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Abstract

Spectroscopic temperature measurements are done on microwave plasmas at

0.36 mbar, excited by a waveguide surfatron. The following gases are used:

pure hydrogen, water vapour, and mixtures of various percentages of hydro-

gen in argon and in helium.

The rotational temperature of the hydrogen molecules is determined from a

Boltzmann plot of the intensity of the Fulcher-alpha band lines. They have a

similar range in all mixtures: 900–1500 K. The (Doppler) widths of the helium

and oxygen lines indicate temperatures in that same range, and it is assumed

that this is a good approximation of the gas temperature.

The temperature of the hydrogen atoms in the n = 4...8 states is determined

from the Doppler broadening of the Balmer lines. In pure hydrogen and He/H2

it is found that the temperature increases with the upper level quantum num-

ber: the atoms at highest electronic levels are hottest. Several hypotheses are

formulated that might be causing this observation; more research is necessary.

In Ar/H2 the trend is absent and in water vapour it is also less pronounced; an

excitation transfer mechanism is identified as a probable cause. The highest

temperatures measured are in the order of 5000 K (0.4 eV).

Additionally, the intensities of the Balmer lines are analysed to compare the

population densities of the hydrogen atoms. It is found that in each mixture

nq/gq < np/gp for all 3≤ p < q ≤ 8.

The motive for the research is the publication of peculiar measurements in

specific mixtures, mainly by Mills, including highly broadened hydrogen lines

(indicating temperatures from tens to hundreds of eV) and Balmer population

inversion. These results are not reproduced.
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Chapter 1

Introduction

In recent years, several puzzling observations have been made, in both spec-

troscopy and calorimetry, on plasmas containing hydrogen. For these, various

mechanisms have been proposed. The most controversial of these is the theory

about a “resonant transfer (RT)” mechanism, proposed by R. L. Mills, which

claims to account for all of them. Therefore, a brief look is taken at Mills’

theory.

1.1 Resonant Transfer Mechanism

In [1] a reassessment of quantum mechanics is presented, based on the sup-

posed validity of fundamental laws (Maxwell’s equations, general relativity)

on every scale, including that of atoms. The resulting theory has a Grand-

Unified-Theory feel to it, claiming to offer a formula for the electron mass and

a solution to the issue of dark matter [2]. It is called “Classical Quantum Me-

chanics” (CQM), and has among its remarkable consequences a revised model

of the hydrogen atom. The theory on resonant transfer stems from this model.

1.1.1 The Hydrogen Atom, Hydrinos

According to CQM, the electron in a hydrogen atom is not a particle nor a

smeared-out probabilistic wave function. Rather, it is a spinning, two-dimensional

charged sphere which is the result of a superposition of current loops. The
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CHAPTER 1. INTRODUCTION

well-known expression for the binding energy as a function of the principal

quantum number n,

En =−
13.6 eV

n2
, (1.1)

is still valid, though now n can not only take the common integer values (n =

1, 2, 3, . . .), but also fractional values of the form

n =
1

p
, p = 1, 2, 3, . . . 137. (1.2)

The state of a hydrogen atom is indicated with terms as H(n=1) for the

ground state or H
�

1

2

�

for the highest lying fractional state.

When a hydrogen atom is in a state with a fractional quantum number (n=

1/p) it is called a hydrino. As opposed to the non-fractional quantum states,

hydrino states cannot be reached by the absorption or emission of radiation,

which is the reason why they were not noticed before. Transitions to and

between hydrino states are only possible via non-radiative energy transfer, in

which the energy lost by the atom is carried away by a particle that is not a

photon. These reactions are the so-called resonant transfer reactions, in which

the receiving particle is an atom or ion that gets (multiply) ionised in the

process.

1.1.2 RT Reactions

The receiving particle in a RT reaction is called the catalyst, and must be able

to absorb an integer number (m) of times the potential energy of the ground

state hydrogen atom: Eion = m · 27.2 eV. When the reaction takes place, the

hydrogen which was initially in state H(n= 1

p
) ends up in state H(n= 1

p+m
). In

addition to the energy transferred to the catalyst, a photon may be emitted

that carries away the rest of the energy that is released in the transition.

To clarify the process, the RT reaction of ground state hydrogen with he-

lium as a catalyst is given. The first and second ionisation energies of He are

24.5 eV and 54.4 eV. This means that the He+ ion can act as a catalyst with

m= 2:

He++ 2 · 27.2 eV → He2+. (1.3)

The reaction for the ground state hydrogen is

H(1) → H
�

1

3

�

+ 8 · 13.6 eV, (1.4)
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1.1. RESONANT TRANSFER MECHANISM

which, when added to the Eqn. 1.3 leaves 4 ·13.6 eV to be emitted in the form

of a photon, or be lost through a different mechanism (e.g. a collision).

