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Summary
In recent years hydrogen plasmas have been created that display
extraordinary behaviour, like breakdown at low electric fields, anomalous
plasma afterglow, excessive hydrogen Balmer-a spectra! line broadening and
EUV and VUV emission. R. Mills has explained all these phenomena using
his RT plasma theory. He states energy is released trom the hydrogen atom if
it comes into contact with a special catalyst, resulting in a transition of the
hydrogen atom to a fractional quantum state.
Experiments have been done on tour types of hydrogen discharges in order to
reproduce the extraordinary plasma behaviour observed by Mills. In all cases
a plasma could be created.
In an incandescently heated hydrogen plasma with the catalyst potassium
excessive Balmer-a Doppler broadening has been witnessed. This is not the
case with strontium as catalyst. Contrary to Mills' observation, no anomalous
plasma afterglow has been seen in this type of plasma. In the current set-up
there are serieus problems with plasma running time and control of important
physical parameters.
In RF discharges of Ar/H2, He/H2 and pure H2 also excessive broadening is
observed. This is not found in microwave plasmas of Ar/H2 or He/H 2.
A computer program has been made to simulate the spectra! profile of the
hydrogen Balmer-a line, which takes into account fine-structure effects,
Doppler broadening, Stark broadening and instrumental broadening. In
contrast to Mills' analysis, it can be concluded that Stark broadening can not
always be neglected.
All observed phenomena can be explained by standard gas discharge
physics, though these explanations are only qualitative. From the experiments
that were done, Mills' RT plasma mechanism can neither be confirmed, nor
ruled out as possible explanation.
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1 lntroduction
1.1 Brief introduction to plasma physics
In 1928 the term "plasma" was introduced by 1. Langmuir [1], which he used to
define "gasses" consisting of bath electrically charged particles (ions and
electrons) and neutra! particles (atoms and molecules). A plasma is effectively
quasi-neutra!, which means that the number of positively charged ions is
(almost) equal to the number of electrons. The processes occurring in
plasmas are governed by the temperature and densities of the particles.
The temperature is aften expressed in units eV (with 1 eV == 11600 K), though
not every plasma will be in thermal equilibrium, with all species in the plasma
having the same temperature. For an observer light will vary in frequency due
to thermal motion of radiating particles, i.e. the Dopplereffect. This means a
certain particle temperature will result in a Doppler-broadened spectra! line
profile.
The electron density determines properties like emission of light, electrical
conductivity, chemica! reactivity, etc. The high number of charged particles in
plasmas can only be sustained at high temperatures.
Bath plasma parameters can be determined from spectroscopie
measurements by analysing the spectra! line profile of an atomie transition.

1.2 Extraordinary phenomena in hydrogen plasmas
Plasmas have found frequent usage in areas like spectroscopy, surface
processing and lighting. Yet in the last decade hydrogen plasmas have been
created, which have unusual properties. These include excessive Dopplerbroadening of the hydrogen Balmer-a spectra! line (abbreviated: Ha),
emission of extreme ultraviolet (EUV, 5 <À < 100 nm) and vacuum ultraviolet
(VUV, 100 < À < 190 nm) radiation, plasma breakdown at low electric fields,
Lyman population inversion, anomalous plasma afterglow and excess power
generation. A rather controversial theory has been proposed by Randell Mills
in order to explain all these unexpected phenomena, which are only observed
in so-called resonant transfer (RT) plasmas. All these issues will be discussed
in the next two paragraphs.
1.3 Resonant transfer (RT) plasmas: Mills' theory on 'unexplainable'
hydrogen plasmas
The theory on RT plasmas is part of a larger theory in which Mills has
completely revised quantum mechanics and developed a new theory, called
Classica! Quantum Mechanics, in which all fundamental laws of physics are
combined [2]. lt states that electrons do not radiate and that they obey
Maxwell's equations, genera! relativity and (quantum) mechanics. This means
that the electron in the hydrogen atom actually is an infinitely thin spinning
spherical shell with its charge uniformly distributed over its surface, a socalled orbitsphere.
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Assuming a non-radiative boundary condition, Mills has derived trom the
Schrödinger equation that the electron in a hydrogen atom can have
quantized energies corresponding to the well-known Rydberg formula:

E = 13.6eV
n2

'

(1.1)

in which the principal quantum number n can also take on fractional values
(n = 1/2, 1/3, 1/4,"., 1/137) besides the familiar integer values
(n 1, 2, 3, 4,"., 137). Transitions to states with n < 1 are non-radiative and
can only take place when a certain catalyst absorbs the energy that is
released in the transition. This means transitions to states lower than the
ground state (n 1) are not possible through the emission of a photon.

=

=

The transition to a state with n < 1 effectively increases the binding energy of
the hydrogen atom, resulting in a so-called hydrino (atom). Mills uses the term
H[an I p] to define a hydrino that is in the 1/p state, with an being the radius
of the standard hydrogen atom.
A hydrino is only formed when the energy that is stored in the hydrogen atom
is resonantly transferred toa specific catalyst, either an atom or an ion, of
which t electrons are ionised in the process. A necessary condition tor an
atom or ion to be a catalyst is that it must have a net enthalpy of reaction (i.e.
it absorbs an amount of energy) of about:

m · 27.2eV,

(1.2)

with m an integer. The hydrino formation process is then described by the
following reaction formula:

Catalyst + m · 21.2eV + H[an / p] ~
Catalyst'+ +t·e-1 +H[an /(p+m)]+((p+m) 2 -p 2 )·13.6eV.

(1.3)

The ionised catalyst takes back the t electrons that it lost in the reaction,
releasing the energy that was absorbed:

Catalystt+

+ t · e-1 ~ Catalyst + m · 21.2eV.

(1.4)

Se effectively the overall reaction is:

H[an 1p] ~ H[an /(p + m)] + ((p + m) 2 - p 2 ) • 13.6eV. (1.5)
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As an example the reaction of atomie hydrogen (ground state, n = 1) with the
catalyst potassium (K) will be treated. For the ionisation of three electrons
trom the potassium atom an energy of (4.3 eV + 31.6 eV + 45.8 eV) = 81.7 eV
is required, som= 3. The reaction then becomes:

K +81.1eV +H[n
K

3

+

=1] ~

+ 3e-• + H[au / 4] + (4 2 -1 2 )·13.6eV.

(1.6)

This reaction releases 204 eV of energy. When 81.7 eV of that amount is
used for ionising the catalyst, the hydrino atom becomes unstable and
releases all the extra energy as heat or light until it reaches the stable
fractional quantum state.
Besides potassium there are several other catalysts, which can be found in
[2]. Also multiple catalyst processes are possible, e.g. two K+ ions absorbing
27.2 ev.
Because of the large number of particle interactions that are occurring,
plasmas are a favourable source for the creation of ion ic catalysts and the
dissociation of molecular hydrogen into atomie hydrogen. This means that the
resonant transfer (RT) process is as yet only observed in so-called RT
plasmas.
1.4 Manifestation of the RT plasma mechanism
Mills reports that RT plasmas can form in several types of discharge sources,
see [3] for an overview. In the next three paragraphs the sources and their
plasma properties will be discussed which are treated in this report.
1.4.1 lncandescent heating of hydrogen with certain catalysts
R. Mills has developed this remarkable plasma source on the basis of his RT
plasma principle. Inside a vacuum cell, a tungsten filament is used to heat a
metallic catalyst and a hydrogen dissociator, resulting in a gaseous catalyst
and atomie hydrogen, see for example [4,5,6,7]. Same catalysts are deposited
as powder on a titanium mesh, which serves as hydrogen dissociator.
Typically the field strength along the 30-cm-long filament is in the order of 1
V·cm- 1. Pressures in the cell are in the range of 0.1 to 1.0 mbar.
The properties of a plasma formed from incandescently heating are just as
strange as the conditions necessary for its creation. Plasma formation,
hydrogen VUV emission and Doppler broadening of the Balmer-a line have
been observed for metallic catalysts (e.g. K, Rb, Cs and Sr) or fora
combination of metallic and gaseous catalysts (e.g. Sr with Ar).
From the Doppler-broadened Ha line high atomie hydrogen temperatures have
been derived for incandescently heated hydrogen plasmas containing Sr, with
values of 14 eV and 24 eV for respectively hydrogen plasmas with Sr only and
12
Sr with Ar [5]. Corresponding hydrogen atom densities are 0.8·10 cm- 3 and
0.4·10 12 cm- 3 , which are calculated using an absolute-line-intensity-method
given in [8].
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For incandescently heated hydrogen plasmas with potassium carbonate a
hydrogen atom temperature of 0.1 - 0.32 eV was found [6]. Using a
9
Lan~muir-probe the electron density was determined to be in the order of 10
cm- . Mills also reports anomalous plasma afterglow (after the electric field is
set to zero) with decay times of about 2 seconds [6,7]. When an oven was
used to externally heat the titanium mesh, the voltage over the filament could
be reduced to 20 V and still VUV emission could be observed [6].
For catalysts Cs, K and Rb, atomie hydrogen temperatures of 1O - 12 eV, 12
- 18 eV and 6 - 12 eV have been measured in the incandescent cell [9, 1O].
For all mentioned catalysts the hydrogen atoms in the RT plasma emit intense
VUV light, including Lyman-a and Lyman-~ radiation, at low gas temperatures
(ca. 103 K) and low electric field (ca. 1 V·cm- 1) [4,6,9, 11]. Even Lyman
population-inversion has been observed [9].
VUV emission and high atomie temperatures have not been observed for pure
hydrogen and fora number of chemically similar atoms (e .g. Na, Ba and Mg)
which do not meet the catalyst criteria [9].
Mills also presents spectroscopie evidence for the existence of a new hydrino
ion, called a hydride ion. A new spectra! line at 407 nm has been observed as
predicted by Mills [12, 13].
1.4.2 RF discharge
A RF gas discharge is created between two parallel plates when a radio
frequency (RF) electrical field is set over them, which means the energy is
coupled into the plasma capacitively. The plasma is formed in the middle of
bath electrodes and a voltage difference exists between the edge of the
quasi-neutral plasma and the charged electrodes. This region is called the
plasma sheath, or the sheath reg ion [1]. Typically the gas pressure is in the
order of 10-3 mbar to 1 bar, with the power input ranging trom 10 W to 500 W.
This type of plasma source is frequently used for surface etching in the
semiconductor industry. Therefore much research has been done on the
physical processes occurring in this kind of discharge [14]. Yet experiments
with RF plasmas of hydrogen (mixtures) at low pressures show a wide spread
in values of the atomie hydrogen temperatures, with just as many different
explanations for this phenomenon .
In 1985 Capelli et al. measured a hydrogen temperature of up to 540 eV in a
RF discharge of H2 [15]. This is 85% of the applied peak voltage. Their
explanation suggests that hydrogen ions are accelerated in the sheath region
and then give off their energy to neutral atoms through collisions.
Baravian et al. found in RF plasmas of H2 that the Ha line was build up trom
tour distinct features: a centra! peak, two plateaus surrounding this peak and
far line wings [16]. These correspond respectively to atomie hydrogen
temperatures of 0 - 0.5 eV, 2.75 eV, 5.5 - 8 eV, 10 - 25 eV. Dissociative
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ionisation of molecular hydrogen is held responsible for the highest value of
the hydrogen temperature.
RF discharges in mixtures of argon and hydrogen have been investigated by
Djurovic and Roberts (17]. lt was found that the addition of argon in the
hydrogen discharge significantly alters the shape of the Ha. profile. They say
hydrogen ions and ionised molecules are accelerated in the sheath region
and are backscattered trom the electrode as tast hydrogen atoms.
Time and spatially resolved measurements of hydrogen RF plasmas done by
Radovanov et al. show that the formation of tast hydrogen atoms mainly takes
place at the surface of the powered electrode (with the ether electrode being
grounded) (18]. In another article they have also investigated the mass and
energy distributions of ions at the grounded electrode in a RF discharge of
hydrogen and argon (19). From this it was concluded that the tast hydrogen
atoms are most probably formed trom H+ and/or H3+ ions, which are
accelerated in the sheath towards the electrode and then backscattered as
hydrogen atoms. In the profile of Ha. hydrogen atoms can be categorised in
two groups according to their velocity: 'fast' (> 10 eV) and 'slow' (- 0.2 eV).
The tast atoms in the argon and hydrogen discharge have thermal energies
reaching up to 100 eV, whereas in the discharge of only hydrogen they have
an average of 8.0 eV.
Measurements by T. Gans et al. in RF plasmas of argon and hydrogen also
lead to the conclusion that reflection of hydrogen ions from the electrodes is
the source tor tast hydrogen atoms (20). Temperatures of several hundreds of
eV have been observed.
According to Mills, the RT principle is also evident in RF generated plasmas.
In plasmas of H/Ar the spectra! line profile of Ha. consisted of three different
Doppler broadened components, with temperatures reaching up to 20 eV (21].
In H/He plasma two temperature components were distinguishable, with the
higher being 28 eV on average (22]. In both cases measurements at three
different spatial positions showed that the broadening was present throughout
the plasma and not just in the reg ion between the electrodes. From this it was
concluded that the high temperatures were not due to acceleration of
hydrogen ions in the RF electric field, but were caused by the RT mechanism.
In control experiments with non-catalysts (Xe) no Doppler broadening was
observed.
Since water vapeur (H 2 0) consists of both hydrogen and the RT catalyst
oxygen, it is possible create a RT plasma. Experiments by Mills show a rather
peculiar phenomenon, i.e. the broadening of Ha. increases as function of time
that the RF plasma is sustained. After several hours hydrogen temperatures
of over 200 eV have been observed (23].
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1.4.3 Microwave discharge
A microwave source is considered to be a practical device tor the non-thermal
excitation of gasses. Electromagnetic waves are transported through coaxial
lines to a resonant cavity with specific dimensions, where interference of the
electromagnetic field takes place. lt is in this area that the charged particles
(particularly the electrons) in the gas move under influence of the field,
resulting in a plasma. Typically microwaves have a trequency of 2.45 GHz.
Standard operating conditions include a pressure ranging trom 1 mTorr to
over 1 atmosphere and microwave power input of up to 1 MW.
Following the RT plasma mechanism outlined in paragraph 1.3, Mills has
predicted that the same process also occurs in microwave discharges with
mixtures of hydrogen and certain catalysts. Experimental results show
extraordinary Doppler broadening of Ha, particularly in plasmas tormed using
an Evenson cavity [24,25,26]. Atomie hydrogen temperatures were tound
ranging trom 4 eV tor pure hydrogen and mixtures with non-catalysts, to 110 130 eV tor hydrogen and argon, with a maximum of 180 - 210 eV tor a
mixture with helium [8]. In plasmas with argon or helium only the hydrogen
lines were broadened. Standard broadening mechanisms were ruled out as
possible explanation and the results were attributed to the RT plasma
mechanism. In reaction of these findings, experiments by S. Jovicevic et al.
do not show excessive broadening of Ha [27]. Only atomie hydrogen
temperatures lower than 1 eV were tound tor mixtures of hydrogen with argon
and helium.
Even more remarkable is the "discovery" of new spectra! lines in a microwave
discharge containing helium and hydrogen [28,29] . All new lines are in the
wavelength range of 5 nm to 100 nm, i.e. the EUV reg ion. According to Mills,
photons with energies of q·13.6 eV (with q 1,2,3,4,6,7,8,9, or 11) are emitted
by the hydrogen atom as it makes a transition to a fractional quantum state
and becomes a so-called hydrino. Also photons with energies of (q· 13.6 21.2) eV are observed. They are inelastically scattered trom helium atoms,
which absorb 21.2 eV in the collision and make a transition trom He(1 s2) to
He(1 s1 p). In reaction, S. Tiwari has given a possible explanation using
conventional physics [30]. He suggests the lines may be due to a condensate
(or ensemble) of photons, which have an energy of q·13.6 eV. In this situation
helium could be particularly useful in creating such condensates.

=

Recently Mills has published on the excess heat generation of RT plasmas,
which has been measured using water bath calorimetry [31]. This special
phenomenon, which is considered as proef tor the RT plasma theory, was
found to exist only in hydrogen plasmas containing catalysts He, Ar or
plasmas formed trom H20 vapeur (providing Hand catalyst 0). Under similar
operating conditions, plasmas containing non-catalysts (pure He, Kr, Kr/H) the
excessive heat production was 50% less.
lt is also possible that molecules are formed trom hydrinos, as is presented in
[32]. Spectroscopie measurements show vibrational transitions of the H2(%)
molecule at the wavelengths predicted by Mills.
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1.5 Research motivation
The rather extraordinary phenomena observed by R. Mills raised the curiosity
of Dr. P. van Noorden, who introduced this subject to the physics department
of the Eindhoven University of Technology (TU/e). A research project, called
H2UV, was set up with financial support trom the Novem NEO program,
whose primary interest is the development of potential new energy sou rees.
The goal of the H2UV project is to find out whether the RT plasma
mechanism, described in paragraph 1.3, could be used to create a new lowpower tabletop EUV light source. This is interesting for companies that
manufacture lithographic machines, because light with smaller wavelengths
makes smaller features on waters possible. Also the properties of a light
source, which even emits light when no electrical power is supplied, are
examined . This might be the basis for the development of a possible new
energy source.
Though the goal of the H2UV project is the development of a practical
application, research at the TU/e also takes a look at the more fundamental
side of things. Why is the hydrogen so "hot" in these plasmas? What physical
or chemica! processes are responsible tor maintaining a plasma when no
power is supplied? And even more fundamental: what conditions are
necessary tor the creation of a plasma in the first place? And are its properties
reproducible? What if there truly was experimental evidence tor the existence
of new quantum states in hydrogen? In this report answers will be given to
these questions.
First objective is to see whether Mills' measurements are reproducible.
Secondly, an explanation has to be found for the observed phenomena. A
new approach is used in the analysis of the spectra! line profile of Ha, which
includes Stark broadening. Mills and many others have not incorporated this
feature in their analysis. Third objective is to find out which source is best
suited as light source, and more specifically as EUV source. This means light
output, duration and the preparation procedures are examined.

