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Abstract

An adiabatic di�erential scanning calorimeter has been built to conduct calorimetric mea-
surements on plasmas. The calorimeter consists of two identical cylindrical cells, which
can be operated individually. Heat losses to the ambient are minimised. The cells can be
heated by a plasma or by ohmic heating. For the latter, a resistor is installed in each cell.

The accuracy of the calorimeter is analysed resulting in di�erent parameters. The abso-
lute accuracy of a repeated experiment is 0.06 W for each cell. The relative reproducibility
(di�erence in power between the cells relatively to the input power, when repeating mea-
surements) is found to be within 0.01 W.

The motivation for the research is the publication of peculiar measurements in speci�c
mixtures containing hydrogen by, mainly, Mills. These measurements include excess power
generation and excessive broadened hydrogen lines indicating temperatures from tens to
hundreds of eV.

Calorimetric measurements are done on DC discharge plasmas at 1.5 mbar. The used
gases are mixtures of hydrogen in argon or in helium. A part of the measurements have
been done with metallic pieces of strontium in the cell. Power input of the cells is compared
between di�erent plasmas and between heating by plasmas and resistors.

The design of the calorimeter allows spectroscopic measurements in the visible part of
the spectrum. Besides the gases used for the calorimetric measurements, also pure hydro-
gen and mixtures of various percentages of hydrogen in neon and xenon are used. The
Balmer lines of hydrogen are recorded and found to consist of two or three separate Gaus-
sian pro�les, from which an upper Doppler temperature is derived.

Excessive broadening of the Balmer lines is found in all used gas mixtures as well as
in pure hydrogen. The derived temperature of the hottest hydrogen atoms is in the range
of 24-73 eV, while all non-hydrogen atoms in the discharge remain cold (0.1 eV).

Additionally, the in�uence of the pressure and burning voltage of the plasma on the tem-
perature of the hydrogen atoms is investigated. The pressure dependency is investigated
in pure hydrogen and argon/hydrogen mixture in the range of 0.8-9.0 mbar. It is found
that the amount of broadening is not dependent on pressure in the argon/hydrogen case
but it decreases with rising pressure in pure hydrogen. The burning voltage dependency is
investigated in a helium/hydrogen mixture, in the range of 173-364 V. The temperature of
the hottest hydrogen atoms increases with increasing burning voltage, while the tempera-
ture of the colder hydrogen atoms remains constant.

The excess power generation, predicted by Mills, is not reproduced. The excessive broad-
ening of the Balmer lines, conversely, is. It is shown that the presence of hot hydrogen
atoms does not necessarily have to lead to excess power generation.
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Chapter 1

Introduction

In the past decades, several unusual observations have been made on plasmas containing
hydrogen. These observations, like electrical breakdown at low electric �elds in plasmas,
excessive hydrogen Balmer-α spectral line broadening, EUV and VUV emission, anoma-
lous plasma afterglow, Lyman population inversion, the observation of novel chemical
compounds, and excess power generation can not easily be explained with the standard
accepted physical theories. However a controversial theory, containing a so-called reso-
nant transfer (RT) mechanism, proposed by R. L. Mills claims to explain all of the above
phenomena. For this reason a brief introduction has to be made to Mills' theory.

1.1 Resonant Transfer Mechanism

The theory on the resonant transfer mechanism is part of a larger theory called The Grand
Uni�ed Theory of Classical Physics (GUT-CP) [1]. This theory is based on the assumption
that fundamental laws (Maxwell's equations, Newton's laws, special relativity) are valid
on all scales including the atomic scale. Mills claims that this theory is able to explain
all physical observations made so far. The starting point of the theory is a revised model
of the electron. According to the GUT-CP the electron is not a particle nor a smeared-
out probabilistic wave function. It is a two-dimensional, spinning sphere constructed of a
superposition of current loops.

1.1.1 The Revised Model of the Hydrogen Atom

In 1885 Balmer produced a paper in which he showed that some wavelengths of the observed
lines in the emission spectrum of atomic hydrogen could be expressed with an empirical
relationship of which the underlying physics was not understood at that time. Rydberg
showed later that the wavelengths of the spectral lines of atomic hydrogen were given by
the equation:

1
λ

= R

(
1
n2
f

− 1
n2
i

)
(1.1)

where R = 10.973 · 106 m−1 the Rydberg constant, λ the wavelength of the emitted radi-
ation between the initial and �nal energy state of hydrogen and n the principal quantum
number is, taking common integer values (n = 1, 2, 3, . . .) and ni > nf .

The theory explaining the equation of Rydberg was proposed by Bohr. Bohr's theory
was based on several postulates such as the existence of stable circular orbits for the
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CHAPTER 1 INTRODUCTION

electron in which it does not radiate. The orbits and, therefore, the energies are restricted.
The binding energy is a function of the principal quantum number and can be derived as
followed. Consider the force balance between the centripetal and Coulomb force of two
point charges orbiting each other:

mev
2

r
=
ke2

r2
, (1.2)

with k the Coulomb constant equal to 1
4πε0

, e the elementary charge, me the mass of the
electron, v the velocity of the electron and r the radius between the electron and the
proton. The balance equation determines the velocity of the electron

v =

√
ke2

mer
. (1.3)

The total energy (sum of the kinetic energy, 1
2mev

2 , and the potential energy) at any
radius is determined by the force balance as well

Etotal =
1
2
mev

2 − ke2

r
= −ke

2

2r
. (1.4)

Note that the kinetic energy is equal minus half of the potential energy, and that r can
take up any value.

By introducing quantum mechanics, the former energy equation can be rewritten as a
function of principal quantum number. The angular momentum, L = mevr , is an integer
multiple of ~

mevr = n~. (1.5)

An expression for the radius as function of principal quantum number is obtained by
substituting the expression for velocity into equation 1.5

rn =
n2~2

kmee2
. (1.6)

Substituting this equation in the equation for the total energy will result in an expression
for the binding energy of as function of principal quantum number

En =
k2mee

4

2~2n2
= −13.6 eV

n2
(1.7)

which is the expression for the binding energy of a system in which two charged points orbit
each other. In Mills' theory, this equation is still valid, though n can now take fractional
values of the form

n =
1
p
, p = 1, 2, 3, . . . , 137 (1.8)

besides the common integer values (n = 1, 2, 3, . . .). The lowest state of a hydrogen atom ac-
cording to quantum mechanics isH(n = 1), however, according to Mills' this isH(n = 1

137).
This fractional quantum state is the lowest state in which the orbital velocity of the elec-
tron does not exceed the speed of light.

Equation 1.7 is derived using quantum mechanical principals. Mills' theory, however,
is a classical theory. A side step has to be made to derive the same expression without
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1.1 RESONANT TRANSFER MECHANISM

using quantum mechanics.
In the GUT-CP, Mills treats the electron as a two-dimensional, spinning sphere constructed
of a superposition of current loops. This sphere is called the orbitsphere and is in�nitesi-
mally small. In the derivation of the orbitsphere Mills uses a boundary condition of non
radiation of a moving charge, which leads to a Dirac delta function for the allowed radius
of the orbitsphere. The relationship between allowed radii and electron wavelength, λn, is

2πrn = λn, (1.9)

in which rn = n · r1 (for the hydrogen atom r1 equals the Bohr radius). The magnitude
of the velocity for every point on the orbitsphere can be calculated using 1.9 and the de
Broglie relationship for the electron mass, λn = h

mevn
,

vn =
~

mern
. (1.10)

The expression for the binding energy can be obtained by taking the sum of potential and
kinetic energy, and by substituting 1.10 in the equation for kinetic energy. The complete
derivation of the orbitsphere is given in [1].

A hydrogen atom in a state lower than the ground state is called a hydrino. These
hydrinos have a higher binding energy than hydrogen atoms. Contrary to the non-fractional
quantum states a hydrino state can not be reached directly by the absorption or emission
of radiation. A transition between and to hydrino states are only possible by a so-called
resonant transfer (RT) reaction. In this reaction the energy lost by the atom will be partly
carried away by a particle that is not a photon, therefore this reaction is non-radiative.
The particle that receives the energy can be an atom, excimer or ion which gets (multiple)
ionised in the process.

1.1.2 Resonant Transfer Mechanism

There is a restriction on the particles, called catalysts, that can be used for the resonant
transfer reaction. The catalyst must be able to absorb an energy of about m ·27.2 eV, with
m an integer. This criterion is called the catalyst criterion which basically states that there
is an enthalpy change needed equal to an integer multiple of the potential energy of atomic
hydrogen, 27.2 eV. The catalysis releases energy from the hydrogen atom decreasing the
radius (rn) of the atom, rn = n · aH , with aH the radius of the hydrogen atom in the
ground state.

As an example, the RT reaction of atomic hydrogen in the ground state with helium as
a catalyst is given. The �rst and second ionisation energies of helium are 24.5 and 54.4 eV
respectively. This means that the He+-ion can serve as a catalyst with m = 2 :

He+ + 2 · 27.2 eV → He2+ + e−. (1.11)

The 54.4 eV is transferred non radiatively from atomic hydrogen to He+. The correspond-
ing reaction for atomic hydrogen with su�cient energy release is

H (1)→ H

(
1
3

)
+ 8 · 13.6 eV. (1.12)

If these two equations are added, an energy of 4 ·13.6 eV will be left on the right hand side.
The reaction from a hydrogen atom to a hydrino involves two steps. First the hydrogen
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CHAPTER 1 INTRODUCTION

Table 1.1: Overview of species serving as catalyst for hydrogen according to the RT mechanism.
IP1...IP6 are the �rst to the sixth ionisation energies of the speci�c atom. A more extensive list
can be found in [1].

Catalyst IP1 IP2 IP3 IP4 IP5 IP6 Enthalpy m Catalyst transfer

Li 5.3922 75.6402 81.03 3 Li→Li2+

Be 4.3407 31.63 45.806 81.777 3 Be→Be3+

Ca 6.1132 11.8717 50.9131 67.27 136.17 5 Ca→Ca4+

Ni 7.6398 18.1688 35.19 54.9 76.06 191.96 7 Ni→Ni5+

Ni 7.6398 18.1688 35.19 54.9 76.06 108 299.96 11 Ni→Ni6+

Cu 7.7264 20.2924 28.091 1 Cu→Li2+

Sr 5.6948 11.03 42.89 57 71.6 188.21 7 Sr→Sr5+

Sn 7.3438 14.6323 30.5026 40.735 72.28 165.49 6 Sn→Sn5+

Pb 7.4167 15.0322 31.9373 54.386 2 Pb→Pb3+

Pt 8.9587 18.563 27.522 1 Pt→Pt2+

He+ 54.4178 54.418 2 He+→He2+

Ar+ 27.62 27.62 1 Ar+→Ar2+

Na+ 47.2864 71.6200 98.91 217.816 8 Na+→Na4+

Sr+ 11.03 42.89 53.92 2 Sr+→Sr3+

atom will decay to a metastable intermediate state, H∗
(

1
3

)
. From this point two possible

reactions can occur: Emission of energy in the form of a photon

H ∗
(

1
3

)
→ H

(
1
3

)
+ 54.4 eV, (1.13)

or transferring energy to form fast hydrogen

H ∗
(

1
3

)
+H(1)→ H

(
1
3

)
fast

+H(1)fast. (1.14)

The formation of fast hydrogen is elaborated in section 2.3.

The catalyst will eventually recombine and release the energy it absorbed during ioni-
sation as heat. At this stage the catalyst can be used again to undergo the same process.
The overall reaction, combining equation 1.11 and 1.12, leaving the catalyst out of the
equation, is

H

(
1
p

)
→ H

(
1

(p+m)

)
+
(
(p+m)2 − p2

)
· 13.6 eV. (1.15)

Besides helium there are many di�erent other catalysts. An overview of particles that can
serve as a catalyst for the resonant transfer reaction is presented in table 1.1.

Hydrinos themselves can act as catalyst too, as can be easily concluded from equation
1.7. This means that a newly formed hydrino can cause more hydrogen atoms to convert
into hydrinos or to lower the quantum number of other hydrinos.

Because of the large number of particle interactions and the necessity of atomic hy-
drogen, plasmas are a favourable source for these reactions. Plasmas which contain both
atomic hydrogen and at least one type of catalyst are called RT plasmas.
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1.2 OBSERVATIONS IN GLOW DISCHARGE PLASMAS

1.2 Observations in Glow Discharge Plasmas

Mills uses several di�erent plasmas (such as microwave, capacitive coupled, inductive cou-
pled, and AC and DC discharge plasmas) for his experiments. Next to this, di�erent
calorimetric setups are used to measure the excess power generated in these plasmas as
well as the excessive line broadening for the Balmer lines of hydrogen. In the next sec-
tions, the di�erent calorimetric experiments on DC discharge plasmas will be discussed
along with the excessive line broadening. All other phenomena observed by Mills will not
be discussed in this report.

1.2.1 Glow Discharge Plasmas

In the past Mills has used glow discharges of various shapes and sizes. Most often the
cylindrical cell shown in �gure 1.1 is used.

For Calvet Calorimetry, the cell has a stainless steel circular plate anode (4.2 cm diame-
ter, 0.9 mm thick) and a circumferential stainless steel cylindrical frame (5.1 cm diameter,
7.2 cm length) perforated with 1 cm diameter holes. This frame is wound with several
layers of nickel screen.

1.2.2 Excess Energy

Several di�erent calorimetric methods have been used to measure the excess energy on
DC discharge plasmas. Among them are optical calorimetry, Calvet calorimetry, and
water bath calorimetry. For the experiments presented in this report the latter is the
most important method as the setup used in our experiments is based on the water bath
calorimetry setup used by Mills.

Optical Calorimetry

In [5] Mills describes an optical calorimetric measurement on a cylindrically symmetric
DC discharge. In this measurement the cell (with a cylindrical discharge part of 6.0 cm
diameter and a length of 10.0 cm) was kept in an oven of 650 oC constant temperature.
The total light output in the visible range of 400 to 700 nm is integrated for di�erent RT
and non RT-plasmas. A correction is made for wavelength dependency of the measuring
equipment. It is reported that with 10 W input power an Ar/H2(3%)1 mixture with Sr
has a 750 µW/cm2 light output power, whereas the Ar/H2 mixture alone (or with non-
catalysts) has only 11 µW/cm2 output power. Pure Ar or H2 has an even lower output
power of 1.5 µW/cm2. The pressure used in all experiments was 2.5 mbar.

For other optical power measurements the plasma cell of �gure 1.1 is placed in an oven
[2, 6]. Measurements are done in a temperature range of 335 - 664 oC. It is reported that a
plasma containing hydrogen only or hydrogen and sodium requires 4000 times more power,
to obtain the same light output, as a plasma containing strontium and hydrogen. It is also
found that Mg/H2 and Ba/H2 mixtures need 7000 and 6500 times the power, respectively,
of the strontium and hydrogen plasma. When an Ar/H2 mixture with strontium is used
the power needed is 8600 and 8300 times less than that required for an Ar/H2 and Ar
plasma respectively. The latter result seems to be in contradiction with Mills theory as
argon is a catalyst itself and one would expect the power needed compared to an Ar/H2

1Whenever a gas mixture is mentioned the value in percentage will be the volumetric percentage of
hydrogen present in the mixture.
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CHAPTER 1 INTRODUCTION

(a) (b)

(c)

Figure 1.1: Three types of cells used in Mills' experiments. (a) Glow discharge cell as used by Mills
for optical spectroscopy and power balance studies, �gure taken from [2]. (b) Air-gap reactor with
a hollow anode DC discharge cell used in water bath experiments and optical spectroscopy, �gure
taken from [3]. (c) DC discharge cell with �ne tip electrodes for optical spectroscopy measurements,
�gure taken from [4].
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1.2 OBSERVATIONS IN GLOW DISCHARGE PLASMAS

plasma with strontium would be a lot less.

The results for the optical power measurements are questionable as only the output in
the visible range is taken into account. The emission in the infrared or ultraviolet part of
the spectrum is neglected.

Calvet Calorimetry

In [7] an experiment on a hollow cathode glow discharge plasma is described using a Calvet
calorimeter. This calorimeter is based on calculating the heat �ux across the wall of a vessel.
For this the thermal conductivity and thickness of the wall is known and the temperature
di�erence between the inside and outside faces is measured by means of a voltage across
thermocouple pairs in the wall. In this case a cylindrical vessel is used and the outside wall
temperature is kept constant by a forced convection oven. So the voltage is a measure for
the temperature inside the vessel and will be higher when more heat is produced inside the
vessel. An argon plasma is maintained at a constant 20 W input power. When adding 3%
hydrogen, an increase in voltage is recorded. The voltage is recorded until it reached the
baseline again. This increase is not present in the non-RT plasmas hydrogen, argon, xenon,
and Xe/H2 (3%). It is concluded that the Ar/H2 (3%) mixture exhibits an excess energy of
15.1·104 kJ/mol H2which is about 3 orders of magnitude more compared to energy released
in the combustion of hydrogen (241.8 kJ/mol H2).

Water Bath Calorimetry

In water bath calorimetry the temperature rise of a body of water by heat exchange with
the object of interest is measured. Mills has used this method to determine the power pro-
duced by microwave plasmas [8] and hollow cathode discharge plasmas [3]. In this report
we will focus on the DC discharge calorimetry. Mills uses an air-gap reactor comprising a
cylindrical reaction cell made of a stainless steel case (5.1 cm outer diameter and 17.2 cm
length), which serves as a cathode (see �gure 1.1(b)). The anode is a radial-centered
stainless steel hollow feed through extended 8.5 cm into the cell. A part of the anode
was covered by a 3.6 cm long ceramic sleeve measured from the �ange. The �ange has a
thermocouple inside to measure the temperature. A heating resistor is present for refer-
ence measurements and a quartz rod is inserted into the cell to perform optical emission
spectroscopy studies. The cell itself is housed inside a cylindrical stainless steel jacket of
15.2 cm diameter and 30.5 cm length. The housing including cell is placed in a water bath
�lled with 41 l of de-ionised water. To distribute the heat in the water, a stirring motor is
used. A thermistor probe measures the temperature of the water.

First the heat capacity of the system is determined, after which the plasma is run. The
temperature rise of the system (oC/s) is measured, which is a measure for the power input
of the plasma into the water. This rise is corrected for the power of the stirrer and loss to
ambient. The hollow cathode DC discharge plasma is run with 10 W input power, 1 sccm
�ow of Ar/H2(5%), and strontium being present in the cell. The result is compared with
a run where the heating is supplied by the reference resistor. The excess power obtained
for the plasma reaction is 2.85 ±0.05 W which corresponds to 7.7·104 kJ/mol H2. This is
equal to 400 eV per hydrogen atom.

Note that in this paper it is not included that the plasma run is done without the heater
being present in the cell. This is noticed during a visit to BLP. Removing the heater and
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CHAPTER 1 INTRODUCTION

its electrical wires will change the experimental parameters. It will lead to a reduction in
heat capacity of the system, and will decrease the thermal leak to the ambient. For this
the results have not been corrected.

Other Power Balance Measurements

In [9] Mills describes another power balance measurement using the hollow cathode glow
discharge cell as shown in �gure 1.1(a). No outer casing is present for the cell and the
experiments are done in a cleanroom with a controlled ambient temperature. The �nal
temperature of the cell is measured as function of the electrical input power for several dif-
ferent gases. As a reference measurement krypton and Kr/H2 (5%) is used. The total �ow
of the gasses used is 30 sccm at 2.67 mbar. At an input power of 110 W, the excess powers
of Ar/H2 (5%), Ar/H2 (5%) with strontium, He/H2 (5%) with strontium and hydrogen
with strontium are determined to be 28, 75, 50 and 58 W respectively. The optimum in
excess energy for the hydrogen with strontium plasma is determined to be 184 W at 136 W
input power.

With the same setup as described above in the optical calorimetry section, a di�erent
calorimetric experiment is done. The excess energy can be calculated by measuring the
temperature increase above the constant ambient temperature of 650 oC at constant input
power of the DC discharge. An excess power of 42 W is reported for an Ar/H2 (3%)
mixture with 60.0 W constant input power.

1.2.3 Extreme Doppler Broadening

Next to power balance measurements, optical spectroscopy measurements are done on
many di�erent plasmas. Most attention is given to excessive broadening of the hydrogen
Balmer alpha (Hα) line. Mills ascribes this broadening to selective heating of hydrogen due
to collisions with an excited hydrino. Only the extreme Doppler broadening in DC glow
discharges are covered in this report. Recently, there has been a lot of discussion about
Doppler broadening in DC glow discharge plasmas and next to Mills' explanation for this
broadening a second model, �eld-acceleration model (FAM) exists to explain the excessive
broadening. This �eld acceleration model will be introduced in section 2.2. In this part,
only the observations will be discussed.

DC Glow Discharge Plasmas by Mills

In most optical spectroscopic measurements on glow discharge plasmas, the cell as shown
in �gure 1.1(a) is used. In [10, 9], Mills reports that for non-RT plasmas (pure hydrogen,
hydrogen with magnesium, Kr/H2, Xe/H2 and Ne/H2) the Hα full width at half maximum
(FWHM) is 0.13 - 0.15 nm, compared to 0.28 - 0.35 nm for strontium-hydrogen, He/H2,
Ar/H2, and strontium with He/H2 or Ar/H2. All gas mixtures contain 10% hydrogen).
From these values the Doppler part of the broadening is calculated. The corresponding
energies are 2 - 5 eV and 23 - 45 eV for the non-RT and RT plasmas, respectively. A similar
study is done in the water bath calorimetric experiment [3]. The emission spectrum of the
Ar/H2 (95/5%) discharge with strontium shows a broadening of Hα corresponding to an
energy of 50.2 eV.

Recently, Mills [11, 4]has done new measurements on Doppler broadening to investigate
the electric �eld dependency and pressure dependency using a quartz cell with two needle-
like electrodes inside. This con�guration is chosen to remove the re�ector capabilities of
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the cathode. No signi�cant electric �eld or pressure dependency of the Hα is found for an
Ar/H2 discharge.

Furthermore, Mills has reported for the �rst time (to the authors knowledge) the obser-
vation of excessive broadening in a pure hydrogen discharge [12]. The discharge conditions
used were 400 V, and 20 mA at a pressure of 1 Torr. The broadening found corresponds
to an average energy of 45 eV. Before the publication of this article on the website of
Blacklight power, no broadening in pure hydrogen is reported by Mills. It has always been
claimed that pure hydrogen is not a catalyst. Only hydrogen that is already in a hydrino
state can serve as a catalyst.

DC Glow Discharge Plasmas by Cvetanovi¢ et al.

In this part the results on Doppler broadening by others, mainly Cvetanovi¢ et al. [13], will
be discussed. Most experiments are conducted in a DC glow discharge in pure hydrogen
(300 sccm, 1.9-3.8 mbar) at a voltage of 0 - 1.1 kV with a current of 0 - 100 mA. Di�erent
cathodes are investigated namely copper and titanium. Two types of observations are
done, perpendicular and parallel to the discharge axis. Three populations are found of
which the most broad one is in the order of 55 - 83 eV. Furthermore, no dependency of
the broadest part on position in the glow discharge is found (measured perpendicular to
the discharge axis). An asymmetrical line shape is observed when recording parallel to the
electric �eld in the discharge. An increase of the width of the broadest part is seen when
the discharge pressure is decreased (83 eV at 1.9 mbar, 62 eV at 3.8 mbar). A pressure
dependency of the broadest part of the line shape is found. The width decreases with
increasing pressure. Another observation is the exponentially decrease of intensity of the
Balmer α line, measured in the negative glow, with increasing distance to the cathode.
Many more observations are done in the past after the discovery of the excessive line
broadening in a DC glow discharge for the �rst time in 1984 [14]. These observations will
be more elaborately discussed in the section on on the �eld acceleration model (section
2.2). After this discussion, a short comparison in observations by Mills and others will be
discussed.

1.3 Research Motivation

Many articles have been published containing experimental data that seem to support the
RT theory. Yet there exists a great resistance in the scienti�c community towards this
theory. Scientists point to alternative explanations that work within the framework of
standard physics.

In order to investigate the claims by Mills, independent research is needed. In this re-
search project the excess power claims of Mills will be investigated as well as the excessive
Doppler broadening of the Balmer lines in DC glow discharges.

The main goal of this research project is to build a setup which can measure small
di�erences in energy output of di�erent plasmas. The plasma cell used is inspired on the
cell used by Mills in his water bath calorimetry experiments. To shorten the experimental
time, the water is replaced by a copper heat sink.

A second di�erence to Mills' setup, is the possibility to do the control experiment
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parallel with the experiment where excess energy is expected. By doing this, only relative
di�erences and relative energy losses will be important. To be able to do accurate measure-
ments, it is important to do both experiments under the same conditions. The challenge
lies in building and calibrating a setup, which allows us to be able to measure these small
changes.
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Chapter 2

Theory

2.1 DC Glow Discharge plasmas

Glow discharge devices have been developed as light sources, sources of ions for surface
etching and other processes.
In its simplest case, a glow discharge is formed by applying a potential di�erence between
two electrodes that are inserted in a cell (or that form the walls of the cell) [15]. The cell
itself is �lled with a gas at a pressure usually ranging from a few mbar to atmospheric
pressure. Due to the potential di�erence, free electrons and ions are formed in the vicinity
of the electrode. The electrons will accelerate away from the cathode and give rise to
collisions with the gas atoms or molecules (excitation, ionisation, dissociation, ...).