The catalyst recombines, releasing the energy it took up during ionisation,

and is ready to undergo the process again. When the catalyst is taken out of

the equation, therefore, the net RT reaction of an arbitrary hydrino is found:

H
�

1

p

�

→ H
�

1

p+m

�

+ (m2 + 2pm) · 13.6 eV. (1.5)

These reactions typically take place in plasmas, where interactions be-

tween particles are frequent and where hydrogen exists in the atomic state.

Plasmas which contain both hydrogen and at least one type of catalyst parti-

cles are called RT plasmas.

In [1], a near-complete list is given of the atoms and ions that could serve

as catalysts, selected entirely on their known ionisation energies. An overview

is also included in this report, in appendix A. The catalysts helium, argon,

potassium, rubidium, and strontium are most often found in literature.

Note from Eqn. 1.1 that the hydrinos themselves are catalysts too. This

means that any newly formed hydrino can cause more ordinary hydrogen

atoms to convert into hydrinos, or to lower the quantum number of other

hydrinos – at least until it gets bounded (in e.g. dihydrino gas).

Also observe the apparent limit for the fractional quantum number, n =

1/137, posed in Eqn. 1.2. The limit arises from the decrease in atomic radius

with quantum number; n = 1/137 is the lowest state in which the electron’s

orbital velocity does not exceed the speed of light.

1.1.3 Plasma Sources

Several plasma sources are used by Mills to generate RT plasmas, the four

most important ones will be briefly treated here, and are shown in Fig. 1.1.

Incandescently Heated Plasmas

The design of the incandescently heated plasma cell (Fig. 1.1a) is described

in several articles, see e.g. [3, 7–14]. It consists of an 8 m-long tungsten wire

that is wound to a 30 cm coil around a ceramic support. When the cell is in

9



CHAPTER 1. INTRODUCTION

(A) Incandescent (ohmic heated) (B) RF discharge

(C) Microwave discharge (D) Hollow cathode glow discharge

FIGURE 1.1: The various cells used in investigating RT plasmas. Pictures have been taken and

partly adjusted from [3–6].

operation the pressure inside it is in the range of 0.1 to 0.5 mbar, and hydro-

gen is inserted at a flow rate of 5 sccm. The coil is heated to about 1500◦C by

means of ohmic dissipation of electrical energy, with typical dissipated powers

of 300 W at voltages of 50 to 70 V. It is, in fact, remarkable that a plasma may

even form under these conditions. A titanium mesh may be present in the cell

to dissociate hydrogen gas. In some experiments the catalyst is deposited onto

the mesh in the form of a salt, though it may also be positioned at the bottom

of the cell (in the case of a metal), or a gaseous catalyst may be used. The cell

is thermally insulated to prevent heat loss.

Two variations to this cell are described by Conrads [15]. The first is the dis-

connection of the tungsten wire from the power source, and the replacement

10



1.1. RESONANT TRANSFER MECHANISM

of the ceramic support by halide bulbs, which take over the task of heat pro-

duction. The tungsten wire is not removed as it is thought to be necessary

for hydrogen dissociation. The second variation is the (partial) removal of

the insulation around the cell, and replacing it with an oven to maintain the

temperature. It was found that the voltage across the wire can be reduced to

about 20 V before the cell stops emitting light.

RF Plasmas

RF plasma cells are well-known and have been used for all sorts of experiments

and industrial applications; as a power source they employ a radio-frequent

alternating-current source. For the experiments referred to here, capacitive

coupling is used in all cases but one ([16] uses inductive coupling), and ca-

pacitive coupling is assumed throughout unless noted otherwise. The setup

of these RF cells is shown in Fig. 1.1b, and consists of two parallel conduct-

ing plates (the electrodes) in a vacuum vessel. One of the plates is usually

grounded, leaving the other to be the “powered electrode”. Their diameter is

in the order of 10 cm, and the distance between them is about one order of

magnitude less. Typical peak-to-peak voltages are 100–200 V, and a frequency

of 13.56 MHz is universally used. Input powers range from 10 to 150 W, and

pressures are between 0.01 and 1.5 mbar [4, 16–23]. A plasma forms where

the field is highest: between the electrodes. When this happens the electric

potential in the space between the electrodes is no longer linear, it rather has

steep gradients near the electrodes and is more or less constant in the bulk of

the plasma. The strong electric field region is called the sheath. Also near the

walls (floating potential) sheaths usually exist.