1.6 Visit to Blacklightpower Ine.
From October 4 till 6, Gerrit Kroesen, Peter van Noorden and myself visited
the research-lab of Blacklightpower Ine. in Cranbury (NJ), USA, at the
invitation of Dr. R. Mills and Mr. W . Good. This was an excellent opportunity to
see how the persons who carne up with the RT process actually do
measurements themselves. Since not all experiment preparation details are
mentioned in their articles, this could now be observed minutely. Also a
comparison could be made between our results and theirs. A brief summary
of the experiments we have seen is given below.
•
•
•

Ha broadening of about 18 eV was measured in He/H RF discharge [22].
After six hours of running, Ha broadening of nearly 300 eV was measured
in H20 (vapour) RF discharge [23].
The procedure of setting up the incandescent cell with potassium
carbonate. No anomalous plasma afterglow was observed [6,7].
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•

•
•

•

Ha broadening of about 6 eV was measured in the Sr/Ar/H2 incandescent
cell [5], which was burning for more than two days. Plasma duration of
over three weeks (!) had already been observed [33] .
Low voltage Sr/Ar/H plasma, which was sustained at a voltage of only 6.7
V. See Appendix D fora schematic picture of the set-up.
"Observation" of hydrino molecular (ion) spectra! lines in He(90%)/H(10%)
microwave plasma, in "pure" He (with H contamination) and in an Ar/H
plasma that was created using a 20 kV electron gun .
The excessive Doppler broadening and new spectra! lines, as measured
by Mills in He/H microwave plasmas [8,28,29], could not be reproduced.
Apparently the only suitable diffraction grating was destroyed in another
experiment [33].

1. 7 Report overview
In chapter 2 the theory on spectra! line formation, in particular Ha line
broadening, is treated. From this a theoretica! line shape profile is derived,
which is compared to a measured profile. Chapter 3 deals with a Matlab®
model that is used to calculate the best fitting theoretica! line shape, trom
which the electron density and hydrogen atom temperature are derived . A
second model is developed that is used to evaluate profiles with two Doppler
temperatures. Chapter 4 treats all general measurement equipment.
Measurements on tour types of RT plasmas are discussed in chapters 5 to 8.
These are the incandescent cell with H and KzC0 3 , H and Sr, the RF cell and
the microwave discharge respectively. Finally in chapter 9 the overall
conclusions on the subject of RT plasmas and the light sources are given.
Recommendations for future research are presented in chapter 10.
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2 Spectral line basic theory
In this chapter the basic theory on the emission of radiation by atoms is
treated. In paragraph 2.1 the three ways in which radiation is emitted and
absorbed are discussed. Then it will be shown how radiation with a specific
wavelength, i.e. a spectra! line, has to be interpreted after a spectroscopie
measurement. In paragraph 2.2 the broadening of spectra! lines is treated .
The mathematics that are used to add all broadening mechanisms together,
are discussed in paragraph 2.3. Finally the broadening parameters are
estimated for the hydrogen Balmer-a spectra! line in a low-pressure gas
discharge, which is the main point of research in this report.

2.1 Emission and absorption of radiation by atoms
2.1.1 Spontaneous emission
lt is known that spontaneous emission of radiation by an atom can be
described by either a simple classica! model treating the atom as a harmonie
oscillator, or by the theory of quantum electrodynamics [34]. Standard
quantum mechanics do not predict spontaneous emission, because in the
absence of an external electric field an atom will stay in the same stationary
state forever and will not emit radiation. Yet in quantum electrodynamics there
is a nonzero electromagnetic field all the time, even if an atom is in the ground
state. This "zero-point" radiation is assumed to be responsible for making an
atom fall back toa lower state accompanied by the release of a photon with a
certain frequency w, i.e. spontaneous emission . This is shown schematically
in figure 2.1. The theory of quantum electrodynamics will not be treated here.
Figure 2. 1 Spontaneous emission.

The frequency Wo of the emitted photon depends on the energy difference
between the two states k and i [34],

ll.E =Ek -E;
in which Planck's constant

=nm0 ,

~E

(2.1)

n has been introduced.
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The frequency and the wavelength À of the photon are connected to each
ether through the dispersion relationship, with c being the speed of light:
(2.2)
The probability per unit time at which an atom undergoes a radiative transition
between an upper state k and a lower state i is called Aki· Streng transitions
have probabilities in the order of 108 s- 1 , which means an atom typically has a
8
lifetime tk 1 I
Aki ::::10- s in the excited state .

= L
i

2.1.2 Stimulated emission and absorption
Even betere the quantum theories were developed, Einstein [35] had already
derived the relation between spontaneous emission , stimulated emission and
absorption based on principles trom statistica! mechanics. The three
processes are linked and the rate at which they occur can be calculated
through the so-called Einstein relations.
Stimulated emission of radiation occurs when a photon encounters an atom in
a particular energetic state that matches the photon energy. Subsequently the
atom makes a transition to a lower level and releases a photon that has the
same frequency, phase and direction as the incident photon, see figure 2.2.
Figure 2.2 Stimulated emission.
~~~~--~~~-Ek

~
~
~~~~---~~~~E-