The excitation collisions give rise to excited species, which can decay to lower levels
by emitting a photon. This process gave the name to this type of plasmas: glow discharge
plasmas. The ionisation collisions create ion-electron pairs, in which the ions will be ac-
celerated towards the cathode. At the surface, the ions can recombine with electrons. If
the total ion energy exceeds twice the work function (lowest energy required to remove an
electron from a solid) of the surface, a secondary electron may be released. These electrons
will be accelerated towards the anode giving rise to more collisions. Electrons can also be
freed as a result of an increase in temperature of the electrode (thermo-emission).

A glow discharge has a typical structure, where in di�erent regions �eld gradients may
di�er greatly (see �gure 2.1). The most important regions will be shortly discussed.

� Cathodic dark space (CDS): starting from the cathode �rst two thin regions are
present before entering the cathodic dark space. These regions are called the Aston
dark space and cathode glow. The Aston dark space has a strong electric �eld which
accelerates electrons away from the cathode. This regions is also called the cathode
sheath and it has a negative space charge. In the cathode glow, the accelerated
electrons have enough energy to excite neutral atoms making this region have a high
ion density. The cathodic dark space has a moderate electric �eld and a positive
space charge due to a high ion density.

� Negative glow (NG): Intense ionisation (and excitation) produces species that main-
tain secondary processes at the cathode. The di�erence in behaviour between the
dark space and the negative glow is caused by the di�ering �eld strength. The nega-
tive glow has relatively low electric �eld. This will maintain the electrons at almost
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Figure 2.1: Potential distribution of a DC electrical discharge where CDS stands for cathodic dark
space, NG for negative glow, FDS for Faraday dark space, PC for positive column and AZ for
anode zone. The solid line in the graph represents the potential distribution (left axis), whereas
the dashed line represents the electric �eld distribution (right axis). The �gure is taken from [16].

constant energy over a long distance, which makes the condition for excitation more
favourable.

� Faraday dark space (FDS): This zone matches the negative glow to the positive
column. The electrons have so little energy (as they are slowed down by ionisation
and excitations collisions in the negative glow) that neither ionisations nor excitations
take place in the Faraday dark space.

� Positive column (PC): This region extends the plasma along most of the length of
the discharge. The positive column is characterised by a slightly negative electric
�eld. This conducts electrons toward the anode. The length of the positive column
and the Faraday dark space adapts to the conditions, pressure and distance between
the electrodes.

� Anode zone (AZ): The anode zone consists out of the anode glow and anode dark
space. The anode glow is the boundary of the anode sheath and is not always present.
The anode dark space or anode sheath is the space between the anode and the anode
glow. It has a negative space charge due to electrons travelling from the positive
column to the anode. There is a higher electric �eld than in the positive column
which lets the anode pull electrons out of the positive column.

2.2 Field Acceleration Model

The excessive Balmer line pro�les of hydrogen have been studied in di�erent plasmas in
the last 30 years. Beam experiments [17] �rst displayed the hydrogen Balmer line shapes
with a central peak and excessively broadened wings. From that time on these Doppler
broadened line pro�les have been observed in various di�erent pure hydrogen discharges
(such as hollow cathode discharges, DC discharges, low-pressure drift tube discharges, ion
source discharges, magnetic multicusp discharges, and RF discharges). From 1990 onwards,
experiments have been done in mixtures of hydrogen with argon, helium, nitrogen and other
gasses in di�erent discharges (such as DC low pressure discharges, plane cathode glow
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discharges, low pressure RF discharges). A model is developed which has been modi�ed
and extended in the last 30 years in order to explain all experimental results. However,
there is no common agreement on the mechanism behind this broadening.

Introduction

The �rst mechanism (dissociative ionisation and excitation of H2) is proposed in 1985
[18, 14], which could explain the �rst types of experiments (hollow cathode, RF and DC
discharges in pure hydrogen at low electron densities of 1015 - 1017 m−3). In 1990, an
alternative explanation (charge-exchange between neutral atoms and ions accelerated by
the sheath �eld) had to be put forward to explain observations in RF and DC discharges
with broadening widths up to 1 keV. In DC discharges [19], the red wing is explained by the
charge-exchange collisions of H and H2 with hydrogen ions H+, H+

2 , and H+
3 . These ions

have been accelerated by the electric �eld in the cathode fall. The blue wing is explained
by ion-electrode surface collisions followed by a back scattering of the neutralised and dis-
sociated incident ions or ejection of absorbed hydrogen. Di�erent re�ection models for the
back scattering have been proposed in the last two decades to explain the symmetrical
shape of the line pro�les.

Adding other gases to hydrogen will change the line pro�les. New models are developed
including charge transfer between molecular hydrogen and ions from the added gas. It is
observed that the addition of argon has the largest e�ect on the change of the Balmer line
pro�le in comparison to a pro�le in pure hydrogen. This gives rise to a conclusion that
there is a very e�cient interaction between an argon atom or ion and a hydrogen molecule.
Already in 1977 [20], it is shown that certain vibrational states of the H+

2 molecular ion
are in near resonance with the Ar+ ion.

Petrovi¢, Jelenkovi¢ and Phelps [21] have proposed a mechanism for the generation
of high energy excited atomic fragments in pure H2 and Ar/H2 mixtures. This model
consist of excitation by fast neutral atoms. These atoms are produced in charge-exchange
collisions of ions and by re�ection of the fast neutral atoms in the ground state from the
cathode surface.

As the scienti�c community accepted the �eld acceleration model as mechanism re-
sponsible for the broadening, no signi�cant papers are published on this subject in the
period from 1992 to 2002.
In 2002, Mills publishes his resonant transfer model to explain the excessive broadening.
Since that moment until now, several papers have been published by the University of
Belgrade and by Mills with results in agreement with the previously accepted theory and
the RT theory, respectively. A conclusive experimental result in disagreement with one of
the theories has yet not been independently reported, leaving the mechanism explaining
the Balmer line pro�les open for discussion.

Observations

In this report, only the observations in DC and hollow cathode discharges will be discussed
in more detail. Benesch and Li Ayers, in 1984 [14], were the �rst to observe the excessive
broadening of the Balmer lines in hollow cathode discharges with pure hydrogen. To inves-
tigate the symmetry of the Gaussian line shape, two di�erent hollow cathode sources were
built to view both parallel and perpendicular to the cathode wall. The far wings of the
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spectral lines are unshifted Gaussian pro�les in the parallel view but blue-shifted in the
perpendicular view giving rise to a velocity distribution of the hydrogen atoms which is
skewed away from the cathode surface. This leads to the conclusion that most of the emit-
ting atoms are moving against the electric �eld making the cathode wall a major source of
energetic excited atoms.

The radiation by the atoms moving away from the cathode can not be explained by
the fast ion acceleration towards the cathode. For this reason, the in�uence of the cathode
wall on the broadening is investigated. Experiments are done in a He/H2(1%) mixture [22].
The addition of helium has no e�ect on the pro�les of the far wings leading to the con-
clusion that the extreme velocities of the hydrogen atoms are largely independent on the
mass of their gaseous collision partners. In another experiment by Li Ayers and Benesch
[22], the cathode surface wall within the line of sight is coated with a silicone rubber. The
recorded emission then comes from a discharge with all active cathode surfaces concealed
and all visible surfaces coated. The coating of the cathode made the far wings disappear.
All these observations led to the conclusion that the cathode wall itself is responsible for
producing high velocity excited hydrogen atoms.

Barbeau et al. [19] investigated the pressure dependency (0.1 - 1 Torr) of the Balmer-α
pro�le both along and perpendicular to the discharge axis as well as the position depen-
dency relative to the cathode. They found that the far wings were broadened the most
near the cathode. When looking along the discharge axis they found an asymmetrical line
pro�le which has a FWHM depending on pressure.

Recent observations by �i²ovi¢ [23] and Cvetanovi¢ [24] have shown symmetrical Balmer
line shapes in a hydrogen plasma and hydrogen mixed with inert gasses. These line pro�les
were recorded perpendicular to the discharge axis. All pro�les were �tted by several Gaus-
sians and showed a multicomponent behaviour, a typical plot in a helium hydrogen plasma
is shown in �gure 2.2. Among scientists (including Mills) there is general agreement on
the explanation of the two smallest Gaussian pro�les [4, 25, 26]. The smallest (< 1 eV) is
explained by electron impact excitation of hydrogen molecules.

e− +H2 → H∗2 + e− → H∗ +H + e− + Ek, (2.1)

with a threshold energy for the reaction of about 17 eV. The intermediate Gaussian is
explained by dissociative ionisation of hydrogen molecules

e− +H2 → H+
2 + 2e− → H∗ +H+ + 2e− + Ek, (2.2)

with a threshold energy for the reaction of 25-30 eV. Most discussion is on the mechanism
explaining the broadest Gaussian pro�le.

Ar/H2 plasmas are characterised by Kuraica and Konjevi¢ [27], Videnovi¢ et al. [27]
and others by determining the energies of the excited hydrogen atoms from measurements
of the Balmer-α, β and γ lines of atomic hydrogen. From these measurements, the FAM
is derived involving the acceleration of charges such as H+, H+

2 and H+
3 in the high �elds

present in the cathode fall region and energy transfer to the matrix gas (H and H2) through
charge exchange collisions. According to the FAM, the broadest part is related to the
hydrogen atomic and molecular ions (H+,H+

2 and H+
3 ) present in the discharge. In the

cathode fall region, accelerated ions exchange electric charge with hydrogen molecules and,
as a result, fast neutrals and slow ions appear [28, 21, 29, 30]:

18



2.2 FIELD ACCELERATION MODEL

(a) (b)

Figure 2.2: Balmer-α line pro�le recorded in the center of a hollow cathode glow discharge in H2

by �i²ovi¢ et. al. (taken from [23]). Discharge characteristics: Copper cathode, V = 405 V; I =
90 mA at a pressure of 2 mbar. The pro�le is �tted with three Gaussians and a close up is shown
in (b).

(H+)f + (H2)s → H∗f + (H+
2 )s (2.3)

(H+
2 )f + (H2)s → H∗f +Hf + (H+

2 )s (2.4)

(H+
3 )f + (H2)s → H∗f + (H2)f + (H+

2 )s (2.5)

where f and s denote the fast and slow particles, respectively. The reaction with H+
2 is

proven to be only e�cient at very low pressures, below 0.3 mbar [31].

It is shown that the particles having energies in the order of 100 eV are back scattered
from metals in the form of fast hydrogen atoms. The number and energy of the back
scattered atoms depends upon the material. The back scattering of fast neutrals on metals
is studied extensively as it forms an important role in fusion research. The details of this
back scattering are beyond the scope of this report.

To solve the problem of the broadening observed outside the cathode fall region, the
FAM had to be extended with fast neutrals being excited by collisions with electrons. As
the electron temperature is about 1 eV and the hydrogen atom temperature in the nega-
tive glow region is about 50 eV, this can not explain the broadening. A separate model for
regions outside the cathode fall region is developed by Cvetanovi¢ et al. [24]. The electron
heating model considers high energy electrons in the negative glow region as the source of
excessive broadening.

In conclusion, the main features of FAM can be summarised as followed:
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� Directional

� Position dependent

� Not selective of any particular ion

� Pressure dependent

� Field dependent

2.3 RT Mechanism to Hot Hydrogen Production

Mills [11] assigns the fast, or hot, component of the broadening to resonance kinetic energy
transfer during the hydrino transition reaction. As with the previous discussed theory, the
mechanism proposed should be able to explain the observations. Mills' mechanism behind
the production of fast hydrogen atoms should be in agreement with his whole theory on
physics. Thus, the requirements of any mechanism consistent with GUTofCP are:

� Energy released should be of a value consistent with the proposed resonant transfer
model

� Momentum should be conserved

� Fast atomic hydrogen should be created

The resonant transfer process discussed earlier is an indirect process to produce fast hy-
drogen atoms. Consider for example the collision between hydrogen and Ar+:

H +Ar+ → H ∗ (
1
2

) +Ar2+ (2.6)

H ∗ (
1
2

) +H → H(
1
2

)fast +Hfast (2.7)

The hydrogen atom �rst transfers into a metastable state of a hydrino, H ∗ (1
2). This

state however is instable. For this reason the hydrino decays from the metastable hydrino
state to the nearest stable hydrino state. The energy released in this process can be radi-
ated in the form of a UV photon or kinetic energy. The latter leads to fast hydrogen atoms.

Besides 2.7 as production mechanism for fast hydrogen, several other reactions can
occur. For example, two hydrinos can collide to create a fast hydrino and a fast hydrogen
atom:

H(
1
2

) +H(
1
2

)→ H +H(
1
3

) + 27.2 eV. (2.8)

Given the requirement of conservation of energy, each product from this two-body
collision would gain half of the produced energy, 13.6 eV from this process. Therefore
the two products would need to go in opposite directions with equal kinetic energy. The
process in which two hydrinos collide can produce fast hydrogen with di�erent energies
depending on the hydrino concentration of di�erent species. Consider, for example, the
following process:

H(
1
2

) +H(
1
3

)→ H +H(
1
4

) + 54.4 eV. (2.9)
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Each product will absorb 27.2 eV of kinetic energy. If a plasma contains a high density
of fast hydrinos, atomic hydrogen with very high kinetic energies will be present in the
plasma as well. Note that only excited hydrogen atoms produced by this process would
produce visible light.

Next to the two-body collision of two fast hydrinos, there are other ways to produce
fast hydrogen. The hydrino produced in the resonant transfer process will have a high
kinetic energy (hot hydrino). This hydrino, when colliding with a hydrogen molecule, can
provide enough energy to break the molecular bond and generate fast hydrogen:

H(
1
n

)fast +H2 → 2Hfast +H(
1
n

)fast. (2.10)

Fast hydrogen in its turn can induce the same process resulting in three fast hydrogen
atoms.

Hfast +H2 → 3Hfast. (2.11)

A fast hydrino can also collide with a hydrogen atom resulting in a fast hydrogen atom
and a fast hydrino:

H(
1
n

)fast +H → H(
1
n

)fast +Hfast. (2.12)

Note that this equation is not selective for hydrogen atoms only. A fast hydrino can
also collide with a helium atom which should result in fast helium (as the mass ratio of
hydrogen:helium is only 1:4).

The process of hydrino formation is autocatalytic. This implies that once hydrinos are
formed, they will accelerate the production of hydrogen atoms out of hydrogen molecules.
In its turn, if more hydrogen is available, this will enhance the rate of hydrino formation
through catalytic processes.
This system is clari�ed considering the following example. Consider a process in which a
hydrino is a catalyst for a hydrogen atom to form two hydrinos:

H(
1
2

) +H → 2H(
1
2

) + 27.2 eV. (2.13)

The fast hydrinos created can create additional hydrogen atoms by collisions with hydro-
gen molecules, as stated in equation 2.10.

The observed broadening is only present in hydrogen lines. Therefore, the process of
formation of fast hydrogen needs to be selective. The question why only fast hydrogen is
observed and not, for example, fast helium, as the mass ratio of hydrogen:helium is only
1:4, has several answers within Mills' theory.

As hydrogen is the lightest atom, it is most probable to be the fastest specie in colli-
sional energy exchange. In a collision with a 27 eV hydrino and a helium atom it is expected
that the helium atom would absorb about 5.5 eV in energy. The increase in velocity of
particles scales with the square root of the mass ratio. Therefore, the relative change in
line width also scales with the square root of the mass ratio. Thus, relative to hydrogen,
the increase in line width of helium is only one half. Here we assume the same emission at
the same wavelength.
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Additionally, atomic hydrogen, excited hydrogen and hydrinos are all energy states of
hydrogen. Therefore, the excitation cross-section for hydrogen by the non-radiative energy
transfer to form fast hydrogen is expected to be large. This would suggest that collisions
of hydrinos with other species are unfavourable, and the energy release will be via photon
emission if atomic hydrogen is absent.

Each type of catalyst creates a di�erent predominant hydrino. In the case of helium,
it is expected that H(1

3) is formed (equation 1.11 and 1.12), with an excess kinetic energy
of 54.4 eV. In the case of argon this is H(1

2) with an excess kinetic energy of 13.6 eV or
27.2 eV (equation 2.6 and 2.13).
These di�erences in energy, next to di�erences due to the di�erent gasses, may account for
the di�erent observed temperatures of fast hydrogen. Based on this it is expected that gas
composition and conditions have an in�uence on the populations and temperature of the
fast hydrogen.

In contradiction to FAM, Mills' model is not �eld dependent, nor does it require high
energy electrons and therefore it should be e�ective everywhere within the plasma. As the
process takes place with conservation of energy and momentum, the fast hydrogen atoms
will have isotropic directionality and, therefore, a Gaussian energy distribution.

According to Mills observations, the ratio of fast hydrogen of any given energy towards
and away from the cathode remains equal while this ratio is formed in all directions (in-
cluding the direction perpendicular to the electric �eld). By decreasing the pressure in
the plasma by over an order of magnitude, no e�ect on the symmetrical broadening was
observed in di�erent setups with plane cathode, gas matrix or needle electrodes.

The symmetric pro�les measured along the electric �eld and the non-pressure depen-
dency of the amount of broadening are in contradiction to observations by other groups.
According to the FAM, the broadening is predominant in the cathode fall region along the
direction of the strong �eld and essentially zero everywhere except the places where a high
voltage drop occurs. Measurements by Mills show that the broadening has no position
e�ect and occurs in regions far away from the high-�eld regions. Next to this, no �eld
dependency is observed over the applied voltage range of 475-620 V.

To exclude the argument of �eld dependency of the broadening, several measurements
have been done by Mills [4] along and perpendicular to the �eld lines. In addition, the
position dependency of the broadening is investigated, yet not published by any peer re-
viewed journal.

A comparison of the sometimes contradicting observations between Mills and others is
presented in table 2.1.

2.4 Calorimetry

Calorimetry is used to determine the heat released or absorbed in a reaction. The de-
vice used for this is called a calorimeter. In this section, the four most popular types of
calorimeters will be introduced. This is necessary to understand the type of calorimeter
that is build and used in our experiments.
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Table 2.1: Comparison of contradicting observations by Mills and others

Mills
[32, 2, 33, 7, 10, 34, 3, 11, 4, 12, 9, 35]

Others
[36, 28, 22, 26, 19, 37, 13, 24, 38, 39, 40,

27, 41, 25, 29, 23, 30]

No asymmetric pro�les observed Asymmetric pro�les observed viewing
parallel to electric �eld

Width not depending on cathode material Width depending on cathode material
No excessive broadening observed in

Xe/H2, Ne/H2

Excessive broadening observed in Xe/H2,
Ne/H2

Width not depending on electric �eld
strength

Width depending on electric �eld
strength

Width not depending on pressure in the
range of 0.013 - 13 mbar

Width depending on pressure

Increase of width with rising fractional
Ar/H2 and He/H2 gas �ow rate

Not reported

Decrease of width with rising fractional
Xe/H2 gas �ow rate

Not reported

Width not depending on position of
measurement

Width not depending on position of
measurement

Not reported No excessive broadening with a shielded
cathode

� In a conduction calorimeter, the heat to be measured is conducted down to a ther-
mostated component (water, metal) of the calorimeter through a thermo module or
thermopile. These thermo elements generate electric signals proportional to the heat
�ow.

� In an adiabatic calorimeter, the heat generated in the sample is kept within the
sample (and sample vessel). This is done by maintaining the heat conduction between
the sample vessel and environment as small as possible by vacuum insulation, thin
electric wires, good thermal anchoring, etc., and by controlling the temperature of
the surrounding wall (e.e. the adiabatic shield) as close to that of the sample as
possible.

� In a di�erential scanning calorimeter (DSC), a sample and reference are heated at
the same rate. The heating powers required are proportional to their respective heat
capacities.

� A twin calorimeter reduces the e�ect of external disturbances. Measurements with
the two calorimeters can be done by using one with the sample, and one with the
reference material (or empty). By taking the di�erence between the output signals
from the two calorimeters, one obtains a net signal in which the e�ects of the external
disturbances are canceled out.

The calorimeter used in the setup is a combination of di�erent calorimeters. The reference
measurement and sample measurement can be done at the same time as in a di�erential
scanning calorimeter. Heat conduction between the cells and the environment is kept as
small as possible by controlling the temperature of the surrounding wall and a vacuum
insulation. The calorimetry setup will be discussed in detail in chapter 3.
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2.4.1 Basic Equations Used in Heat Calculations

When a potential di�erence is applied over a resistor in a closed circuit a current will be
produced. The relationship between the potential di�erence V and current I, when having
an ohmic resistor R, is

V = IR. (2.14)

Heat is developed in a resistor as a result of current �owing through it. The dissipated
power P can be calculated by the product of the voltage over the resistor and current
through the resistor:

P = V I = I2R. (2.15)

The relation between energy ∆E, and constant power is given by

∆E =
P

∆t
. (2.16)

In thermodynamics, heat is de�ned as energy transfer 4Q due to temperature gradients or
di�erences ∆T . The relation between the energy transfer and the temperature di�erence
is given by

4Q = C4T (2.17)

with C the heat capacity of the system. When all heat is transferred to a substance the
following relation containing the speci�c heat capacity c is often used

4Q = cm4T (2.18)

with m the mass of the substance. Heat can be transferred from one system to another by
three di�erent modes of heat transfer: conduction, radiation and convection.

� Conduction is the process of heat transfer by molecular motion, supplemented in
some cases by the �ow of free electrons, through a body from a region of high to low
temperature. In other words, heat conduction is considered as the transfer of kinetic
energy of the more energetic molecules in the high-temperature region by successive
collisions to the molecules in the low-temperature region.

� Radiation is the heat transfer in the form of electromagnetic waves. All solids, liquids
and gasses emit radiation as a result of their temperature, and are also capable of
absorbing such energy.

� Convection is the combination of conduction (and radiation) and the movement of a
�uid or gas. A gas or �uid can transport momentum due to its mass and velocity.
By virtue of its temperature it can also transport energy.

2.4.1.1 Conduction

The law of heat conduction, also known as Fourier's law, states that the time rate of heat
transfer through a material is proportional to the negative gradient in the temperature and
to the area (through which the heat is �owing) perpendicular to the temperature gradient:

−→
φq = −k

−→
∇T (2.19)

24



2.5 SPECTROSCOPY

with
−→
φq the heat �ux,

−→
∇T the temperature gradient and k the thermal conductivity coef-

�cient. When the di�erential form of Fourier's law is integrated, the following formula is
obtained:

δQ

δt
= −k

˛
S

−→
∇T ·

−→
dS (2.20)

with S the surface through which the heat is �owing. In a simpli�ed linear case, the former
equation can be written as

∆Q
4t

= −kA4T
4x

(2.21)

with A the cross-sectional surface area and 4x the distance between the area of high and
low temperature.

2.4.1.2 Radiation

Objects emit electromagnetic radiation. A black body is an ideal emitter as it emits and
absorbs all frequencies of radiation uniformly. The primary law governing black body
radiation is the Planck radiation law. It states that the intensity I of radiation, emitted
per unit surface area into a �xed direction from the black body, is a function of wavelength
for a �xed temperature. This law can be expressed through the following equation:

I(ν, T ) =
2hν
c2

1
ehν/kT − 1

(2.22)

where ν, h, k and c are the frequency, Planck's constant, Boltzmann's constant and speed
of light, respectively. From this equation the Stefan-Boltzmann law can be derived. The
heat emitted by a body per unite time at an absolute temperature is given by the following
equation:

dQ

dt
= AεσT 4 (2.23)

where ε the emissivity of the body (ε = 1 for a black body), and σ the Stefan-Boltzmann
constant is.

2.4.1.3 Convection

Convection refers to the movement of molecules within �uids or gases. This movement can
take place naturally, due to changes in density of the �uid or gas induced by the heating
itself, or forced, in which the movement results from forces induced by, for example, a fan
or pump. In the experiments, a steady known gas �ow is present which �ows through a hot
cell and will transport heat to the outside. This is forced convection. Natural convection
exists in the setup in the vacuum vessel, as temperatures of di�erent parts inside the vessel
are not the same.

2.5 Spectroscopy

Spectroscopy is an important tool in plasma physics. It is used to obtain information on a
plasma such as pressures, temperatures and species present in the plasma. In our experi-
ments mainly a double echelle monochromator is used, to analyse the light emitted by the
plasma. The following section does not discuss the monochromator in full detail. Instead,
a short introduction to the basic equations describing a re�ection grating spectrometer and
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d

a

b

D
i

Figure 2.3: Re�ection grating with groove separation d. α is the incident beam angle, β the re�ected
beam angle. All angles are measured with respect to the grating normal, where in this case counter
clockwise is positive. The path di�erence between incident light rays of two neighbouring grooves
is indicated with ∆i.

expressions for the resolving power are given. At the end the echelle spectrometer concept
is introduced.