Microwave Plasmas

Due to the controversy on the possible causes of some measurements on RF

plasmas, several experiments were done by Mills in which microwave sources

were used to created a plasma [2, 5, 12, 13, 16, 24–30]. To transfer energy to

the plasma, Mills uses an Evenson [31] cavity, and also in the few microwave

articles not (co)authored by Mills ([14] and [32]) cavities are used. Pressures

are in the order of 0.1 to 1 mbar, flow rates are about 5 sccm, and input powers

of 40–80 W are generally used. In one of the experiments by Jovic̆ević [32]

where a pulsed source is used, 0.75 to 1 kW is necessary to achieve plasma

formation. Tube diameters are usually around 1 cm; in [32] 0.35 cm and
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CHAPTER 1. INTRODUCTION

3.0 cm inner diameters are used.

Hollow Cathode Plasmas

Apart from these sources, Mills has used glow discharges of various shapes and

sizes. They most often include hollow cathode discharges1 of two different

dimensions [2, 6, 10, 12, 24, 26]; their layout is shown in Fig. 1.1b. Also

capillary discharges [33] are used, low-frequency (60 Hz) alternating-current

discharges in ovens [7, 10, 12], and a cylindrically symmetric DC discharge

in which the anode is surrounded by the cathode [34]. All use pressures of

between 0.5 and 2.5 mbar. Recently, relevant hollow cathode experiments

have also been done by S̆ĭsović [35].

1.2 Observations

In various ways has the validity of the RT mechanism been tried to demon-

strate, mainly by Mills et al, and on various occasions have criticism and alter-

native explanations for the observations been expressed. Here an overview.

1.2.1 Excess Energy

The most obvious way to prove the possible existence of the RT mechanism

would be a RT plasma that emits more energy than it takes up, and calorimet-

ric experiments to demonstrate such excess energy have been undertaken. Ob-

viously, the excess should be more than can be accounted for by conventional

chemical processes that might occur in the plasma cell (e.g. the combustion of

the hydrogen).

In [7] Mills describes an optical calorimetric measurement in which the

light emission of glow discharge plasmas with different ingredients is com-

pared in the 400–700 nm interval. A correction is made for background light

and wavelength dependency of the measuring equipment. It is found that,

1In several articles ([2, 26, 28]) Mills mentions that “An ac power supply (0–1 kV, 0–1 A)

was connected to the hollow cathode to generate a discharge” – a contradictio in terminis.

It is assumed that not an “alternating” but a “variable” power source is meant, though the

situation might also be that not “cathode” but “electrode” is meant.

12



1.2. OBSERVATIONS

compared to a plasma containing hydrogen only, or sodium and hydrogen,

4000 times less power is required to obtain a certain light output when the

plasma contains strontium and hydrogen.

A similar measurement is reported in [10], where Na/H2, Mg/H2, Ba/H2 mix-

tures are found to require 4000, 7000 and 6500 times more power than a

Sr/H2 plasma, and that Ar alone requires 6300 times the power input of a

cell containing strontium and Ar/H2. Apposed to RT theory, it is also found

that Ar/H2 is requires high levels of input power to reach a certain optically

measured output; 8600 times that of the strontium with Ar/H2 cell.

This type of calorimetry is clearly questionable, as only the output in the vis-

ible range is taken. Different mixtures emit at different wavelengths, e.g. in

the infrared or ultraviolet, making the approach flawed.

In [6] the final temperature of a hollow cathode cell in ambient-temperature

air is measured as a function of the electrical input power for both krypton and

a Kr/H2 (5%)2 mixture. These measurements are used as reference measure-

ments, against which the final temperatures of other gases are compared to

determine the amount of excess power they might possess. At an input power

of 110 W, the excess powers of Ar/H2 (5%), strontium with Ar/H2 (5%), stron-

tium with He/H2 (5%), and strontium with hydrogen are determined to be 28,

78, 50 and 58 W respectively. At 136 W input, the excess power of the latter

plasma even increases to 184 W.

Calvet calorimetry3 is used on a hollow cathode glow discharge plasma cell

in the case of [24]. The outside wall is maintained at a fixed temperature, so

the Calvet voltage is a measure for the temperature inside the vessel and will

be higher when the heat production inside the vessel is higher. Comparing the

Calvet voltage (and its evolution in time) of the non-RT plasmas hydrogen,

argon, xenon, and Xe/H2 (3%) with that of the RT plasma Ar/H2 (3%), it is

concluded that the Ar/H2 mixture exhibits an excess energy of 1.57·103 eV

per H2 particle – almost 3 orders of magnitude more than the energy released

in combustion of the gas.