1

Absorption is the mechanism by which an atom in a lower state absorbs the
energy of the photon and makes a resonant transition to a higher state, which
matches the energy of the photon. This is shown schematically in figure 2.3.
The atom then loses the absorbed energy through collisions.
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Figure 2.3 Absorption.

~~~----~~~-E.

1

Naw the question arises what influence stimulated emission and absorption
have on the intensity of the light emitted by the low-pressure gas discharges
that will be treated in this report.
Though population inversion has been observed in some RT plasmas [9], it
has not been observed in the plasmas under investigation. lt will therefore be
assumed negligible in the further analysis.
Obviously the line intensity depends on the absorption, because every emitted
photon that is absorbed does not add to the intensity. The importance of
absorption can be evaluated by assessing whether the discharge source is
optically thick or thin. When a source is optically thin every emitted photon is
able escape the source without being reabsorbed by atoms in the lower state.
The optica! thickness t oo(L) of a spectra! line with frequency Wo is defined as
[34]:
(2.3)
with Koo the absorption coefficient and L the optica! path length. A source is
considered to be optically thin if t 00 (L) << 1. An important feature of optically
thin lines is that the spectra! shape of the emitted light is the same as that of
the intrinsic line profile . Because absorption and stimulated emission are
aQsent or negligible, the light intensity l(w) of an optically thin source is
proportional to the transmission probability of spontaneous emission Aki:
J(m) cc Ak;

(2.4)

2.1.3 Shape and width of spectra! lines
From equation (2.1) it may seem that spontaneous emission by an atom
always produces a photon with the same frequency, resulting in a spectra! line
that would be infinitely sharp. Yet in practical reality the line has a finite width
that can be attributed to the lifetime 'tk an atom has in the excited state. This is
called the natura! line shape of a spectra! line and will be treated in the next
paragraph . Also physical processes in the discharge source and errors
inherent to the measurement equipment lead to broadening of the spectra!
line width. These will be discussed in paragraph 2.2.
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2.1.4 Natural line shape
The Heisenberg uncertainty principle says that an atom with a finite lifetime 'tk
in state k cannot have one definite energy level Ek, but its energy level is
subject to uncertainty by an amount of öEk [34]. This uncertainty also
determines the frequency half-width rk of that level:
(2.5)

lf bath the upper level k and lower level i have lifetimes 'tk and
the total half-width rki becomes:
rki

=rk +r; = LAkj + LAih.
j

t1

respectively,

(2.6)

h

Through classica! or quantum mechanica! calculations the shape of the
spectra! line at frequency co0 can be derived [34]. The intensity profile l(co) as
function of the frequency co is a so-called Lorentzian curve:

l(w)

ÓOJ1;2 / 21&

=lo (w - W )
0

2

2

+ (öw112 ) 14

•

(2.7)

with a half-width öco112 (FWHM) equal to rki·
By taking the derivative of equation (2.2) with respect to co the following
relation between a frequency difference of öw and a wavelength difference of
Mis obtained:
A 1
ilA

= 21TJ:ÓOJ
2

•

(2 .8)

Wo

In this way the intensity profile trom (2.7) can be rewritten as a function of the
wavelength:
~/2121&
/(À) - 1 - - - - - (2.9)
- o (À-Ào)2 +(Ml/2)2 /4,
in which the wavelength half-width M112 is an atom-specific constant.

2.2 Spectra! line broadening mechanisms
In gas-discharges tour other physical processes exist that cause broadening
of a spectra! line.
In a gas-discharge an atom will always be influenced by its neighbouring
atoms, ions and electrons through long and short-range inter-atomie farces.
These farces perturb the energy levels of the atom and subsequently the
frequency of emitted radiation will vary, resulting in a broadened spectra! line.
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Neutral particles are the cause of so-called pressure-broadening [34], while
ions and electrons are responsible for Stark-broadening [36].
Just like the frequency of sound waves can be Doppler-shifted because the
source is travelling at a certain velocity, the frequency of light emitted by a
moving atom can vary as well. The width of the spectra! line resulting trom this
process is called Doppler-broadening [34].
Finally a spectra! line that is recorded using a spectrometer, is broadened due
to the diffraction pattern of the grating. This is named instrumental broadening
[34] .
These tour broadening mechanisms will be treated in more detail in the next
tour paragraphs. Hereafter the width of each type of broadening will be
estimated for the low-pressure discharges that are discussed in this report.

2.2.1 Pressure-broadening
Neutral particles exert farces on radiating atoms, causing a shift in the energy
levels of the perturbed atom. When the atom then makes a transition to a
lower state, the emitted photon may vary in frequency, resulting in a spectra!
line with a finite width that is a function of the density of perturbing species.
Hence the name pressure broadening, which is sometimes referred to as
collision broadening because the interaction between perturber and radiating
atom is most noticeable at short range.
Long-range interactions of a neutral particle and an atom can be described
using a potential that is a function of the distance between bath particles. As
opposed to short-range farces that are not expressed by any genera! formula .
In practical situations the atom interacts with more than just one neutra!
particle, which means an average must be taken over all perturbations. This
averaging can only be done in two limiting cases, the quasi-statie
approximation and the impact approximation [34].

Quasi-statie approximation
The quasi-statie approximation is used in cases where the time Te between
collisions is much smaller than the duration of the collision te, so
te >> 1IL1w == Te

(quasi-statie approximation).

(2 .10)

This approach is used to calculate the pressure broadening caused by
neutrals at high pressure (>100 Torr). In the low-pressure discharges that are
treated in this report, the pressure broadening must be calculated using a
different method, the impact approximation .

Impact approximation
At low pressures (0 - 100 Torr) the impact approximation can be applied
when the duration te of a collision is short compared to the time Te between
collisions, so
te<< 1IL1w ==Te

(impact approximation).

(2.11)
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The collision causes the frequency of the radiation to be shifted and the total
line broadening can then be calculated by averaging over all phase shifts. The
first impact approximation theory was developed by Lorentz [37) and is a
simple model to estimate the line broadening caused by collisions with neutra!
particles. The Lorentz theory assumes that an atom starts emitting radiation at
an arbitrary instant (t = 0) and the radiation is quenched at the instant of a
collision (at t=Ti). By averaging the frequency profile of the transition over all
times Ti, the pressure-broadening frequency half-width is found:
(2.12)
which is a function of the density N of perturbing particles, the mean relative
velocity v and the cross-section cr for collisions between neutra! particles and
the radiating atom. In (2.12) v is given by:

v=

(2.13)

which depends on the masses of the perturber and emitting atom, M1 and M2,
and on the temperature T, with kb being the well-known Boltzmann constant of

1.38· 10-23 J.K-1 [38].
Like the natura! line shape, the profile of a pressure-broadened spectra! line is
also a Lorentzian, see equation (2.9). The corresponding frequency half-width
presented in equation (2.12) can be converted into a wavelength half-width by
using (2.8).
The Lorentz theory predicts the half-width to be proportional with the density
at low pressures, which is in qualitative agreement with experiments. However
the assumed quenching of emitted radiation after a collision is found to be
absent in some physical situations. So although the Lorentz theory is not
perfect, it can be a useful estimate of the effect of pressure-broadening . This
will be done in paragraph 2.4 in which all broadening mechanisms are
compared.

2.2.2 Stark broadening
The Stark effect is named after J. Stark, who discovered in 1913 that atomie
energy levels shift and split when an external electric field is applied. Though
it is the electric equivalent of the Zeeman effect, the physics governing the
Stark effect are completely different.
In quantum mechanics an electric field can be treated as a perturbation of the
state of a radiating atom, resulting in a new state that is a linear combination
of all unperturbed states with same principal quantum number n [39]. More
optically allowed transitions are naw possible between upper and lower
perturbed states, because a perturbed state consists of a "mixture of
unperturbed states". This means the transition between an upper and lower
state is made out of a series of shifted transitions, which are energetically
equally spaced. Hence the terms Stark shift and splitting.

17

For small electric fields it can be calculated that the energy splitting is
proportional to the square of the electric field, i.e. the quadratic Stark effect
[39). However in hydrogen all states for n '#- 1 are degenerate with respect to /,
the angular momentum quantum number. In this special case the energy
splitting is directly proportional to the electric field, i.e. the linear Stark effect
[39].
In a plasma the electric fields of charged particles also perturb the states of a
radiating atom [36). Since the electric fields of charged particles are nonuniform in direction and magnitude, the average Stark shift and splitting of a
transition actually is a distribution of all particle induced Stark shifts and splits.
This "ensemble of Stark shifts and splits" can be observed as Stark
broadening of the spectra! profile of the transition.
Stark broadening has many times been the interest of bath experiment and
theoretica! studies. Griem [36] has made an extensive treatment on the
calculation of the Stark broadening and shift in plasmas.
Experimental Stark broadening in plasmas has been investigated aften.
Because the half-width depends on the density of charged particles it can be
used as a diagnostic tool to estimate for example the electron density. For the
hydrogen Balmer and Lyman transitions Kelleher et al. [40] have made an
overview of the Stark broadening as function of the electron density. This is
shown in figure 2.4 for the Balmer-a line (abbreviated: Ha). Determining the
electron density through Stark broadening is one of the main points of
research in this report.

Figure 2.4 Stark broadening half-width as function of the electron density Ne
for Ha as presented in reference [40].
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The data presented in figure 2.4 is used to estimate the electron density Ne for
a given value of the Stark frequency half-width Ms (= ~ws I 2n). The data is
divided in two regions and for each region Ne is fitted as function of Ms
according to the proportionality mentioned in figure 2.4:
Region 1: 3.2·104 Hz< Ms < 1.2·1010 Hz
(Corresponding to 108 cm- 3 < Ne < 3.2·10 13 cm- 3):

N (cm-3) = 4fs(Hz)-3.2·104 + 10s
e
3.75·10-4

(2.14)

Region 2: 1.2·1010 Hz< Ms < 6.3·10 11 Hz
(Corresponding to 3.2·10 13 cm- 3 < Ne < 1017 cm- 3):

N (cm-3) =

(~fs(Hz)-1.2 .1010 )Yz + 3.2·1013
2.87

e

(2.15)

The frequency half-widths used in equations (2.14) and (2.15) can be
converted to wavelength half-widths using equation (2.8). Stark broadening
also has a Lorentzian line shape, see equation (2.9).
2.2.3 Doppler broadening
Until now it has been assumed that the radiating atom is at a stationary
position in space, but in reality it will travel in space due to its thermal energy.
This means an atom travelling with a velocity (with
<< c) will be

v

lvl

observed to emit a photon with a Doppler-shifted frequency wo':
,
v ·r
010 = 010 (1--),
c

(2.16)

r
A

in which w0 is the frequency in the coordinate system of the atom and
is the
unit-vector in the propagation direction of the light trom the observer to the
atom. lf a coordinate system is chosen in which the z-axis is along the
A

direction of r and all atoms are in thermal equilibrium, the probability
P(vz)·dvz, that an atom is travelling in the z-direction with a speed between Vz
and vz+dvz is given by a Maxwellian distribution (34]:
(2.17)

where M is the mass of the atom and T is the temperature. When equations
(2.16) and (2.17) are combined, the probability P(w0 ') that the Doppler-shifted
light has a frequency between w0' and w0'+ dw0 ' is given by a normalised
Gaussian distribution (34]:
'
'
2
'
'
P(010 )d010 =
cexp(-4(010 -010 ) 2 /~2 )d010 ,
(2.18)
~'\/ft
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with A being a line-width parameter equal to:
(2.19)
The frequency half-width Aw 0 of Doppler broadening is expressed in terms of
Aas fellows:
AOJD

=AJïll2 =2 Olo J2ln2kbT =7.16 .10-1 Olo
M

c

Jr.
VA

(2.20)

Here Awo is written as function of the line frequency Wo, the temperature T
and the mass number A of the radiating atoms. The temperature T is the
parameter of interest in equation (2.20). lt can be either expressed in units K
(Kelvin) or eV (electron volt), with 1 eV =:: 11600 K. Rewriting equation (2.20)
as a function of the wavelength half-width M 0 is done using equation (2.8),
resulting in:
T(eV)

=1.69·10 8 A ~~

(2 .21)

.

Ào

Combining equations (2.18), (2.19) and (2.20) gives the Gaussian intensity
profile l(À) of a spectra! line Ào as function of the wavelength À and half-width
M112:

(2.22)

2.2.4 lnstrumental broadening
Analysis of the shape of a spectra! line is done using spectroscopie
instruments and the use of this equipment actually is an additional source of
line broadening, called instrumental broadening. The entrance slit on the
instrument has a certain width and when it is made very narrow, it works as a
diffraction grating (34]. The spectra! line that is eventually measured will
therefore consist of the intrinsic line profile, which is broadened as a
consequence of the grating diffraction pattern, the so-called apparatus profile.
In most situations the apparatus profile can be assumed to be either
approximately a Lorentzian or a Gaussian curve, effectively simplifying the
analysis of a measurement.

2.3 Sum of broadened spectra! profiles
Naw that all line-broadening mechanisms have been examined, the question
arises how the corresponding line profiles have to be added to make the final
theoretica! spectra! line profile, which can be compared to the measured one.
The adding of two profiles P1 and P2 has to be done using a convolution
(denoted by the operator*), which results in a profile C (41):
C(x)=(P1 *P2 )(x)=

fP (x )P (x-x')d.x'

"

1

1

2

(2.23)
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A useful property of a convolution is that it is distributive:
(2.24)
Consider two Lorentzian profiles L1 and L2 with half-widths r1 and r2
respectively. The convolution of both Lorentzians gives a new Lorentzian L1+2
with half-width r1+2 that is given by:
(2.25)
For two Gaussian profiles G 1 and G2, with half-width D1 and D2 respectively,
the convolution gives a new Gaussian G1+2 with half-width D1+2:
(2.26)
The convolution of a Gaussian and a Lorentzian profile results in a so-called
Voigt profile [34]. lt cannot be expressed by any analytica! function, but it can
be calculated by numerically evaluating the convolution integral, equation
(2.23). An easy way of making a discrete Voigt curve is to represent both the
Gaussian and Lorentzian curves as a discrete set of values and then doing a
discrete convolution [42].
Examples of a Gaussian, Lorentzian and Voigt profiles are presented in
figures 2.5a and 2.5b. Both the Gaussian and Lorentzian have the same halfwidth of 0.01. The convolution of these two profiles is the Voigt profile.
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Figure 2.5a Example of a Gaussian, Lorentzian and Voigt profile.
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From figure 2.5b it is evident that the profile line wings of the Gaussian are
less wide than these of the Lorentzian, which approaches the Voigt profile at
large distance from the peak maximum. The Gaussian and Lorentzian widths
of a measured line shape can be determined by fitting a Voigt function
through the data points.

2.4 Comparison of the Balmer-a half-widths
lt is worthwhile to calculate typical values for all the broadening half-widths
that have been discussed in the previous paragraph, so they can be
compared and perhaps some can be neglected, making the analysis easier
and more clear. Below are estimates of the half-widths for the Balmer-a line of
hydrogen (Ào:::: 656.281 nm) in a typical low-pressure gas discharge, which is
the main research topic of this report.
Natural half-width
The natural half-width Mo is a universa! constant that depends on the
transition probability from the upper state to the lower state. For the Balmer-a
line it has the value of 0.14 pm [17].
Pressure-broadening half-width
The pressure broadening half-width can be estimated with equations (2.12)
and (2.13). First it is necessary to calculate v. lt is assumed that all hydrogen
molecules in the plasma are dissociated into hydrogen atoms. For this upper
limit case, in which only collisions occur between hydrogen atoms, the
following values are applicable [38]:

=mass of H atom = 1.008 u =1.67·10-27 kg

•

M1

•

M2

•

T

So

v::= 6.5·10 3 mis.

27
=mass
of H matrix gas atom =1.67·10- kg
3

=10

K

For the collision of an excited hydrogen atom with another hydrogen atom, the
collision cross section is approximately the circular area encompassed by the
sum of the radii of bath colliding particles (a so-called "hard spheres"
collision) . The respective radii of the normal and excited hydrogen atom (state
n 3) are ao 0.53·10-10 m (the Bo hr radius [38]) and (3 2)·a 0 . From the sum of
bath, a collision cross section of cr n·(0.53·10- 10 m + 4.77·10- 10 m) 2 :::: 10-18 m2
is derived.

=

=

=

Using the ideal gas-law, p = NkbT, equation (2.12) can be rewritten as
function of the pressure p (in units Pa):
(2.27)

Ina low-pressure gas discharge the pressure pis lower than 1 mbar
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(= 100 Pa), so a rough estimate for the upper limit of the frequency half-width
is ~w 112 108 s- 1. This corresponds to a wavelength half-width of 0.14 pm.

=

Stark half-width
The Stark half-width is a function of the electron density Ne. For low-pressure
gas discharges Ne has a value between 108 cm- 3 and 1014 cm- 3 [43]. This
corresponds to a Stark half-width lying in the range of 0 to ca. 24 pm.
Doppler half-width
The Doppler half-width Mo is a function of the temperature and can therefore
take on any value. In a typical low-pressure gas-discharge the atomie
temperature is about 0.1-1 eV, corresponding toa half-width of approximately
16 to 51 pm.
lt is clear that both the natural line-width and the pressure-broadening halfwidth are 2 orders of magnitude smaller than the Stark and Doppler halfwidth. In further analysis of the spectra! profile of the Balmer-a line, the first
two broadening mechanisms will therefore be assumed to be negligible. By
estimating the Lorentzian and Gaussian width of Hu, the Stark and Doppler
broadening can be found. From these the electron density and atomie
hydrogen temperature can be derived.
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3 Model of the spectral profile of Ha
In this chapter two models will be discussed that are used to analyse the
spectra! intensity profile of the Balmer-a line (abbreviated: Ha). First the
details of the Ha transition of hydrogen are treated in paragraph 3.1. In
paragraph 3.2 a model is explained that uses a least-squares method to
estimate the electron density and hydrogen Ooppler temperature trom the Ha
profile. In paragraph 3.3 a slightly different model is discussed, which is used
to analyse profiles that have two temperature components instead of just one.
With this model no electron densities can be estimated.

3.1 The Ha transition of hydrogen
The optically resonant transition trom the n 3 state in atomie hydrogen to the
n 2 state is called the Balmer-a transition (abbreviated: Ha). Hydrogen only
has one electron with intrinsic spin s %. The angular momentum quantum
number / depends on the principal quantum number n according to Is n-1.
8ince only one electron is involved, the total spin momentum 8 and angular
momentum L are simply 8 s % and L I 0, 1 (8, P) torn 2 and L 0, 1,