2.5.1 Spectrometer Basics

A spectrometer is an instrument capable of recording the (relative) intensities of wave-
lengths present in a light source. The basic element of a spectrometer is a dispersing
element, which spatially separates the various wavelength components. In most cases this
is a re�ection grating, which has a mirror-like surface with a periodic structure. Gratings
work by interference. For light incident at an angle α with the normal, the path di�erence
between two adjacent grooves ∆i can be expressed as ∆i = d sinα with d the groove sepa-
ration, see �gure 2.3. In equal fashion the path di�erence for the re�ected light ray∆r can
be de�ned, and constructive interference appears if the combined path di�erence equals an
integer times the wavelength λ. This can be expressed as [42]:

sinα+ sinβ =
mλ

d
(2.24)

with m the order of di�raction. Note that for given d and incident and re�ected angle,
several wavelengths satisfy equation 2.24, for di�erent values of m. The angular spread
(dispersion) of the spectrum is found by di�erentiating with respect to λ:

dβ

dλ
=

m

dcosβ
. (2.25)

When a CCD is used in the focal plane of a lens of focal length f to record the spectrum,
the spread in wavelength can also be described in terms of a linear dispersion dx

dλ , where x
is measured along the CCD:

dx

dλ
= f

dβ

dλ
=

fm

dcosβ
. (2.26)

Due to the �nite numbers of grooves on a grating a monochromatic line is refracted in a
small interval of angles which will cause overlap in wavelengths close together. The smallest
wavelength di�erence for which this does not happen (Rayleigh criterion) is indicated with
∆λmin. The resolving power R is given by:

R ≡ λ

∆λmin
= mN, (2.27)
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where N is the total number of grooves illuminated by the incoming light beam.

An echelle grating di�ers from a conventional (re�ection) grating in many ways. An
echelle is coarse (i.e., it has fewer grooves per millimetre) and is used at high angles (�at
angles of incidence) in high di�raction orders. The virtue of an echelle grating lies in its
high e�ciency and low polarisation e�ects over large spectral intervals. Together with high
dispersion, this leads to compact, high-resolution instruments. An important limitation
of echelle gratings is that the orders overlap unless separated optically, for instance by a
cross-dispersing element. A prism is often used for this purpose and is placed in front of
the grating. The echelle spectrometer used in the experiments is introduced in 3.5.1.

2.6 Line Broadening

Photons emitted during a transition between bound states do not have a perfectly de�ned
�xed energy. Their energies vary and the lines in the spectrum thus have a �nite width.
The width of spectral lines emitted from a plasma is a valuable tool for the study of the
plasma conditions. A spectral line is broadened by several mechanisms of which the ones
relevant for the experiments are discussed below.

2.6.1 Natural Line Broadening

Natural line broadening is caused by the �nite lifetime τ of excited states and can be
determined from the Heisenberg uncertainty relation (∆E∆τ ≥ h

2π ). The lifetime τ of an
atomic state q is determined by the sum of all possible transition probabilities from the
emitting upper level q to all lower lying levels p (q > p) and can be expressed as

τq =
1∑

p<q Aqp
, (2.28)

where Aqp is the transition probability that a particle in state q will spontaneously emit
a photon and end up in state p. Using the Heisenberg relation, the full width at half
maximum (FWHM), ∆λnat, due to natural broadening can be derived and equals

∆λnat =
λ2

0

2πc
(

1
τq

+
1
τp

). (2.29)

The natural line width is usually in the order of 0.1 pm or less and is negligible compared
to other broadening mechanisms as will be shown later.

2.6.2 Pressure Broadening

Pressure broadening is a term used to refer to a collection of processes in which the pres-
ence of nearby particles in�uence the radiation emitted by an individual particle. Pres-
sure broadening includes Stark broadening (by in�uence of the electric �eld of neighbour-
ing charged particles), resonance broadening (by collisions with neutral particles of the
same species) and Van-der-Waals broadening (by collisions with neutral particles of other
species).

Stark Broadening is caused by the presence of both electrons and ions which results in
two di�erent types of broadening due to the di�erence in velocities of the ions and electrons.
The electron broadening is usually best described in the impact broadening, whereas the
ion broadening needs a quasi static approach [43].
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� Impact broadening occurs when the duration of the collision is much shorter than the
time between collisions. This will reduce the e�ective lifetime of the states involved
in the transition. The amount of broadening depends both on the density and the
temperature of the perturbing species and will give rise to a Lorentzian type of
broadening1.

� Quasistatic broadening occurs when the interaction time is much longer than the
e�ective lifetime of the excited states involved in the transition. This interaction can
shift the energy levels in the emitting particle, and therefore shift the frequency of
the emitted photon (Stark shift). This shift is due to a di�erent sensitivity of the
upper and lower state to the interacting potential and depends on the density of the
perturbing species while being less sensitive to temperature. This type of broadening
will have an uncommon pro�le with no simple analytic form. As this pro�le decreases
slower than a Lorentzian one, for values far from the centre, the presence of this type
of broadening can often be deduced from a broadening of the �anks of a line.

Detailed calculation of Stark broadening (especially quasistatic broadening) is very compli-
cated and results in complex expressions. The most complete treatment is given by Griem
[43]. For hydrogen and hydrogen like elements, the Stark e�ect is linear with the electric
�eld. It can be shown with nearest neighbour approximation that the FWHM in pm of
the hydrogen lines is equal to:

∆λStark = 2.50 · 10−11α1/2n
2/3
e , (2.30)

with α1/2 a theoretical half width parameter at half maximum value, dependent on the
line, and ne in m3 the electron density.

2.6.3 Doppler Broadening

Doppler broadening is caused by the velocity of the emitting particles relative to the
observer. Due to this motion, the frequency of the emitted photon measured in the lab
frame (ω) will be unequal to the frequency measured in the particle's rest frame (ω0). For
non-relativistic velocities, the Doppler shift is given by

ω = ω0

(
1 +
−→v · r̂
c

)
, (2.31)

where −→v is the velocity of the emitting particle and r̂ is the unit vector of the direction of
the photon emission according to the observer. Since there is a distribution of velocities
both towards and away from the observer, the measured pro�le will be broadened and
determined by this velocity distribution which is usually a (Gaussian) Maxwell-Boltzmann
distribution. The probability P (v)dv of a particle to have a velocity in the interval (v, v+
dv), measured along the line of sight, is then equal to

P (v)dv =
√

m

2πkBT
exp

(
− mv2

2kBT

)
dv, (2.32)

where m, T are the mass of the emitting particle and the gas temperature, respectively.
The square root is a normalisation factor. In terms of wavelength, equation 2.32 can be

1This holds only for isolated lines, i.e. lines that are not overlapping other transitions in the same
spectrum.
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expressed as

P (λ)dλ =

√
mc2

2πkBTλ2
0

exp

(
−mc

2(λ− λ0)2

2πkBT

)
dλ, (2.33)

where λ0 is the wavelength of the emitted photon in the rest frame of the particle. This
distribution has a most probable value for λ = λ0 and its FWHM is a function of the
temperature of the emitting particle and can be expressed as

∆λD = 2λ0

√
kBT

mc2
. (2.34)

Numerically this leads to

∆λD = 7.16 · 10−7λ0

√
T

A
·
√
amu

K
, (2.35)

where A is the atomic mass of the emitter in amu. From this formula, it can be con-
cluded that the broadening is especially large for lines of low-mass particles. The Doppler
broadening is used to determine the temperature of the radiating particles.

2.6.4 Instrumental Broadening

Instrumental broadening is not caused by a physical process within the plasma but by the
apparatus used to record the spectrum. This broadening is determined by parameters of the
spectrometer like the width of the entrance slit, the type of grating and focal length. Ideally,
the instrumental pro�le is obtained via a spectroscopic measurement of a monochromatic
light source. In practice, light sources are not truly monochromatic and the instrumental
broadening can be determined using a light source with a FWHM small compared to the
broadening of the spectrometer. Expressions for the instrumental broadening can be found
in section 3.5.1.

2.6.5 Comparison of the Balmer-α Half-widths

Before doing experiments, it is worthwhile to estimate typical values for the broadening
components discussed in the previous sections. By doing this, some of the broadening
contributions can be neglected making the analysis of the line pro�les easier.

The natural half-width is an universal constant depending on the transition probability
from the upper state to the lower state. As stated in the section above, the value for this
broadening is in the order of 0.1 pm.

Pressure broadening depends on the density of the perturbing species, the cross section
for collisions between the neutral particles and the radiating atom and on the mean relative
velocity. This mean relative velocity depends mainly on the mass of the particles and the
temperature.

Stark broadening is estimated with equation 2.30. For low-pressure gas discharges the
electron density has a value between 108 cm-3 and 1014 cm-3 [44].

The Doppler half-width is a function of temperature and can, therefore, take on any
value. In a typical low-pressure gas discharge the atomic temperature is about 0.1 - 1 eV,
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Table 2.2: Estimation of broadening contributions

Natural Instrumental Stark Doppler

H plasma H−α (cold) 0.1 pm < 9 pm < 24 pm 13-51 pm
H plasma H−α (hot) 0.1 pm < 9 pm < 40 pm 400 pm

Ar/H plasma H−α (cold) 0.1 pm < 9 pm < 24 pm 13-51 pm
Ar/H plasma H−α (hot) 0.1 pm < 9 pm < 40 pm 400 pm

corresponding to a half-width of approximately 13 to 51 pm.

The instrumental broadening is derived in section 3.5.1 and is less than 9 pm.

Table 2.2 gives a short overview of the most relevant broadening mechanisms for this
research. An estimation is made for the contribution of fast (hot) hydrogen and slow (cold)
hydrogen atoms.
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Chapter 3

Equipment and Setup

In all conducted experiments, the same setup is used except for minor alterations. The
setup is shown in �gure 3.1. The components are described in the following sections.

The setup can be used to do di�erent kind of measurements. The most important one
(to determine if excess energy is being produced) is done in the following manner. The cell
containing the plasma with catalyst will have a constant power input of typically 10 W.
The plasma will heat the cell, of which the temperature is monitored. The power input of
the reference cell is controlled in such a way that its temperature is equal to the cell with
catalyst. At the same time, the temperature evolution of the environment is controlled
to have the same temperature as the cells, to minimise heat losses to the environment. If
the reference cell needs more power input to follow the temperature pro�le of the �rst cell,
then excess power must be produced in the catalyst cell. An experiment like this is called
a typical experiment.
The other possible experiments are discussed in section 3.4.

The cell can be heated by ohmic dissipation through the heating resistor or by running
a DC glow discharge inside the cell. A typical experiment in our setup lasts about 7 to
8 hours.

A spectrometer is used to measure radiation coming from a DC glow discharge inside
the plasma cells.

3.1 Plasma Cell and Box

Plasma Cell

Figure 3.2 shows a schematic impression and photograph of one of the two identical cylin-
drical copper plasma cells. The mass of cell 1 and cell 2 is 10.08 ±0.01 kg. This value
includes the mass of the copper cylinder, stainless steel tubes and valves, power feed
throughs, quartz rod, heating resistor and thermistors. The outer diameter of the cell is
9.5 cm with a wall thickness of 2.0 cm and length of 20.5 cm (inner length of cylinder is
16.5 cm). The cell can be opened on one side by taking the �ange o�. The �ange has a
radial-centred electrical feed-through which is partially covered by a 25 mm long quartz
tube, measured from the �ange. The feed-through is connected to a 6.0 mm outer diameter
and 50 mm long stainless steel hollow tube positioned after the quartz tube. Gas is fed
into the cell by a 6.0 mm outer diameter, 1.0 mm thick, stainless steel tube extending
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Figure 3.1: Schematic representation of the setup. The setup is housed in an outer vacuum vessel
which can be opened by sliding the �ange of the vessel on a rail as shown. Inside this vessel there
is a copper box of which one side is attached to the �ange of the vacuum vessel. Also attached
to the �ange are two plasma cells which can be taken out of the setup (one is elevated to clarify
this). Outside the vessel, two vacuum pumps with pressure control valves and meters (in red) are
present and connected to the plasma cells.

15 cm into the cell, and carried away at the �ange. An Ultratorr connection is embedded
in the �ange for a 6.0 mm diameter quartz rod to perform optical emission spectroscopy
measurements. Additionally, the �ange has a second electrical feed-through for a heating
resistor (type Watlow �rerod C1E42). The copper cylinder contains an inner stainless steel
cylinder of 0.25 mm thickness which is electrically grounded.

Four thermistors are placed approximately 5.0 mm inside the copper (measured from
the outside). The gas connections have a valve and Ultratorr connection. This makes it
possible to remove the whole cell out of the setup without letting air �ow into the cell. A
stainless steel frame, having minimal contact points with the copper cylinder, holds the
cell in its place in the setup. This frame is called the cell holder and is removable from the
total setup, see �gure 3.2.
The mass of the cell holder is 0.372 ±0.001 kg. This weight is the same for both cell holders.

The system that supports the cell in the setup, and which is connected to the �ange,
is called the cell support.
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(a) (b)

Figure 3.2: (a) Schematic impression of the plasma cell. The stainless steel liner inside the cell
serves as a cathode. (b) Picture of the plasma cell including thermistors and cell holder.

Box

When operated, the plasma cells are housed inside a copper box (see �gure 3.3). The box
consists of two parts, clearly visible in �gure 3.3(a). The largest part is the back part
of the box, which encloses the cell on �ve sides. In �gure 3.4 the box is schematically
displayed, viewed from two sides. In the �gure the dimensions are given which will be used
for calculations of the heat losses in the next chapter.

The front part or front plate is connected to the �ange of the vacuum vessel and encloses
the sixth side of the cell. This holds that when the vacuum vessel is closed, the front part
of the box will close the copper box. All connections from outside the setup to the plasma
cells are made through the front plate. Only the thermistor connections for the back part
of the box go through the side of the vacuum vessel (by a D-sub vacuum connector). The
connections through the front plate are the gas pipes, thermistor feed-throughs (D-sub
vacuum connectors), an optical �bre feed-through to conduct the light from the quartz rod
to the �ange of the vacuum vessel and power feed-throughs (MIL-C-26482).

The walls of the box are 0.5 cm thick. On the outside of these walls other copper
plates are attached which have channels inside. Water can �ow through these channels.
The channels are visibly shown in �gure 3.3(b). This �gure also shows the copper plate
that separates the box into two equal smaller boxes. Each of them will house a plasma cell
when the setup is operated. The separating plate does not contain water channels.
The box can be heated by pumping heated water through its channels. The water �ow
system consists of three sub-systems, which can be operated separately. Two sub-systems
are responsible for heating the two sides of the back part of the box. The third sub-system
heats the front plate.

The front part of the box has three thermistors inside the copper to measure its tem-
perature. Each of the two other parts of the box has three thermistors as well positioned
at the side, water inlet and water outlet. The box can be heated by pumping heated water
through its channels. The heating and pumping system for the box is placed outside the
setup and consists of water baths, containing a small water pump and a heating unit. This
pump is able to pump the water through the channels of the front plate.
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(a) (b)

Figure 3.3: Schematic impression of the copper box in the experimental setup (a), only half of the
vacuum vessel is shown and the box is cut to see clearly the wall that separates the two di�erent
parts the two cells. �gure (b) is a close up of the box in which the back plate is not shown. The
water channels are now visible.

Compared to the front plate, the back part of the box has a larger area. It contains longer
water channels consisting of more ducts. This will increase the resistance of these channels.
A more powerful water pump (central heating pump) is installed in series with the small
water pumps in the water baths to deliver the necessary pump power.

The power into the heating unit in the water baths can be externally controlled. Details
on this system are given in section 3.4.

To minimise the heat losses to the outer vacuum vessel, the back part of the box is
insulated with aluminium foil.

3.2 Gas Flow System

An important part of the setup is the gas tubing and their connections. Next to the fact
that this system needs to be very �exible for operation with di�erent gases, it also needs
to secure the purity of the used gases when they enter the plasma cell.
For the above reasons, the system is designed as shown in �gure 3.5. A manual for proper
operation of the system has been written (see appendix C). Connections for di�erent gas
mixtures are present in the system. The pressure in the plasma is controlled by a control
valve (Pfei�er EVR 116) and control unit together with a capacitive pressure meter (Pfeif-
fer CMR 363). The gas �ow is controlled by a 0 - 10 sccm1 �ow controller (Bronkhorst
F200-CV). As there will be a pressure loss over the tubes and cell, the pressure at the
vacuum pump will not be the same as the pressure at the �ow controller. To investigate
this loss, several measurements have been done with two capacitive pressure meters at
di�erent positions. One is placed at the entrance of a cell and the second is placed near
the entrance of the vacuum pump.
The results of this measurement are displayed in �gure 3.6. As almost all measurements

1The gas �ow will be given in sccm which stands for standard cubic centimeters per minute.
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Figure 3.4: Side and front view of the box. The left �gure gives the main parts responsible for
heat conduction through the front plate. The dimensions are used for calculation of heat losses by
radiation.

have been done with the pressure meter near the pressure control valve, we can assume
that the pressure in the cell itself was around 1.5 mbar (with a �ow of 1.00 sccm and a
pressure of 1.0 mbar near the control valve). At a �ow rate of 1.00 sccm it is impossible,
with the current setup and pressure control valve, to maintain a pressure below 1.1 mbar
in the cell.

The �ow controllers are calibrated on a 95.00% argon + 5.00% hydrogen mixture. The
read-out of the gas �ow rate is in units sccm of this mixture. If other gasses than this
mixture are used, the �ow rate has to be multiplied by a conversion factor C in order to
get the real �ow rate (at an input pressure of 2.0 bar) leading to the equation:

Flowgas = C · Flowmixture =
Cgas

Cmixture
Flowmixture, (3.1)

where Cmixture can be calculated with the following formula:

1
Cmixture

=
∑ Vi

Ci
, (3.2)

where Vi and Ci are the volumetric part of the gas and the conversion factor of the gas
in the mixture, respectively. Combining the two formulas above leads to a total conver-
sion factor for hydrogen, Ar/H2(3%), He/H2(5%), argon, neon and xenon of 0.735, 1.007,
1.006, 1.019, 1.027 and 1.005, respectively [45]. When mixing two gasses, the conversion
procedure is necessary to get the right gas-mixture ratio. The optimum input pressure for
the �ow controllers is 2.0 bar. In all measurements, the output pressure of the gas bottles
(and therefore the input pressure of the controllers) is sustained at this pressure using a
reducing valve. The Ar/H2(3%) and He/H2(5%) mixtures are pre-mixed with a purity of
99.5% and 99.999%, respectively. This limits the possibility of investigating the e�ect of
di�erent noble gas/hydrogen mixing rates but enables us to keep a low pressure and low
gas �ow (and therefore a low refreshing rate).

Before operation, the gas tubes are heated up to 180 oC for 48 hours (under vacuum
conditions) to make sure there is no water on the tube walls and connections anymore. This
has to be repeated regularly to secure the cleanliness of the system during an experiment.

35



CHAPTER 3 EQUIPMENT AND SETUP

Plasma cell 1

Ar/H
2

He/H H Xe

Ne Ar

2 2

Pressure

control valve

Flow control

valve

Vacuum vessel

A
1 A

2

B

C

Turbo

pump

Plasma cell 2

A
1

A
2

B

C

Flow control

valve

Box

Primary

pump

Primary

pump

Pressure

control valve

Turbo

pump

D

E

D

Pressure

meter

Pressure

meter

Pressure

meter

Primary

pump

Turbo

pump

Figure 3.5: Complete gas �ow system of the setup used in the experiments. The pressure meters
are displayed between the cells and the �ow control valve. However, in most of the experiments the
pressure meter placed between the cell and the pressure control valve. The valves are numbered,
this numbering is used in the manual for the use of the gas system. This manual is presented in
appendix C.
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Figure 3.6: Pressure loss between the entrance of the cell and the outlet of the cell.

3.3 Electrical System

Figure 3.7 gives a schematic representation of the electrical power schema. Two Xantrex
DC power sources are used to supply the DC power to a plasma or resistor. For each cell
two Agilent digital multimeters are used to measure the current through and voltage over
the plasma. The voltage is measured close to the cell. The measured current, however, is
not the current through the plasma, as a part of the current will �ow through the voltmeter.
For a 10 W plasma in the setup the voltage is typical 200 V and the current 0.05 A. This
means that the resistance of the plasma is 4 kΩ. The internal resistance of the voltmeter is
10 MΩ±1%. The current passing through the voltmeter is, therefore, about 2·10−5 A. The
corrected value of the plasma current and power is 0.04998 A and 9.996 W. Note that the
current of both cells is measured in the same way. The correction for the plasma current is
the same for both sides when the resistance of both plasmas is equal. The presented data
of the experiments is corrected for this whenever this resistance di�ers signi�cantly.

3.4 Data Acquisition and Control

The data acquisition and control part of the setup consist of di�erent elements. Figure 3.8
shows the physical part of the acquisition system.
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Figure 3.7: Electrical scheme of the setup. For each cell the system is equal. The cells are
electrically connected by the cell holders and support structure. The vacuum vessel is grounded.
A ballast resistor of 1.0 kΩ is set in series with the plasma to stabilise the system. Besides the
voltage and current meters drawn the Xantrex power source will also measure the current and
voltage. If a heating resistor is used, it will take the place of the resistor representing the plasma.
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Figure 3.8: Schematic representation of the cable and connections concerning the calorimeter. All
cables will go through one connecting box called the patch box. In this box all thermistor cables will
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voltage and current meters will be connected to one MIL-C connector. For the connections of the
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The acquisition is done by two TUeDACS microgiant systems together with multiplex-
ers, displayed on the left side in the �gure. On the right side, the connections through
the �ange of the vacuum vessel and front plate of the copper box are shown. Between
the vacuum vessel and the microgiants, all signals go through a box called the patch-box.
The main purpose of this box is the conversion from three D-sub vacuum connectors to
BNC connectors (for the thermistors) as well as from the MIL-C connector to single cable
connections (for the power cables). A third conversion in the patch-box is from BNC to
DIN for the signals to the three water baths.

The next sections will discuss the main parts of the acquisition and control system in
more detail.

Microgiants

A TUeDACS system [46] is used for the acquisition of the temperature data. This system
consists of two microgiants which have their own multiplexers. The multiplexers are needed
to divide the two ADCs, present in each microgiant, in eight separate channels so that in
total 32 sensors can be connected to the system. Both ADCs can be read out simulta-
neously. Next to the ADCs, each microgiant has two pulse width modulation controllers
(PWM) that are used to control the heaters in the water baths. The heaters can only be
turned on or o�. With a PWM signal the time that the heater is on, during a speci�c time
interval, can be controlled. This way it is possible to control the temperature of the water.

Control Program

For the acquisition of the data a program has been developed in LabVIEW. This program
controls the main part of the setup and records all data. The most important data that
are recorded are the temperatures of the cells and box and the current and voltage char-
acteristics of the plasmas. The parameters that are controlled and set by the program are
the power that goes into the plasma cell and the duty cycles of the heater in the water
baths. A very schematic overview of the program is shown in �gure 3.9.

The program consists of di�erent phases. First the initialisation of the power supplies,
multimeters and TUeDACS microgiants take place. When necessary, starting values are
set to start an experiment before a measurement will be done. The obtained measured
values are processed in the program to derive new setpoints for the current in the plasmas
and the PWM values for heating of the copper box. These values are sent to the power
supplies and TUeDACS system. All temperatures, currents, voltages, PWM settings and
calculated values are stored in a �le on the PC and displayed in graphs on the screen. To
minimise errors the current and voltage are measured four times in a row and averaged
before being processed in the program.

Each thermistor is sampled 10 times and an average value is calculated. For one cell
this leads to four di�erent temperature values (from the four di�erent thermistors positions
on the cell). These four values are averaged to one average temperature value for the whole
cell. The same holds for the three di�erent parts of the box. Each cycle of measuring,
calculating, setting and store/display lasts approximately 1.5 seconds. The thermistors are
discussed in more detail in the next section.
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Figure 3.9: Schematic diagram of the LabVIEW program developed for the calorimeter. Vtotal and
Vcell are the voltages measured by the power supply, and by the Agilent (over the plasma cell)
respectively. As the plasma cell and ballast resistor are placed in series with each other, Vtotal is
the voltage over both. Itotal is the current through the system.

Di�erent operation modes of the calorimeter are possible. The typical experiment for
this calorimeter is already de�ned in the introduction of this section and is schematically
shown in �gure 3.10 . Here cell 2 is heated with a �xed power input while cell 1 is set
to follow the temperature pro�le of cell 2. The temperature value is processed through
a low pass �lter to a PID controller which will calculate the next input power for cell 1.
The change in input power is limited by a rate limiter. The rate limiter is implemented
to correct for wrong temperature values. The input power can therefore not change more
then a certain value ∆P per time step.

The input value for the duty cycle of the heaters in the water baths is limited between
zero and one. The PID control parameters are experimentally determined and are stored
in the program.

It is possible to operate each cell and part of the box separately. They can all be set
to follow an user programmed temperature pro�le which can be adjusted during an exper-
iment. Next to this the setup can be controlled on a �xed constant temperature. These
operation modes are used to determine heat losses to the ambient, and other characteristics
of the setup (see chapter 4).

Thermistors

The temperature values are obtained by Omega linear response thermistors 44018. In total
there are 17 thermistors installed in the setup (four on each cell, three on both sides of the
box and three on the front part of the box). The next equation [47] describes the idealised
behaviour of each thermistor:

Vout = −0.0053483VinT + 0.86507Vin (3.3)
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Figure 3.10: Algorithm for calculating the current and power during a typical experiment. Cell 2
has a �xed power input. Cell 1 and all parts of the box are controlled in such a way that they will
follow the temperature pro�le of cell 2. All temperature values are processed through a low pass
�lter (LPF) before a PID controller will calculate the next output. The cell has a rate limiter with
which the maximum power change per time unit can be set. The PWM value for the heating unit
of the water baths will be controlled between zero and one before being send to the water baths.

where Vin is a constant voltage supply delivered by the Microgiants of approximately
1.235 V and Vout the measured voltage. The integrated voltage supplies and ADCs have
are temperature dependent. For this reason, to minimise the error due to temperature
di�erences, the Microgiants are never turned o�. Each thermistor has its own voltage
supply for which the voltage is stored in a data �le used for the conversion from voltage
to temperature.

