argued that this local heating is caused by a Double Layer (DL)
because of the importance of the charged particles for the transition. The strength of the
magnetic field, which only affects the charged particles, changes the shape and position of the
red to blue transition. Measurements of the electron density and temperature also show that
the plasma is divided into two different regions. The red plasma is characterized by a high
electron temperature with Te > 1 eV, while the blue afterglow is relatively cold with a Te
around 0.15 eV. The resulting temperature gradient could sustain the DL. The dark area
between the red and blue plasma can also be associated with the DL. The electric field of the
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DL can accelerate the ions and electrons out of the DL resulting in a dip in charged particle
densities. The depletion of ions inside the DL prevents the production of excited states and
with it the emission of light. However the thickness of the dark area is about 1 cm, which is
4000 times larger than the Debye length. This exceeds the thickness of typical DLs by at least
a factor 40. The DL can therefore not completely explain the dark area.
The presence of a DL at the red to blue transition can also help explain the change in reaction
mechanisms, as observed in chapter 5. At the transition the balance shifts from atomic ion
recombination in the red plasma to molecular ion recombination in the blue afterglow. This
shift in reaction mechanisms requires the depletion of the H+ population while the H +2
population increases. This change in populations requires asymmetric charge exchange,
which requires additional internal energy of the hydrogen molecules. The additional energy
can however also be provided by accelerating the H+ ions in the electric field of the DL. The
DL can therefore locally enhance the asymmetric charge exchange and result in the shift from
atomic to molecular ion recombination, thereby forming the red to blue transition.
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General conclusion

The aim of the research described in this thesis was to get a further understanding of the
reaction mechanisms taking place in hydrogen plasmas. The type of plasma studied in this
thesis is a magnetized hydrogen plasma expansion, produced by a cascaded arc. A
characteristic feature of this plasma is the sharp transition from a bright red plasma to a blue
afterglow at z = 20 cm. The blue afterglow shows population inversion of the excited states of
atomic hydrogen.
The reaction mechanisms in the plasma have been studied by measuring the densities of the
excited states of atomic hydrogen. The population of the excited states is determined by the
reaction mechanisms in the plasma, the excited state densities therefore give a valuable
insight into the plasma chemistry. Tunable Diode Laser Absorption Spectroscopy (TDLAS)
has been used to measure the density of the n = 2 excited state, as well as the gas temperature.
The densities of the excited states with n = 3 to n = 13 have been measured with Optical
Emission Spectroscopy (OES). Abel inversion has been performed on the measured Line Of
Sight (LOS) densities to obtain local excited state densities.