2 (8, P, 0) tor the n =3 state. The total momentum quantum number j =l/+sj,
l/+sl-1, ... , Il-si depends on the angular momentum value /, because s %.
Like 8 and L, the total momentum J is simply equal to j.

=

=

=

= =

==

=

=
=

The upper and lower states can then be defined using the 25 +1LJ notation [44]:
n=3
2
2
2
2
2
8tates: 8112, P112, P312, 0312, 0512

n=2
2
2
2
8tates: 8112, P112, P312

Optically allowed transitions only occur if ö8 =0, which is always the case,
Af= ±1 and öj = 0, ±1, resulting in seven possible transitions. This means the
Balmer-a consists of seven fine-structure components. They are listed in table
3.1 with their respective wavelength À and transition probability Aki [45].
Table 3.1 Wavelength À and transition probability Aki for the seven finestructure components of Ha (lower and upper states given according to the
25+1
LJ notation).
1
Transition
Aki (1 O' s- )
À (nm)
.:p 1/2 - ;,,:0312
656.27096
5.388
2
.:8112 - P312
656.27247
2.245
.:P112 - .:8112
656.27517
0.210
2
656.27714
2.245
'8112 - P112
2
2
656.28516
6.465
P312 - 0512
.:p3/2 - ;,,:0312
656.28672
1.078
2
2
656.29093
0.421
P312 - 8112

Under normal circumstances, the Ha has a centre at a wavelength of ca.
656.281 nm.
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3.2 Model for the estimation of the electron density and hydrogen atomie
temperature from the spectra! profile of Ha.
3.2.1 Model of Stark and Doppler broadening of Ha.
As was already discussed in paragraph 2.4, the spectra! intensity profile of Ha
that is broadened by Stark and Doppler effects can be used to estimate the
electron density Ne and the temperature T of the hydrogen atoms
respectively. For this reason a numerical model in Matlab® has been
developed with which these parameters can be found trom a measurement of
the spectrum of Ha. The assumptions and methods used in this model are
discussed in this paragraph. The source-code can be found in Appendix B.
lt was chosen to model the wavelength distribution of Ha with a discrete stepsize of 0.5 pm. This means the model step-size is more than ten times smaller
than the measurement resolution of 5.5 pm.
In paragraph 3.1 it was shown that Ha consists of 7 fine-structure
components, of which each is subject to both Stark and Doppler broadening.
A broadened fine-structure line is therefore represented by a Voigt line profile.
A simple way of developing a discrete Voigt profile is by convoluting a discrete
Gaussian and Lorentzian profile.
The first fine-structure line has a centra! wavelength of 656.27096 nm, which
is rounded off to a wavelength of 656.2710 nm taking into account the stepsize of the model. Fora given width a discrete Gaussian with a centra!
wavelength of 656.2710 nm is calculated according to equation (2.22) tor
wavelengths of 655 .9750 nm to 656.6000 nm with a step-size of 0.5 pm.
Using equation (2.9) the Lorentzian profile is calculated in a similar manner.
This means both profiles consist of 1251 data-points starting at index 1 and
ending at index 1251. Both have a maximum at index 593, which corresponds
to the central wavelength of 656.2710 nm.
In Matlab® the discrete convolution of two sets of N va lues is simp Ie when the
standard built-in function is used. The result of such a convolution is a set of
(2·N - 1) va lues [42], with the same step size as the original two sets of data.
So the convolution of a Gaussian and a Lorentzian with a maximum at index
593 will result in a Voigt with a maximum at index (2·593 - 1) 1185. As said,
the step-size is the same, which means the Voigt profile must be shifted by an
amount of 592 in order to get the maximum of this profile at index 593,
corresponding to the centra! wavelength of the first fine-structure line. All
values that now have an index lower than 1 or above 1251 are discarded,
because they have no physical significance.

=

For an optically thin plasma, i.e. a plasma with no absorption or stimulated
emission, the intensity of a spectra! line is proportional to the transition
probability, see equation (2.4). The sum of all fine-structure lines is therefore
easy to calculate, taking in to account the relative intensities and relative
2
index-shift, which is a measure of the actual wavelength-shift. The 2 P112 - 8112
and 2 P 312 - 2 8 112 transitions have probabilities that are an order of magnitude
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lower than the ethers do, so they are left out of the calculations. The relative
intensity of a fine-structure component is based on its Aki trom table 3.1,
divided by the sum of Aki of the five most significant transitions. The results
are summarised in table 3.2 as function of the rounded wavelength.
Table 3.2 Rounded wavelength À, index-shift i' and relative intensity lre1 for the

fi"1ve most s1gm
. ·ri·1cant fi"me-struc ture /'mes.
Transition
"P 112 - "0312
LS112 - :.::p3/2
"8112 - "P112
:.::P312 - :.::Os12
"P312 - "0312

(nm)
656.2710
656.2725
656.2770
656.2850
656.2865
À

i'
0
3
12
28
35

lrel
0.31
0.13
0.13
0.37
0.06

As was mentioned earlier, the first fine-structure line profile is made up from
1251 values in the wavelength range of 655.9750 nm to 656.6000 nm. The
ether lines however are a shift of the values from the first one, because this
saves computer processing-time during a calculation. Yet for the last line for
example, this means that the first 35 data-points have no (i.e. zero) value.
This error comprises a wavelength region of only 17.5 pm and is at the edge
of the wavelength range used in the model. Under normal circumstances (i.e.
Gaussian and/or Lorentzian width s 0.1 nm) the va lues of the spectra! profile
in this area are almost zero anyhow.

3.2.2 Correction for instrumental broadening
Finally the apparatus profile must be convoluted with the broadened finestructure profile to correct for instrumental broadening. The apparatus profile
is determined by measuring the spectra! profile of a line that is not broadened
by Stark and Ooppler broadening, e.g. a spectra! line emitted by a laser or a
low pressure spectral-lamp. Figure 3.1 shows the apparatus profile of the
spectroscopie instrument that is used in all measurements. lt is obtained by
measuring the spectra! profile of the 696.54 nm line emitted by a Hg-Ar low
pressure spectral-lamp. The same profile shape is found when a He-Ne laser
is used instead.
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Figure 3. 1 Apparatus profile determined trom
nm line of Ar.
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Looking at figure 3.1, it becomes clear that the apparatus profile cannot be
represented by just a single Gaussian or Lorentzian function. Therefore three
Gaussian functions with different central wavelengths have been fitted. In
order to convert this fit into an apparatus profile that can be used in the
Matlab® model, the resolution of the fit is deliberately made the same as the
model step-size, i.e. 0.5 pm. The results can be seen in figure 3.2.

Figure 3. 2 Apparatus profile fitted with three Gaussian functions.
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The discrete profile is normalised and padded with zero's in order to make its
length equal to the length of a calculated Ha-profile. This is a necessary
condition tor doing a convolution of the two profiles. Because of the
distributive property of the convolution (see equation (2.24)), the spectra!
profile obtained thus far can be convoluted directly with the apparatus profile.
Bath the apparatus profile and the broadened fine-structure profile consist of
1251 data-points with the same wavelength resolution. For convenience the
maximum of the apparatus profile has been placed on index 593, which is the
same as the maximum of the first fine-structure component.
Convolution of the apparatus profile and the fine-structure profile results in an
array of (2·1251-1)=2501 data-points. Yet the first fine-structure line is not
at index (2·593 - 1) = 1185, because the apparatus profile is not symmetrie.
The entire profile has to be translated by an amount of 591 to get the
wavelength of 656.2710 nm at index 593. All va lues that new have an index
lower than 1 or above 1251 are discarded, because they have no physical
significance.
After normalising the profile, the result is a calculated profile of Ha that
includes the five most significant fine-structure components, wh ich are all
subject to Stark, Doppler and instrumental broadening.

3.2.3 Optimum fit procedure
In order to find the atomie hydrogen temperature and electron density trom a
measurement of Ha, a Matlab® procedure is developed that compares the
profile trom a measurement and a calculation. lt minimises the total error
between bath profiles and the result is an optima! value of the Stark and
Doppler half-width, which correspond to the electron density and temperature
respective ly.
First the measured profile has to be converted in digital text format ("tabs
delimited") tor it to be suitable tor Matlab®. The wavelength range of this
profile should exist of at least 150 values, otherwise no accurate offset values
can be obtained. The measured profile has to be normalised, so it can be
compared to a calculated one. An example is given in Appendix A.
Of course the measurement is subject to noise, originating trom stray light and
detector noise. This non-zero offset is determined by averaging over the first
and last 50 measurement values, which are more than 0.5 nm apart trom the
centre of the peak at 656.281 nm. The amplitude-factor is defined as (1 offset). The offset is implemented in the calculated profile through multiplying
it by the amplitude-factor and then adding the offset.
The optima! Stark and Doppler half-widths are determined by a procedure that
varies the Lorentzian and Gaussian half-widths, the amplitude-factor and the
horizontal wavelength-shift of the entire profile. Naturally the initia! value of the
amplitude-factor is already known and the initia! shift is taken to be zero. The
corresponding initial half-width values (dl_O and dg_O) are chosen based on
an estimation of the measured half-width . These are varied using a Lorentzian
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and Gaussian step-size parameter (dl_step and dg_step) respectively, which
are equal to half the initial value at most. The variation principle can be
explained best for only two variables, see figure 3.3.
Figure 3.3 Variation principle for two variables.
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A profile is calculated for Lorentzian half-widths of (dl_O - dl_step), (dl_O) and
(dl_O +dl_step) and for Gaussian half-widths of (dg_O - dg_step), (dg_O) and
(dg_O + dg_step), making a total of 9 possible combinations. Also the
amplitude-factor and the shift are varied using similar step-parameters. For all
combinations a spectra! profile is calculated and it is compared to the
measured profile of Ha. Through a least-squares method [46], the parameters
of the profile with the lowest total error are taken as the new initial va lues for
the next iteration cycle. All step parameters are divided in half and for all new
combinations the profile is calculated and compared to the measured one.
The effect of this procedure is shown in figure 3.3 for two variables . The
"square of variables" gets smaller at every iteration cycle, eventually ending in
a close-fitting "square" that surrounds the optimal value. In this procedure it is
thus implicitly assumed that only one optimum exists in the entire set of
possible combinations. This is obviously not the case in measurements with a
low signal-to-noise ratio.
After a number of iteration cycles the procedure stops because the errormargins of the variables are smaller than some pre-specified value. The
electron density and atomie hydrogen temperature are calculated trom the
Lorentzian and Gaussian half-widths using equations (2.14) or (2.15), and
(2.21) respectively. Also the amplitude-factor, the offset and its standard
deviation, the horizontal profile-shift, the total least-squares error and a
"goodness-of-fit" parameter R2 [46] are returned .
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3.3 Model for the estimation of the 2-component hydrogen atomie
temperature from the spectra! profile of Ha
In some measurements two temperature components can be distinguished in
the profile of Ha, see paragraphs 5.2.4 and 7.2.2. In this case it is chosen to
model the profile with the Doppler broadening of the fine-structure lines as
discussed in paragraph 3.2.1, but without the Stark broadening. lnstead one
extra Doppler broadened line is added to the calculated profile, at a central
wavelength position that minimises the total fitting error. The width of this line
is generally much larger than the total fine-structure Doppler width, so only
one broadened line is sufficient to model the extra temperature component.
Stark broadening is left out because the Lorentzian part of the profile is
obscured by the second, wider temperature component. In this way also
computer calculation time is saved. Since both this method and the one
mentioned in paragraph 3.2 have many things in common, the process of
fitting two temperature components will be discussed only briefly. The entire
Matlab® source-code is shown in Appendix C.
The procedure tor modelling the Doppler-broadened fine-structure lines is
similar to the process described in paragraph 3.2.1. Yet now only Gaussian
functions are used instead of Voigt functions, because Stark broadening is not
included in this calculation. An extra Gaussian is added to the fine-structure
profile, which corresponds to the extra temperature component. The intensity
of this Gaussian is defined as a fraction of the fine-structure intensity. The
entire profile is convoluted with the apparatus profile to include instrumental
broadening in the same way as is described in paragraph 3.2.2.
The process of finding the optimum fit is also based on the least-squares
method of paragraph 3.2.3, but now the following parameters are varied:
Gauss width of fine-structure lines, wavelength shift of these lines, Gauss
width of second temperature component, wavelength shift and intensity
fraction of this component, the amplitude-factor of the entire profile. The
optimal values of these parameters are returned after a specified number of
iteration cycles.
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4 General experimental equipment
The first two paragraphs deal with the vacuum and spectroscopie equipment
that is used in all measurements. In paragraph 4.3 the basic set-up of the
incandescent cell is treated.
4.1 Vacuum cell
In all measurements the plasma is created inside a tube, which is connected
to a vacuum cell, see figure 4.1. The vacuum cell is evacuated using a prevacuum pump and a turbo pump (that can only be used when the pressure is
below 1 mbar), which are both featured in the Pfeiffer-Balzers pump (type
DU0-004-8). Pressures of 10-3 - 10-4 mbar can be reached in this way.
Figure 4. 1 Schematic picture of vacuum cel/ and opties system.

~um(el

Gas is led into the system through one or two pipes, making mixing of two
gasses possible. All used gasses have a purity degree of 99.9999%. The
amount of supplied gas is controlled by means of a mass flow controller, type
Brockhorst Hi-Tec F-201 C-FBC-33-V. The read-out of the gas flow rate is in
units of ml·min- 1 of 0 2 (!), though the controller has been calibrated using air.
Flow rates of 2 - 100 ml·min- 1 of 02 can be obtained with this type of
controller.
lf ether gasses than 0 2 are used, the flow rate has to be multiplied by a
conversion factor C in order to get the real flow rate (at a pressure of 1.0 bar):

Flow gas

cgas

=C ·Flow 0 2 =C

o,

·Flow 0 2

(4.1)

For hydrogen, helium and argon the total conversion factor Cis 1.031, 1.439,
and 1.429 respectively [47]. When mixing two gasses the conversion
procedure is necessary to get the right gas-mixture ratio. For pre-mixed gas
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mixtures that contain two kinds of gasses with conversion factors C1 and C2,
the conversion factor CM1x is given by [47]:
1
v v2
- - = -1 + CMIX

c1

c2

(4.2)

In equation (4.2) V 1 and V 2 are the volume-parts of both gasses in the
mixture. For the pre-mixed H(1 %)/He(99%) and H(1 %)/Ar(99%) that are used
in the experiments, the respective conversion factors are 1.404 and 1.395.
With equation (4.1) the actual flow of pre-mixed gas can be calculated.
The optimum input-pressure tor the flow-controllers is 2.0 mbar. In all
measurements the output-pressure of the gas-bottles (and theretore the inputpressure of the controllers) is sustained at this pressure using a reducing
valve. The actual gas flow is now twice as high as the flow-value set on the
controller(!). This means that the flow (1 seem= 1 ml·min- 1) is determined by:

Flow actual = 2 ·Flow controller

(4.3)

With equation (4.3) the flow is standardised.
The total gas pressure in the system can be maintained at a specified value
using an electronic regulation device (VAT Adaptive Pressure Controller PM3) in combination with a valve (VAT 61 .1 DN 40).
4.2 Spectrometer system
At the other side of the vacuum vessel there is a quartz window on which a
fiber system can be positioned, see figure 4.1. Light trom the plasma source
falls onto a lens, which makes a parallel beam of light that is then led through
the fiber. Light coming out of the fiber falls onto the entrance slit (width of 10
µm) of a 1.0-m Czerny-Turner monochromator (type B&M-100). Inside the
monochromator light is diffracted by a grating with 1200 lines/mm. The (first
order) diffracted light goes through the exit slit where it either falls onto a CCD
camera (type SBIG-ST2000XM) or a photomultiplier (abbreviated: PMT, type
Hamamatsu R376). The working of the CCD is described below, whereas the
working of the PMT will be treated in paragraph 5.1.
The pixels of the CCD capture incident photons and tor each photon an
electron is created. Hence the electronic current per CCD-pixel is a measure
tor the light intensity as function wavelength. To avoid overflow of the number
of electrons in a pixel and its consequence, i.e. "blooming" (electrons flowing
trom one pixel into an adjacent one), the exposure time in all measurements
is set to 10 seconds. In this way the maximum pixel capacity is be low 20% of
its overflow value, which means no "blooming" occurs.
lnternal processes inside the CCD also create unwanted electrons, the socalled "dark current". In all measurements the CCD is cooled to about 0 °C to
minimise this effect. Using the read-out software, the remaining dark-current
is determined separately in each measurement and automatically subtracted
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trom the measurement data. No "flatfield" correction is necessary because the
light can travel unobstructed from the fiber entrance to the CCD.

The wavelength step per pixel of the CCD is calibrated using a low-pressure
deuterium lamp. The pixel position of the Da (/...0 656.103 nm) line from this
lamp is compared to the position of Ha (Ào 656.281 nm), which was obtained
trom an earlier measurement of a hydrogen plasma. Both lines are shown in
figure 4.2. From a number of comparisons between Da and Ha. a step size of
(5.5 ± 0.2) pm per pixel is derived, which is used in the analysis of all
experiments.

=

=

Figure 4.2 Example of a measurement of the pixel position of Da and Ha. Their
wavelength distance is 178 pm.
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In order to measure the spectrum in a larger wavelength reg ion, 350 - 1000
nm, an Avantes (type AvaSpec 102) spectrometer is used. lt has a built-in
CCD camera and its resolution is 0.4 nm. Light trom the plasma is collected
with a fiber, which is connected to the spectrometer. Read-out of the two
spectrometers is done with a PC.

4.3 lncandescent cell
The incandescent cell is a quartz tube in which a tungsten filament heater is
placed. Quartz is used because it is transparent and can withstand higher
temperatures without melting than ordinary glass. The quartz tube is placed
inside an insulating cylindrical box, see figure 4.3. As can be seen, the
opening side is closed with insulating material.
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The incandescent filament is a tungsten wire, which is wound on ca. 20-cmlong grooved ceramic tube with about 70 turns, see figure 4.4. At the ends two
large ceramic rings are placed, which support the coil when it is lying inside
the quartz tube. Both ends of the wire, of which one is led back through a
channel inside the ceramic tube, are attached to copper wires that have
ceramic insulation, see figure 4.5.
Figure 4.4 Picture of the tungsten filament heater.
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Figure 4.5 Connection of the filament to wires leading through the vacuum