If one of the thermistors gives a wrong value (due to a short circuit or due to in�uence
of the electrical system), the average temperature will be in�uenced. To prevent major
�uctuations in the average temperature an algorithm is developed working in the following
way:

Taverage,initial = average(T0...T3)

delete all clearly wrong values

if more than two good values are left

then calculate initial average temperature

for i
if|Ti − Taverage,initial| > ∆Tmax

then Gi = 2− |Ti−Taverage|
user defined value

if Gi < 0
then Gi = 0

else Gi = 1
Taverage =

∑
GiTi∑
Gi

else Taverage = Taverage,initial
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Figure 3.11: Optical design of the DEMON with the following components displayed; 1: entrance
slit, 2: o�-axis parabolic mirrors, 3: prism, 4: mirror and motorised slit, 5: Echelle grating and 6:
CCD line-array detector.

where Ti is the averaged thermistor value, Gi a weight-factor, and ∆Tmax a user de�ned
value. In the experiments a value of 0.6 oC is used for ∆Tmax. This means that if an
average thermistor value has a deviation of more than 1.2 oC this value will be excluded
from the calculation of the average temperature. Usually the readings for a typical experi-
ment are in the range of ±0.2 oC from the average temperature of all thermistors concerned.

This algorithm is tested and used in the experiments. All temperature values are stored
in a log �le as a back up if the algorithm somehow returns a wrong value. Until now it
gave always a correct value.

3.5 Spectrometer

3.5.1 High Resolution Spectrometer (DEMON)

The light emitted by the plasma in the plasma cells is led by an optical �ber to the en-
trance slit of a double echelle monochromator, abbreviated to DEMON [48]. The DEMON,
shown in �gure 3.11, consists of a high-resolution CCD echelle spectrometer in sequence
with a prism monochromator which is used for the selection of the inspection range. For
this purpose the width of the prism monochromator exit slit, which serves also as entrance
slit of the echelle spectrometer, is adjustable.
The prism and echelle grating are both arranged in a Littrow mounting and use the high
imaging quality of parabolic mirror optics. To record the two dimensional spectrum, an
Andor DV434 CCD is used. The 1024 x 1024 array has square pixels of 13 x 13 µm size.
Thermoelectric cooling up to -58 oC leads to a negligible dark current.

The FWHM of the DEMON is speci�ed to be 9.9 pm at 656 nm and 6.1 at a wavelength
of 486 nm. To �nd the contribution of the instrument to the broadening near the Balmer
α line an argon line at 696 nm is used. For the measurement of this line an argon plasma
is made at low pressure (p = 1.0 mbar) at 10 W input power. Argon is chosen for its
relatively high mass number which suppresses Doppler broadening as can be appreciated
from equation 2.35. Results of the instrumental pro�le are given in 3.12.
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Figure 3.12: Instrumental pro�le of the DEMON spectrometer. The data is obtained on the argon
696 nm line and �tted with a Voigt pro�le.

The line is �tted with a Voigtian pro�le using Origin. The Voigtian pro�le is a
convolution of a Gauss and a Lorentz pro�le. From the half widths it can be concluded
that the major contribution is the Gauss part.

3.6 Strontium

Strontium is used in our experiments as catalyst for the RT process. This part discusses
the properties of strontium. Strontium has a melting point of 1050 K and a boiling point
of 1655 K. It is softer than calcium and decomposes in water more vigorously. It does
not absorb nitrogen below 650 K and should be kept away from oxygen. When exposed
to oxygen, the metal rapidly turns from a yellow-goldish appearance to a silvery one after
which it will turn black. Eventually it will turn into a white powder. The change in color is
experimentally determined. Note that the color changes observed di�er from the available
data [49], where strontium is said to have a silvery appearance and turns into a yellowish
color with the formation of the oxide.

In the experiments strontium produced by Aldrich Chemical Company is used with a
purity of 99.9%.

3.6.1 Electronic Work Function

The electronic work function is the energy di�erence between an electron at rest at in�nity
and an electron at the Fermi level in the interior of a substance. It is thus the minimum
of energy (or work) required to withdraw an electron completely from a solid to a point
just outside the surface. The electrons are released from the metal when the energy of the
photon colliding with the metal is higher than the work function. This e�ect is known as
the photo electric e�ect. Strontium has a work function of 2.59 eV. The maximum amount
of kinetic energy of the electrons released from the metal is given by

1
2
mev

2 = hν − φ, (3.4)
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with φ the work function and ν the frequency of the photons hitting the surface. This fre-
quency must be higher than a threshold frequency, φh , before the photo electric e�ect occurs.

The work function depends on the condition of the surface. The presence of minute
amounts of contamination (less than a mono layer of atoms or molecules) or the occurrence
of reactions like oxidation can change the work function substantially. These changes are
a result of the formation of electric dipoles at the surface, which will change the energy an
electron needs to leave the surface. This means the strontium used in experiments should
be as pure and clean as possible.

3.6.2 Chemical Reactions Containing Strontium

Strontium is a metal of the Group 2 elements of the periodic table. As all other elements
from this group strontium will burn in oxygen to form a metal oxide. In this section the
exothermic reactions will be investigated to conclude if they can explain any excess energy
found in the experiments.

Sr(s) +H2O(g)→ SrO(s) +H2 ∆H = −592.0 kJ/mol. (3.5)

Strontium reacts with water to strontium hydroxide and hydrogen gas:

Sr(s) + 2H2O(l)→ Sr(OH)2(s) +H2(g) ∆H = −959.0 kJ/mol. (3.6)

The reaction of strontium with air is complicated by the fact that it reacts with nitrogen
to form a nitride. At the same time it will react with oxygen to form the oxide. The reac-
tion with nitrogen will only take place when the temperature of the nitrogen is above 650 K.

In experiments an amount of approximately 3 gr of strontium is used. If all of the
strontium forms a hydroxide, a total amount of energy of 16 kJ will be released. This
would account for a constant excess power of 0.6 W (when a typical experiment of 8 hours
is considered).

3.6.3 RT Mechanism for Strontium

The �rst through the �fth ionisation energies of strontium are 5.69, 11.03, 42.89, 57 and
71.6 eV respectively [49]. The ionisation reaction of Sr+ to Sr3+ has a net enthalpy of
reaction of 53.9 eV, which is about two times 27.2 eV. According to the catalyst criterion,
discussed in section 1.1.2, the Sr+-ion can serve as a catalyst with m = 2 :

Sr+ +H[
1
p

] + 53.9 eV → Sr3+ + 2e− +H[
1

(p+ 2)
] + [(p+ 2)2 − p2] · 13.6 eV, (3.7)

Sr3+ + 2e− → Sr+ + 53.9 eV, (3.8)

and the overall reaction is

H[
1
p

]→ H[
1

p+ 2
] + [(p+ 2)2 − p2] · 13.6 eV. (3.9)

Next to this resonant transfer reaction, with strontium in the �rst ionised state as a catalyst,
there is also a second reaction involving strontium. The ionisation reaction of atomic
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Figure 3.13: Spectrum obtained during the evaporating of water from the walls of the cell. The
cell is heated up to 115 oC for several days while being �ushed with argon at 10 sccm. The OH
molecular band around 300 nm clearly decreases in intensity, while the intensity of the argon lines
stays constant.

strontium to Sr5+has a net enthalpy of reaction of 188.2 eV, which is equivalent to m = 7:

Sr +H[
1
p

] + 188.2 eV → Sr5+ + 5e− +H[
1

(p+ 7)
] + [(p+ 7)2 − p2] · 13.6 eV, (3.10)

Sr5+ + 5e− → Sr + 188.2 eV, (3.11)

and the overall reaction is

H[
1
p

]→ H[
1

p+ 7
] + [(p+ 7)2 − p2] · 13.6 eV. (3.12)

3.7 Preparations for an Experiment

Before an experiment can be run several preparations have to be made. All water contami-
nation on the walls of the cell needs to be outgassed. Therefore the plasma cell is heated in,
for example, an oven at 130 oC for at least �ve hours. Other methods used are covering the
cell with a heating ribbon to heat the cell up to 160 oC for several days or by heating the cell
up to 115 oC in the setup with a heating resistor or a plasma. Using optical spectroscopy
it is possible to observe if there is water present in the plasma cell (due to outgassing).
For this the OH molecular band around 300 nm is used. Figure 3.13 shows the decrease
of the intensity of the OH band. In these measurements the cells are heated above 100 oC
for the �rst time. The outgassing measurements lasted about one week while the cell is
continuously �ushed with an argon �ow of 10 sccm to transport the water out of the cell.
After such an experiment the cell is not to be opened outside an oxygen and water free area.

After the cell is cooled down, the strontium has to be placed inside the plasma cell. As
described in section 3.6 strontium oxidises rapidly when exposed to air. For this reason a
nitrogen glove box is used in which the strontium is loaded into the cell. The oxygen and
water concentrations both have to be less than 1 ppm for the strontium not to oxidise.
The procedure in which the glovebox is used is described in appendix B. Pictures of the
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(a) (b)

Figure 3.14: Pictures of strontium in the glove box. (a) The strontium on top in the glass tube
is clearly oxidised. (b) Strontium in the plasma cell on the stainless steel wall. The marks of
strontium deposited on the wall in earlier experiments are clearly visible.

strontium and the preparation in the glovebox are shown in �gure 3.14.

The cell is closed after the strontium is been placed inside. The valves on the cell are
closed and the cell is put into its place in the setup. Before the valves of the cell are opened
again, the gas �ow system is �ushed with Ar/H2 (3%) or He/H2 (5%) for several times to
make sure no oxygen can get into the cell.

After an experiment has been conducted the cells stay in the setup until they have
cooled down. This lasts for half a day (when the vacuum vessel is open) or over two
days (when the vacuum vessel is closed and evacuated). During this period the cell is
evacuated or �ushed with the gas mixture. When the cell is at room temperature, it is
pressurised up to 2 bar with the gas mixture after which it is disconnected from the setup
and opened inside a glove box. The strontium is taken out of the cell to check its condition.

Because of the sensitivity of the strontium the leak tightness of the cells must be checked
regularly.
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Chapter 4

Error Analysis

The input powers of two cells can only be compared if all experimental conditions are the
same for both cells. If the experimental conditions are not the same, the derived energy
input in the cells should be corrected for these di�erences. Therefore, it is important to
investigate the errors in all parameters that in�uence the �nal input power (or energy)
used to heat the cells.

In this chapter two types of errors will be discussed. First, the errors in the measure-
ments will be looked upon. These errors will introduce an overall error on the derived
average power input into the plasma cell. In other words, it will give an idea of the accu-
racy of the measurements and the control parameters of the calorimeter.

Secondly, the heat losses will be discussed. These losses are (assuming they are the
same on both sides of the calorimeter) only of interest in obtaining a value for the absolute
accuracy of the calorimeter.

The main goal of the experiments is to compare the power input into the two cells.
To test the accuracy of the calorimeter, reproducibility measurements are done. These
measurements result in a value for the reproducibility of observed average powers and
power di�erences.

4.1 Reading Errors

Accuracy of Power Measurement

Agilent multimeters will measure the burning voltage V of the plasma and the current I.
The maximum absolute error (in the used range) is 10−5 A and 0.01 V for the current and
voltage respectively.
For a 10 W plasma in the setup the voltage is typical 200 V and the current 0.05 A.
As the measured current includes the current through the plasma/resistor and the volt-
meter, a correction for the latter must be made. The internal resistance of the voltmeter is
10 MΩ ± 1%. If a correction is made for the current through the voltmeter, the calculated
power will be (10.00 ± 0.03) W.

To calculate the input in energy E in a certain time interval the power needs to be mul-
tiplied by this time interval. This interval is less than 2 seconds for the setup used. A time
stamp has an accuracy of 0.01 s, so in 2 seconds the energy input will be (20.0 ± 0.1) J.

47



CHAPTER 4 ERROR ANALYSIS

All energy inputs in the time intervals will be added together and divided by the total
experimental time (tn − t0) to obtain the average power Paverage.

The error in average power will be calculated using the following equation:

∆P = Paverage

n∑
i=1

∆V
V + ∆I

I + 2∆t
ti−ti−1

Etotal
+

2∆t
tn − t0

. (4.1)

The last term can be neglected as the total experimental time is a very large value
compared to the error in the time measurements. An error of ±0.007 W is obtained when
the errors above are used during an experiment lasting eight hours.

Accuracy of Power Di�erence

For the experiments of interest with the calorimeter the main interest is the relative accu-
racy between the two parts of the setup. To investigate the accuracy of the di�erence in
power, di�erences between the two parts of the setup need to be taken into account. The
main causes of di�erences between the two parts are di�erences in mass of the cell and the
accuracy of the temperature measurements.

Mass Di�erence

As the mass of a cell is coupled to the heat capacity, a di�erence in mass between the two
cells will lead to a di�erence in power. The mass of both cells is (10.08 ± 0.01) kg. If
the mass of the stainless steel cell holder is taken into account as well, the total mass is
(10.45 ± 0.01) kg. The maximum relative di�erence is therefore 0.2%. Note that this error
can be eliminated when an experiment is repeated several times as the mass of the cells
will not change.

Temperature Di�erence: Theoretical Approach

The main cause of a di�erence between the average powers of the two cells will be an error in
the temperature readings. The manufacturing tolerance of a thermistor is ±0.15 oC, within
a temperature range of 0 to 100 oC. Next to the manufacturing tolerance the thermistors
have a linearity deviation, depending on temperature, with a maximum of ±0.216 oC.
The temperature readings are corrected at all times for this deviation (see appendix A)
leaving a theoretical maximum error of ±0.15 oC. Within this interval the deviation from
the correct value can be

� Random; the deviation will be canceled out by averaging

� Temperature dependent ; the deviation will have di�erent values depending on tem-
perature

� Systematical ; the deviation will be constant, independent on temperature.

The largest di�erence in power between the two parts of the setup occurs when the deviation
is systematical. For this situation the power di�erence is calculated, when a temperature
di�erence of 0.3 oC between the two cells is considered.
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Figure 4.1: Relative error induced by the Microgiants' ADCs and the internal voltages in the
multiplexers plotted in time. The displayed curves are the result of many data points �ltered with
a Savitzky-Golay �lter of degree 2 and a span of 500 sample points.

If the cells both have the same heat capacity the relative di�erence in power will be given
by

∆P
P

=
∆T

(Tn − T0)
, (4.2)

with ∆T the di�erence between the temperature readings and (Tn − T0) the temperature
increase of the cells during the experiment. For an eight hour experiment, with 10 W
input power, the temperature increase is about 72 oC. Considering the 0.3 oC temperature
di�erence, this results in an absolute di�erence in power of 0.004 W. This is 0.4% power
di�erence.

Error in Temperature Introduced by Microgiants and Multiplexers

Inside each channel of the multiplexers, a constant voltage supply is installed. The voltage
of this voltage supply is used in the LabView program for the conversion from voltage to
temperature. The stability of this voltage supply over 24 hours is investigated, see �gure
4.1. In this �gure the measured value is plotted relative to the by the program used value
for each channel. The plotted lines are the results of many data points �ltered with a
Savitzky-Golay �lter of degree 2 with a span of 500 data points. After 10 hours all lines
decrease a bit to become constant again after 12 hours.

To see if this is a general trend, this measurement is repeated several times. This re-
sulted in only straight horizontal lines. Therefore, the decrease of the line after ten hours is
probably the result of some external in�uence by one of the many electrical systems close
to the Microgiants. Note that the data not only �uctuates by an instable voltage supply,
as well as the instability of the ADC in time. Each deviation from the in the program used
voltage leads to an error in temperature. This error is calculated for the channel which
has the largest and smallest deviation.

At t=5 hours, for channel 9 (error of +0.1%), it will result in a temperature value that
is 0.18 oC to high. For channel 18 (-0.04%), it will result in a temperature value that is
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Table 4.1: Relative deviation of the real voltages to the used voltages for the temperature calcu-
lations in the program. Column three gives the error in temperature resulting from this error.

Relative deviation of real
voltage values to the used

voltage values

Error in Temperature

Cell 1 1.00054 0.04
Cell 2 1.00023 0.1

Box Back Cell 1 1.00049 0.09
Box Back Cell 2 1.00010 0.02
Box Front Plate 1.00003 0.01

0.07 oC to low. Most channels have a voltage supply with a voltage higher than the used
value in the temperature calculating program. As the temperatures used to control the
power input are average temperatures, the temperature error of each part of the system is
calculated and displayed in table 4.1.

Combining the error in mass, temperature and Microgiants results in a total error of
0.8% of the input power. If a correction is made for the error by the Microgiants (as it is
a known error), a total error of 0.6% remains.

Temperature Di�erence: Experimental Approach

A di�erent approach to investigate the in�uence of a temperature di�erence is conducting
an experiment. The experiment is done in the following manner. Cell one is heated with a
constant power of 7.2 W. In the LabView program the power of the second cell is regulated
to follow the same temperature pro�le as the �rst cell with a di�erence of one degree. This
means the target temperature for cell 2 is equal to TCell1+1. The environment is controlled
on the same temperature as the �rst cell.

The results are displayed in �gure 4.2. In the bottom part of the graph the temperature
di�erence of the cells and box compared to the temperature of cell 1 are displayed. The
�rst 60 minutes of the test are not displayed in 4.2(b). The average extra power needed
for the second cell, to keep a steady one degree temperature di�erence to its environment,
from 60 minutes onwards is 0.15 ±0.01 W. This is approximately 2% of the power needed
for the �rst cell.

The results of the above described experiment can also be compared to an expected
theoretical value. During the experiment cell 1 and cell 2 had an increase in temperature
of 25.87 oC and 26.63 oC, respectively. In the experiment the average power needed for
cell 1 was 7.18 W, for cell 2 this value is 7.55 W (a di�erence of 0.37 W, which is 5.2% of
the input power of cell 1).
Theoretically the expected di�erence, using equation 4.2, would be 2.9% (which is 0.22 W
of the input power). The experimental value is almost twice as large as the theoretical
value. This di�erence can be explained when heat losses are taken into account. These
losses are present when there is a temperature di�erence between a cell and its environ-
ment. The experimental derived value is not corrected for any mass di�erences between
the cells.
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Figure 4.2: Results of a measurement with the calorimeter in which the power in cell 2 is controlled
in such a way that the temperature is one degree higher than the temperature of cell 1 (a). The
graph shows the temperature of the cells as well as the temperature di�erences of the box and cell
2 compared to cell 1 (bottom part). A close up is made of the part from 60 minutes to 160 minutes
(b).

From 60 minutes onwards the temperature rise in both cells is the same, therefore, the
power di�erence between both cells is equal to the heat loss to the environment. The di�er-
ence in average power between both cells (from 60 minutes onwards) is 0.15 W. Although
the heat losses will be of minor in�uence on an experiment, in which the box and cells have
the same temperature, an estimation has to be made. This will be done in section 4.3.

4.2 Temperature Distribution

During a time step of an experiment, the temperatures are measured 10 times after which
an average temperature is calculated. If each measurement has an error of ±0.15 oC, each
average will have a spread of ±0.05 oC (if all noise is statistical noise). As an example the
temperature measurement on four positions on both cells are displayed 4.3(a). When four
measurement series are combined to one average temperature, the theoretical value for the
error will reduce even more.
As can be concluded from 4.3(a), the temperature values are within 0.05 oC of the average
temperature at constant room temperature.

In a typical experiment the temperature will not be constant but increasing in time.
The thermistors are placed on di�erent positions on the cell and box. Depending on the
distance to the heat source some points on the cell will have a higher temperature than
other points. A typical experiment lasts eight hours in which the copper will be heated
from approximately 22 to 90 oC. This is a rise of less then 9 oC per hour at 10 W constant
input power. The slow temperature rise together with the short measurement time (ten
measurements in less then a second) will have a minor in�uence on the error for each mea-
surement position. However the deviation from the average overall copper temperature
will be larger at a rising temperature than at a constant temperature.

Heating by a resistor will have a di�erent temperature pro�le along the cell compared
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Figure 4.3: (a) Deviation from average temperature for both cells at constant room temperature.
Deviation from average temperature on a copper cell while heated by a resistor and a plasma (b).

to heating by a plasma. As the plasma will �ll (almost) the whole cell the heating source
distributes its heat over the inner part of the cell resulting in less temperature di�erences
on the outside of the copper.
Heating by a resistor is more locally in comparison to heating by a plasma. As the resistor
is closest to the front thermistor on the cell the temperature reading of this thermistor will
be higher than the readings on other positions. As copper has a high thermal conductivity
the heat will be distributed quickly resulting in only a small delay between heating of the
point closest to the source and furthest away from the source.

The �nite element package ALGOR is used to do simulations on the temperature dis-
tribution of the copper cell1. In the simulations the heat source is coupled to the back of
the cell, see �gure 4.4. The picture shows a part of the cell. As the cell is cylindrical sym-
metric, a rotation of this part would result in the whole cell. The temperature di�erence is
largest between the back and front of the cell. this temperature di�erence is about 0.4 oC
on the outside of the copper while the cell is heated with 10 W input power. The same
simulation is done for a cell made of stainless steel (not shown), resulting in a temperature
di�erence of 8 oC. Based on the results of these simulations the choice for a copper cell
was made.

Figure 4.3(b) shows data of an experiment in which the cell is heated and, therefore,
rises in temperature. Two heating modes are compared, plasma and ohmic heating. The
heating power is constant (10 W). At the beginning of the experiment the thermistor values
are within 0.1 oC. The environment is heated at the same rate as the cell.
As the front thermistor is positioned closest to the heating resistor it will have a tempera-
ture slightly higher than the average copper temperature. The next closest thermistors are
the one in the lid and center. The back thermistor is the furthest away from the heating
source. This deviation from the average temperature Teff is typical for an experiment in
the calorimeter while heating with a resistor.

Heating with a plasma has a di�erent spread in thermistor values. Usually the devia-
tion from the average temperature is less as compared to heating by a resistor. The reason

1The simulations are done by Patrick de Laat from the General Technical Department (GTD)
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Figure 4.4: Example of an obtained temperature distribution pro�le on the copper cell. The cell
is heated by 10 W input power coupled to the back of the cell.

for this is that the plasma will �ll the whole cell resulting in a more evenly distributed
heat transfer to the copper.

It is now possible to compare the simulations and the experiments. The di�erence in
the highest and lowest temperature on the outside of the cell is less than 0.4 oC in an
experiment. The same value is found in the simulations.

4.3 Heat Losses

A cell heated in a vacuum loses energy by radiation, conduction and convection to the
environment. The radiation loss will be between the cells, the cell holder and structure
and the box. The conduction will be between the cell and the �ange of the vacuum vessel.
Two types of convection will be present in this setup namely natural and forced convection.
Natural convection will occur between the cells and the environment as the cells are heated.
Forced convection is present due to a constant gas �ow through the cells. An estimation
has to be made for all losses and will be discussed below.

4.3.1 Radiation

The radiation of the plasma cells to its environment is minimised by keeping the tempera-
ture of the environment at the same value as the plasma cell. Radiation losses scale with
the di�erence between the fourth power of the temperatures. This makes radiation losses
temperature dependent. Equation 2.23 can be rewritten to a heat loss equation:

Ploss = Aεσ(T 4
cell − T 4

environment) (4.3)
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Figure 4.5: Results of heating of the cells up to 110 oC (a) by He/H2 plasma in cell 1 and resistor
with He/H2 �ow in cell 2. The environment is kept on a steady temperature of 37 oC. The heating
is done with di�erent temperature slopes which results in the power graphs as presented in (b). The
oscillation of the input power in cell 2 is due to oscillation in the readings of one of the thermistors.

The emissivity value of copper varies from 0.02 to 0.7 for polished and totally oxidized
copper respectively [49]. As the main parts of our plasma cell consist of copper and stain-
less steel we have to include the radiation of both. Stainless steel has an upper emissivity
value of 0.35 [49]. The plasma cell has an outer copper area of approximately 0.076 m2, if
the outer cylinder area would be fully made out of copper. The total area, including pipes
and valves has an upper estimated value of 0.085 m2.
The missing parameter for estimating the heat loss due to radiation is the emissivity, which
will be experimentally derived.

Before a measurement is conducted the cell is out-gassed to release all the water ab-
sorbed on the walls and trapped in small holes. Therefore, the cell is heated up to a
temperature above the boiling point of water (100 oC). This heating can be done inside
the setup by slowly heating the cell by a plasma or by a resistor with a constant gas �ow
present which will transfer the water molecules outside the system. The data of such a
measurement can be used for estimation of the heat loss by radiation and is presented in
�gure 4.5. Using the part from 400 minutes onwards the average power needed to keep the
cells at constant temperature is approximately the same for both cells. Using the following
equation we can make an average of the emissivity

Pinput = Ccell
dT

dt
+ Conduction+Aεσ(T 4

cell − T 4
environment). (4.4)

As the cell temperature is constant dT
dt = 0. If we contribute all loss to radiation at an

input power of 11.8 W the value for the of emissivity is 0.2. Conduction losses are not
included in the calculations. Note that the power needed to keep the cell at a constant
temperature is decreasing in time. This slope is due to the conduction of heat from the
cells to the environment which decreases at higher temperature. The mechanism behind
this will be discussed in the next section.