7.1

Conclusion

The LOS density and temperature of the n = 2 state of atomic hydrogen have been determined
with TDLAS, performed on the PLEXIS setup. TDLAS measures the absorption lineshape of
the Hα line in the plasma. The density is obtained from the area of the lineshape, while the
temperature is determined from the Doppler broadening. At electron densities above 1019 m-3
the lineshape also shows Stark broadening. At z = 0.5 cm the electron density is estimated
around 1020 m-3 from the Stark broadening of the absorption spectrum.
The lower detection limit for TDLAS was at an absorptance of 1-2 × 10-4, at which point the
signal to noise ratio becomes too low. This detection limit corresponds to a LOS density of
1012 m-2. The maximum measured LOS density was at 1.55 × 1015 m-2, at which point the
absorptance is 10 %. The upper detection limit for TDLAS is expected around a LOS density
of 1016 m-2, which gives TDLAS a dynamic range of 4 orders of magnitude. The uncertainties
in the LOS density and gas temperature are mainly determined by the signal to noise ratio of
the absorption spectra. The uncertainty in the LOS density of the n = 2 state is estimated
around 6 % for the red part of the plasma expansion, and it increases to 10-20 % in the blue
afterglow. The measured gas temperature decreased from 2100 K at the arc exit to 700 K at
z = 30 cm. The temperature rises locally at the supersonic shock of the expansion at z = 9 cm
and at the red to blue transition at z = 20 cm. Stark broadening of the absorption spectra is
important in the lineshape for z ≤ 9 cm. Neglecting Stark broadening of the lineshape leads to
an overestimation of the gas temperature of up to a 1000 K.
The LOS densities of the higher excited states, with n ≥ 3, have been determined from the
Balmer line emission of the plasma, using OES. In the blue afterglow the densities of the
excited states up to n = 13 have been measured. The emission spectrum of the plasma also
showed the presence of the Fulcher-α band in the red part of the plasma, which indicates that
the electron temperature is above 1 eV. In the blue afterglow the electron temperature is
around 0.15 eV and Fulcher-α band emission is no longer observed.
The densities obtained with TDLAS and OES are LOS densities, which are integrated along
the LOS of the measurement. The local excited state densities have been determined from the
LOS densities by means of Abel inversion. The method of Abel inversion used in this work is
to fit the lateral density profiles with a series of Gaussians. The fitted Gaussian profiles were
then converted to local densities.
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The reaction mechanisms in the plasma have been studied with Atomic State Distribution
Functions (ASDFs), constructed from the local Abel inverted densities. The ASDFs showed
three different regions in the plasma, which are governed by different reaction mechanisms.
These regions are described below, and an overview is given in table 7-1.
The first region close to the arc exit, with z < 7 cm, shows a strong production of n = 2
excited atoms. The high production to the n = 2 state can be explained with dissociative
recombination, H 2rv ,+ + e − → H + H* (n = 2,3) . Dissociative recombination requires rovibrationally excited ions for the production of the excited hydrogen atoms. The molecular
excited ions can be produced from atomic ions by asymmetric charge exchange with rovibrationally excited molecules, produced at the arc nozzle. The density of the n = 2 state
decreases rapidly for z < 7 cm, indicating a depletion of the reacting species. After z = 7 cm
the decrease of the n = 2 density becomes more steady.
In the second region, still in the red plasma and ranging from z = 7 to 19 cm, the balance
shifts mainly to the production of n = 3 excited atoms. The high n = 3 density, compared to
the other states, can be explained with atomic ion recombination, H + + H − → H + H* (n = 3) .
Atomic ion recombination primarily produces n = 3 excited atoms, while the branching to
other excited states is negligible.
In the third region, with z > 19 cm, the balance of the reaction mechanisms has shifted from
atomic to molecular ion recombination, H +2 + H − → H rv2 + H* (n = 4,5,6) . Molecular ion
recombination has the highest cross section for production to the n = 4, 5 and 6 excited states.
The production of these highly excited states leads to population inversion of the n = 4, 5 and
6 states for z > 20 cm, compared to the n = 3 state. The population inversion causes this
plasma region to appear as the blue afterglow.
The red to blue transition, between the second and third plasma region, is an interesting part
of the magnetized hydrogen plasma. At the transition the reaction mechanisms shift from
atomic to molecular ion recombination. Besides this the lateral density profiles of the higher
excited states, with n ≥ 3, show a hollow profile at this transition region. The gas temperature
also showed a rise in temperature from 800 to 1200 K at the red to blue transition. The local
heating of the plasma can not be explained by the supersonic shock of the expansion, as it
already occurs around z = 9 cm. In general it is also not expected that the red to blue transition
is caused purely by flow patterns, e.g. recirculation cells, because the transition shows a
strong dependence on the applied magnetic field. The magnetic field dependence shows that
the charged particles play an important role in the transition. The electron temperature also
showed that the red to blue transition divides the plasma into a hot region, with Te > 1 eV, and
a cold afterglow, with Te ≈ 0.15 eV. The shift in reaction mechanisms, the local heating, the
magnetic field dependence and the separation of a hot and cold plasma region indicate the
presence of a Double Layer (DL) at the red to blue transition. The local electric field of the
DL can accelerate the ions, causing the local heating of the plasma. Accelerating the H+ ions
in the DL can also provide the required additional energy for asymmetric charge exchange to
occur. This leads to a local enhancement of asymmetric charge exchange in the DL, which
shifts the reaction mechanisms from atomic ion recombination to molecular ion
recombination. The DL thus causes the change in reaction mechanisms and as a result the red
plasma changes to the blue afterglow.
Table 7-1: The dominant reaction mechanisms for the production of the excited hydrogen atoms in the
three different plasma regions.
Region

Most important population process

Produced H*

0 - 7 cm

H rv2 , + + e − → H + H*

n = 2, 3

+

−

*

7 - 19 cm

H +H →H+H

19 - 40 cm

H +2 + H − → H rv2 + H*
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Recommendations