cel/.

At the outside of the vacuum cell the wires are connected to metallic
connectors, which are connected to an electrical power source capable of
delivering a maximum power of 480 W (70.3 V, 6.8 A), see figure 4 .6.

Fi ure 4. 6 Picture of the connectors on the outside of the vacuum cel/.

The source is connected to a laptop PC using a Labjack® (type U 12). In this
way the power rate (in v.s- 1, with 5 V corresponding to the maximum output of
70.3 V) is adjustable, which means the heating of the tungsten wire can be
done in a controllable fashion. The maximum current through the heater is
limited to 8.0 A to avoid rupture of the wire.
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5 lncandescent cell with hydrogen and
potassium carbonate catalyst
5.1 Experimental set-up
The incandescent cell consists of a quartz tube in which a tungsten filament
and titanium mesh screen with potassium carbonate (K2C03) are placed, see
figure 5.1. Used tubes are about 50 cm in length and have an outer diameter
of 5 cm .

Figure 5. 1 Schematic picture of incandescent cel/ with potassium catalyst.

The titanium mesh screen is rolled in a cylindrical shape trom a rectangular
piece of titanium mesh. Used cylinders are approximately 20 to 30 cm in
length. The potassium catalyst comes trom potassium carbonate (K2C03),
which decomposes when heated. Two preparation methods are used to put
the potassium carbonate inside the cell. Both are different trom the method
used by Mills [33), which is described in detail in Appendix E.

Method 1:
The potassium carbonate is solved in water and the entire titanium cylinder is
covered with this aqueous solution. After being heated in an oven at 120 °C to
200 °C for about an hour, all water is vaporised and the mesh is coated with
potassium carbonate, a fine white powder. The coated mesh is put inside the
quartz tube and the tungsten heater is placed in the centre of the mesh. The
tube is then attached to the vacuum cell.
Method 2:
Also the solution of water and potassium carbonate is used in this method,
only now the doped mesh is put inside the quartz tube and both are heated in
an oven. Therefore the amount of potassium carbonate inside the tube is
larger.
Experiments are done with different heating rates (i.e. voltage rates) and at
different hydrogen pressures to see when a plasma forms. Details on used
operating conditions are treated in the "Results" section.
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The plasma afterglow measurements are conducted with a slightly modified
set-up. A fiber is used to collect light from either the axial direction (end-on) or
the radial direction (side-on). In the side-on measurement light is coming
through a hole in the heat insulator. A monochromator is used to select light
with a wavelength corresponding to the Ha line. Large entrance and exit slits
of respectively 0.5 mm and 0.25 mm are used to maximise the light intensity.
The light coming out of the monochromator is captured by a photomultipliertube (PMT, type Hamamatsu R376), which is operated using a 1 kV power
supply. The PMT generates electrons tor incident photons with a quantum
efficiency of about 4% tor wavelengths near 650 nm. This signa! is recorded
as function of time using an oscilloscope. At the same time the filament
voltage is recorded using a 1Ox voltage dividing probe, so it is possible to
determine the plasma decay time when the voltage over the filament is set to
zero. The switching is done using a tast IBGT semiconductor device with
switching times of <10-5 s.
5.2 Results
The operating conditions tor starting up, sustaining and decaying of a bright
plasma are rather vague. Observations on how various conditions influence
these three phases are treated in the next three paragraphs respectively. In
paragraph 5.2.4 the plasma properties, i.e. the hydrogen temperature and
electron density, will be discussed based on the analysis of the Ha profile. All
presented spectra are obtained using preparation method 2.
5.2.1 Start-up
During start-up the blackbody radiation emitted by the tungsten wire increases
in time. After a while, the tormation of a K plasma takes place, which is
evidenced by the spectrum shown in figure 5.2 and its spectra! analysis in
table 5.1 (only type 1 emission (normal atomie emission) is taken into
account). At this particular moment in time a pressure-drop is observed at the
position of the pressure-sensor in (nearly) all experiments.
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Figure 5.2 Typical plasma and blackbody emission spectrum during start-up.
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During the pressure-drop the electronic regulation device closes the valve that
connects the vacuum cell with the pump. In this period the bright plasma
emission starts up and it takes a couple of minutes before the light output is at
maximum level.
A titanium mesh can be used a coup Ie of times in order to create a hydrogen
plasma.
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5.2.2 Plasma run
Figure 5.3 shows a picture of an intense plasma that is created using the
incandescent cell with hydrogen and potassium carbonate. The picture is
taken during a test-run. But by looking at figure 5.3 it is difficult to tell what
regions the light emission is originating trom.
Figure 5. 3 Intense light emission trom an incandescently heated hydrogen
plasma.

A typical broadband transmission spectrum is shown in figure 5.4.

Figure 5.4 Typical spectrum of a plasma formed from incandescently heated
hydrogen with potassium carbonate.
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In table 5.2 the most significant lines in the spectrum of figure 5.4 are
analysed to find which elements are in the bright plasma. Only type 1emission
(normal atomie emission) is taken into account.

T.abie 5. 2 A narys1s
I . of spectrum firom fi1~ ure 54
..
Wavelength (nm)
377.49
483.11
486.35
511.07
532.40
534.17
535.94
578.40
580.49
583.27
589.52
656.29
691.20
693.87
766.37
769.6

lntensity (a.u.)
38.08
33.08
35.67
34.98
38.88
72.17
66.58
98.07
187.6
113.7
201.3
89.68
261.2
455.0
3620.9
2420.7

Element
Fe (377.482)

Reference
(45]

?
H (486.133)
Fe (511 .041)
Fe (532.418)
K (534.297)
K (535.952)
K (578.240)
K (580.176)
K (583.188)
Fe (589.550)
H (656.279)
K (691.107)
K (693.628)
K (766.491)
K (769.898)

(48]
(48]
(45]
(45]
(48]
[45]
[45]
(48]
(48]
[48]
(45]
[45]
[48]
(48]

As indicated by figure 5.4 and table 5.2, the bright "white" plasma emission in
the visible range (400 nm - 700 nm) can be attributed to the K atoms, the Fe
atoms, which are due to vaporisation of the stainless steel connection screws,
and the H atoms in particular. In some cases a Fe discharge between the
screws could be observed by eye, because of its distinct yellow/orange light
emission at wavelengths of 532.4 nm and 589.5 nm. The Ha emission
intensity is not always constant but can show modulations with different
frequencies.
At low H2 pressures (< 0.250 mbar) no bright plasma will form. ldeally the
pressure should be more than 0.400 mbar. lt is also witnessed that when no
bright emission is observed, increasing the electrical power using an extra
source does not make any difference. The same holds true for the H2 flow and
pressure.
When the heat insulating tube is not sealed off properly, no bright plasma
forms.
Running times of up to 20 - 30 minutes have been found when method 2 was
used, while the plasma ordinarily lasted only 0 - 5 minutes when method 1
was used.
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5.2.3 Plasma decay
The spectrum of a decayed bright plasma shows only faint K and Fe emission
and the broadband emission trom the incandescent filament, see figure 5.5.
Figure 5.5 Spectrum of a decaying plasma showing only faint K and Fe
emission and the filament blackbody radiation.
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lt is found that the bright emission ceases when the Ha spectra! line intensity
is decreased to almost zero. lncreasing or decreasing the H2 pressure when a
plasma is observed, eliminates the bright emission immediately.

42

Figures 5.6 and 5. 7 clearly show that not all potassium carbonate is
evaporated in the heating process. This is typical tor all experiments. Note
that this is at the disc-shaped edges of the ceramic tube, where there is still
some KzC0 3 powder left on the mesh.
Figure 5. 6 Typical Ti mesh after an experiment (in quartz tube with
incandescent heater). Note the K2C03 powder that is still left at the ceramic
ed es of the heater inside the drawn red cire/es .

Fi ure 5. 7 C/ose-u of the mesh trom figure 5. 6.

After an experiment, the end of the quartz tube, which is closest to the
opening side of the insulating cylinder, is normally covered on the inside with
a thin metallic film. This is shown in figure 5.8.
Figure 5. 8 The end of the quartz tube that is covered with a metallic film on
the inside of the wal/ at the center of the drawn red ellipse).
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Although preparation method 2 might give a langer plasma running time and
higher light output, it has a rather peculiar flaw. Quartz tubes can actually be
used only two or three times and then they just crack into pieces, some of
which are shown in figures 5.9 and 5.10. This sometimes means a premature
end to an experiment.
Figure 5. 9 Pieces of a braken quartz tube ha ving surface textures.
i'.tt..11

Figure 5. 10 Part of a braken quartz tube. Note the "imprint" of the titanium
mesh on the quartz surface.

As figures 5.9 and 5.10 show, the quartz surface is seriously affected by
plasma processes.
5.2.4 Ha spectra! line profiles and plasma parameters
Three distinct types of Ha spectra! line profiles have been observed during all
experiments. These will be treated below.
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Type 1:
This is the standard line profile, which does not show excessive broadening.
An example is shown in figure 5.11, with a fit that includes both Doppler and
Stark broadening. The cell was at a Hz pressure of 0.500 mbar, with a Hz flow
rate of 62 seem. The filament voltage at that particular moment was 47 V with
a current of 8 A (limited).
Figure 5.11 Example of a narrowly broadened Ha profile in an incandescently
heated hydrogen plasma with potassium carbonate.
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The Gaussian and Lorentzian widths of the fine-structure lines of the
calculated profile are (19.1 ± 0.4) pm and (2.8 ± 0.4) pm respectively. From
these parameters a hydrogen atom temperature of (0.14 - 0.16) eV and
electron density of (4·10 1z - 6·10 1z) cm- 3 have been derived.

Type 2:
This profile consists of both a narrow line and a broad component at the base
of the line. This particular profile has been observed continuously for more
than ten times in three successive experiments. Unfortunately the tungsten
filament broke down and afterwards this profile has not been observed with
another filament under similar operating conditions.
The example of figure 5.12 is fitted with the model from paragraph 3.3 that
takes into account two Doppler broadened components. The cell was at a
pressure of 0.440 mbar, with a Hz flow rate of 41 seem. The filament voltage
was 70.2 V with a current of 6.8 A.
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Figure 5.12 Example of a broadened Ha profile in an incandescently heated
hydrogen plasma with potassium carbonate.
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The Ha line from figure 5.12 consists of a "narrow" profile and a "braad" one at
the peak baseline. Both correspond respectively toa hydrogen atom
temperature of (0.32 - 0.33) eV and (13.8 - 13.9) eV.
Peculiar feature of the profile is that the "braad" component is actually shifted
by 11.0 pm from the centre of the "narrow" peak. lf this effect is ascribed toa
certain velocity distribution, this means hydrogen atoms have a preferential
velocity component in the direction towards the observation point. This could
be the result of electric field acceleration of hydrogen ions, which then pick up
an electron. In order to test this idea the polarity of the filament was reversed,
but no broadening was observed in this case . Determination of the absolute
polarity was not possible because the tungsten filament broke down.

Type 3:
This is an asymmetrically broadened profile, but the asymmetry is not due to
instrumental broadening. Here neither of the two fitting models from chapter 3
is appropriate, since the asymmetry could lead to inaccurate and deceiving
fitting results. The asymmetry can not be attributed to molecular emission,
because the spectra give no evidence for this. Figure 5.13 illustrates an
example of this type of profile. The cell was at a Hz pressure of 0.375 mbar,
with a Hz flow rate of 52 seem. The filament voltage was 80 V with a current of
6.5 A.

46

Figure 5.13 Example of a typical asymmetrically broadened Ha profile in an
incandescently heated hydrogen plasma with potassium carbonate.
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5.2.5 Plasma afterglow and restart behaviour
First the switching response time of the IBGT is determined using an
oscilloscope, which is shown in figure 5.14. As can be seen, switching takes
place in < 5-10-6 s. Therefore this is a suitable device for measuring the
plasma afterglow time.
Figure 5.14 IBGT switching response time.
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In order to distinguish between plasma afterglow and blackbody afterglow, the
light intensity decay of the filament and mesh is determined in a side-on
measurement. This is shown in figure 5.15. The decay time is more than 10
seconds.
Figure 5. 15 Light decay of the filament and mesh as function of time.
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In three experiments a series of more than twenty end-on plasma afterglow
measurements were conducted. All measurements show similar afterglow
behaviour. Figure 5.16 shows a typical example of the Ha light intensity and
probe voltage as function of time. The time resolution is 1 ms. At some
moment in time the switch is operated, cutting off all electrical power to the
filament.
Figure 5. 16 Ha afterglow as function of time.
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The plasma decay is in the order of 2 ms. lt is verified using a spectrometer
that in each case the Ha line intensity is much larger than the intensity of the
blackbody radiation from the tungsten wire and the titanium mesh. The sideon afterglow behaviour is similar to the end-on afterglow, except the light
output of the filament and mesh is relatively larger, see figure 5.17. Therefore
the plot of light output as function of time displays two distinct decay times,
one of the Ha line (ca. 1 ms) and one of the blackbody radiation (> 10 s).

Figure 5. 17 Combined afterglow of the Ha line and blackbody radiation
emitted by the filament and mesh.
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After the plasma had completely vanished, it was possible to restore the
power and the plasma ignited again . As can be seen in figure 5.18 it takes
more than 10 seconds before maximum light output is reached. In some
cases this even happens in two distinct steps.

Figure 5. 18 Plasma light output as function of time after restart.
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5.3 Discussion
lt is possible to form an incandescently heated hydrogen plasma by using
potassium carbonate, see figures 5.3 and 5.4. But the main question is why a
hydrogen plasma is formed in the first place. Since no plasma breakdown can
occur in pure H2 when the DC electric field is in the order of only 3.5 V-cm- 1
(70 V over the filament length of 20 cm) and when the number of free
electrons is too low to get cascade-ionisation. As will be explained next, H2
breakdown in the incandescent cell has its analogue in fluorescent lamp
breakdown [49), in which alkali/alkaline metals (e.g. K) or their oxides, play an
important role in improving electrode emission capabilities, increasing the
number of electrons and therefore lowering the breakdown conditions.
lt is found that the amount of potassium carbonate is crucial in the formation
of a bright hydrogen plasma, because without it or with too little of it, no
plasma will form. An exact minimum quantity could not be determined
however, but the amount of K2C03 is always sufficient when preparation
method 2 is used, see paragraph 5.1. The simplest way to generate free K
atoms trom K2C03 will now be explained.
The K2C0 3 solid powder melts at about 898 °C [38) and subsequently
decomposes as follows:
(5.1)
Since the cell is continuously flushed with H2 gas, the C02 is removed. The
K2 0 solid powder is left, but its surface will decompose immediately to form
02 [50):
(5.2)
Reaction (5.2) leads to the formation of free K atoms, because no molecular
compounds of more than one potassium atom can exist [50). There might be
other chemica! reactions at work trom which K atoms are formed, involving for
example the titanium mesh and/or tungsten filament, but these are far more
complicated and require more detailed investigation.
The most important result is however that there is a potential source of K
atoms inside the cell and figure 5.2 and table 5.1 support this idea. Spectra!
analysis shows evidence that K atoms are present in the plasma before
hydrogen emission appears. As will be discussed in a moment, these K atoms
play an important role in the hydrogen plasma breakdown.
lt is well known that hot tungsten is an excellent thermionic electron emitter
[51), because of its low work function of only 4.55 eV [38). The temperature of
the tungsten filament is increased through ohmic heating, resulting in the
emission of electrons that have enough energy to pass the 4.55 eV barrier.
These electrons will be accelerated in the axial direction, since one side of the
filament is grounded and the other side is at 70 V, for example. The Ti mesh
however is not grounded and will have a floating potential of about half the
filament's potential, i.e. ca. 35 V.
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Because of this potential difference between the mesh and the filament, there
will be a radial electric field of ca. 20 V·cm- 1 in which the electrons, emitted by
the filament, will also be accelerated . The electric field (denoted by blue
arrows) is illustrated in figure 5.17.
Figure 5. 17 Schematic representation of the electron acceleration in the
electric field that is present between the filament and mesh. The filament
voltage-drop is 70 V and the mesh is at floating potential, ca. 35 V.
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At the maximum voltage of 70 V bath this electric field and the electron
emission will also be maximal, but in pure H2 the amount of electrons and
their kinetic energy are not large enough to cause H2 breakdown. At this point
the rele of the K atoms in the hydrogen plasma start-up becomes clear.
The K atoms influence the increase of electrons in three different ways:
1. K has a low ionisation energy of only 4.34 eV [38], which means there is a
possibility that some electrons have sufficient energy to create an extra
free electron.
2. K and ether alkali/alkaline metals (and their oxides) are known for their
ability to lower the werk function of metals [51,52,53], like W. The K atoms
form a mono layer at the surface of the W lattice and electrons are emitted
by these atoms. Especially when oxides are used, the mono layer acts as
a dipole and its electric field lowers the potential barrier for electrons [52].
For BaO the werk function can be as low as 1.3 eV [53]. Through this
process the electron emission by the filament is greatly enhanced.
3. Freely moving K atoms with a certain thermal energy can collide with the
filament, resulting in a reflected K+ ion and an electron.
Through these three processes the electron flow between the filament and the
mesh is increased significantly. lt will naw be shown in a rough estimation that
it is possible to get plasma breakdown through cascade-ionisation of the
hydrogen atoms.
The electron current density J (in Acm- 2 ) emitted by a metal at temperature T
(in K) can be calculated using the Richardson-Dushman equation [51 ]:

J = AT2 exp(-11600. <Po).
T

(5.3)

In (5.3) Ais a universa! constant, i.e. 120.4 Acm- 2 ·K2 , and <l>o is the werk
function of the specific metal.
51

Fora yellow/orange coloured filament the temperature of the filament is
roughly 1500 °C. Though it has already been mentioned that K atoms can
lower the werk function of W, this is not known quantitatively. Therefore the
werk function of W, i.e. 4.55 eV, will be used in the calculation. The entire
surface of the filament can be assumed to have a cylindrical shape, with a
radius of about 0.5 cm. Fora 1-cm long slice of filament the electron flow is