More accurate measurements (including conduction losses) have been done to verify
the emissivity value. In these experiments the temperature of the box and cells is kept
constant at di�erent temperatures. The results are displayed in table 4.2.
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Table 4.2: Measurements done to investigate the heat losses at temperature di�erences between
the cell and box. The measurements are done at constant temperatures. The necessary power
to keep the cell at a constant equal temperature as the box is regarded as a power loss due to
conduction. The input power in the other experiments is due to radiation and conduction. This
data is used to calculate the emissivity value.

TCell (oC) TBox (oC) Ploss (W) ε

Conduction 72 72 0.08 -
Conduction & Radiation 72 71 0.18 0.13
Conduction & Radiation 75 72 0.38 0.13

72 73 0 -
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Figure 4.6: Heat losses due to radiation for di�erent emissivity values at a cell area of 0.085 m2.
The temperature di�erence used is 1.0 oC.

First the contribution of conduction is derived from an experiment in which the both
the box and cells are kept at the same constant temperature. The input power for the cell
necessary is 0.08 W at a constant temperature of 72 oC. This value is considered to be
constant for temperature values close to 72 oC. 2

The conduction loss can now be substracted from the total loss value leaving only the heat
loss by radiation. Using the radiation loss the emissivity value can be calculated. The heat
loss due to radiation will now be estimated. Figure 4.6 shows the theoretical heat loss to
the environment at a temperature di�erence of 1 oC between the cell and environment for
a temperature interval of 295 K to 370 K.

In an experiment the temperature di�erence between the box and the cell is within
0.3 oC which leads to a maximum heat loss of 0.04 W at a temperature of 80 oC and an
emissivity of 0.15.

2This is not a real loss to the environment outside the box. The heat will be transferred to the cell
holder and support structure, which have a lower temperature value than the cells. This will be discussed
in section 4.3.2.
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Figure 4.7: A close up of the cell with holder, structure and valves is shown. The marks indicate
the spots where temperature measurements are done.

4.3.2 Conduction

As the copper cell has connections with the outer vacuum vessel (through the front plate),
there will be heat losses due to conduction between the copper cells and the stainless steel
connections. This loss will be minimised by the fact that all connections are in thermal
contact with the heated front plate of the box.

Conduction is proportional with the area through which the heat �ows. To minimise
this heat loss, the cell is designed in such a way, that it has a minimum amount of con-
nections with the holder that holds the cell in its place in the setup. The cell is connected
to the holder by four thin stainless steel wires, with a diameter of 1 mm. Next to the
wires the cell is connected to the environment by two stainless steel gas tubes which have
a combined conduction area of 31.4 mm2.

The heat losses of the cells to the environment by conduction is investigated in two
ways, by experiments and by simulations. The experiments are done by placing the ther-
mistors on the cell holders and valves as shown in �gure 4.7.

The simulations are done with LabView. The model used is shown in �gure 4.8 . The
conduction losses from the cell and front plate to the holder, structure and valves are
shown as well as conduction from the front plate and cell to the valves. the radiation
transport from the cell and front plate to the holder and structure. The model has several
limitations.

� The two valves are considered as one heat sink

� The radiation loss is drawn for the front plate, however in the model it is considered
to be the radiation loss by the whole box

� In reality the cell structure has four connections, on di�erent positions, with the cell
holder

� Radiation between the structure, holder and valves is not taken into account

� Losses due to a gas �ow through the gas tubes are not taken into account
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Radiation
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Valves
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Figure 4.8: Heat �ow model used in the simulations. The cell is heated at a constant input power
and will lose its heat by radiation to the holder, structure and valves, and by conduction to the
holder and valves. The front plate is maintained at cell temperature and loses its heat by radiation
to the holder, structure and valves, and conduction to the structure and valves. As the front plate
and cell are having the same temperature there will be no radiation loss from the cell to the front
plate.

� Conduction losses through the electrical wires, thermistor connections and optical
�bre connection are not taken into account

Figure 4.9 shows both the results of the experiments as the results of the simulation. In the
experiment the temperature di�erence between the cells and holder, and cells and valves is
investigated. The cell holders, support structures and valves clearly cannot keep up with
the temperature rise of the cells in the beginning. After a certain time the di�erences
between the temperature of the structure and the cell (and box) is almost constant, inde-
pendent on position. In other words, there is a delay between the temperature rise of the
cells and the physically attached surrounding structure. It is also clear that the cell loses
heat by conduction as the temperature on the wire close to the cell is higher (point E) as
further away from it (point F). The same holds for the conduction through the gas tubes.
The reason for the delay in heating of the structure is found in the design of the setup. The
cells are designed deliberately to have minimum heat losses to ambient. For conduction
this is done by reducing the area of conduction by holding the cell by thin wires. Also, the
cell is in a vacuum environment which reduces the conduction by air. For these reasons the
heating of the structure and holder will be slower in the beginning. As the temperature
di�erence between the box/cell and holder/structure will increase, radiation will be the
main heating source. At some point there will be a sort of equilibrium and the tempera-
ture di�erence between the structure and cell will remain constant (or slightly rise again).

The simulations show the same trend for the temperature di�erences. However, the
temperature di�erences between the holder and valves, and the cell decreases after some
time (t > 100 min). This decrease in temperature di�erence is due to the fact that radia-
tion is temperature dependent.
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Figure 4.9: Conduction from the cell through a wire to the cell holder and the conduction from
the cell through the valves (a). Simulation of the conduction and radiation to the structure and
holder (b).
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Figure 4.10: Conduction measurements done to see if there is any heat loss from the cell to the
outer vacuum vessel (a). The �gure shows the experimental derived heat �ows. The measurements
are done for two di�erent places on the cell support structure. The heat �ow in one of the wires is
also investigated (b).

The heat �ow in the structure is not a main focus of the simulation and experiments.
It is more important to investigate if there is a real heat loss by conduction through the
front plate or if there is only a delay in heating of the structure and holder. For this reason
the heat �ows close to the front plate are investigated.

To investigate the heat �ows, measurements have been done on several positions on the
structure and gas tubes. These positions are depicted in �gure 4.7. The results of these
measurements are presented in �gure 4.10(a).

There is a small heat �ow through the structure from position A to position B (as the
temperature on position A was about 0.6 oC higher than on position B). From position C
to D the heat �ow is a bit higher as the temperature di�erence is about 1.5 oC. A small
heat �ow is also present through the gas tubes and the valves as the temperature di�erence
over the valve is about 0.8 oC. In all instances the temperature of the support structure
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Figure 4.11: Simulation of the heat �ows in the setup. Displayed are the radiation from the cells
to the structure, holder and valves, the conduction to the valves and the conduction to the holder
through the thin wires and the conduction through the air. The conduction through the thin wires
is almost zero, see �gure 4.10(b).

is about 5 oC lower than the cell and box temperature. The distance between the two
measurement points is 1.5 cm.

The heat loss through conduction is (if present) not detected. The temperature of the
structure near the front plate is always higher than on a point further away from the front
plate. Therefore, heat always �ows from the front plate in the direction of the cells. The
point where there is an equilibrium in heat �ow from the cell towards front plate and vice
verse will be closer to the front plate than to the cell. This is as expected as the heat �ow
to the front plate via the cell holder and cell structure �rst needs to pass through the thin
wires (positions E to F) which hold the cell in its place. Figure 4.10(b) presents the heat
loss from a cell to the holder through one wire. For four wires the heat loss will be less
than 0.004 W.

As the heat �ow decreases in time and with rising temperature the cell will heat a
larger part of the cell support structure in time, but will not have a heat loss to the outer
vacuum vessel before an experiment is ended. The decreasing heat �ow can partly be ex-
plained by the increasing conductivity coe�cient with temperature. However this will just
be a minor correction as the temperature di�erence decreases from 0.83 to 0.55 oC (34%
decrease) while the conductivity increases from 0.150 to 0.159 W/cmK (4% increase) in
the same temperature interval. For conduction the product of both needs to be considered.

The main losses from the cell to its environment is by radiation to the cell structure,
holder and valves and by conduction to the valves. Figure 4.11 shows a simulation of the
heat �ows concerning the cell. Radiation scales with the fourth power of temperature,
in other words the radiation will increase with increasing temperatures (at a constant
temperature di�erence). In the simulation, the heat �ow through the air is constant after
some time. The heat �ow from the cell to the valves decreases in time as they are more
heated by radiation at higher temperatures than at lower temperatures.
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4.3.3 Convection and Gas Conduction

Two modes of convection need to be investigated to make an estimation of the total heat
loss due to convection. The �rst mode is natural convection by heating the air present
between the cells and the environment. The second mode is forced convection by the gas
pumping system.

Natural Convection and Conduction

The use of dimensionless numbers is a convenient tool to make an estimation of the heat loss
due to convection of air between the cells, support structure and box. The dimensionless
number associated with convection of a gas or �uid is the Rayleigh number. This number
is de�ned as the product of the Prandtl number and Grashof number. The Prandtl number
gives the ratio of the viscous and thermal di�usion rate:

Pr =
cpµ

k
, (4.5)

with cp the speci�c heat, µ the viscosity and k the thermal conductivity. The Grashof
number is de�ned as the ratio of the buoyancy to the viscous force acting on a gas or �uid:

Gr =
gβ(Ts − Tenv)x3

ν2
, (4.6)

with g the acceleration due to the Earth's gravity, β the volumetric thermal expansion
coe�cient, (Ts − Tenv) the di�erence between the surface temperature and environment
temperature, x the characteristic length scale and ν the kinematic viscosity. Multiplication
of these two dimensionless number will give the Rayleigh number:

Ra = Gr · Pr. (4.7)

To calculate the Prandtl number the thermal conductivity must be known �rst. This
conductivity has di�erent values for di�erent temperatures and pressures. For air the
thermal conductivity, kair, between two plates is given by [50]

kair = kair,n
1

1 + 7.6·10−5

p d
T

, (4.8)

where kair,n is the thermal conductivity of air at room temperature and pressure (0.0284
W/mK), p is the pressure in Pa, d is the distance between the plates and T is the average
temperature of the plates in K. The distance between the cells and the surrounding box
varies from 0.12 m (between the cell and the front plate) to 0.03 m (between the cell and
the back plate), see �gure 3.4. On average the distance between the cell and surrounding
box is estimated to be 0.08 m. Figure 4.12 shows the thermal conductivity of air at low
pressures for the three distances mentioned above. An average temperature of 330 K is
chosen. Above 1 mbar the curve is �at. During an experiment there will be a maximum
pressure of 10−4 mbar between the cell and box giving a maximum value of thermal con-
ductivity of 10−3 W/mK which is about a factor 30 lower as the thermal conductivity at
normal conditions. With this number the Rayleigh number can be calculated at a pressure
of 10−4 mbar. As an upper temperature di�erence 7 oC and a distance of 0.08 m is chosen.
With these number a very low value for the Rayleigh number of < 10-13 is obtained. As this
value is well below the critical Rayleigh number of 1700 the convection can be neglected
(at low pressure and in the used temperature range).
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Figure 4.12: Theoretical thermal conductivity of air in the pressure range of 1 mbar to 10-6 mbar
at an average temperature of 330 K.

The heat loss due to conduction through the air to the plates can be estimated using
equation 2.21 with an estimated cylindrical area of 0.13 m2 (a cylinder with a radius of
7 cm and 20 cm length around the cell) at a distance of 3.0 cm to the environment. An
upper value of 0.02 W for the heat loss is estimated at a temperature di�erence of 7 oC.

Forced Convection

Forced convection is present in the setup due to the gas �ow through the cells. The gas
particles will be heated in the cell and transfer this heat outside the setup. An estimation
of this heat loss is made using upper estimated values. Using the ideal gas law the amount
of particles traveling through the system per second can be calculated:

n [mol] =
pV

RT
(4.9)

with V in m3/s. At typical experimental conditions the �ow is 1.0 sccm at a pressure of
1.0 mbar (100 Pa). At an input temperature of 295 K the amount of particles going into
the cell is equal to 4 · 10−8 mol/s. Using formula 2.18 with the speci�c heat capacity of for
example hydrogen3, 28.84 J/molK, gives a heat loss of 1.2 · 10−6 W/K. The gas tempera-
ture in plasmas can reach a high value, in the order of 1000 K. Assuming a temperature
di�erence of 5000 K and assuming all heat obtained by the particles is taken out of the
system, this will lead to a heat loss less than 3.0 · 10−3 W.

In reality the temperature di�erence will be less as the gas will �ow through the heated
front plate, tubes and lid of the cell. As the gas travels through these tubes at a low speed
(less than 0.1 m/s) the gas will be heated up to tube temperature before reaching the cell.
The tube and valve temperature is about 6 oC lower than the front plate and lid of the
cell. When the gas is transported our of the system the temperature di�erence is a lot
higher (when a plasma is used). Most heat is expected to be transferred to the copper lid
of the cell.
This makes the heat loss, when heating the cell by resistor, negligible. The heat loss by
heating with a plasma will be in the order of 10−3 W.

3Here hydrogen is chosen as it has the highest speci�c heat capacity of all used gasses, see Appendix D
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Figure 4.13: Speci�c heat capacity of copper versus temperature. The range of interest is high-
lighted and displayed on a larger scale as an inlay in the graph. Data is taken from [49].

4.3.4 Heat Capacity

The heat capacity of copper is not constant over the temperature range of interest as shown
in �gure 4.13 . The heat capacity of 10 kg copper will change from 3.85 to 4.00 kJ/K during
an experiment.

Next to the heat capacity of copper the heat capacity of stainless steel has to be
considered. The total heat capacity C of our system is given in a simpli�ed equation:

C = ccu(T ) ·mcu,cell + css(T ) ·mholder + css(T ) ·msupport,heated by cell (4.10)

with ccu, css the speci�c heat capacity of copper and stainless steel respectively which are
a function of temperature.

The contribution to the total heat capacity of all non copper or stainless steel parts
(such as the knobs on the valves, quartz rod, optical �ber) is neglected as they have a
relatively low mass. For simpli�cation the stainless steel parts of the valves and gas tubes
are included in msupport as they will have a delay in heating, just as the holder and struc-
ture. During heating of the whole system the heat capacity of copper will increase, as can
be concluded from �gure 4.13. As the support structure is positioned between two heat
sources there will be a certain position on this structure that is heated at the same rate from
both sides. This position is an equilibrium point as the heat �ows from both sides are equal.

As most experiments have been done at an input power of 10 W the average heat capac-
ity for both cells is calculated to be 4.04 ±0.04 kJ/K. The temperature range is 22 to 80 oC.

To see if the heat capacity is di�erent in a lower temperature range (22 to 55 oC) the
cells have been heated with a constant 5 W input power. The heat capacity obtained for
cell 1 and cell 2 are 4.01 and 4.00 kJ/K respectively. These values do not di�er signif-
icantly from the values obtained from a typical 10 W input power measurement over a
larger temperature range.
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4.3.5 Comparison of Heat Losses

If all possible heat losses are taken into account a total upper value of the heat loss can be
estimated. Table 4.3 gives a summary of all upper heat loss values at typical experimental
conditions (1.0 sccm �ow, 1.0 mbar, 10 W input power). Radiation to the environment
is by far the factor that causes the highest theoretical heat loss. This can be easily un-
derstood as it scales with the di�erence of temperature to the fourth power. Conduction
losses scale linearly with temperature di�erence and can be easily suppressed by decreasing
the area of conduction as is done by using thin steel wires to hold the cell in its place.

Bear in mind that the setup is a di�erential calorimeter consisting of two sides having
the same conduction and radiation losses to the environment. Only di�erences in heat
losses are important in this case (which are lower than the absolute values as presented
in table 4.3). If both cells would follow the same temperature pro�le, while one cell has
a heat loss of 0.1 W on 10 W input power, this would account for a 1% power di�erence
between the cells. This is still less than the expected excess power from the RT mechanism
which is 10 to 20%.

Table 4.3: Overview and estimated values for the heat losses present in the calorimeter setup.

Loss component Used temperature di�erence (oC) Ploss (W)

Radiation 0.3 < 0.05
Conduction cell to stainless steel holder 0

Conduction air 6 <0.01
Natural Convection 0
Forced Convection 1000 < 0.003

SUM < 0.07

In Figure 4.14 data is presented on a measurement in which the cell and box are kept
at the same constant temperature of 78 oC. The power needed for this is 0.11 W (average
power from 150 minutes onward). The biggest loss factor is radiation to the ambient valves
and support structure. The power needed to keep the cell at a constant temperature will
slowly decrease. From simulations it was noticed that the power needed to keep the cell at
a constant temperature will eventually decrease. The heating of the structure and holder
is a very slow process, therefore, this power decrease is not visible in this �gure.

4.4 Calibration and Reproducibility

The most simple mode to run the calorimeter is to heat each cell by ohmic heating with a
resistor. As no plasma is formed, no excess power is expected. For this reason this mode
is used to do calibration measurements on the setup. In this section these measurements
will be presented and discussed.

Figure 4.15 shows the results of such a calibration measurement. In this experiment
cell 2 and the copper box are controlled in such a way that its average temperature is
the same as the average temperature of cell 1. The measurement lasted seven hours in
which the average power of cell 2 is a bit less than the average power of the �rst cell. For
comparison of the average power of the two cells, the �rst 100 minutes are not taken into
account (as the temperatures were not the same in that period). The average power of cell
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Figure 4.14: Measurement of heat loss at a constant cell temperature. The cell and box are kept
on a constant temperature after they have been heated with a 10 W constant input power. G and
H are positions on the gas tube and valve respectively while C is positioned on the structure. The
power necessary to keep the cell at this temperature is displayed in the bottom of the graph.

1 and cell 2 are respectively 10.19 W and 10.14 W, which gives cell 2 a relative di�erence
of -0.47% to cell 1. Note that the box temperature is not equal to the cell temperature
but that the deviation is the same for both parts of the box.

Figure 4.4(b) gives an indication of the accuracy of the power controlling mechanism
of the setup. With the used equipment it is possible to let the two cells and the box follow
the same temperature pro�le within 0.1 oC. Note that the temperature di�erence between
the cells is lower than between the cells and the surrounding box.

The above described experiment is repeated several times, in which in all cases cell 2
needed around 0.5% less power as cell 1 to follow the same temperature pro�le. Results of
these experiments are displayed in table 4.4.

There are several explanations for this di�erence in power. The �rst lies in the heat-
ing of the front plate. The temperature of this plate is controlled to be the same as the
temperature of cell 1. As the hot water will �rst pass through the channels near cell 2, the
temperature of this part is expected to be a higher as the part near cell 1. The controlled
temperature is the average of these values. If the temperature of the environment of the
second cell is slightly higher compared to cell 1, the needed average power will be lower
for cell 2 (as it will partly be heated by radiation of the environment). The di�erence in
temperature between the two parts of the front plate is observed during experiments and
is about 0.2 oC.

The second explanation can be found in the mass di�erence of the cells. It is observed
that during the cooling down process of the cells, cell 2 will have a temperature of about
0.3 oC lower than cell 2. The power di�erence between the two cells, as can be concluded
from 4.4, is not constant at di�erent powers. However, the relative power di�erence is
constant at di�erent input powers. Both observations can be explained by a di�erence in
mass, and therefore heat capacity of the two cells.
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Figure 4.15: Results of a measurement in the calorimeter. Both cells are heated by a resistor while
being �ushed with a �ow of 1.0 sccm pure hydrogen, with a pressure of 1.5 mbar in the cell. Cell
1 is heated with a constant input power. Cell 2 follows the temperature pro�le of cell 1 while the
surrounding box is kept at the same temperature as the cells. Power and temperature versus time
are plotted in (a). The di�erence in temperatures are plotted in (b) while the voltages over the
two resistors are displayed in (c).

Table 4.4: Summary of the reproducibility measurements. The �rst cell is heated with a constant
input power the second cell follows the temperature pro�le of the �rst cell. This measurement
is repeated �ve times after. In experiment 6, cell 2 is heated with a constant input power ,and
cell 1 follows the temperature pro�le of cell 2. Experiment 7 and 8 are the same as the �rst �ve
experiments; the di�erence is the used input power.

# Mode Cell 1 Cell 2 relative di�erence

1 two resistors (Cell 2 follows Cell 1) 10.22 10.16 -0.58%
2 two resistors (Cell 2 follows Cell 1) 10.23 10.18 -0.45%
3 two resistors (Cell 2 follows Cell 1) 10.19 10.14 -0.47%
4 two resistors (Cell 2 follows Cell 1) 10.24 10.19 -0.44%
5 two resistors (Cell 2 follows Cell 1) 10.23 10.17 -0.58%
6 two resistors (Cell 1 follows Cell 2) 10.12 10.07 -0.47%
7 two resistors (Cell 2 follows Cell 1) 20.11 20.02 -0.45%
8 two resistors (Cell 2 follows Cell 1) 5.04 5.01 -0.59%
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A third explanation can be found in the di�erence in the used value and actual value
for the voltage supply. This di�erence will lead to a di�erence in calculated and real tem-
perature value.
The real temperature of cell 1 is about 0.05 oC higher than the surrounding box.
The real temperature of cell 2 is about 0.08 oC lower than the surrounding box.
This results in the fact that cell 1 will have a larger heat loss to the environment, resulting
in a higher power input relative to cell 2.

Assuming both cells have the same constant rising temperature, the di�erence in heat
capacity will be 0.5%. On a heat capacity of 4.04 kJ/K this is an absolute value of
0.02 kJ/K.
Note that it is more correct to address the power di�erence to a di�erence in heat capacity
than to a di�erence in mass. As it is not known if the di�erence in heat capacity is caused
by a di�erence in the amount of copper or stainless steel or other materials used. However,
if the cell was comprised of one material with for both cells an equal speci�c heat capacity,
the mass di�erence would be 0.05 kg.

4.5 Discussion and Conclusions

An estimation is made for the reproducibility, and absolute and relative accuracy of the
setup.

The error in the obtained value for the average power input into a cell is ±0.001 W.
This error is very small, which is as expected as the experimental time is long resulting in
many data points. Also, the errors in obtained voltage and current values are small.

The theoretical expected error in power di�erence between the two cells cells is 0.06 W
at 10 W input power. This value is calculated using the maximum di�erence in mass
and temperature of the cells. Heat losses to the environment resulting from temperature
di�erences are not included.

When an experiment is repeated, the average power is expected to be within 0.06 W of
the previous obtained value. This value represents the absolute reproducibility of the setup
and is obtained experimentally at 10 W input power (see table 4.4). This error includes
di�erences in experimental conditions between two experiments.

The reproducibility of relative power di�erence of an experiment is ±0.01 W. This value
is smaller than the value for absolute reproducibility. The reproducibility of relative power
di�erence gives an idea of the di�erential accuracy of the setup when measurements are
repeated.

Cell 2 needs about 0.5% less power, compared to cell 1, to follow the same temperature
pro�le. There are several possible reasons to explain this di�erence. It could be caused
by a di�erence in heat capacity (caused by a di�erence in mass) of the two cells. It could
also be a di�erence in box temperature on both sides and a di�erence caused to the use of
incorrect values to convert the measured voltages to temperatures. Most probably it is a
combination of all.
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Chapter 5

Experimental Results

In the experiments, a DC glow discharge is created. The used gases are mixtures of
hydrogen in argon, helium xenon and neon. Next to the mixed gases, pure hydrogen is
used. The discharges are studied with two methods: calorimetry and spectroscopy. First,
calorimetry experiments are discussed.

5.1 Calorimetry

In the past year, several calorimetric measurements have been done on plasmas containing
di�erent mixtures. The main results are presented here. Most experiments have been
conducted at a pressure of 1.5 mbar and gas �ow of 1.0 sccm. The experiments with the
He/H2 (5%) mixture are all done with a copper cathode (the wall of the cell), while for
the other mixtures, a stainless steel cathode is used. The reason why di�erent cathodes
are used will be explained later on.

An example of the results of such an experiment is presented in �gure 5.1. In this
experiment, one cell is heated with a RT plasma while the other cell is heated by means
of ohmic heating with a resistor. The input power at the beginning of an experiment is
not equal for both cells. This is due to the fact that the temperature of the two cells are
not equal at the beginning of the experiment. This can be seen in �gure 5.1(b). Cell 2
is approximately 0.1 oC warmer than cell 1, resulting in a lower input power. After one
hour, the cell temperatures are equal and the temperature of the box is within 0.1 oC of
the set temperature for the duration of the experiment. For this reason, in the further
presentation of the results, only one temperature will be displayed.

Table 5.1 gives an overview of the used gases and di�erent operating modes of the cells.
Most experiments have been done with an Ar/H2 (3%) mixture and are repeated several
times. As each experiment gives a lot of data, only some of them will be discussed. The
ones of most interest are the plasmas where, based on Mills theory and observations, excess
power is expected versus a reference control measurement.