Experience with TDLAS showed that there is still room for improvement in the experimental
setup for future experiments. The measurement noise in the absorption spectra was at an
absorptance of 1-2 × 10-4. In the current setup measurements longer than one minute, with
more averages, were not an option because of changes in the systems interference pattern.
The change in interference is expected to be caused by a bending of the Brewster windows of
the plasma vessel, which causes small changes in the internal reflections. Thicker Brewster
windows will allow the separation of internal reflections from the main beam, thus preventing
interference of the signal from the Brewster windows. Cooling the window mounts to make
them more stable would also be an option. Both options are expected to reduce changes in the
interference pattern of the experimental setup, and thus allow for longer measurements with
more averages. More averages improve the signal to noise ratio, while a stable setup also
reduces false absorption peaks caused by bad reference measurements.
Below gas temperatures of a 1000 K TDLAS also showed a reduction in temperature
sensitivity due to the relatively large fine structure splitting of the Hα line. More accurate
temperature measurements will therefore require an absorption line with a smaller fine
structure. The fine structure splitting decreases for the higher Balmer lines, e.g. Hβ, which
makes these lines more appropriate for determining lower gas temperatures. The cross section
of these lines however also decreases, the cross section for Hβ absorption is already a factor 7
smaller than the cross section for Hα. The population inversion of the plasma also needs to be
considered. In the blue afterglow the densities of the states n = 4, 5 and 6 are high, also
compared to the n = 2 state. This means that stimulated emission also needs to be taken into
account. The Stark broadening, which depends on changes in the energy levels, also changes
for the different lines. Whether it is useful to change the absorption line will therefore depend
on the plasma conditions to be measured.

7.3

Outlook

The results gathered in this thesis will be used in future research. The detailed spatial density
measurements are ideally suited to benchmark numerical hydrogen plasma simulations. The
study of the reaction mechanisms also showed which processes are important in the plasma,
and which therefore have to be included into plasma models. Plasma models can also provide
a valuable feedback into the details of the reaction mechanisms. Currently two numerical
hydrogen plasma simulations are being developed, which are of particular interest.
Fantz et al. are working on a CRM[70], using the Yacora model, to relate the Balmer line
emission of the plasma to the plasma conditions, e.g. the ion densities. OES is an easy to use
and non-invasive diagnostic for plasma research. Relating the measured emission spectrum to
the plasma parameters is therefore a very valuable tool for plasma research. Fantz et al. are
particularly interested in determining the density of H- ions from the emission spectrum.
Developing an easy to use diagnostic for H- ions is of great importance in the development of
negative ion sources required for NBI in nuclear fusion reactors[71].
Another model is being developed to study the Magnum-PSI setup at Rijnhuizen. This work
is done by Peerenboom et al. and the simulation is based on the Plasimo code[72]. The Plasimo
model also includes the flow of the plasma expansion. The hydrogen plasma expansion
studied at Magnum-PSI shows many similarities to the plasma studied in this thesis. The
detailed spatial measurements performed on PLEXIS therefore provide a good test case for
the model. The plasma studied in Magnum-PSI is however much more extreme, with a
magnetic field up to 3 T, a higher arc power, and a significantly higher ionization degree.
Testing the model on the PLEXIS hydrogen plasma expansion will therefore be the first step
in the validation of the model.
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Appendix A

Complete excited state densities

The complete sets of the on-axis excited state densities, up to n = 13, are given here. The
reduced LOS densities are plotted in figure A-1, the reduced local densities are given in figure
A-2. The excited states with n ≥ 7 were previously excluded for the sake of clarity in figures
5-1 and 5-4.
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Figure A-1: Complete LOS densities of the excited states of atomic hydrogen. Starting at z = 18 cm, the
higher excited states, n ≥ 3, increase again. Population inversion is observed for the states n = 4, 5, 6
compared with the n = 3 state, with maximum densities at z = 23 cm.
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Figure A-2: Complete on-axis local densities of the excited states, the lines are a guide to the eye. The
deviation of the local densities from the LOS densities is largest at the transition region, which is
caused by the hollow profile of the plasma. The densities show population inversion for the higher
excited states n = 4, 5, 6 with respect to the n = 3 state.
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