determined to be in the order of 2·10-4 A. This means about 8·10 15 electrons
are emitted every second.
These electrons gather in the region between the filament and the mesh,
which has a radius of about 2.5 cm. The electron density in this region new
14
equals ca. 4·10 cm- 3 . In reality space charge builds up near the surface of
the filament, effectively lowering the electron density in the bulk. The electron
density will be taken equal to 101z cm- 3 , which is accordance with results trom
paragraph 5.2.4.
The electrons are accelerated in the radial electric field Ë and collide with the
hydrogen atoms and molecules. The drift velocity v of an electron can be
estimated using the following equation [54):
(5.4)
in which ~ is the electron mobility in a specific gas. For Hz at a pressure of
0.5 mbar in a field of 20 V·cm- 1 , the electron drift velocity is in the order of 107
cm·s- 1 [54). lt is new possible to estimate the mean time -r between two
collisions:
(5.5)
The collision cross section cr of electrons with H atoms is about 10· 10-16 cmz
[54). With a Hz density of 10 16 cm- 3 , the time between two collisions is in the
order of 10-8 s. This value is roughly the sa me as the lifetime of a H atom in
an excited state, which is generally about (10-8 - 10-7) s. Hence an atom in an
excited state will probably not return to a lower state but go up to a higher
state, eventually becoming ionised.
With all additional processes, like Hz dissociation at the hot Ti and W surfaces
and the creation of extra electrons by the K atoms, it is possible that Hz
breakdown can occur in the radial electric field of 20 V·cm- 1 through
cascaded-ionisation . Hydrogen plasma afterglow of 2 ms or less has been
observed and it was found that plasma restarting takes several seconds.
Therefore it can be concluded that the electric field is necessary to start up
and maintain a hydrogen plasma .
Mills has found hydrogen plasma afterglow of 2 seconds [6, 7), which equals
approximately the filament decay time. This is not consistent with the results
presented here, see figure 5.16. Bath the side-on and end-on measurements
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show similar afterglow behaviour and good Ha signal intensity, so this can not
be the reason tor a different observation. In [6] a filter is used to select
wavelengths near Ha, but its filtering properties could in tact have limited the
Ha signal intensity. lf the filter Iets through primarily blackbody radiation, the
measured afterglow is simply that of the filament and mesh. Yet in Mills'
measurements this method is not used and he also finds afterglow of several
seconds [7]. No explanation is found tor this discrepancy.
Both types of line broadening that were observed by Mills [6, 1O], were also
found. In most cases the broadening was comparable to the measurement by
Conrads et al. [6]. They derived a hydrogen atom temperature of (0.1 - 0.32)
eV. This is consistent with the temperature of (0.14 - 0.16) eV obtained trom
figure 5.11. The fine-structure lines of this profile also consist of a Lorentzian
component, trom which an electron density of (4·10 12 - 6·10 12) cm- 3 has been
determined. This value is three orders of magnitude larger than the density of
109 cm- 3 that Mills has derived using probe measurments [6, 1O].
The excessive broadening of 12 - 18 eV found by Mills [1 O] has also been
reproduced. Figure 5.12 shows a Ha profile which consists of a braad
Gaussian component at the baseline, which matches the data points well. lt is
believed that the broadening is related to the Doppler effect, because in such
low-pressure plasmas no other effects, like Stark broadening or nuclear
interactions, can cause this amount of broadening. The corresponding
hydrogen atom temperature is (13.8 - 13.9) eV. This type of profile was only
observed with one specific filament and one polarity direction, which
emphasises the role of the filament and its electric field in the observation of
excessive broadening and makes it less obvious that the broadening is
related to the RT plasma mechanism. A possible explanation could be that a
filament has a "spot" on its surface at the negative polarity end, a place where
electron emission is significantly increased due to surface irregularities. These
electrons can gain high velocities in the radial field and through collisions the
number of H+ ions is increased in this region. Because of the high field the H+
radial velocity will also be large. Collisions of such tast H+ ions with slow H
atoms could therefore result in tast H atoms, see figure 5.18.
Figure 5. 18 W acceleration in the electric field near the 0 V end of the
filament. Fast W ions collide with H atoms to create fast H atoms.
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lf the negative polarity end is towards the observation point, the direction of
the electric field will not be completely radial, as depicted in figure 5.17, but
will also have a small axial component towards the observation point, as
shown in figure 5.18. This is the reason why the Doppler broadened
component from figure 5.12 is actually wavelength shifted towards the "red
side" of the spectrum. lf the voltage polarity is reversed, the "spot" naturally
stays at the same position, but there will be no fast electrons and therefore no
fast H atoms. No excessive Doppler broadening is observed in this case.
Another peculiar phenomenon is the "moving of plasma slices" along the axial
direction, which was observed by Conrads et al. [6]. This could not be verified
in the used set-up. However, there seems to be an explanation for this
behaviour, which is based on the ideas presented in this paragraph [55]. lf the
entire W filament is covered with K atoms, the emission of electrons will take
place in a region where the energy barrier is lowest or the electric field is
highest. lt is in this region that there will be H2 plasma breakdown. Locally the
temperature will be so high after a while, that the K atoms will evaporate trom
the W surface. Electrons will then be emitted by neighbouring K atoms, so the
hydrogen plasma will also move to that particular area. Hence it appears that
the plasma is moving.
Now the question arises why low-voltage breakdown does not occur for every
alkali metal. According to Mills, Li and Na+ both meet the catalyst criterion [2],
so in practical reality both can be used to create an incandescently heated
plasma. He says the used molecular compounds do not decompose efficiently
into the required catalysts and if they do so, a high field is necessary to
compensate for the energy mismatch between the multiple ionisation energy
and the catalyst criterion, equation (1.2).
But also in this case there is an alternative explanation. This is explained best
by looking at the physical properties of the alkali metals [38], which are shown
in table 5.4.
Table 5.4 lonisation energy E;, work function Wand vaporisation temperature
T (at 100 Pa) for the alkali metals. Values are taken from reference [38].
W(eV)
T (°C)
Element
Ei (eV)
722.1
5.39
2.93
Li
424.3
Na
5.14
2.36
2.29
328
K
4.34
278.9
Rb
4.18
2.26
260.9
1.95
Cs
3.89
There is a trend to be seen in the data trom table 5.4, which shows that going
downwards from Li to Cs the ionisation energy, work function and vaporisation
temperature are reduced. As is already explained above for potassium, these
three properties are effectively a quantitative measure for the ability of an
element to lower the breakdown conditions:
1. A lower ionisation energy means less energy is needed to ionise an atom.
2. A lower work function means that the atom can reduce the work function of
the W lattice to lower va lues.
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3. A lower vaporisation temperature means a larger number of freely moving
atoms, which can be ionised, can attach to the filament or collide with the
filament.
With this in mind it is easy to understand why no H2 plasma breakdown
occurs at low voltages when Na or Li are used. Because these elements are
less effective in increasing the number of electrons, a plasma will only start at
a higher filament voltage. In a different type of DC power cell (with Ni
electrodes) this is actually confirmed by Mills' measurements (!) [11].
The slow decay of a bright plasma after about 20 - 30 minutes is probably
due toa deficit of K atoms, even when method 2 is used. As can be seen in
figures 5.6 and 5.7, only K2C03 is evaporated in the region between bath
ends of the filament. So only these molecules decompose and eventually
result in K atoms. The spectrum from figure 5.5 shows K emission, though
with lower intensity. Hot K atoms diffuse towards the colder regions inside the
quartz tube, e.g. the end of the insulating cylinder of which the insulating
properties are less good. Figure 5.8 shows evidence for this idea. Particularly
when method 1 is used, with a smaller amount of K2C0 3 in the tube, the
diffusion of the smaller number of K atoms could explain the rather limited
plasma running time of only 0 - 5 minutes. Also when no insulation is put in
the cylinder no bright plasma formation is observed at all, which again
confirms the diffusion principle.
The cracking of quartz tubes, of which pieces are shown in figures 5.9 and
5.10, is believed to be a negative side effect of preparation method 2. In this
process the quartz tube surface is affected, making its structure weaker. The
surface textures on the pieces can be the result of excessive heat, since the
melting temperature for quartz at these low pressures is only about 1750 °C .
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6 lncandescent cell with hydrogen and
strontium catalyst
6.1 Experimental set-up
The incandescent cell consists of a quartz tube in which a tungsten filament
and pieces of metallic strontium (Sr) are placed, see figure 6.1.
Figure 6. 1 Schematic picture of incandescent cel/ with strontium catalyst.
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In order to prevent the pieces of strontium from oxidising, they should be
placed inside the tube using a special procedure. First an air-tight bag is
flushed and filled with argon gas, see figure 6.2. Inside the bag, the pieces of
strontium (Alfa Aesar, 99.9% purity) are then removed trom their sealed glass
vessel, which is also filled with argon gas. After being weighed, a certain
amount of pieces is put inside the quartz tube, which is then sealed off using a
plug. The remaining pieces are put back into the vessel.
Figure 6.2 The preparation method uses an air-tight bag filled with argon gas
in order to avoid oxidation of the strontium pieces.
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After being unplugged, the tungsten filament has to be placed inside the tube,
which has to be attached to vacuum cell quickly. The cell also has to be
evacuated immediately. This is the only way of minimising the amount of
oxidation, since it is physically impossible to put the entire experimental set-up
inside a closed environment like a glove-box.
In each measurement 0.5 grof Sr was used to create a plasma. At the start
the cell is filled with H2 gas at a pressure of 0.225 mbar at a flow rate of 41
seem.
The time-dependent behaviour of the light output is monitored using the same
equipment as described in paragraph 5.1.
6.2 Results
First it has to be noted that the strontium has to be dealt with carefully or
otherwise no plasma will start. Pieces of Sr that appeared oxidised, i.e. they
are observed by eye to be coloured black instead of shiny "metallic", do not
create a plasma. Also the positioning of the pieces is important. They have to
be in the direct vicinity of the tungsten wire or else they will not vaporise and
no plasma will form.
When all conditions are right a bright purple/blue plasma will form already at a
voltage of about 50 V. Unlike in the incandescent cell with K2C0 3 , plasma
breakdown is instantaneous. A picture of the plasma is shown in figure 6.3.

Figure 6.3 Bright plasma created from incandescently heated hydrogen with
strontium catal st.

The spectrum of this bright plasma is analysed to see which elements
contribute to the light output. This is shown in figure 6.4 and table 6.1.
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Figure 6.4 Spectrum of a plasma created from incandescently heated
hydrogen with strontium catalyst.
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Table 6.1 Element identification based on
Unresolved).
Wavelength (nm)
lntensity (a.u.)
407.20
89.37
421.21
65.86
460.69
3626.6
472.28
64.49
121.0
481.31
483.11
97.07
486.35
73.19*
487.43
220.8
200.7
496.41
515.71
132.2
130.0
522.82
523.18
129.2
130.3
525.66
533.11
102.5
178.0
548.29
552.16
83.95
554.27
129.7
59.94
597.14
638.65
161.5
640.69
225.5
650.54
146.4
654.94
219.5

(*

=

the spectrum from figure 6.4
Element
Fe (407.174)

Reference
[45]

?
Sr (460.733)
Sr (472.228)
Sr (481.188)
Sr (483.208)
H (486.133)
Sr (487.249)
Sr (496.226)
Sr (515.607)
Sr (522.511)
Sr (522.927)
Sr (525.690)
Sr (532.982)
Sr (548.084)
Sr (552.183)
Sr (554.005)
Sr (597.010)
Sr (638.650)
Sr (640.847)
Sr (650.400)
Sr (654.679)

[48]
[45]
[45]
[48]
[481
[45]
[451
[45]
[45]
[45]
[45]
[45]
[45]
[45]
[45]
[45]
[45]
[45]
[45]
[451
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656.29
661.69
679.17
689.20
706.82
716.41
730.89
766.37
769.60

64.85*
92.99
59.02
1926.7
97.21
72.73
64.04
128.8
97.49

[48]
r451
[45]
[48]
[45]

H (656.279)
Sr (661.726)
Sr (679.105)
Sr (689.259)
Sr (707.010)

?
[45]
r48l
[48]

Sr (730.941)
K (766.491)
K (769.898)

Apart trom emission by traces of K and Fe contamination, every significant
line (intensity > 60 counts) can be attributed to atomie Sr emission. Due to the
resolution of 0.4 nm both hydrogen lines can not be resolved trom the
neighbouring Sr lines. Yet using the more accurate 1.0-m monochromator Ha
could be distinguished clearly trom the background radiation during the entire
experiment. A Ha profile is measured in order to determine the hydrogen
temperature and electron density. A typical example of such a profile is shown
in figure 6.5.

Figure 6.5 Example of a typieal Ha profile of an ineandescently heated
hydrogen plasma with strontium eatalyst at a pressure of 0.225 mbar and
eontinuous H2 flow of 41 seem.
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The profile trom figure 6.5 is analysed by using the model trom paragraph 3.2.
The Gaussian and Lorentzian widths are (14.8 ± 0.4) pm and (2.0 ± 0.4) pm
respectively, trom which a hydrogen atom temperature of (0.08 - 0.09) eV
and electron density of (3·10 12 - 4·1012 ) cm- 3 were calculated.
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lt must be noted that in a successful experiment Sr metal pieces will vaporise
and subsequently precipitate on the quartz tube's inner surface. A plasma will
exist for several hours while there are still pieces of Sr left inside the tube,
though its light output intensity depends on the amount of Sr. This is even so
the case in two successive experiments, with a cooling period in-between.
Figures 6.6 and 6.7 respectively show Ha light intensity as function of time at
power-shutdown and at restart after a 30-second-long cooling period.
Figure 6.6 Ha Light decay as function of time after power-shutdown.
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Figure 6. 7 Ha Light intensity as function of time at power restoration.
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As can be seen in figures 6.6 and 6.7, afterglow and restarting time are
respectively less than 2 ms and a couple of seconds. The example from figure
6.7 shows two distinct steps in the Ha intensity increase.
6.3 Discussion
The hydrogen plasma breakdown in the incandescent cell with Sr is
analogous to breakdown in the cell with K2C0 3 , which is discussed in
paragraph 5.3 in detail. Therefore this section will only deal with the
differences between both types of cells.
The first real difference is the absence of the Ti mesh. Therefore the electric
field pattern is slightly modified. Yet there still is an electric field necessary to
start up the plasma. Another difference is that only pure Sr is used and not
any molecular compound, which only decomposes at high temperatures, e.g.
898 °C tor K2C0 3 . Sr metal already vaporises at temperatures of 717 °C [38],
which means the number of Sr gas atoms is probably much larger at the
same filament voltage compared to that of the K atoms in the ether cell.
Secondly, the plasma breakdown is different. In the cell with Sr catalyst the
plasma lights up almost instantaneously, whereas in the cell with K2C0 3 it
takes several minutes before the maximum light output is reached. This can
be attributed to different heating-up conditions, in which the interaction
between the catalyst and the filament surface depends on time and
temperature, and requires more detailed investigation. Restarting a plasma
takes place in a few seconds time and can happen in more than one step.
Similar tempora! behaviour has also been observed in the cell with K2C0 3
catalyst, see paragraph 5.2.5. No anomalous plasma afterglow behaviour has
been observed with Sr, which is consistent with Mills' findings [5]. He says an
electric field is needed to create Sr+ ions, which are the RT-catalysts in this
experiment.
No excessive Ha broadening has been observed, which is not consistent with
Mills' findings. This is understandable because the filament's intrinsic
properties seem to play an important rele in the broadening effects, as is
explained in paragraph 5.3. Mills derives an atomie hydrogen temperature of
14 eV [5], whereas the profile from figure 6.5 only displays minor Doppler
broadening of (0.08 - 0.09) eV. Furthermore this figure shows that Stark
broadening can not be completely neglected in "narrow" profiles, since the
electron density is about (3·10 12 -4·10 12) cm- 3 . This is three orders of
magnitude larger than the value Mills has measured [5].
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7 RF discharge
7.1 Experimental set-up
RF plasmas are formed inside a glass cylinder, which has an opening soit
can be connected to the vacuum cell and the spectroscopie equipment, see
paragraphs 4.1 and 4.2. The cylinder has an internal diameter of 14 cm and is
36 cm in length. Apart from the opening, this is exactly the same cell as used
by Mills [21]. The cell is actually tilted by an angle of about 30° in order to
avoid electrical contact with the surroundings. A schematic picture of the setup is shown in figure 7.1.
Figure 7. 1 Schematic picture of RF discharge source set-up.
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The electrodes inside the cylinder are attached to stainless steel rods to keep
them in place. One rad is connected at the end to the inner conductor of a
coax wire, while the other is connected to the outer conductor. At the other
end of the coax the two conductors are coupled to a matchbox (type RF VII
inc. MatchNet-500). One wire is at ground voltage. Inside the matchbox there
are two capacitors, which can be adjusted to minimise power that is reflected
by the plasma. lf the coax cable is too long, its internal capacity becomes so
large that the matchbox cannot be turned anymore to starting conditions of
the discharge. With the matchbox the power supplied by a 13.56 MHz RF
generator (type RF VII inc. RF-5S) is transferred to the plasma. All equipment
is the same as used by Mills [21].
First the voltage over the electrodes and the current are determined in order
to find the real RF output power and to get an impression of the electric field
strength in-between the electrodes and thus the plasma sheath potential. As a
function of RF power the voltage-difference over the electrodes is measured
with a voltage probe, which is connected to an amplifier (amplification factor
10-3 ) and an oscilloscope. Also the current is measured using a current
monitor that is connected to an oscilloscope. All measurements are conducted
in a 10%H2 - 90%He mixture at 0.3 mbar. The distance between the
conducting plates is about 1 cm.
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Measurements of the spectra! profile of Ha are done on different gas mixtures
of H2/Ar, H2/He and pure H at several pressures and RF input power values.
Only light emitted in a direction perpendicular to the RF electric field is
collected by the fiber. In all cases the CCD integration time is 10 seconds. In
some measurements with H2/He the tempora! behaviour of the Doppler
broadening of Ha is investigated over a long period (ca. 7 hours) at the
recommendation of R. Mills [33].

7.2 Results
7.2.1 Electrical measurements
The voltage (RMS and peak-to-peak) and current (RMS) are shown in figure
7.2 as function of the RF power is. For convenience lines are used to connect
points in the graph . The observed phase difference between the voltage and