5.1.1 Argon/Hydrogen with Strontium

Figure 5.2 shows the results of an experiment with a plasma containing hydrogen, argon
and strontium. Cell 1 contains the Ar/H2 plasma with strontium, while cell 2 is operated
with a pure argon plasma. Figure 5.2(a) gives the power and temperature of the two cells

67



CHAPTER 5 EXPERIMENTAL RESULTS

0 50 100 150 200 250 300 350
8.0

8.5

9.0

9.5

10.0

10.5

11.0

11.5

12.0

 P cell1
 P cell2
 T cell1
 T cell2

Time (min)

P
ow

er
 (

W
)

Cell1: He/H2 (5%) + Sr (Plasma)

Cell2: He/H2 (Resistor)

1.0 sccm; 1.5 mbar

20

30

40

50

60

70

80

90

T
em

pe
ra

tu
re

 (
O
C

)

(a)

0 5 10 15 20 25 30
-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

 

 

T
em

pe
ra

tu
re

 d
iff

er
en

ce
 to

 c
el

l 1
 (

O
C

)

Time (min)

 Cell 1
 Cell 2
 Back 1
 Back 2
 Front

(b)

Figure 5.1: Experiment with a He/H2 (5%) �ow of 1.0 sccm at 1.5 mbar. Cell 1 is operated with a
10 W plasma containing metallic strontium. The copper wall is used as cathode. Cell 2 is operated
with a heating resistor. The powers and temperatures of the cells are displayed in (a), while the
deviation in temperature for the �rst half hour is displayed in (b), for both the cells and the box.
The temperatures of cell 1 and 2 are equal during the experiment. Therefore, in (a) the data points
of 'T cell1' are not visible as they are equal to 'T cell2'.

Table 5.1: Overview of the experiments done with Ar, Ar/H2, pure H2, Ar/H2 + metallic Sr,
He/H2and He/H2 + metallic Sr. In all experiments the pressure used is 1.5 mbar at a �ow rate of
1.0 sccm.

# Cell 1 Cell 2 Cell 1
operating mode

Cell 2
operating mode

1 Ar Ar resistor resistor
2 Ar Ar plasma resistor
3 Ar/H2 Ar/H2 resistor resistor
4 Ar/H2 Ar/H2 plasma plasma
5 Ar/H2+ Sr Ar/H2 plasma resistor
6 Ar/H2+ Sr Ar/H2 plasma plasma
7 Ar/H2+ Sr H2 plasma plasma
8 Ar/H2+ Sr Ar plasma resistor
9 Ar/H2+ Sr Ar plasma plasma
10 Ar Ar/H2+ Sr plasma plasma
11 Ar/H2 Ar/H2+ Sr plasma plasma
12 He/H2 He/H2 plasma resistor
13 He/H2 He/H2 plasma resistor
14 He/H2+ Sr He/H2 plasma plasma
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Figure 5.2: Typical measurement graphs of power and temperature (a), and voltage and current
(b) of a calorimetry measurement in Ar/H2 with strontium (cell 1) vs. Ar (cell 2). Average power
input for cell 1 and 2 are 10.70 and 10.75 W, respectively.

versus time. Cell 1 is operated with a constant input power of 10.75 W. Cell 2 (and the
box) are set to follow the temperature pro�le of cell 1. The oscillation around 250 minutes
is caused by a temporarily defect in one of the thermistors which resulted in a lower tem-
perature reading and a small rise in input power.

The average input power for both cells can be calculated and compared. The average
power needed to keep cell 2 at the same temperature as cell 1 is 10.70 W which results in
a 0.38% di�erence in input power. Average powers are calculated from one hour onwards.
In the �rst hour, the powers of the cells are not stable as the temperatures of the cells
are not exactly the same at the start. If the average powers during the whole experiment
would be compared, the di�erence is 0.48%.

Figure 5.2(b) presents the results for the voltage and current measurements. When-
ever strontium is present in the discharge, the voltage will be approximately twice as low
compared to a plasma without strontium. The current will have the opposite trend, as
the power is constant. By doing optical spectroscopy it can be con�rmed that strontium
is present in the discharge. These results will be presented later on.

The strontium, when used in an experiment, always had a di�erent colour at the end
compared to its original goldish yellow colour. After conducting an experiment, the colour
changed to either black or silvery. Note that only a part of a strontium piece had a di�erent
colour. The part which was lying on the stainless steel liner still had the same colour as
when it was placed in the cell before an experiment. The change in colour does not depend
on the way a cell is operated (with resistor or plasma).

Discussion

No excess power is found in the experiments where the copper cell is heated with an Ar/H2

plasma containing strontium, compared to heating with a resistor or argon plasma. The
presence of strontium in the discharge is con�rmed by studying the current and voltage
characteristic. Strontium atoms increase the number of electrons as it has a low ionisation
energy of 5.7 eV. Therefore, some electrons have su�cient energy to create an extra free
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electron. Next to a low ionisation energy, strontium also has a low work function of 2.6 eV.
A low work function will give rise to more electrons, as they can be easily made free from
the metal. Through these processes, the electron �ow between the cathode and anode will
be increased. This will lead to a higher current (and as the power is constant, to a lower
voltage).

To make conclusive statements on excess power generation, the surface condition of
the strontium should not change in an experiment. When it changes, no excess power is
expected according to Mills and co-workers [51]. In our observations, the strontium always
had a di�erent colour after it has been in the plasma cell for a day. This is probably due
to oxidation of the strontium.

The oxidation can be a caused by a number of di�erent sources, such as:

� Impure nitrogen atmosphere in the glove box (containing oxygen)

� Usage of too low purity gases in the setup

� Leaks in the vacuum system of the setup

� Impurities due to heating (out-gassing of the absorbed water in the walls)

� Water, absorbed in small cavities in the cell

To secure the cleanliness of the strontium, several measures have been taken.

The �rst source of contamination is found in the used glove box. Although the appa-
ratus measuring the oxygen and water concentration displayed a value below 1 ppm, the
strontium still oxidises when exposed to the glove box atmosphere. This is only visible to
the eye when the strontium is left exposed to the atmosphere for more than an hour. As
the process to put strontium in the cell normally does not take longer than ten minutes,
this has not been noticed during the experiments with the argon hydrogen mixture. Only
when tests with the strontium in the glove box were performed it became clear that the
nitrogen atmosphere in the used glove box is not pure enough for our experiments. Ap-
pendix B describes the tests done with the strontium in the glove box.

The main conclusion of these tests is that the purity of the glove box atmosphere is
not high enough. A reason for this is that the glove box contains a basalt stone which
out-gases continuously. When a piece of strontium is put in a cell (inside the glove box)
for a day, the strontium will be (more) oxidised on the top, where it has the largest surface
area exposed to the nitrogen atmosphere.
For this reason, a di�erent glove box is used to test if it is possible to obtain better results.
This glove box had an argon atmosphere and contains no sources that could cause con-
taminations. When the strontium is left inside this glove box for over a day, the strontium
is not visibly oxidised.

All parts of the cell, which could contribute to contaminations and are not necessary
for operation are removed. A di�erent gas mixture is used in the other experiments, as it
is noticed that the used argon/hydrogen had a low purity (99.5%).
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Figure 5.3: (a) Voltage characteristic of a He/H2 (5%) plasma containing strontium (cell 1) versus
a He/H2 (5%) �ow with heating by a resistor (cell 2). The �ow and pressure are 1.0 sccm and 1.5
mbar respectively. (b) Quartz rod used to guide the light from the plasma cell to the optical �ber.
The side of the rod that is exposed to the plasma is covered with copper from the wall (cathode).

5.1.2 Helium/Hydrogen with Strontium

The experiments on the He/H2 (5%) + Sr are done with a copper cathode. For purity
reasons, the stainless steel liner is removed. To prevent oxidation of the strontium, the
used helium/hydrogen mixture has a purity of 99.999%. Before an experiment is done, the
cell is heated up to 180 oC to out-gas the water absorbed in the copper wall.

The power and temperature pro�le are already shown in �gure 5.1(a). Figure 5.3(a)
shows the corresponding voltage and current behaviour of the plasma (cell 1) and resistor
(cell 2). In the �rst two hours, the burning voltage is nearly constant. After this time, the
burning voltage of the plasma increases from 270 V to 325 V. The voltage characteristics
are the same for a He/H2 plasma with or without strontium.

When the cell is opened in the glove box after the experiments, the strontium surface
lost its original shiny appearance. However, the colour change is di�erent as observed after
an experiment with the stainless steel liner present in the cell. Figure 5.4 presents the
observation on the plasma cell after an experiment with strontium inside the plasma cell.
The glass tube around the gas outlet tube is covered with a thin layer of copper. The
copper deposition on the quartz rod is shown in �gure 5.3(b). As the inside of the cell is
covered by a copper layer, the strontium is covered with a copper layer as well (see �gure
5.4(b)).

Discussion

The calorimetric measurements on a He/H2 plasma with strontium, do not show any excess
power generation in comparison to a non RT plasma. However, the condition of the surface
of the metallic strontium changed during the experiments. The reason for this change in
surface condition is di�erent compared to the Ar/H2 case. As a copper cathode is used,
copper is deposited on all surfaces in the cell. This means that also the strontium pieces
are covered by a layer of copper. For this reason, no conclusion can be drawn on the excess
power claims by Mills.
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(a) (b)

Figure 5.4: Copper deposition on the glass tube around the gas outlet tube (a). The thin copper
layer is also visible on the quartz tube between the anode and the cell's �ange. Thin copper layer
on strontium pieces (b).

Table 5.2: Overview of the voltages in the DC glow discharges for di�erent gas mixtures. If no
remarks are given the experiment is done in standard conditions: 1.0 sccm gas �ow at 1.5 mbar,
stainless steel cathode at 10 W input power.

Gas Voltage (V) Remarks

Resistor 130 Independent of used gas
mixtures

H2 270
Ar 225

Ar/H2 (3%) 182
Ar/H2 (3%) + Sr 120

He/H2 (5%) 240 - 300 Cu cathode
He/H2 (5%) + Sr 240 - 300 Cu cathode
Xe/H2 (15%) 393
Ne/H2 (5%) 196 at 2.6 mbar

No di�erence in voltage is found between a He/H2 discharge and a He/H2 discharge
containing strontium. This is an indication that no strontium is present in the discharge.
However, this could not be con�rmed with certainty by spectroscopic measurements, as
the quartz rod responsible for guiding the light was covered by a layer of copper.

5.1.3 Other Gases

Neon/hydrogen and xenon/hydrogen mixtures are used for spectroscopic measurements
only. No calorimetry measurements are conducted with these gas mixtures. The same holds
for pure hydrogen. The spectroscopic measurements are presented in the next section. As
the same setup is used for calorimetric measurements and spectroscopic measurements, a
voltage and current pro�le is also obtained during spectroscopic measurements. Because
these pro�les for all gases have similar trends as presented above for the Ar/H2 and He/H2

cases, an overview of voltages will su�ce. Table 5.2 presents such an overview.
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Figure 5.5: Histogram of excess power obtained in heating processes with a none RT plasma or
resistor versus a RT plasma (with or without strontium). A distinction is made between the
reference cell and the cell containing the RT plasma. The excess displayed is the expected excess
power based on the cell containing the RT plasma.

5.1.4 Overview of Calorimetry Experiments

Many experiments have been done with the calorimeter. In not all of them excess power
is expected, for example if two resistors are used. Figure 5.5 shows a summary of all
experiments in which excess power is expected, based on the theory of Mills. The �gure
gives the excess power in percentage of the input power in the cell containing the ingredients
for a RT mechanism. The excess power found is, in all instances, within 0.8% of the input
power. The displayed percentages of excess power are not corrected for the fact that cell
2 uses about 0.5% less power to follow the same temperature pro�le as cell 1. The reason
that they are not corrected is the fact that not all of them are obtained by using the same
thermistors. The experiments are done in a time frame of half a year. During this time
some thermistors broke down and were replaced by new ones. The calibration shown in
chapter 4 is not repeated after each replacement.

5.1.5 Overall Discussion Calorimetric Measurements

No excess power is produced in the experiments, as the power needed to heat the copper
cell with a RT plasma is the same as the power needed for heating the copper cell with
a resistor or non RT plasma. However, the condition of the surface of the used strontium
always changed during an experiment. The of the strontium surface was mostly black after
an experiment. Many improvements have been made on the setup and on the process of
handling the strontium. In the latest experiments, the strontium does not oxidise as much
as before. The main di�erence is that it comes out the cell appearing less shiny.

The voltage and current characteristics of di�erent plasmas are investigated. When-
ever strontium is present in a discharge the current and voltage behaviour is di�erent in
comparison to a discharge without strontium.
This a �rst indication for the condition of the strontium surface. When strontium is cov-
ered with a thin layer of copper, the current and voltage will not be di�erent in comparison
to plasma without strontium, with the same gas mixture. However, copper itself is a metal
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with a low work function of 4.7 eV and a low ionisation energy of 7.7 eV. This will lead to
copper atoms present in the discharge. The fact that copper is deposited on the inside of
the cell is proof of the presence of copper in the discharge.
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5.2 Visible Spectroscopy

The spectroscopic measurements have two goals. First, it gives a possibility to see which
species are present in the plasma and if there are any contaminations (for example water
or nitrogen) in the plasma or leakages in the vacuum system. Secondly, it gives an oppor-
tunity to do spectroscopic measurements on the Balmer lines of hydrogen.
According to the theory and observations of Mills, no excessive broadening should be ob-
served if there is no catalyst present in the plasma. For this reason, di�erent gas mixtures
are used which should give rise to excessive broadening in the case of hydrogen mixed with
a catalyst.

To serve as a catalyst in the RT mechanism, the strontium should be in the Sr+ state.
Optical spectroscopy is done to observe if the Sr+ lines are present in the plasma.

A spectrum from 406 to 424 nm is obtained on an Ar/H2(3%) plasma containing stron-
tium metal. The lines are identi�ed using the NIST atomic spectra database [52] and
shown in �gure 5.6. Line emission corresponding to Sr+at 407.7 and 421.5 nm is observed.
Next to these intense lines, other emission lines of strontium are found in the discharge.Two
of the ionic strontium lines are �tted with a Voigt pro�le, see �gure 5.6(b).

(a)

407.72 407.76 421.52 421.56
0

2000

4000

6000
WG = 4.6 pm

WL  = 1.1 pm

WG = 4.4 pm

WL  = 1.1 pm

 

 

Wavelength (nm)

(b)

Figure 5.6: Visible spectrum (a) in the range of 406 - 424 nm of an Ar/H2 (3%) plasma containing
strontium. Line emission corresponding with Sr+ is observed at 407.7 and 421.5 nm. A close up,
�tted with a Voigt line pro�le, is shown in (b). WG and WL are the Gauss and Lorentz width
respectively.

The intensity of the strontium lines and the Balmer lines is studied in time, see �gure
5.7. The strontium peak at 655.05 nm belongs to atomic strontium. In time, the intensity
of this line will decrease. The same behaviour is observed for the intensity of the ionic
strontium lines at 407.7 nm and 421.5 nm. The intensity of the Balmer-α line, however,
increases in time.

As it has not been possible to keep the strontium in its original condition during an
experiment, the decrease in intensity is interpreted as a sign of oxidation of the strontium.
The decrease of the strontium peak is independent of the used glove box. According to
Mills and co-workers, it is normal for the Balmer-α line to increase in intensity during an
experiment. The intensity of the strontium lines should not change signi�cantly according
to their observations [51].
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Figure 5.7: Decrease of the atomic strontium line at 655.05 nm, and increase of the Balmer-α
line of hydrogen in a time interval from zero to �ve hours. As the data is obtained at di�erent
integration times the intensity is displayed in counts per second. The used gas mixture is Ar/H2

(3%), while the cell contained about three grams metallic strontium.

5.3 Line Broadening

In the glow discharges, the line pro�les of the Balmer-α and Balmer-β lines are recorded
and investigated. The main focus in this investigation is observing the presence of excessive
broadened wings of the Balmer lines.

In our measurements, the Balmer lines exist of two or three Gaussian pro�les. The
broad part is of our main interest, as there is no common agreement on the mechanism
that gives rise to the presence of fast hydrogen atoms in low pressure gas discharges. Figure
5.8 gives an example of a typical pro�le of the 626.25 nm line of hydrogen. To make the
broadest part visible, relatively long integration times are used. The three Doppler tem-
peratures are not corrected for any other broadening mechanism. Therefore, all presented
temperature values, especially the one of the coldest population, are an overestimation of
the actual value. The area under each of the three Gaussians relative to the total area is
considered to be a measure for the population of hydrogen with the speci�c energy. These
values are given in the top right corner in percentages.

For pure hydrogen and the argon/hydrogen mixture, the pressure dependency of the
di�erent hydrogen populations and temperatures is investigated. For the helium/hydrogen
mixture, the burning voltage dependency of the di�erent hydrogen populations and tem-
perature is investigated.

5.3.1 Excessive Broadening Balmer lines

The results of the Balmer-α and β pro�les, obtained in di�erent gas mixtures containing
hydrogen, are presented. All lines have been �tted with two or three Gaussian pro�les
from which an upper Doppler temperature has been derived.

The gases used are hydrogen premixed in argon and in helium with a hydrogen percent-
age of 3% and 5%, respectively. Besides these gases also hydrogen mixed with neon and
xenon are used. As are not premixed, it is not possible to obtain the same low hydrogen
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Figure 5.8: Example of a Balmer-α line pro�le obtained in a pure hydrogen glow discharge. The
bottom part is a close up of the top part in which the three Gaussians are displayed separately.

concentrations (while maintaining a low pressure) as in the used premixed gases. Lowering
the hydrogen concentration is only possible by using more of the non hydrogen gas. This
results in a higher pressure in the gas cell.

Excessive Broadening Balmer-α

The excessive broadening of the Balmer-α line is observed in all gas mixtures except in
Xe/H2, see �gure 5.9. However, the intensity of the Balmer-α line is very low in this mix-
ture. Even when a high integration time is used, the intensity is an order of magnitude
lower than in the other pro�les (obtained with lower integration times). For this reason,
the possibility of the excessively broadened wing being present, but at a too low intensity
to be observed, can not be excluded.

The Xe/H2 is not premixed, which gives the opportunity to use di�erent mix ratios.
The results of the Balmer-α line pro�les in Xe/H2 at di�erent mix ratios are presented in
�gure 5.10. As the volumetric part of hydrogen in the Xe/H2 mixture increases, the inten-
sity of the xenon ion line at 656.3 nm will decrease, and the total line pro�le of Balmer-α
will look more like the pure hydrogen lines. Measurements have been done for three dif-
ferent mix ratios with 16%, 21% and 78% of hydrogen, see �gure 5.10(a). The excessively
broadened wing appears more clearly at a higher hydrogen/xenon mix ratio. This can best
be seen in the close up in �gure 5.10(b).

As treated in the section on calorimetry experiments, metallic strontium is placed in
the plasma cell after which, in most cases, an Ar/H2 plasma is made. Figure 5.11(a) shows
the excessively broadened pro�le of Balmer-α, while the strontium line pro�le is not broad-
ened. The amount of broadening is not di�erent compared to an Ar/H2 mixture without
strontium. The burning voltage, however, is lower. The measurements with strontium are
done after the strontium is processed in an argon glove box. The nearby peak is a good
indication of the condition of the surface of the strontium pieces. This peak is not often
observed with strontium processed in the nitrogen glove box. Whenever it is observed, it
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Figure 5.9: Typical line pro�les for Balmer-α in (a) a He/H2 (5%) mixture with a copper cathode,
(b) pure hydrogen gas with a stainless steel cathode, (c) Ar/H2 (3%) mixture with a stainless steel
cathode, (b) Ne/H2 (10%) mixture with a stainless steel cathode, (d) Xe/H2 (14%) mixture with
a copper cathode and Ar/H2 (3%) mixture containing pieces of metallic strontium with a stainless
steel cathode. The input power of the plasma is 10 W for all used gases.
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Figure 5.10: normalised Balmer-α line pro�les in Xe/H2 mixture obtained at di�erent mix ratios
(a). A close up of the broad wing present in the mixture containing 78% hydrogen (b). The �ow
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Figure 5.11: Balmer-α pro�le in an Ar/H2 mixture containing metallic strontium. The hydrogen
pro�le is visibly excessively broadened while the 655.05 nm line of strontium is not broadened.
(b) Spectrum obtained in a He/H2 plasma on the 388.85 nm line of helium. The used �ow and
pressure are 1.0 sccm and 1.5 mbar, respectively. The used input power is 10 W for both obtained
spectra.

79



CHAPTER 5 EXPERIMENTAL RESULTS

Table 5.3: Comparison of the Doppler widths and populations of the Balmer-α and β line pro�les
in di�erent mixtures containing hydrogen.

Mixture Hα G1 Hα G2 Hα G3 Hβ G1 Hβ G2 Hβ G3

Ar/H2 (3%) < 0.2 eV
1%

� 25 eV
99%

< 0.2 eV
1%

� 31 eV
99%

Ar/H2 (3%) +
Sr

< 0.3 eV
2%

� 24 eV
98%

<0.3 eV
1%

� 26 eV
99%

He/H2 (5%) < 0.3 eV
23%

2.7 eV
9%

41 eV
68%

< 0.2 eV
28%

7.3 eV
20%

50 eV
52%

Ne/H2 (10%) < 0.3 eV
76%

4.6 eV
8%

73 eV
16%

< 0.2 eV
28%

4.1 eV
28%

71 eV
44%

Xe/H2 (16%) <0.3 eV
38%

1.8 eV
62%

� � � �

H2 < 0.3 eV
52%

3.5 eV
33%

50 eV
15%

< 0.2 eV
26%

1.6 eV
63%

57 eV
11%

always has a very low intensity that drops quickly in time.

To investigate if there is excessive broadening present in lines of other species than
hydrogen atoms, the helium atom line at 388.85 nm is recorded, see �gure 5.11(b). This
line is obtained on the same plasma as used for recording the Balmer lines in the He/H2

mixture. The Gaussian part is used to calculate an uncorrected Doppler temperature of
0.10 eV. In comparison to the hot hydrogen atoms in the n=3 state, see the Balmer-α line
of hydrogen in �gure 5.9, the helium atoms are two orders of magnitude less hot. The
gas temperature is typically in the order of 102 K. A temperature of 0.10 eV equals about
1000 K. Therefore, the helium atoms are considered to have a temperature equal to the
gas temperature.

Excessive Broadening Balmer-β

The broadening of the Balmer-β pro�les is investigated to compare the FWHM values
between Balmer-α and β, see �gure 5.12. Although the power input in the glow discharges
is the same for all cases, the broadest part of the pro�le is considerably more intense,
has a larger population, in the Ar/H2 mixture than in any other mixture. The molecular
hydrogen lines visible in the pure hydrogen and He/H2 mixture are not directly visible
in the Ar/H2 mixture, but they could well be included in the broad pro�le (as the �tted
Gaussians do not match the measured data very well). The obtained temperatures and
populations for both Balmer-α and β are presented in table 5.3.

Next to the measurements in pure hydrogen and gas mixtures containing hydrogen,
also measurements have been done in an Ar/H2 mixture with metallic strontium pieces
present in the plasma cell. The results are presented in �gure 5.13.

For Ar/H2 with and without strontium, the FWHM is almost the same. Both result
in almost the same temperature for the broadest part (31 eV without strontium vs. 26 eV
with strontium). The di�erence in temperature can be caused by a di�erence in burning
voltage. A di�erence between the spectra is the presence of an Ar I line at 485.44 nm in
the Ar/H2 plasma, which is lacking in the plasma containing strontium.
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Figure 5.12: Balmer-β line pro�les (a) in a He/H2 (5%), (b) in a pure hydrogen and (c) in an Ar/H2

(3%), (d) Ne/H2 (10%), (e) Xe/H2 (14%) and (f) Ar/H2 (3%) + Sr DC discharge of 10 W. Other
broadening mechanisms besides Doppler are not accounted for, making the derived temperature
values an upper limit value. The measurements for the argon/hydrogen mixture, with and without
metallic strontium, and pure hydrogen are done with a stainless steel cathode. For the other
mixtures a copper cathode is used.
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Figure 5.13: Balmer-β pro�le with nearby peaks of Sr and Ar in an Ar/H2 (3%) discharge with and
without metallic strontium present. Both measurements have the same integration time (500 s)
and a �ow and pressure of 1.0 sccm and 1.5 mbar respectively.

Discussion

No excessive broadening of any other line than hydrogen lines has been observed. For atoms
with a high mass number it is unexpected to give rise to Doppler broadened pro�les. Also
helium, which is only four times as heavy as hydrogen, does not contain broadened lines.
This leads to the conclusion that there is a selective mechanism responsible for the ex-
cessive broadening of the Balmer lines. It is important to understand the limitations of
the observations possible on the calorimetry plasma cells. By using a quartz rod, it is
impossible to look only perpendicular or parallel to the electric �eld. It is also not possible
to view the broadening on di�erent positions within the cells.

When the plasma cell is taken out of the setup, the optical �bre needs to be discon-
nected. It is not possible to have exactly the same position of the optical �bre on the quartz
rod for every experiment. For this reason, it is not possible to compare line intensities be-
tween measurements obtained in di�erent experiments. A second reason which makes a
comparison of line intensities di�cult is the contamination of the quartz rod by deposition
of copper. The thin copper layer that builds up during an experiment will decrease the
amount of light that is transmitted through the quartz rod.

As can be concluded from the �gures on excessive line broadening and table 5.3, the
lines of Balmer-α and β of hydrogen in the DC discharge plasma consists of two or three
Doppler broadened components. The narrow component corresponds to a temperature in
the range of 0.05 eV to 0.25 eV, while the middle component, if present, has a temperature
in the range of 2.5 to 4.5 eV for Balmer-α and 1.5 to 7.3 eV for Balmer-β. The temperature
of the broad component is in the order of 25 to 73 eV.

Correction of Doppler Temperature

The derived temperatures are not corrected for any other broadening mechanism that is
present besides Doppler broadening. The reason for this is that no other broadening mech-
anism than Doppler broadening is expected to be responsible for the excessive broadening.
As the largest part of the instrumental broadening is Gaussian, the pro�les can be corrected
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Figure 5.14: (a) Normalised Balmer-α line widths in Ar/H2 (3%) DC plasma discharge where
pressure dependency on the amount of broadening is investigated, at a constant �ow of 2.0 sccm.
The pressures are measured at the point where the gas enters the cell. An integration time of 200
s is used for all measurements, except at 1.7 mbar where 50 s was su�cient. Plots of temperature,
for cold and hot hydrogen atoms, and population of hot hydrogen atoms (given by the relative
area under the curve) are shown in (b).

for this using the following equation:

λG =
√
λ2
Doppler + λ2

Instrumental. (5.1)

For the two broadest Gaussians, such a correction is negligible. For an energy of 0.20 eV,
the corrected Doppler temperature is 0.17 eV.

5.3.2 Pressure Dependency of Balmer-α Line Pro�les

To investigate the pressure dependency of the Balmer-α line width, several measurements
are done in an Ar/H2 (3%) , pure hydrogen and He/H2 (5%) plasma. In the latter the
polarity of the cell is reversed, resulting in an axial centered cathode and the copper wall
of the cell as anode. The obtained line pro�les are �tted with Gaussian pro�les and a
Doppler temperature and population is derived.

Pressure Dependency in an Ar/H2 Discharge

Spectra are obtained of the Balmer-α line in an Ar/H2 (3%) plasma. This is done at a con-
stant �ow of 2.0 sccm for six di�erent pressures in the range of 1.7-9.2 mbar. The pro�les
are shown in �gure 5.14(a). To derive a Doppler temperature from this data, the spectra
are �tted with two Gaussian pro�les. The temperatures of the broadest part of the pro�les
are compared, and found to be in the range of 25-28 eV. The narrow part corresponds to
a temperature of maximum 0.3 eV. The derived temperature values are upper values, as
they are not corrected for any other broadening mechanism.

It should be mentioned that the �tting procedure will give less good results when the
line pro�le almost completely consists of only a broad part. This results in a larger error
for the derived Doppler temperature at low pressures compared to high pressures. Note
that a change in pressure has in�uence on the burning voltage of the plasma. The burning
voltage will decrease with increasing pressure.
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Figure 5.15: (a) normalised Balmer-α line widths in pure H2 DC plasma discharge with copper
cathode. Pressure dependency of the broadening is investigated at a constant �ow of 0.735 sccm.
The pressures are measured at the cell entrance. An integration time of 200 s is used for all
measurements. (b) Population and temperature trends for di�erent pressures. The population is
calculated as the area under the Gaussian pro�le relative to the total area.

The Doppler temperature has a minor dependence on pressure, in the used pressure
range, see �gure 5.14(b). The same holds for the population of the hot and cold hydrogen
atoms.

Pressure Dependency in a Pure H2 Discharge

The same measurements described above for the argon hydrogen mixture, have been done
in a pure hydrogen plasma, see �gure 5.15. The pressure range is 0.76-5.0 mbar at a
constant �ow of 0.74 sccm. In such a plasma, the Balmer-α line pro�les look di�erent in
comparison to an Ar/H2 plasma. The data is �tted with three Gaussian pro�les. The
broadest part is broader in a pure hydrogen plasma compared to an Ar/H2 plasma. The
population, however, is lower. This combination makes it harder to accurately �t the
broadest part of the Balmer-α pro�le in pure hydrogen, and will result in a large error in
the found Doppler temperatures and populations.

The broadest part is only visible at low pressures. At higher pressures, if present at
all, it can not be distinguished from the noise in the spectrum. For this reason it is not
useful to do measurements above 5 mbar.

Note that the error in the measured temperature and population in the pure hydrogen
discharge increases with increasing pressure. At higher pressures the di�erent pro�les can
not be easily distinguished anymore.

Note that the burning voltage shows the same trend in the pure hydrogen mixture as
in the Ar/H2 mixture.
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Figure 5.16: Results of line broadening measurements done in the plasma cell in which the outer
copper cylinder serves as the anode while the axial stainless steel electrode is used as the cathode
(a). For three di�erent pressures the population of the three hydrogen distributions and tempera-
ture are investigated (b).

Pressure Dependency in a He/H2 Discharge with Reversed Polarity

Experiments have been done in which the polarity of the plasma cell is reversed. The
copper cylinder is now used as anode, while the axial electrode is used as cathode. Figure
5.16(a) gives an example of a measurement in which the polarity of the plasma cell is
reversed. The measurements are done in a He/H2 mixture for three di�erent pressures.
The measured voltage is 215 V, 235 V and 273 V at 2.0 mbar, 3.5 mbar and 5.0 mbar,
respectively. The �ow is constant at all pressures. The temperature of the broadest part
decreases with increasing pressure. The same trend is observed in di�erent gases (Ar/H2

mixture and pure hydrogen). As copper atoms are present in the discharge, and a part of
the cell is covered with a layer of copper the voltage did not remain constant during the
measurements.

Discussion

The pressure does not have in�uence on the temperature of the coldest and intermediate
part (not visible in the argon hydrogen mixture) of the hydrogen atoms. The temperature
and population of the broadest part decreases when gas pressure is increased. The pop-
ulation of the intermediate part of the pro�le is not in�uenced by increasing pressure. A
decrease of the hot population with increasing pressure results, therefore, in an increase of
the coldest population.

A decrease in population of the hot hydrogen atoms with increasing pressure can be
explained by considering the mean free path. Pressure scales linear with the particle den-
sity. The mean free path, distance an atom travels between two successive collisions, is
inversely proportional to the density of the background particles. A higher pressure will
thus lower the mean free path of hot hydrogen atoms giving rise to more collisions. It is
therefore more likely for atoms to loose their energy in collisions instead of radiation at
higher pressures than at lower pressure. This will lower the population of fast hydrogen
atoms in the n=3 state.
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Figure 5.17: Investigation of the burning voltage on excessive line broadening. The comparison is
made for relative intensities of the Balmer-α line in a He/H2 (5%) mixture in a DC copper cathode
discharge. The upper graph (a) shows the peak normalised pro�les at di�erent burning voltages of
the plasma. The bottom graph is normalised on the broadened wing part of Balmer-α. Discharge
conditions: p = 1.5 mbar, �ow = 1.0 sccm. The in�uence of the burning voltage on temperatures
and populations of the three parts are shown in graph (b).

5.3.3 Burning Voltage Dependency of Balmer-α Line Pro�les

According to the theory and observations done by Mills, the broadening is independent of
the potential drop in the cathode fall region. With the current setup, it is not possible to
test this in�uence, as the potential drop in the cathode fall can not be measured. However,
it is possible to measure the voltage between the anode and cathode (burning voltage of
the plasma). As the largest voltage drop occurs in the cathode fall region, the burning
voltage will be considered to be a measure for the potential drop in the cathode fall region.

In �gure 5.17 , the results of the in�uence of burning voltage on the hydrogen pro�les
in a He/H2 (5%) mixture are displayed. The pressure and �ow are kept constant. The
voltage is varied by varying the power input in the plasma between 0.3 and 30 W resulting
in an obtained voltage range of 173-364 V. A lower power input will result not only in a
lower burning voltage, but in a lower light intensity as well. For this reason the pro�les
are obtained using di�erent integration times. The pro�les are normalised in two di�erent
ways.

The top part of 5.17(a) shows the pro�les normalised on maximum intensity. The
bottom part shows the same pro�les, normalised on the transition between the intermediate
and the broadest part of the pro�le. As for the pressure dependency, the temperature and
population distribution is plotted, see �gure 5.17(b).

Discussion

The temperatures of the cold and intermediate parts of the pro�le remain almost con-
stant at increasing burning voltage. The temperature derived from the broadest part of
the pro�le increases with increasing burning voltage. At the same time the population of
the broadest part decreases. This implies that at higher voltages there are less hot hydro-
gen atoms, but that the hot hydrogen atoms present are hotter compared to lower voltages.

86



5.3 LINE BROADENING

A higher burning voltage results in a higher temperature of the hot hydrogen popula-
tion. This is as expected by the �eld acceleration model in which hydrogen (molecular)
ions, accelerated in the sheath of the plasma, are responsible for the excessive broadening.
It must be noted that decreasing the burning voltage is achieved by decreasing the input
power, also the line intensities decreases. This results in a higher signal to noise ratio, an
thus a larger error for the �tted pro�les at lower voltages.

5.3.4 Overall Discussion

Comparison of Shapes Balmer Line Pro�les

The shape of the presented pro�les is consistent with data from other similar experiments,
even though these experiments are conducted in di�erent setups with di�erent plasmas
(RF [26, 53, 31], DC [22, 19, 14, 13, 30] and capacitively coupled plasmas [18]). In most
cases, even the amount of broadening does not di�er a lot (within 10 eV of the values
presented in this report for the broad component). In these experiments, pure gases are
mixed with about 10% of hydrogen. The pressures and �ows are the same within one order
of magnitude. The voltages are in the same order of magnitude as the voltages found in
our experiments.

From all �ts, the Balmer lines in the Ar/H2 mixture have the least good match. The
pro�le does not look the same as the one for the other gas mixtures, which indicates that
argon has a di�erent interaction with hydrogen compared to the other used gases.

Field Acceleration Model on Shapes Balmer Line Pro�les

According to the FAM, the mechanism responsible for the broadening in all gases is the
same. The extreme Doppler broadening is considered to originate from hydrogen (molec-
ular) ions that are accelerated in the plasma sheath and there re�ect as neutrals from the
electrode surface or pick up an electron through charge exchange interactions.

The hot hydrogen population is largest in the argon/hydrogen mixture. The in�uence
of argon on the shape of the Balmer line pro�les is investigated by Djurovic [53], Gans
[54] and Radovanov [31]. According to their observations, the presence of argon atoms in
the hydrogen discharge signi�cantly alters the shape of the Balmer pro�les. This leads to
the conclusion that argon plays a signi�cant role in producing a larger number of excited
hydrogen atoms with a higher temperature.

First, the resonance charge-transfer process between certain vibrational states of the
H+

2 molecular ion and the metastable Ar+ ion is considered:

Ar+ +H2 → Ar +H+
2 . (5.2)

This process contributes to the formation of H+
2 , which can be accelerated in the plasma

sheath near the cathode.

According to Phelps [55] the production of fast H2 is most e�ectively accomplished by
collisions of H+

2 ions with argon atoms. Since the H+
2 ions can be accelerated in the sheath,

and assuming there is an abundance of argon atoms in the same region, the fast hydrogen
molecule can be formed in the same region:
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Ar +H+
2fast

→ Ar+ +H2fast . (5.3)

Because of the large cross section, this process can greatly enhance the production of the
fast hydrogen molecule over the dissociative excitation and ionisation process responsible
for the intermediate wings. The fast hydrogen molecule results in fast hydrogen atoms by
dissociation processes and excitation processes. The resulting abundance of fast hydrogen
atoms in the n=3 state is enhanced by collisions with argon [55]:

Hfast +Ar → Hfast(n = 3) +Ar. (5.4)

Similar reaction schemes for other ions as H+, H+
3 may be possible.

The role of the other admixed gases, like helium, neon and xenon, to the formation of
fast hydrogen atoms and the shape of the Balmer pro�les is not fully understood.

RT Mechanism on Shapes Balmer Line Pro�les

At the time of measuring the broadening of the Balmer lines in the di�erent gas mixtures,
it was understood that, according to Mills' theory, no excessive broadening was expected in
pure hydrogen, Xe/H2 or Ne/H2 mixtures. However, recently Mills has published an article
on the Blacklight power website containing Balmer line pro�les in a DC glow discharge
of pure hydrogen. These measurements show excessive line broadening. The pro�les look
very similar to the ones for pure hydrogen presented here, even though the used setup is
di�erent. The process of fast hydrogen formation in a pure hydrogen discharge is described
by the following chemical equation:

2H +H → H(
1
2

) + 2H + 40.8 eV. (5.5)

Since the potential energy of one hydrogen atom is 13.6 eV, two hydrogen atoms can
provide an energy of 27.2 eV. This is, according to Mills (see section 1.1) the right energy
to meet the catalyst criterion and to form a hydrino.

As explained in section 2.3, the formation of fast hydrogen results from an energy
transfer reactions between hydrogen atom and the metastable intermediate hydrogen atom
(formed by the process with the catalyst). The following reaction describes the general
form which leads to fast hydrogen

H∗
(

1
n

)
+H → H

(
1
n

)
fast

+Hfast. (5.6)

The Balmer pro�le depends on the collision cross sections for two-body and three-body
collision processes involving di�erent catalyst systems. Therefore, the line shape changes,
when catalysts are changed. In order to quantify the actual line shape, the actual popula-
tion of hydrogen atoms in, for example, the n=3 state must be known.

A logical question now is:

If excessive broadening is found in a pure hydrogen discharge, does this not also
imply that excessive broadening can be found in any gas mixture containing
hydrogen?
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Previously, Mills had ruled out excessive broadening in hydrogen with either xenon or neon
[6, 5, 2, 33, 7, 10, 34, 8, 56]. However, �gures 5.10 and 5.9 show that the broadening is
present in plasmas formally known as non RT plasmas.

According to Mills and co-workers, the broadening being visible depends on the con-
ditions used in the discharge. This statement would imply that, if the right conditions
are met, and even a slight amount of hydrogen is present in a discharge, the excessive
broadening may be observable. The de�nition of a non RT plasma would therefore be, a
plasma which does not contain any form of hydrogen (hydrogen molecules, atoms, ions or
hydrinos) instead of a plasma containing hydrogen and a non catalyst.

5.3.5 Excess Power and Line Broadening

Excessive line broadening of the Balmer-α and β lines is observed in all gases containing
hydrogen. However, no excess power is observed in the same gases. The question that
remains is:

Is it possible to observe the excessive broadening, according to Mills an evidence
for the hydrino theory, without observing the excess power?

Contribution to Heating the Plasma Cell by Fast Hydrogen Atoms

Excessive broadening is due to fast hydrogen atoms. These atoms can transfer their kinetic
energy to the environment (by for example collisions with other species or the wall). This
will eventually heat up the wall of the cell, when it occurs in a closed cell. An estimation
of the contribution to the average power is made based on the presented energies of fast
hydrogen atoms.

Collisional Energy Loss in the Plasma Cell

The �rst question to be answered is the following:

Does a fast hydrogen atom transfer all its energy to the wall before it is trans-
ported out of the system?

Consider a gas �ow of 1 sccm Ar/H2 (3%) at atmospheric pressure (as the gas �ow meters
are calibrated at 1 bar). Using the ideal gas law the amount of hydrogen molecules per
second entering the plasma cell can be calculated. At room temperature this is 1.2·1016

molecules per second. As the pressure in the cell is 1.5 mbar, the length of stay of a hy-
drogen molecule is 35 s at room temperature. The length of stay is about 10 s at 1000 K.

The re�ection of hydrogen atoms from metal surfaces is investigated by Eckstein [57].
The energy and particle re�ection coe�cient depends on the incident energy and the sur-
face binding energy. For iron and nickel this is 2.7 eV [58]. Figure 5.18(a) gives the particle
and re�ection coe�cients for nickel being bombarded by hydrogen atoms. With the curves
presented in this �gure, an estimation can be made of the amount of collisions necessary
for fast hydrogen atom to transfer its energy to the wall. Data for this is presented in
�gure 5.18(b). After less than 10 collisions, all energy is transferred to the wall.
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Figure 5.18: Particle and energy re�ection coe�cients, RN and RE , versus the incident energy (a).
The curves are given for di�erent surface binding energies, Es. The nickel is bombarded at normal
incidence, α = 0o. The �gure is taken from [57]. (b) Re�ection of hydrogen between two walls. An
incident energy of 100 eV is chosen. A surface binding energy of 3 eV is applied. The graph shows
both the remaining re�ected energy and the relative remaining re�ected particles after a collision
with the wall.

From the kinetic energies a velocity can be calculated. Assuming an average distance
of 6 cm between the collisions, and using the velocities, a timescale can be derived in which
the hydrogen atom is thermalised. For a 100 eV hydrogen atom, this timescale is about
0.1 ms. The answer to the above state question is, therefore: Yes, the timescale in which
a 100 eV hydrogen atom loses its energy by collisions to the metal wall is a lot less than
the length of stay in the plasma cell.
The hydrogen atoms adsorbed by the wall may be released subsequently by thermal or ion
induced desorption.

Heating of the Wall

The amount of particles colliding every second on a wall , Φw, is

Φw =
nHf
2V

√
2kBT
πm

A, (5.7)

with nHf the total amount of forms of fast hydrogen (atoms, ions, hydrinos). V and A are
the volume and surface area of the cell, respectively. The above equation is derived assum-
ing that a particle colliding on the wall will loose all its energy. This assumption is not
right, as the hydrogen atom will not have the same temperature as the wall after a collision.

A certain amount of assumptions are made before the contribution of fast hydrogen to
the heating of the cell is calculated.

� All hydrogen molecules are dissociated.

� The fast hydrogen atom will emit a photon before it collides with the wall. The
lifetime of a hydrogen atom in the n=3 state is about 4.5·10−8 s1. Using the equation

1The lifetime of a hydrogen atom in the n=4 state is in the same order of magnitude

90



5.3 LINE BROADENING

for kinetic energy, the velocity can be calculated. For 30 eV and 100 eV this is,
respectively, 7.6·104 and 1.4·105 m·s-1. The distance traveled of the atom in the n=3
state, before decaying to the ground state, is 6.2 and 3.4 cm, for the two considered
cases, respectively. These distances are in the same order of magnitude as the cell
diameter. Therefore, this assumption is not totally correct. This implies that there
will be fast hydrogen in the n=3 state colliding with the wall before a photon is
emitted.

To calculate the contribution in power of the collisions of fast hydrogen on the wall the
following equation is used.

P = ΦwEp.e., (5.8)

with Ep.e the energy per event, which is the energy released per collision on the wall. The
second equation used to calculate the power contribution is

P = ΦH,inEtotal per H atomentering the cell, (5.9)

with ΦH,in the amount of hydrogen atoms entering the cell per second.

Two di�erent values for the kinetic energies of hydrogen atoms (energy per event) will
be looked upon: Ep.e. = 30 eV and 100 eV. The 100 eV case is considered as an upper
value for the kinetic energy of nHf . The 30 eV case is based on the experimentally derived
value out of the Balmer-α line pro�les of measurements on the argon/hydrogen mixture.
For both cases the contribution in power is calculated.

First, it is considered that all hydrogen nuclei2 in the cell are fast. The amount of
hydrogen atoms colliding on the wall with an energy of 30 and 100 eV is, respectively,
1.6·1024 and 2.9·1024 s-1. This value is calculated using equation 5.7. The value for the
hydrogen density in the plasma cell is derived by using the ideal gas law at room temper-
ature. A power contribution in the order of 107 W is calculated for 100 eV fast hydrogen
atoms (see table 5.4.

Table 5.4: Contribution of fast hydrogen to heating of the cell the case that all hydrogen nuclei
present in the cell fast.

Energy per event (eV) Total energy per hydrogen
atom entering the plasma cell

(eV)

Power (W)

30 1.9·109 7.5·106

100 1.2·1010 4.6·107

Clearly, the calculated value is an overestimation. Not all hydrogen nuclei in the plasma
cell are fast, and not all hydrogen molecules are dissociated.

2The term hydrogen nuclei is used as for the calculations it does not matter in which state it is. It can
be hydrogen atoms, ions, hydrinos.
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Amount of Hydrogen in Ground State Does Not Equal Amount of Hydrogen

in n=3 State

The distribution of a collection of particles over their possible states depends on the con-
ditions. In a complete thermodynamic equilibrium (TE), the distribution of the particles
and radiation can be described by a single temperature. The velocity of the particles is
Maxwellian and the distribution of all excited states is in equilibrium with the ground state
according to Boltzmann:

nq
gq

=
n1

g1
exp(− Eq1

kBT
), (5.10)

with kB Boltzmann's constant, T the temperature, Eq1 the excitation energy of state q
and nq and n1 the density of the particles in the exited state and ground state, respec-
tively. Each population density is divided by its statistical weight (i.e. degeneracy) g. The
exponential is called the Boltzmann factor.

Laboratory plasmas are never in TE as the temperature is not constant in space, and
light escapes from them. In such situation, local thermodynamic equilibrium (LTE) still
applies if the radiative losses are not too large and (de) excitation processes are faster than
the particle transport [59]. In such a situation the temperature variations are graduate
enough to consider an equilibrium in the immediate surroundings of a point.

Equation 5.10 holds not only for excited states relative to the ground state but holds
also if the ground state is replaced with an arbitrary state p, provided Eq1 is replaced with
Eq1 ≡Eq-Ep. For some processes, the condition for LTE is met for a part of the levels but
not all. The relative populations of levels p and q is according to Boltzmann only if the
electron density is high enough and the energy di�erence Eqp small enough that transitions
between p and q are dominated by electron collisions, i.e. Eqp / kBT . Energy di�erences
between highly excited states are smaller than between lower-lying excited states, so they
are easiest in equilibrium and comply with Boltzmann. Between the ground state and the
excited states an equilibrium is least likely, as the �rst excited state is usually in the order
of 10 eV (10.2 eV for hydrogen), compared to an electron temperature of a few eV. The
excitation process is therefore less likely than the de-excitation, and radiative lifetime is
short so that radiation losses become important. The excited states are thus relatively
underpopulated, and using equation 5.10 leads to an upper limit estimate for nq.

For hydrogen, the energy di�erence between the ground state and the n=3 state is
12.1 eV. When an estimate for the electron temperature is made, the density of the excited
state relative to the density of the ground state nq

n1
can be calculated. This value is 5·10−5,

for an electron temperature of 1 eV.

Now, using the ideal gas law and a dissociation degree of 1%, the amount of hydrogen
atoms in the plasma cell can be calculated. For a gas temperature of 1000 K and a pressure
of 1.5 mbar, this is 2.6·1015 atoms (in a Ar/H2(3%) mixture). The amount of hydrogen
atoms in the n=3 state is 5·10−5 times less, relatively to the ground state. Therefore, the
amount of hydrogen atoms in the n=3 state is 1.3·1011.

In the argon/hydrogen mixture about 98% is hot and 2% is cold. we assume the cold
population is the result of electron collisions according to Boltzmann, and the hot atoms
are produced by other processes. This will lead to an amount of hot hydrogen atoms of
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6.3·1012. The contribution to heating of the wall can be calculated by using equation 5.7
and 5.9, which can be combined to the following equation:

P =
nH(n = 3)A

V

√
2

πmH
2.06 · 10−57 · E3/2, (5.11)

with E in eV. The hot atoms in the n=3 state have an energy of 30 eV, resulting in a
contribution in power of 51 W. This value is two orders of magnitude higher than the
measurement accuracy of the calorimeter setup.
Note that the dissociation degree scales linearly with the contribution in power. A lower
dissociation degree will give a lower contribution in power. As stated above, the ground
state will be overpopulated, which implies that the used value for the amount of hydrogen
atoms in the n=3 state is too high. Using a lower value will result in a lower power con-
tribution as well.

FAM vs. RT Model

How does the above obtained result relate to both theories on the excessive broadening.
In FAM no excess power is expected. The obtained value of 51 W is higher than the
used input power of 10 W. The contribution to the heating of the cell by fast hydrogen
nuclei must therefore be less than 10 W, which is at least one order lower than the above
calculated value.

In the RT model, excess power is predicted. As this is not observed, the contribution
to heating of the cell by fast hydrogen nuclei must therefore be within our measurement
accuracy. This is two orders lower than the above calculated value.

If a very low dissociation degree is considered (<0.1%), and the population of hot atoms
in the n=3 state is two orders lower as used in the calculations, it is possible to not observe
excess power generation, while still observing excessive line broadening.
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Chapter 6

Conclusions and Recommendations

6.1 Calorimeter setup

A di�erential calorimeter is built that can accurately measure relative energy di�erences
between two di�erent experimental conditions. The heating can be done by a resistor or
plasma. With this calorimeter it is possible to do experiments on RT plasmas in which
excess energy is predicted.

The calorimeter is tested and heat losses are theoretically calculated and experimen-
tally derived. This results in two important parameters for the calorimeter: absolute
reproducibility, relative reproducibility.

When an experiment is repeated, the average power is expected to be within 0.06 W
of the value obtained in a previous experiment. This value includes small di�erences in
experimental conditions.

The relative reproducibility of an experiment is ±0.01 W. This value is experimentally
obtained and gives an idea of the accuracy of the calorimeter when experiments are re-
peated and a comparison is made between the two cells.

If a process exists in which excess power is generated it should be measurable with this
calorimeter. From previous experiments done by Mills an excess power of 10-20% should
be expected in a plasma containing hydrogen and a catalyst. As the calorimeter setup has
an absolute accuracy lower than 1%, the predicted excess power should be detected when
present.

6.2 Excess Power

In none of the mixtures (Ar/H2, He/H2), in which strontium is used, excess power produc-
tion is observed. However, it has not been possible to keep the used catalyst (strontium)
in the same condition during an experiment. In most experiments the strontium oxidised,
which is clearly noticeable as the color of the strontium changes from goldish-yellow to
black. In the experiments in which a copper cathode is used, the strontium is covered with
a thin layer of copper during a plasma experiment.

After many improvements on the setup, and on the process of containing and handling
the strontium, the oxidation process is signi�cantly suppressed. In the �nal experiments
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the strontium only lost its shiny appearance, without turning black or to a silvery color.
According to Mills and co-workers the strontium catalyst should not oxidise during an
experiment. This makes the statement above on excess power, a conclusion that is not in
disagreement with the claims of Mills.