current is about 90°.
Figure 7.2 RMS and peak-to-peak voltage and RMS current as function of RF
power.
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7.2.2 RF plasmas of argon and hydrogen
The spectra! intensity profile of Ha is measured in RF discharges of argon and
hydrogen (95%Ar - 5%H2 or 90%Ar - 1O%H2), at three different pressures
(0.15 mbar, 0.25 mbar and 0.375 mbar) for RF powers ranging trom 20 W to
100 W. The distance between the electrodes is set at about 1 cm. lt is verified
using a H2 lamp that light travelling through the plasma region is not absorbed
on its way. This means the Ha line is optically thin for all RF powers and
pressures.
Examples of typical Ha profiles at RF powers of 50 W and 100 W are shown in
figures 7.4 and 7.5. In both cases the mixture is 95%Ar- 5%H 2 at a pressure
of 0.150 mbar. The fitting procedure has been done using the 2-component
temperature model trom paragraph 3.3. In all calculations the "broad"
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temperature component is fixed at a same central wavelength as the "narrow"
one to cut down on computer calculation time. All calculations have a R2 value
of over 0.99.
Figure 7.4 Example of a typical Ha profile emitted from a RF plasma (95%Ar 5%H2 at 0. 150 mbar) at a RF power of 50 W. The profile consists of a
"narrow" Doppler-broadened component (with temperature 0. 19 e V) and a
"broad" component (with temperature 21 .5 eV).
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Figure 7.5 Example of a typical Ha profile emitted from a RF plasma (95%Ar5%H2 at 0. 150 mbar) at a RF power of 100 W. The profile consists of a
"narrow" Doppler-broadened component (with temperature 0. 19 e V) and a
"broad" component (with temperature 31.4 eV).
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Both figures clearly display that the profile of Ha consists of two Dopplerbroadened components, a "narrow" and "braad" one, each corresponding to a
certain atomie hydrogen temperature. For all combinations of mixtures and
pressures the two temperatures are determined as function in RF power.
Temperatures T 1 and T2 are defined as the "narrow" component (low
temperature) and the "braad" component (high temperature) respectively. In
figures 7.6 and 7.7 these are plotted as function of RF power. Lines are used
to connect points in order to see whether the temperatures depend on the RF
power.
Figure 7.6 Atomie hydrogen temperature T1 for two mixtures of argonhydrogen at pressures of 0.15 mbar, 0.25 mbar and 0.375 mbar.
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Figure 7. 7 Atomie hydrogen temperature T2 for two mixtures of argonhydrogen at pressures of 0.15 mbar, 0.25 mbar and 0.375 mbar.
40
/,,,,."

35

~ 30
N

<

. -.. . - .
- -

Ji/ :

/..........---- / //"""

r:::~"' " ,
___L:?7;:::: ~:.
/
··r .:· ?;==--... -·

/;?

/·7

--

"""

.

H5Ar95 - 0.150 mbar
---- H5Ar95 - 0.250 mbar
/
/
~
H5Ar95 - 0.375 mbar
15
·
•
- . - H10A~O- 0.150 mbar
i
--+-- H10A~O - 0.250 mbar
~- H10A~O - 0.375 mbar
10-+----.---...-----.r---.-- - - - . - - . - - - 20
40
60
80
100
/

"

RF power 0NJ

65

The ratio between the intensity-maximums of the "broad" and "narrow"
components of all measured profiles have been estimated, see figure 7.8.
Figure 7. 8 Ratio of "braad" and "narrow" profile maximums as function of RF
power for two mixtures of argon-hydrogen at pressures of 0. 15 mbar, 0. 25
mbar and 0.375 mbar.
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In contrast to the Ha line, which shows considerable broadening at the
baseline, the profile of the 696.48-nm Ar line shows no excessive broadening
at all, but only instrumental broadening, see figure 7.9.
Figure 7.9 Spectra/ profile of the 696.48-nm Ar line, displaying only
instrumental broadening.
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7.2.3 RF plasmas of helium and hydrogen
Two types of Ha profiles have been observed in He/H discharges, of which
figures 7 .10 and 7 .12 show an example.
Figure 7.10 Ha profile measured in a RF plasma (80%He - 20%H2 at 0.150
mbar) at a RF power of 80 W. Measurement done at discharge start-up.
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This figure shows broadening at the baseline of (11.2 - 11.3) eV. The Doppler
broadening of the "narrow" peak corresponds toa hydrogen temperature of
(0.11 - 0.13) eV. lt should be noted that this profile has been observed only
twice (also at a pressure of 0.300 mbar). This was at about 1 minute after the
start of an experiment when it could be seen by eye that the plasma was still
not homogeneously mixed. In one case spectroscopie evidence was found for
dominant emission by N2 molecules [56], as can be seen in figure 7 .11. The
Ha line cannot be resolved with the low-resolution spectrometer.
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Figure 7.11 Spectrum from the He/H RF discharge in start-up period, which
displays primarily N2 emission.
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Under the same operating conditions the broadening is not clearly visible
anymore after two hours or more, see figure 7.12. lt was observed that the N2
emission has decreased significantly. From this profile a low temperature of
(0.11 -0 .12) eVand a hot temperature of (12.6-12.7) eV have been
estimated. The model trom paragraph 3.2 did not match with the data .
Figure 7.12 Ha profile measured in a RF plasma (80%He - 20%H2 at 0.150
mbar) at a RF power of 80 W. Measurement 1.5 hours after discharge startup.
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7.2.4 RF plasmas of pure hydrogen
Figures 7 .13 and 7 .14 show two similarly shaped types of Ha profiles that
have been observed in RF discharges of H2, except the second has more
pronounced broadening at the baseline of the peak, which seems to be
particularly the case at low RF powers.

Figure 7.13 Ha profile observed in a H2 RF discharge at 0.150 mbar with a
power of 60W.
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The profile trom figure 7.13 is fitted with the model trom paragraph 3.2. A
hydrogen temperature of (0.08 - 0.09) eV and electron density of
(2·10 12 - 3·10 12) cm- 3 have been derived trom the fit.
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Figure 7.14 Ha profile observed in a H2 RF discharge at 0.150 mbar with a
forward power of 40W.
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The profile trom figure 7.14 is fitted with the model trom paragraph 3.3. Two
hydrogen atom temperatures have been derived trom the model, (0.13 - 0.14)
eV tor the "narrow" component and (9.6 - 9.7) eV for the "braad" component.
A residue plot is made of figure 7.13 to see whether there are unresolved
molecular lines in the profile. This is shown in figure 7.15. lt could be possible
that N2 or H2 molecular lines are present.
Figure 7. 15 Residue plot of figure 7. 13.
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7 .3 Discussion
As can be seen in figures 7.4 and 7.5, the profile of Ha in RF plasmas of argon
and hydrogen clearly consists of two Doppler broadened components. The
"narrow" component corresponds to a temperature in the range of 0.05 eV to
0.20 eV, while the temperature of the "braad" one is in the order of 10 eV to
40 eV. These values are consistent with these found in ether experiments
[17, 19,21 ], although the used set-up is slightly different.
For comparison, figure 7.14 displays the measurement trom figure 7.5, which
is fitted using the model from paragraph 3.2 to see whether the "braad"
component could be the result of Stark broadening.
Figure 7. 14 Data presented in figure 7. 5 fitted with
one Dopp/er temperature and Stark broadening.
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The calculated profile in figure 7.14 effectively consists of a series of only
Lorentzian curves, corresponding to the fine-structure components. Since this
calculation does not match the measured profile, the excessive Ha broadening
observed in RF plasmas of hydrogen and argon can be attributed to Doppler
broadening, instead of Stark broadening. lt has been verified experimentally
that in all cases the Ha line is not optically thick. The light only travels 0.1 m to
1.0 m through the plasma. lt can then be calculated that the optica! thickness
is smaller than 1 [21], even in the extreme case when the density of the
hydrogen n 2 state is in the order of 10 12 cm- 3 • The tact that the simulated fit
matches the measured profile well also rules out absorption as the cause tor
the broadening. The argon 696.5 nm line shows no broadening, since an
argon atom is normally about 40 times as heavy as a hydrogen atom.

=

The extreme Doppler broadening is generally believed to originate from
hydrogen (molecular) ions that are accelerated in the plasma sheath and
there reflect as neutrals trom the electrode surface or pick up an electron
through charge exchange interactions [17, 18, 19,20,57]. The presence of
argon atoms in the plasma sheath region significantly increases the
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production of hydrogen atoms through collisional dissociation of hydrogen
molecular ions [17].
This explanation is supported by measurements of Kobayasi et al. [58], in
which a beam of low-energy (-30 eV) hydrogen ions is shot at a target, trom
which the ions are reflected as hydrogen atoms. The pressure in their set-up
2
is 5·10- Pa. The back-scattered atoms have energies of 3 - 5 eV, depending
on the target material. Gans et al. conclude the same after measuring in RF
discharges of hydrogen with 1% argon [20]. The energy of the reflected
hydrogen atoms is of the same order of magnitude as that of the incident ions.
The peak-to-peak voltage can be used as a measure to estimate the plasma
sheath potential. Figure 7.2 clearly shows that the voltage drop over the
electrodes is in the order of 1 kV at RF powers of 100 W. For hydrogen
(molecular) ions this means that potential of the plasma sheath is about half
the applied voltage on the average of one RF cycle, which is also confirmed
by measurements of Czarnetzki et al. [57]. lons can therefore reach high
velocities in this region of space. Although the sheath-acceleration is in a
direction perpendicular to the direction of observation, it is likely that after the
collision with the electrode the reflected atom also has a velocity component
in the direction of observation [20]. This last condition is certainly fulfilled at all
applied RF powers, see figure 7.2.
For all measurements the low temperature (0.05 eV to 0.20 eV) does not
depend on the RF power, but it gets lower when the amount of H2 is
increased. For all mixtures there appears to be proportionality between
temperature T2 and the applied RF power (which is a direct measure of the
sheath potential), see figure 7.7. Both findings are consistent with
measurements by Djurovic et al. [17]. They also found that the intensity of the
"braad" component increases as function of applied RF power, which is
consistent with results shown in figure 7.8.
Mills explains the excessive broadening by using his RT plasma theory [21].
He rejects the idea of sheath acceleration because he says the hydrogen
atoms only get accelerated in a direction perpendicular to the line of
observation . Based on the presented arguments on back-scattering of atoms,
this is an incorrect assumption. Because the RT mechanism is not based on
any electric field acceleration of the hydrogen ions, it can only explain the
linear relationship between T2 and the applied voltage when the RT process
takes place at a rate which is proportional to the input RF power.
Broadening could be observed in the discharge of He/H under various
conditions, but contrary to the Ar/H discharge the intensity of the "braad"
component is low (typically ca. 10% of total intensity). The same mechanism
tor the creation of tast hydrogen atoms is also proposed here. But argon and
helium have different masses and metastable states, which means their
interaction with hydrogen atoms is also completely different. Figure 7.11
shows that N2 molecules are present in the plasma, though it is not clear if
they play a rele in the broadening process. This requires a better-controlled
experiment. Ha profiles measured by Phillips et al. [22] also consist of two
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temperature components, a "hot" one (ca. 28 eV) and a "cold" one(< 2.5 eV).
But bath temperatures are higher than the values shown in the previous
paragraph. This could be due toa difference in used equipment, because a
plasma could be seen by eye inside the vacuum cell. In contrast to their
recommendations, the broadening did not display any time dependence after
7 hours.
Only at low RF powers, broadening of (9.6 - 9.7) eV is observed in pure
hydrogen plasmas. No apparent reason can be found tor this behaviour. At
much higher pressures (10-2 -10-1 Torr) this amount of broadening has also
been observed by Baravian et al. [16). Mills has found extremely high H
temperatures of up to 60 eV in pure H2 RF plasmas [21].
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8 Microwave discharge
8.1 Experimental set-up
The microwave gas discharge is created using a so-called Evenson cavity,
manufactured by Optas lnstruments, Ine. [24,25]. The cavity is slotted over a
quartz tube with an outer diameter of 25 mm. The tube is closed at one end,
whereas the open end is attached to the vacuum cell. All is shown in figure

8.1.
Figure 8. 1 Schematic picture of the microwave discharge set-up.
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The cavity is connected toa microwave generator, type Opthos MPG-4, which
creates the electromagnetic microwaves with a frequency of 2.45 GHz and
output powers ranging from 0 W to 120 W. When the power is activated, a
gas discharge is formed inside the quartz tube in the vicinity of the cavity.
Used gas mixtures include Ar/Hand He/H. By adjusting the two turning stubs
on the cavity, the reflected power can be minimised and a more stable and
brighter plasma is obtained in this manner. The Evenson cavity also has an
extra opening on which a tube can be slotted for air-cooling of the cavity.
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8.2 Results
Only a few exploratory experiments have been done using the microwave
discharge. After communication with Mills and co-workers [33], they admitted
that they were not able to reproduce their own measurements of the EUV
spectra and the Ha line broadening. Currently they are working on an
experimental procedure that should ensure reproducible results. Therefore it
was chosen to not waste more time on measurements on the microwave
discharge.
Some narrowly broadened lines are shown in figures 8.2 and 8.5. These are
used to examine whether the Matlab® program trom paragraph 3.2 is suited to
analyse this kind of lines. Both theoretica! curves describe the measurement
data with a R2 value of over 0.99.

Figure 8.2 Typica/ Ha profile measured in a 95%Ar- 5%H2 microwave
discharge at 0. 9 mbar with a forward/ reflected power of 50 W / 18 W.
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The fine-structure lines of the peak trom figure 8.2 have Gaussian and
Lorentzian widths of (12.3 ± 0.4) pm and (3.6 ± 0.4) pm respectively. From
these widths a hydrogen temperature of 0.06 eV and an electron density of
12
12
3
(6·10 - 7·10 ) cm· have been calculated. A plot of the residue, the
difference between data and fit, can be seen in figure 8.3. This shows that
there are two extra lines "hidden" in the data, one at about 656.28 nm and the
other at 656.45 nm.
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Figure 8.3 Residue plot of figure 8.2.
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As can be seen in figure 8.4, there is spectra! emission by N2 (present as gas
impurity) [56]. Therefore it is likely that the two lines are N2 rotational lines.
Due to the bad sensitivity of the spectrometer tor low wavelengths (< 450 nm),
the intensity of the 2nd positive system is perceived lower than it actually is.
Figure 8.4 Broadband spectrum emitted by a 95%Ar - 5%H2 microwave
discharge at 0.9 mbar with a forward/reflected power of 50 W 118 W.
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Figure 8.5 Typical Ha profile measured in a 90%He - 10%H2 microwave
discharge at 0. 71 mbar with a forwardlreflected power of 30 W I O W
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The fine-structure lines of the peak trom figure 8.5 have Gaussian and
Lorentzian widths of (9.8 ± 0.4) pm and (0.1 ± 0.4) pm respectively. From
these widths a hydrogen temperature of (0.03 - 0.04) eV and an electron
density of (10 8 - 9-10 11 ) cm- 3 have been calculated.

8.3 Discussion
What is potentially the most interesting plasma source can in tact not provide
reproducible results. This does not faveur Mills' RT theory, which is tor a large
part based on microwave plasma measurements. Mills et al. were only able to
reproduce the vibrational spectra [32), see paragraph 1.6 tor more
information. Therefore this could be considered as the best potential new EUV
source. Unfortunately it could not be experimentally verified since there was
no suitable EUV detection equipment available in the Netherlands.
The excessive Doppler broadening, found by Mills, could not be reproduced
as well. From figures 8.2 and 8.5, which are exemplary tor all measurements,
the hydrogen temperatures and electron densities have been determined. In
the discharge of Ar/H2 these are 0.06 eV and (6·10 12 - 7·10 12) cm- 3
respectively. In the He/H2 discharge values of (0.03 - 0.04) eV and (10 8 9·10 11 ) cm- 3 were found. The measurement uncertainty makes it difficult to
estimate an accurate value tor the electron density in the He/H2 discharge.
But in the Ar/H2 plasma this value is accurate enough to say that in notexcessively broadened lines Stark effects can not be neglected.
The results presented here are in line with measurements by Jovicevic et al.
[27), who also attempted to reproduce the measurements of Mills. They found
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atomie hydrogen temperatures of less than 1 eV in microwave discharges of
H2 with Ar or He. The tact that their measurement equipment has an
instrumental profile with a Gaussian width of about 0.02 nm, explains why
they could not determine a more accurate temperature.
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9 Conclusions
Measurements on tour different types of hydrogen discharges were done to
check the reproducibility of the extraordinary phenomena involved with RT
plasmas. In all tour cases (incandescent cell with either K2C03 or Sr, RF,
microwave) a plasma could be observed.
A computer program has been made to simulate the spectra! profile of the
hydrogen Balmer-a line, which takes into account fine-structure effects,
Doppler broadening, Stark broadening and instrumental broadening. In this
way plasma parameters like the atomie hydrogen temperature and electron
density can be derived trom a measurement of the Balmer-a profile. This is
the first time an attempt is made to estimate the electron density trom the
Stark broadening of the Balmer-a line in low-pressure plasmas. In contrast to
Mills' analysis, it can be concluded that Stark broadening can not always be
neglected. All fitted profiles that are used to derive the hydrogen temperature
and electron density have a R2 value of over 0.99. In a few cases unexplained
features show up in the spectrum, which could be related to H2 or N2
molecular emission.
For each specific discharge source the main conclusions will be presented
below.

lncandescent cell with K2C0 3 or Sr catalyst:
For its bright light emission in the visible part of the spectrum this discharge
can be considered a potential light source. The emission in the VUV could not
be measured because no suited spectrometer equipment was available.
However the limited running time of the plasma, i.e. 20 - 30 minutes tor
K2C0 3 and several hours tor strontium, presents a serieus problem tor
practical use. Quartz tubes are severely damaged by plasma processes and
can be used only two or three times.
In the present set-up it is impossible to fully control all physical parameters
like amount and position of catalyst material, gas flow and temperature. Due
to limited optical accessibility it is impossible to determine the position where
a plasma is tormed.
Excessive Doppler broadening has been observed with catalyst K2C0 3, but
not with Sr catalyst. The broadening seems to depend on the filament's
intrinsic properties. No anomalous plasma afterglow has been observed,
which leads to the idea that the electric field is necessary to drive the plasma.
All observed phenomena can be explained by a theory used to describe
breakdown in fluorescent tubes, in which alkali/alkaline metals are used to
increase the thermionic electron emitter properties of the filament.