Recommendations

For the calorimetry experiments on a RT plasma containing strontium it is crucial that
the plasma cell is oxygen free and can not be contaminated during an experiment. For this
reason the plasma cell should be partly redesigned. The inner part of the cell should be
entirely made of stainless steel. As the copper used is not oxygen free, there should be no
connections between the copper and the plasma..

Only gases with a high purity should be used to avoid contaminations of the plasma
cell. The gas tubes used should be free of contaminations as well.

To avoid oxidation of the strontium before an experiment is started, a clean glovebox
should be used.

Conclusive experiments on the RT theory can only be conducted when the strontium
does not get contaminated during an experiment.

6.3 Line Broadening

Hot hydrogen with a Doppler energy in the range of 20-70 eV is found. The observed
excessive line broadening is limited to atomic hydrogen lines. No broadening is observed
in other lines, not even helium lines. This suggests that a selective process is responsible
for this broadening.

The pro�le of the Balmer lines of hydrogen depend on many parameters such as pres-
sure, mix ratio, used gases, burning voltage. Not all parameters have the same in�uence.

The shape of the pro�le depends mostly on the used gas mixture. This is in agreement
with measurements by others. The general shape does not matter on the con�guration of
the setup nor on the usage of DC glow discharge or RF powered plasma.

The in�uence of the burning voltage and pressure is investigated. An increase in burn-
ing voltage results in a decrease of Doppler temperature

All measurements can be explained by both presented theories, �eld acceleration model
and resonant transfer model. The used setup does not permit to do conclusive measure-
ments on validity of one of them. It is important to understand the limitations of the
observations possible on the calorimetry plasma cells. By using a quartz rod, it is impos-
sible to look only perpendicular or parallel to the electric �eld. It is also not possible to
view the broadening on di�erent positions within the cells.

Recommendations

For visible spectroscopy experiments on the plasmas in the calorimeter setup, it is impor-
tant that the quartz rod responsible for guiding the light to the spectrometer is kept clean.
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This is essential when two di�erent cases are compared (e.g. comparison of line intensities).
When a cell is constructed which, as explained above, has an inner part consisting of only
stainless steel the deposition of metals on the quartz rod will be reduced.

Better vacuum pumps and valves should be installed on the setup if lower pressures
(below 1 mbar) and higher �ow rates (above 1 sccm) need to be investigated. With the
current vacuum system and pressure control valves it is not possible to reach 1.0 mbar at
a �ow rate of 1.0 sccm.

To check the in�uence of the gas mixture ratio on the width of the Balmer line pro-
�les, pure gases should be used instead of pre-mixed gases. However, to keep the �ow at
1.0 sccm, other �ow controllers should be used which are more accurate in a lower �ow
regime. At the moment the lowest possible hydrogen �ow is 0.15 sccm. If for example an
Ar/H2 (90/10%) mixture needs to be investigated, the total �ow will therefore be at least
1.5 sccm.

A setup has to be designed in which conclusive experiments can be conducted regarding
the FAM and RT mechanism. According to FAM the broadening is dependent on the po-
sition of measurement in the cell. A di�erent pro�le is obtained near the sheath compared
to far away from the sheath. The RT mechanism does not need the sheath to explain the
excessive broadening. Therefore, the broadening should be independent of measurement
position.

Therefore, a second recommended experiment would be the recording of the Balmer
lines along and perpendicular to the electric �eld. Our measurements show symmetrical
pro�les. According to FAM the accelerated hydrogen (molecular) ions are responsible for
the broadening. These ions are accelerated in the sheath and should therefore give a asym-
metrical pro�le of the Balmer lines while recorded along the electric �eld. A symmetrical
pro�le can only be obtained as the re�ected ions/atoms on the surface of the electrode
have the same energy and the same population, which is very unlikely. Di�erent cathode
material can be used to investigate the in�uence of the used re�ector on the symmetrical
line pro�les.
The RT mechanism predicts symmetrical line pro�les that do not depend on the angle
between the observation direction and the electric �eld.

6.4 Heating of The Plasma Cell by Fast Hydrogen Atoms

The contribution to heating of the wall by collisions of hot hydrogen atoms is investigated.
An estimation of the contribution to power of hot hydrogen atoms in an argon/hydrogen
plasma is made. A contribution to power of 51 W is calculated. For both models, FAM
and RT model, this value is too large. For FAM it needs to be less than 10 W as for the
RT model it needs to be within the accuracy of the calorimeter setup which is 0.1 W.

However, certain assumptions are made to calculate the contribution in power. It is
not unlikely that the real value is over two orders lower which makes it not a contradiction
to both theories.
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Appendix A

Thermistor Deviations

Figure A gives the linearity deviation as a function of temperature for the thermistors.
The linearity deviation is a �xed network behaviour. This deviation can be substracted
from the measured temperature values of the thermistors to decrease the total error of a
temperature value.
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Figure A.1: Thermistor linearity deviation as function of temperature. Data taken from [47].
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Appendix B

Usage of the Glove box

The following list is a short manual on how to use the glove box and to put the strontium
inside the plasma cell.

� Open the air-lock and make sure the door inside the glove box is closed. The evacu-
ated plasma cell, which must not be opened in air, must be put in the ante chamber
and �ushed at least 3 times taking 45 minutes in total.

� Open the cell in the glove box and open a strontium capsule by covering with alu-
minum foil and breaking it with a hammer.

� Place the strontium pieces in the cell and close the cell as quick as possible.

� Get the cell out of the glove box and connect it to the setup.

Observations on Strontium

Strontium is a metal which oxidizes rapidly when exposed to gasses containing oxygen.
When strontium is put in a glove box with 50 ppm of oxygen present one can see the metal
changing it's color from gold to silver before turning into black. Several tests have been
done to master the handling of this delicate metal.

The strontium pieces are distributed on the following parts in a nitrogen �lled glove
box (O2 and H2O < 1 ppm) after which some tests are done:

� Basalt stone present in glove box; after half an hour the strontium present on the
basalt stone will change its color and become silver at the bottom �rst. After 20
hours all strontium has a silvery color (see �gure B.1).

(a) (b)

Figure B.1: Strontium on the basalt stone in the glove box, just after opening the glass container
(a) and 20 hours later (b).
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� On a stainless steel liner in a cell (cell open); no change in color after half an hour
but is becoming slightly silver colored at the top after 20 hours.

� On a stainless steel liner in a cell (cell closed); same as the open cell.

� On a piece of aluminum foil in the glovebox; after half an hour there is no visible
change in color, after 20 hours the color is the same as on the basalt stone.

� On a piece of copper of a cell; same as the pieces of strontium on the aluminium foil.

� In a closed glass container; no visible color change after 20 days, no change visible
after several weeks.

� In a closed cell contained outside the glovebox for �ve hours; the color change is not
di�erent then the control pieces on aluminum foil in the glovebox which have been
slightly become silver on several places.

� In a closed copper cell for �ve hours with a Ar/H2 �ow (the cell is heated up to
115 oC for three days while being evacuated before usage); no signi�cant change in
color visible.

� In a closed copper cell while doing an experiment and heating up to 50 oC; the
strontium is turned to a black color while the part that was placed on the bottom is
still goldish.

Tests in an argon �lled glovebox give better results where the strontium doesn't change
it's color for several days.

Measures Taken to Secure the Purity of Strontium

� The strontium has to be handled in a glove box (preferably with argon gas) where
no other products are inside which can cause contaminations.

� The cells have to be heated up to at least 115 oC (under vacuum conditions) for at
least a day to get all the water out of the walls. After this the cells must not be
opened anymore in air (only in a glove box).

� The gas �ow system has to be heated up to 180 degrees for at least a day to get all
the water out of the tube and connections.

� Only gasses with high purity (5.0) are used.

� The whole system is checked regularly on leaks with a vacuum leak tester.
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Appendix C

Operation Procedure of the Gas

System

C.1 Start-up Procedure

Before the experiment can be started make sure that the by-pass valve (valve D) connecting
the vacuum pump of the cell with the gas bottle is closed. Figure 3.5 gives an overview of
the setup.

When all procedures for the cells have been completed the vacuum vessel can be closed.

Gas �ow procedure for the cell with plasma and strontium

� All valves closed, strontium in the cell

� Turn on the pre-pump

� Open valve D and the pressure control valve (Pfei�er) by setting it on the minimum
value to �ush the tubes between the gas connection and the pre-pump. Flush the
pipe several times

� Open valve B and open valve C and the �ow control valve by setting it on the
maximum �ow (10 sccm)

� Flush the tubes with the used gas mixture several times and evacuate the tubes

� Slowly open valve A1 and A2 and evacuate the cell

� Flush the plasma cell with the used gas mixture several times

� Close valve C, D and B

� Turn on the turbo pump and evacuate the system

� Open valve C and set the �ow control valve on the required �ow

� Set the pressure set point on the pressure control valve

� Ready to start experiment
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Gas �ow procedure for the cell without strontium (plasma or resistor)

� All valves closed

� Turn on pre-pump

� Set the pressure control valve on the minimum value and open valve B, A1 and A2

� Open valve C and �ow control valve by setting it on the maximum �ow (10 sccm)

� Flush for some time with the used gas mixture

� Close valve B and C

� Turn on the turbo pump and evacuate the cell.

� Open valve C and set the �ow control valve on the required �ow

� Set the pressure set point on the pressure control valve

� Ready to start experiment

C.2 Shut Down Procedure

If a cell does not need to be removed from the setup, the gas �ow can remain or be set on
the maximum value.

Cell shut down procedure

� Open outer vacuum vessel

� Shut down the turbo pump and let it spin down

� Open valve D and set the pressure control valve on its minimum value

� Close valve A1

� Shut down the pre-pump

� Put the cell under pressure with the used gas mixture at a pressure slightly higher
than 1 bar

� Close valve A2

� Close the valve on the gas bottle or wall connection

� Ready to disconnect the cell and remove it from the setup
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Appendix D

Constants Used in Calculation of

Heat Losses

Table D.1: Metal and gas constants used in the heat loss calculations

km
W/cm K
(300K)

ε c
J/g K
(300K)

kt
mW/mK
(300K)

k
mW/mK
(400K)

ν
m2/s
(330K)

α
m2/s
(330K)

Copper
(not polished)

4.0 0.2 0.384

Copper
(polished)

4.0 0.07 0.384

Stainless Steel 0.16 0.35 0.46
Strontium 0.353 0.306
Argon 0.520 17.9 22.6
Helium 5.193 156.7 190.6
Hydrogen 14.304 186.2 230.4
Neon 5.193 49.8 60.3
Xenon 0.158 5.5 7.3
Air

(p=10−4 mbar)
10−5 1.01·10−4 2·10−5 3·10−5

km: material conductivity
ε: emissivity
c : speci�c heat capacity
kt: thermal conductivity
ν: kinematic viscosity
α: thermal di�usivity
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Appendix E

Output File

Figure E.1 and E.2 are the formats containing the data of an experiment.

Figure E.1: First part of output �le
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Figure E.2: Second part of output �le

110



Bibliography

[1] R. L. Mills. The Grand Uni�ed Theory of Classical Physics.
http://blacklightpower.com/theory/bookdownload.shtml, June 2008 edition. 2008.

[2] R. L. Mills, M. Nansteel, and P. C. Ray. Argon-hydrogen-strontium discharge light
source. Plasma Science, IEEE Transactions on, 30:639�652, 2002.

[3] R. L. Mills, H. Zea, J. He, and B. Dhandapani. Water bath calorimetry on a catalytic
reaction of atomic hydrogen. International Journal of Hydrogen Energy, 32(17):4258�
4266, 2007.

[4] K. Akhtar, J. E. Sharer, and R. L. Mills. Substantial doppler broad-
ening of atomic-hydrogen lines in dc and capacitively coupled rf plasmas.
http://www.blacklightpower.com/papers/DopplerBroadening033108Web.pdf, 2008.

[5] R. L. Mills, N. Greenig, and S. Hicks. Optically measured power balances of glow
discharges of mixtures of argon, hydrogen, and potassium, rubidium, cesium, or stron-
tium vapor. International Journal of Hydrogen Energy, 27(6):651�670, 2002.

[6] R. L. Mills, M. Nansteel, and Y. Lu. Observation of extreme ultraviolet hydrogen
emission from incandescently heated hydrogen gas with strontium that produced an
anomalous optically measured power balance. International Journal of Hydrogen En-
ergy, 26(4):309�326, 2001.

[7] R. L. Mills, J. Dong, W. Good, P. Ray, J. He, and B. Dhandapani. Measurement
of energy balances of noble gas-hydrogen discharge plasmas using Calvet calorimetry.
International Journal of Hydrogen Energy, 27(9):967�978, 2002.

[8] R. L. Mills, X. Chen, J. He P. Ray, and B. Dhandapani. Plasma power source based
on a catalytic reaction of atomic hydrogen measured by water bath calorimetry. Ther-
mochimica Acta, 406(1-2):35�53, 2003.

[9] R. L. Mills, A. Voigt, P. Ray, M. Nansteel, and B. Dhandapani. Measurement of
hydrogen balmer line broadening and thermal power balances of noble gas-hydrogen
discharge plasmas. Technical report, Blacklight Power Inc.

[10] R. L. Mills, P. C. Ray, B. Dhandapani, R. M. Mayo, and J. He. Comparison of
excessive balmer a line broadening of glow discharge and microwave hydrogen plasmas
with certain catalysts. Journal of Applied Physics, 92:7008, 2002.

[11] R. L. Mills and K. Akhtar. Tests of features of �eld-acceleration models for the
extraordinary selective h balmer alpha broadening in certain hydrogen mixed plasmas.
http://www.blacklightpower.com/papers/Pin Electrode Fast H100908WebS.pdf, 2008.

111



CHAPTER 6 BIBLIOGRAPHY

[12] R. L. Mills, Y. Lu, and K. Akhtar. Spectroscopic observation of helium-ion and
hydrogen-catalyzed hydrino transitions. Technical report, 2008.

[13] N. Cvetanovi¢, B. M. Obradovi¢, M. M. Kuraica, and N. Konjevi¢. Excessive Balmer
line broadening in the negative glow region of hydrogen discharge.

[14] W. Benesch and E. Li. Line shapes of atomic hydrogen in hollow-cathode discharges.
Opt. Lett, 9(8):338, 1984.

[15] R. K. Marcus and J. A. C. Broekaert. Glow Discharge Plasmas in Analytical Spec-
troscopy. Wiley, 2003.

[16] A. Bogaerts, E. Neyts, R. Gijbels, and J. van der Mullen. Gas discharge plasmas and
their applications. Spectrochimica Acta Part B: Atomic Spectroscopy, 57(4):609�658,
2002.

[17] R. S. Freund, J. A. Schiavone, and D. F. Brader. Dissociative excitation of H: Spectral
line shapes and electron impact cross sections of the Balmer lines. The Journal of
Chemical Physics, 64:1122, 1976.

[18] A. L. Capelli, R. A. Gottscho, and T. A. Miller. Plasma Chem. Plasma Proc. 5, page
317, 1985.

[19] C. Barbeau and J. Jolly. Spectroscopic investigation of energetic atoms in a DC
hydrogen glow discharge. Journal of Physics D: Applied Physics, 23:1168�1174, 1990.

[20] P. M. Hierl, V. Pacak, and Z. Herman. Kinematics of charge transfer: Ar+ and H2.
J. Chem. Phys, 67(6), 1977.

[21] Z. L. Petrovi¢, B. M. Jelenkovi¢, and A. V. Phelps. Excitation by and surface re�ection
of fast hydrogen atoms in low-pressure hydrogen discharges. Physical Review Letters,
68(3):325�328, 1992.

[22] E. L. Ayers and W. Benesch. Shapes of atomic-hydrogen lines produced at a cathode
surface. Physical Review A, 37(1):194�199, 1988.

[23] N. M. �i²ovi¢, G. L. Majstorovi¢, and N. Konjevi¢. Excessive hydrogen and deuterium
Balmer lines broadening in a hollow cathode glow discharges. The European Physical
Journal D-Atomic, Molecular, Optical and Plasma Physics, 32(3):347�354, 2005.

[24] N. Cvetanovi¢, M. M. Kuraica, and N. Konjevi¢. Excessive Balmer line broadening
in a plane cathode abnormal glow discharge in hydrogen. Journal of Applied Physics,
97:033302, 2005.

[25] G. L. Majstorovi¢, N. M. �i²ovi¢, and N. Konjevi¢. Spectroscopic study of high energy
excited deuterium atoms in a hollow cathode glow discharge. Physics of Plasmas,
14:043504, 2007.

[26] G. Baravian, Y. Chouan, A. Ricard, and G. Sultan. Doppler-broadened H alpha line
shapes in a rf low-pressure H discharge. Journal of Applied Physics, 61:5249, 1987.

[27] M. M. Kuraica and N. Konjevi¢. Line shapes of atomic hydrogen in a plane-cathode
abnormal glow discharge. Physical Review A, 46(7):4429�4432, 1992.

112



6.0 BIBLIOGRAPHY

[28] M. Gemi²i¢ Adamov, M. M. Kuraica, and N. Konjevi¢. Intensity dependence of hydro-
gen lyman alpha and Balmer alpha lines upon cathode material of an abnormal glow
discharge. The European Physical Journal D-Atomic, Molecular, Optical and Plasma
Physics, 28(3):393�398, 2004.

[29] S. B. Radovanov, K. Dzierzega, J. R. Roberts, and J. K. Oltho�. Time-resolved
balmer-alpha emission from fast hydrogen atoms in low pressure, radio-frequency dis-
charges in hydrogen. Applied Physics Letters, 66:2637, 1995.

[30] I. R. Videnovi¢, N. Konjevi¢, and M. M. Kuraica. Spectroscopic investigations of a
cathode fall region of the Grimm-type glow discharge. Spectrochimica Acta Part B:
Atomic Spectroscopy, 51(13):1707�1731, 1996.

[31] S. B. Radovanov, J. K. Oltho�, R. J. Van Brunt, and S. Djurovic. Ion kinetic-energy
distributions and Balmer-alpha (H) excitation in Ar-H radio-frequency discharges.
Journal of Applied Physics, 78:746, 1995.

[32] R. L. Mills and M. Nansteel. Anomalous argon-hydrogen-strontium discharge. Tech-
nical report, Blacklight Power Inc.

[33] R. L. Mills, A. Voigt, P. Ray, M. Nansteel, and B. Dhandapani. Measurement of
hydrogen Balmer a line broadening and thermal power balances of noble gas-hydrogen
discharge plasmas. International Journal of Hydrogen Energy, 27(6):671�685, 2002.

[34] R. L. Mills, Chen, P. Ray, J. He, and B. Dhandapani. Plasma power source based on
a catalytic reaction of atomic hydrogen measured by water bath calorimetry. Ther-
mochimica Acta, 406(1-2):35�53, 2003.

[35] R. L. Mills, P. Ray, J. Dong, M. Nansteel, W. Good, P. Jansson, B. Dhandapani,
and J. He. Excessive Balmer alpha line broadening, power balance, and novel hydride
ion product of plasma formed from incandescently heated hydrogen gas with certain
catalysts. Int. J. Hydrogen Energy, submitted.

[36] M. R. G. Adamov, B. M. Obradovi¢, M. M. Kuraica, and N. Konjevi¢. Doppler spec-
troscopy of hydrogen and deuterium Balmer alpha line in an abnormal glow discharge.
Plasma Science, IEEE Transactions on, 31(3):444�454, 2003.

[37] C. Barbeau and J. Jolly. Electric �eld measurement in the cathode sheath of a hy-
drogen glow discharge. Applied Physics Letters, 58:237, 1991.

[38] N. Konjevi¢. Plasma broadening and shifting of non-hydrogenic spectral lines: present
status and applications. Publ. Astron. Obs. Belgr., No. 57, p. 7, 1997.

[39] N. Konjevi¢ and M. M. Kuraica. Excessive doppler broadening of hydrogen Balmer
lines in gas discharges. In AIP Conference Proceedings, volume 740, page 268. AIP,
2004.

[40] N. Konjevi¢, G. L. Majstorovi¢, and N. M. �i²ovi¢. Excessive broadening of hydrogen
balmer lines for discharge-surface interaction monitoring. Applied Physics Letters,
86:251502, 2005.

[41] N. M.�i²ovi¢, G. L. Majstorovi¢, and N. Konjevi¢. Excessive hydrogen and deuterium
Balmer lines broadening in a hollow cathode glow discharges. The European Physical
Journal D-Atomic, Molecular, Optical and Plasma Physics, 32(3):347�354, 2005.

113



[42] F. Pedrotti and L. Pedrotti. Introduction to Optics. Prentice-Hall, Englewood Cli�s,
NJ, 1993.

[43] H. R. Griem. Principles of Plasma Spectroscopy (Cambridge monograph in Plasma
Physics vol 2). Cambridge University Press, Cambridge, 2005.

[44] R. K. Marcus. Glow discharge spectroscopies. Plenum Press, 1993.

[45] General instructions digital Mass Flow / Pressure instruments laboratory style / IN-
FLOW, 2006.

[46] http://www.tuedacs.nl/folders/MicroGiant.pdf.

[47] Omega 44201. Omega Linear Thermistor Composite.

[48] Manual of the Doppel Echelle Monochromator (DEMON).

[49] D. R. Lide. CRC Handbook of Chemistry and Physics 88th edn (Internet Version
2008). Boca Raton, FL: CRC Press/Taylor and Francis, 2003.

[50] J. A. Potkay, G. R. Lambertus, R. D. Sacks, and K. D. Wise. A low-power pressure-and
temperature-programmable micro gas chromatography column. Microelectromechan-
ical Systems, Journal of, 16(5):1071�1079, 2007.

[51] Private communication with R. L. Mills and co-workers.

[52] NIST Atomic Spectra Database. http://physics.nist.gov/PhysRefData, 2008.

[53] S. Djurovic and J. R. Roberts. Hydrogen Balmer alpha line shapes for hydrogen-argon
mixtures in a low-pressure rf discharge. Journal of Applied Physics, 74:6558, 1993.

[54] T. Gans, V. Schulz von der Gathen, U. Czarnetzki, and H. F. Doebele. Observation
of fast hydrogen atoms formed by ion bombarding of surfaces. contributions to plasma
physics, 42(6/7):596�602, 2002.

[55] A. V. Phelps. Collisions of h, h, h, ArH, h, h, and h with ar and of ar and ArH with h
for energies from 0.1 eV to 10 keV. Journal of Physical and Chemical Reference Data,
21:883, 1992.

[56] R. L. Mills, B. Dhandapani, and K. Akhtar. Excessive Balmer a line broadening
in capacitively coupled rf water-vapor plasmas. International Journal of Hydrogen
Energy, 2007.

[57] W. Eckstein and J. P. Biersack. Re�ection of low-energy hydrogen from solids. Applied
Physics A: Materials Science & Processing, 38(2):123�129, 1985.

[58] K. W. Frese. Calculation of surface binding energy for hydrogen, oxygen, and carbon
atoms on metallic surfaces. Surface Science, 182(1-2):85�97, 1987.

[59] R. Engeln. Introduction to Plasma Physics. Eindhoven University of Technology, 2005.

114


	Introduction
	Resonant Transfer Mechanism
	The Revised Model of the Hydrogen Atom
	Resonant Transfer Mechanism

	Observations in Glow Discharge Plasmas
	Glow Discharge Plasmas
	Excess Energy
	Extreme Doppler Broadening

	Research Motivation

	Theory
	DC Glow Discharge plasmas
	Field Acceleration Model
	RT Mechanism to Hot Hydrogen Production 
	Calorimetry
	Basic Equations Used in Heat Calculations

	Spectroscopy
	Spectrometer Basics

	Line Broadening
	Natural Line Broadening
	Pressure Broadening
	Doppler Broadening
	Instrumental Broadening
	Comparison of the Balmer- Half-widths 


	Equipment and Setup
	Plasma Cell and Box
	Gas Flow System
	Electrical System
	Data Acquisition and Control 
	Spectrometer
	High Resolution Spectrometer (DEMON)

	Strontium
	Electronic Work Function
	Chemical Reactions Containing Strontium
	RT Mechanism for Strontium

	Preparations for an Experiment

	Error Analysis
	Reading Errors
	Temperature Distribution
	Heat Losses
	Radiation
	Conduction
	Convection and Gas Conduction
	Heat Capacity
	Comparison of Heat Losses

	Calibration and Reproducibility
	Discussion and Conclusions

	Experimental Results
	Calorimetry
	Argon/Hydrogen with Strontium
	Helium/Hydrogen with Strontium
	Other Gases
	Overview of Calorimetry Experiments
	Overall Discussion Calorimetric Measurements

	Visible Spectroscopy
	Line Broadening
	Excessive Broadening Balmer lines
	Pressure Dependency of Balmer- Line Profiles
	Burning Voltage Dependency of Balmer- Line Profiles
	Overall Discussion
	Excess Power and Line Broadening


	Conclusions and Recommendations
	Calorimeter setup
	Excess Power
	Line Broadening
	Heating of The Plasma Cell by Fast Hydrogen Atoms

	Thermistor Deviations
	Usage of the Glove box 
	Operation Procedure of the Gas System
	Start-up Procedure
	Shut Down Procedure

	Constants Used in Calculation of Heat Losses
	Output File
	Bibliography