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RF discharge:
The excessive Doppler broadening as measured by Mills could be reproduced
in RF plasmas of Ar/H 2 and in some cases of He/H2 and pure H2. The
broadening can be explained by H+ acceleration in the plasma sheath in the
direction of the electrode. These ions back-scatter from the electrode as fast
neutra! H atoms. The rele that the admixture gasses, like Ar and He, play in
the broadening is not fully understood.
Microwave discharge:
The excessive Doppler broadening as measured by Mills could not be
reproduced in microwave plasmas of Ar/H2 and He/H2.

Summarising, it can be said that all observed phenomena can be explained
by standard gas discharge physics, though these explanations are only
qualitative. From the experiments that were done, Mills' RT plasma
mechanism can neither be confirmed, nor ruled out as possible explanation.
More controlled experiments are needed for such a conclusion.
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10 Recommendations
In order to make a practical application of the incandescently heated plasma,
more investigation is required on what physical and chemica! processes
influence the start-up and running time. A new experimental set-up is needed
to have better control of physical parameters like gas flow, temperature,
amount and positioning of catalyst material, light output and the position
where a plasma is formed. A different geometry is necessary to minimise
plasma interaction with the quartz wall. lmproved optical accessibility is
required to study the differences between side-on and end-on plasma
emission. An oven with regulating device can be used to externally heat the
cell and control its temperature. lt can also be considered to use an external
source to heat the filament, so no electric field has to be applied.
A new experiment is needed to investigate the discrepancy that exists
between Mills' measurement of the electron density (10 9 cm- 3) and the value
that has been determined from Stark broadening of the Balmer-a line (10 12
cm-3). The Thomson scattering technique for example can be applied to
determine the electron density.
In RF discharges the relation between the excessive Doppler broadening and
the gas mixture composition is not fully understood. Extra measurements with
ether gasses can give more insight in the broadening mechanisms.
Measure the VUV emission properties of the incandescently heated plasmas.
Th is feature can be applied in a potential new light source.
Measure the EUV vibrational spectrum of the hydrino molecule in the He/H
microwave discharge. This is the only EUV spectrum that is reproducible.
Because it is not certain whether the RT plasma mechanism is active in
incandescently heated hydrogen plasmas, conclusive experiments should be
designed that involve non-catalysts and confirm the alternative explanations
given in this report. Goed candidates for such an experiment would be barium
or lanthanum, which are bath known for their electron emitter properties.
lnstead of heating barium from some molecular compound and the
subsequent indirect depositing on the filament, it is advised to apply barium
directly on the tungsten filament and compare the breakdown conditions with
the case that the filament has not yet been treated. Techniques for barium
deposition are already known from fluorescent tube manufacturing.
A second possible experiment involves sustaining a plasma using an oven
when no field is present. In theory a RT plasma can exist even when no field
is applied, if the temperature is high enough. But if thermionic emission is the
cause a plasma is sustained, a high temperature will increase the electron
emission flow, but still an electric field is needed to accelerate these electrons.
Finally it is recommended to validate the presented qualitative models and,
when needed, to extend them quantitatively.
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Appendix A: Example of a *.txt data-file
This appendix shows an example of a normalised "tabs-delimited *.txt"-file
constructed trom a measurement of the Ha profile. The wavelength resolution
is 5.5 pm and the maximum of the profile is put at a wavelength of 656.281
nm, since the absolute wavelength is not of importance. In the Matlab®
calculation the wavelength shift is already taken into account. The data-file
should ideally have more than 150 wavelength-values, in order to get a good
estimate for the offset. In Excel® it is possible to create files with 256 values. A
part of an example profile is shown in table A 1.
Table A 1 Example of a (partial) data-file with the normalised intensity as
function of the wavelength (maximum at 656.281 nm).

656.1875
656.1930
656.1985
656.2040
656.2095
656.2150
656.2205
656.2260
656.2315
656.2370
656.2425
656.2480
656.2535
656.2590
656.2645
656.2700
656.2755
656.2810
656.2865
656.2920
656.2975
656.3030
656.3085
656.3140
656.3195
656.3250
656.3305
656.3360
656.3415
656.3470
656.3525
656.3580
656.3635
656.3690
656.3745

0.2041
0.2091
0.2028
0.2168
0.2264
0.2449
0.2413
0.2642
0.2827
0.3048
0.3471
0.3962
0.4477
0.5452
0.6978
0.8472
0.9590
1.0000
0.9671
0.7987
0.5499
0.3819
0.2872
0.2653
0.2449
0.2395
0.2306
0.2265
0.2248
0.2176
0.2183
0.2073
0.2041
0.1997
0.1989
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Appendix B: Matlab® source code for
evaluating profiles with both Doppler and
Stark broadening
Below is given the complete source-code (including subroutines) tor the
calculation of the atomie hydrogen temperature and electron density. Black
lines are source-code, blue are functions or subroutines and green text is
used tor a detailed explanation of the code.

Main code:
% Procedure for saving calculated Halpha profile and its parameters
clear;
% Load apparatus function and measurement data
app=load('apparaat.txt');
meas=load('1 .txt') ;
% Run function berekening
[Halpha_data,piek_optimaal]=berekening(app,meas);

% Save the optimum calculation and its parameters
save datah1 .dat Halpha_data -ascii;
save datap1 .dat piek_optimaal -ascii;

Function "berekening":
function[Halpha_data, piek_optimaal]=berekening( app, meas)

% Procedure for the determination of the Doppler temperature Tand the electron density Ne
% from the Halpha line profile
% 1. Filling of array "labda" with wavelengths in the range of 655.975 nm to 655.6 nm
N=1251;
% Number of calculated values N
labda_start=655.9750;
% Starting wavelength
labda_step=0.0005;
% Wavelength step-size
for i=1:N;
labda(i, 1)=labda_start+(i-1 )*labda_step;
end;

% 2. Definition of starting values and step-size for the Gaussian and Lorentzian width of one
% fine-structure component
dg_0=0.02;
dg_step=0.01;
dl_0=0.02;
dl_step=0.01;

% 3. Calculation offset y and amplitude factor (starting value) a
M=length(meas);
% Length array of measurement values
% Filling array y_off with the first 50 datapoints from the measurement
tor i=1 :50
y_off(i, 1)=meas(i,2);
end;
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% Filling array y_off with the last 50 datapoints from the measurement
fori=51:100
y_off(i, 1)=meas(M-1 OO+i,2);
end;
y=mean(y_off);
dy=std(y_off);

% Offset y is the average of array y_off
% dy is the standard-deviation of y (i.e. a measure of the uncertainty)

% meas_max is the maximum value of the measurement values (generally equal to 1.0)
meas_max=max(meas(:,2));
a_O=meas_max-y; % a_O is the amplitude factor starting value
a_step=0.005;
% a_step is amplitude factor step-size

% 4. Procedure for finding optima! Gaussian and Lorentzian widths, the amplitude factor and
% the wavelength shift
% Starting values for total error and end-of-sequence-condition eps
fout_0=1000.0;
eps=1E-4;
% Start loop
while dg_step&dl_step&a_step>eps

% End-of-sequence-condition

for j=1 :3
dgauss=dg_O+U-2)*dg_step;

% Variation Gaussian width

for k=1 :3
dlorentz=dl_O+(k-2)*dl_step;

% Variation Lorentzian width

for 1=1 :3
a=a_O+(l-2)*a_step;

% Variation amplitude factor

for m=1 :11
delta=0.0005*(m-1);

% Variation wavelength shift

% Calculate Halpha profile for given widths
piek=halpha(N,labda,dgauss,dlorentz,app,y,a);
piek(:, 1)=piek(:,1 )+delta;
[fout,R_2]=afwijking(N,meas,piek);

% Correct ion for wavelength shift
% Calculate total error and "goodness of fit"

% Only store calculation if total error has become smaller du ring iteration
if fout<fout_O
piek_optimaal=piek;
fout_O=fout;
gegevens=[a y dy delta fout R_2 dgauss dlorentz];
end;
end;
end;
end;
end;
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dg_O=gegevens(: ,7);
dg_step=dg_step/2. O;

% Definition of new Gaussian width
% Divide Gaussian step-size by 2

dl_O=gegevens(: ,8};
dl_step=dl_step/2.0;

% Definition of new Lorentzian width
% Divide Lorentzian step-size by 2

a_O=gegevens(:, 1);
a_step=a_step/2.0;

% Definition of new amplitude factor
% Divide amplitude factor step-size by 2

end;

% 5. Calculation of T and Ne trom Gaussian and Lorentzian widths
dgauss=gegevens(:,7);
dlorentz=gegevens(: ,8};
dlorentz_hertz=6.9649E11 *dlorentz;
T=392.38*dgauss"2;

% Convert Lorentzian width trom nm to Hz
% Calculate T

% From D.E.Kelleher et al. Phys.Scrip. T47 (75-79), 1993:
if dlorentz_hertz<1.2E10
Ne=( (dlorentz_hertz-3.2E4 )/3. 75E-4 }+1 OE8;
else
Ne=((dlorentz_hertz-1 .2E10)/2.87)"(3.0/2.0)+3.2E13;
end;
Halpha_data=[gegevens T Ne];

% Calculate Ne in region 1
% Calculate Ne in region 2

% Return values of all parameters

Function "halpha":
function[piek]=halpha(N,labda,dgauss,dlorentz,app,y,a);

% Function for the calculation of a Halpha profile for given Gaussian and Lorentzian widths
labda_1=656.271 O;
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% Wavelength of 1 fine-structure component

% Calculate corresponding line profile for given widths
for i=1 :N;
gauss(i, 1)=(2.0*log(2))/( dgauss*sqrt(pi))*exp(-4.0*log(2)*((1abda(i, 1)-labda_1 )/( dgauss))"2);
lorentz(i, 1)=(dlorentz/(2.0*pi))/((labda(i,1)-labda_1 )"2+(dlorentz/2.0)"2);
end;
% Convolution of Gaussian and Lorentzian profile, resulting in a Voigt profile
voigt=conv(gauss, lorentz);
% Halpha includes seven fine-structure lines, of which the five most significant are taken into
% account. These are (with relative intensity and index-shift) :
% 656.2710, 1=0.31, i'=O
% 656.2725, 1=0.13, i'=3
% 656.2770, 1=0.13, i'=12
% 656.2850, 1=0.37, i'=28
% 656.2865, 1=0.06, i'=35
% Sum of all fine-structure lines as function of wavelength

% 1st line has to be shifted by (2x593-1 )-593=592 to get its wavelength position right
for i=1 :N;
piek_t(i, 1)=labda(i,1 );
piek_t(i,2)=0.31*voigt(i+592,1)+0.13*voigt(i+589,1}+0.13*voigt(i+580,1)+0.37*voigt(i+564,1 )+
0. 06*voigt( i+557, 1) ;
end;
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% Convolution apparatus profile and fine-structure lines
piek_c=conv(piek_t(:,2),app);

% Normalized and corrected profile as function of wavelength
for i=1 :N;
piek_g(i, 1)=labda(i,1 );
piek_g(i,2)=piek_c(i+591, 1)/max(piek_c);
end;
% Calculation of Halpha with off-set and amplitude factor
piek(:, 1)=piek_g(:,1 );
piek(:,2)=y+a*piek_g(:,2) ;

Function "afwijking":
function[fout,R_2]=afwijking(N,meas,piek)

% Function for determining the total error between measured and calculated profiles
% Find first wavelength value (and index) from measurement array that is larger than the

% starting wavelength used in the calculation
j=1 ;
while measU. 1)-piek(1 ,1)<O
j=j+1;
end;
j_start=j;

% j_start is first measurement (wavelength) index that corresponds to a
% calculated one

labdaj=measU_start, 1);

% Corresponding wavelength value

% Finding the corresponding calculation (wavelength) index k_start
k=1;
while piek(k, 1)-labdaj<O
k=k+1;
end;
k- start=k·'
meas_step=meas(2, 1)-meas(1 ,1);
factor=round(meas_step/0.0005);

% Measurement wavelength resolution
% Determine index difference of calcu lation
% corresponding to this resolution

i=1;
i_eind=floor((N-k_start)/factor);

% Determine final common wavelength index value

% Make an array of all errors (squared) between the measurement and the calculation at the
% common wavelengths
for i=1 :i_eind
error(i, 1)=(piek(k_start+factor*i,2)-measU_start+i,2))A2;
error(i,2)=(measU_start+i,2))A2;
end;

% Square of error
% Square of measured value

% Sum of all squared errors
fout=sum(error(:, 1));
% "Goodness of fit" parameter RA2
R_2= 1-(fouUsum(error(: ,2)) );
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Appendix C: Matlab® source code for
evaluating profiles with two different
Doppler components
Below is given the complete source-code (including subroutines) tor the
calculation of the two Doppler temperatures. Black lines are source-code, blue
are functions or subroutines and green text is used tor a detailed explanation
of the code.
Main code:
% Procedure for saving calculated Halpha profile and its parameters
clear;

% Load apparatus function and measurement data
app=load('apparaat. txt');
meas=load('1.txt');
% Run function berekening
[Halpha_data,piek_optimaal]=berekening(app,meas);

% Save the optimum calculation and its parameters
save datah1 .dat Halpha_data -ascii;
save datap1 .dat piek_optimaal -ascii;

Function:
function[Halpha_data, piek_optimaal]=berekening( app, meas)
% Procedure for the determination of the two Doppler temperatures from the Halpha line
% profile
% 1. Filling of array "labda"
N=1251;
labda_start=655.9750;
labda_step=0.0005;

with wavelengths in the range of 655.975 nm to 655.6 nm
% Number of calculated values N
% Starting wavelength
% Wavelength step-size

for i=1 :N;
labda(i, 1)=labda_start+(i-1 )*labda_step;
end;

% 2. Definition of starting values and step-size for two Gaussian widths of one
% fine-structure component
dg_1=0.020;
dg_2=0.200;
dg_step=0.01 O;

% 3. Calculation offset y and amplitude factor (starting value) a
M=length(meas);

% Length array of measurement values

% Filling array y_off with the first 50 datapoints from the measurement
for i=1 :50
y_off(i, 1)=meas(i,2);
end;
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% Filling array y_off with the last 50 datapoints trom the measurement
for i=51:100
y_off(i, 1)=meas(M-100+i,2);
end;
y=mean(y_off);
dy=std(y_off);

% Offset y is the average of array y_off
% dy is the standard-deviation of y (i. e. a measure of the uncertainty)

% meas_max is the maximum value of the measurement values (generally equal to 1.0)
meas_max=max(meas(: ,2));
a_O=meas_max-y; % a_O is the amplitude factor starting value
a_step=0.005;
% a_step is amplitude factor step-size
c_0=0.7;
c_step=0.1;

% c_O is the ratio of the maximums of both profiles
% c_step is the ratio step-size

% 4. Procedure for finding optimal Gaussian widths , the amplitude factor, the intensity ratio

% and the wavelength shifts of both profiles
% Starting values for tota l error and end-of-sequence-condition eps
fout_0=1000.0;
eps=1E-4;
% Start loop
while dg_step&a_step>eps
for j=1 :3
dgauss_1=dg_1 +(j-2)*dg_step;
for k=1 :3
dgauss_2=dg_2+(k-2)*dg_step;
for 1=1 :3
a=a_O+(l-2)*a_step;
form=1 :11
delta1 =0.0005*(m+1 );

% End-of-sequence-condition

% Variation Gaussian width profile 1

% Variation Gaussian width profile 2

% Variation amplitude factor

% Variation wavelength shift profile 1

for m=1 :11
delta2=0.0005*(m+1);

% Variation wavelength shift profile 2

for n=1 :3
c=c_O+(n-2)*c_step;

% Variation intensity ratio

% Calculate Halpha profile for given parameters
piek=halpha(N,labda,dgauss_1,dgauss_2,app,y,a,c,delta1 ,delta2);

% Berekening fout en "goodness of fit"
[fout,R_2]=afwijking(N ,meas,piek);
% Only store calculation if total error has become smaller du ring iteration
if fout<fout_0
piek_optimaal=piek;
fout_O=fout ;
gegevens=[a c y dy delta1 delta2 fout R_2 dgauss_1 dgauss_2];
end;
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end;
end;
end;
end;
end;
end;
dg_1=gegevens(:,8);
dg_2=gegevens(: ,9);
dg_step=dg_step/2. O;

% Definition of new Gaussian widths
% Divide Gaussian step-size by 2

a_O=gegevens(:, 1);
a_step=a_step/2.O;

% Definition of new amplitude factor
% Divide amplitude factor step-size by 2

c_O=gegevens(:,2);
c_step=c_step/2.0;

% Definition of new profile ratio
% Divide ratio step-size by 2

end;

% 5. Ca lculation of two temperatures from bath Gaussian widths
dgauss_1=gegevens(:,8);
dgauss_2=gegevens(:, 9);
T_ 1=392.38*dgauss_1 "2;
T_2=392.38*dgauss_2"2;

% Calculation of T_ 1
% Calculation of T_2

Halpha_data=[gegevens T _ 1 T_2] ;

Function "halpha":
function[piek]=halpha(N,labda,dgauss_1,dgauss_2,app,y,a,c,delta1 ,delta2);

% Function for the calculation of a Halpha profile for given Gaussian widths
labda_1=656.271 O;
labda_ 1=656.2810;

1

% Wavelength of 1" fine-structure component
% Centra! wavelength of Halpha

% Calculate corresponding line profile for given widths
for i=1 :N;
gauss_1(i,1)=(2.0*log(2))/(dgauss_1*sqrt(pi))*exp(-4.0*log(2)*((1abda(i,1)labda_1+delta1 )/( dgauss_1))"2);
gauss_2(i, 1)=(2.0*log(2))/( dgauss_2*sqrt(pi))*exp(-4. O*log(2)*( (labda(i, 1)labda_2+delta2)/( dgauss_2) )"2);
end;

% Calculate total profile with intensity ratio c and fine-structure components for narrow profile
for i=36:N;
gauss_t(i, 1)=(1-c)*gauss_2(i,1)+c*(0.31*gauss_1(i,1)+0.13*gauss_1(1-3,1)
+0.13*gauss_1(l-12,1)+0.37*gauss_1(1-28,1)+0.06*gauss_ 1(1-35,1));
% Convolution apparatus profile and total profile
piek_c=conv(gauss_t(:, 1),app) ;
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% Normalized and corrected profile as function of wavelength
for i=1 :N;
piek_g(i, 1)=labda(i,1 );
piek_g(i,2)=piek_c(i+591, 1)/max(piek_c) ;
end ;
% Calculation of Halpha with off-set and amplitude factor
piek(:,1)=piek_g(:,1 );
piek(:,2)=y+a*piek_g(:,2);

Function "afwijking":
fu nction [fout, R_2] =afwijking (N,meas, piek)

% Function for determining the total error between measured and calculated profiles
% Find first wavelength value (and index) from measurement array that is larger than the
% starting wavelength used in the calculation
j=1;
while measU. 1)-piek(1 ,1}<O
j=j+1;
end;
j_start=j;

% j_start is first measurement (wavelength) index that corresponds to a
% calculated one

labdaj=measU_start, 1);

% Corresponding wavelength val ue

% Finding the correspond ing calculation (wavelength) index k_start
k=1 ;
wh ile piek(k, 1)-labdaj<O
k=k+1 ;
end;
k start=k·
'

-

meas_step=meas(2, 1)-meas(1 ,1);
factor=round(meas_step/0 .0005);

i=1;
i_eind=floor((N-k_start)/factor);

% Measurement wavelength resolution

% Determine index difference of calculation
% corresponding to this resolution
% Determine final common wavelength index value

% Make an array of all errors (squared) between the measurement and the calculation at the
% common wavelengths
for i=1 :i_eind
error(i, 1)=(piek(k_start+factor*i,2)-measU_start+i,2))"2;
error(i,2)=(measU_start+i,2) )"2;
end;

% Square of error
% Square of measured value

% Sum of all squared errors
fout=sum(error(:, 1));

% "Goodness of fit" parameter R"2
R_2=1-(fout/sum( error(:,2}));
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Appendix D: Low voltage RT plasma
source
The schematic picture of the low voltage RT source is shown in figure 01. The
Strontium inside the chamber is vaporised using the ceramic heater. Argon
and hydrogen gas is led into the chamber and when a voltage is applied
between the two tungsten electrodes, a RT plasma is formed.
Figure 01 Schematic picture of low voltage RT source.
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Appendix E: Mills' preparation method for
the incandescent cell with potassium
carbonate
This appendix treats Mills' preparation method tor covering the titanium mesh
with potassium carbonate. All preparation steps should be done while wearing
gloves.

Step 1:
Take a piece of titanium mesh with a size of about 8x8 inch 2 . Roll this in a
cylindrical shape by hand. Take a wire trom the mesh and bind it around the
cylinder soit stays in shape.
Step 2:
Put the titanium cylinder in a vertically mounted pyrex tube. Weigh and put an
amount of K2C0 3 powder (solid) in a separate cup. Usually about 6 grams is
used. Shake this into the pyrex tube.
Step 3:
Take about 100 ml of hydrogen peroxide (solution of water and 30% H2 0 2 )
and shake this onto the bottom of the pyrex tube. Shake the tube so the
waterstof peroxide and the potassium carbonate mix up. Then leave the tube
standing at an angle of about 60° (with respect to the horizon) for 30 minutes.
Step 4:
After about 30 minutes an exothermic chemica! reaction between all
compounds will have taken place, though it is not clear what exactly happens.
A yellow substance is formed, which covers the titanium mesh. Same of the
substance will also vaporise and the surroundings get dirty. The mesh is then
taken trom the pyrex tube and put inside the quartz tube that is used for the
experiment. Bath are put inside an oven and heated at a temperature of 130
°C for about an hour. The mesh and tube can now be used for an experiment.
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