In water bath calorimetry, the temperature rise of a body of water by heat

exchange with an object is measured. In [25, 28] Mills uses this technique

2When a percentage is given after a gas mixture it refers to the (mole and volume) precen-

tage of hydrogen.
3Type of calorimetry in which the heat flux across the wall of a vessel is calculated from

the thermal conductivity and thickness of the wall, and the measured temperature difference

between its inside and outside faces. The temperature difference is determined from the

voltage (the Calvet voltage) across thermocouple pairs present in the wall. Inside the vessel

the object or reaction of interest is placed.
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CHAPTER 1. INTRODUCTION

to determine the power produced from a microwave plasma. First, the heat

capacity of the system (water bath and plasma cell) is determined, after which

the microwave plasma is run. By measuring the rate of temperature rise (◦C/s)
for a krypton plasma, the input power of the microwave system into the water

is determined. Then the plasma is run at the same conditions (most notably

at the same incident and reflected microwave powers) but with a RT mixture

(He/H2); the difference in rate of temperature rise is attributed to the RT

mechanism. An excess power of 7.3± 0.3 Wcm−3 (accounting for about two

thirds of the heat transferred to the water bath) is found. This corresponds to

0.30 eV per hydrogen molecule.

The experiment is repeated and extended in [30] by Phillips, who first uses

40 different non-RT conditions (i.e. the gases He, Ar, Kr, Kr/H2, Xe, Xe/H2,

N2, N2/H2, CO2, CO2/H2 at various pressures and mix ratios) to establish the

“control” rate of temperature rise, and then determines the rate of temperature

rise and excess power of He/H2, Ar/H2 and water vapour. It is concluded that

the excess power of the RT plasmas is about 10 Wcm−3, or 0.31 eV per H2.

Recently, Mills performed water bath calorimetry on a hollow anode cell [36],

and using a calibration done with ohmic heating of the water it is concluded

that the RT mixture of strontium with Ar/H2 (5%) shows 0.80 eV excess power

per molecule H2. No recording of non-RT mixtures is reported.

Criticism of these calorimetric studies is aimed primarily at the difficulties

at ensuring accurately known, or even constant, power inputs into the plasma.

Especially measurements of forward and reflected microwave power are diffi-

cult, and might be varying when changing gas composition, as noted by Phelps

[37]. A second problem is that in most experiments the ambient temperature

is not actively controlled or measured, which means it might vary from exper-

iment to experiment.

To the author’s knowledge, none of these calorimetric experiments have

been conducted elsewhere than in the laboratories at Blacklight. At the Eind-

hoven University of Technology, a calorimetric study is being prepared that

uses bodies of copper to absorb the heat. By employing two identical cells in

a thermostrated box, a better control of heat fluxes is obtained, which, it is

hoped, allows for more conclusive measurements.

1.2.2 Novel Compounds

If hydrinos are truly formed, new compounds should be present in the remain-

ing products, after a RT plasma is run. Such are dihydrino gas, but also other

14



1.2. OBSERVATIONS

substances containing hydrinos.

In [38] Mills describes various recipes for producing hydride compounds,

constituting prolonged heating of catalysts (and/or catalyst-containing sub-

stances) with hydrogen at pressures ranging from 3·10−2 to 10 mbar. Such

is done with potassium and potassium iodide (KI) to form potassium iodo

hydride (KHI), with strontium and strontium fluoride (SrF2) to form stron-

tium fluoro hydride, and also other alkali and alkaline earth halido hydrides

are formed (KHF, KHCl, KHBr, KHI, RbHF, RbHCl, RbHBr, RbHI, CsHF, CsHCl,

CsHBr, CsHI, CaHCl, CaHBr, CaHI, SrHF, SrHCl, and SrHBr). Several analyses

are done on some of the samples, including x-ray photoelectron spectroscopy

(xps), nuclear magnetic resonance (nmr) spectroscopy, gas chromatography,

mass spectrometry and time-of-flight secondary ion mass spectrometry (tof-

sims). The hydride ion H−
�

1

2

�

is identified, and with xps H−
�

1

6

�

is found in

KHI, and H−
�

1

8

�

in KHCl. The nmr of SrHBr shows H-H separation that is

much smaller than that in ordinary hydrogen molecules, as is expected to be

the case for hydrinos.

H−
�

1

2

�

is also identified in [11], where an emission peak at 407 nm is

observed from an incandescently heated RT plasma of hydrogen and rubidium

(RbNO3). Molecular hydrogen is eliminated as the source of the peak due to

absence of other molecular hydrogen peaks.

Employing a microwave cell containing silane (SiH4) and the RT mixture

He/H2 (1%), a surface coating of SiH was made [25] by Mills. With tof-sims,

SiH+ and H− were identified, and with xps several hydride ions were found

(H−
�

1

4

�

, H−
�

1

9

�

, H−
�

1

11

�

).

1.2.3 Novel Lines

In various articles [2, 8, 15, 27] spectroscopic measurements are reported,

mostly in the vacuum ultraviolet (VUV, 100–190 nm) and extreme ultravio-

let (EUV, 5–100 nm) regions. The measurements show unknown lines in mi-

crowave and glow discharge plasmas containing hydrogen and 2% helium.

The lines are found at several positions. One set is observed at m ·13.6 eV,

where m is an integer 1 ≤ m ≤ 11, excluding 5 and 10. These observations are

attributed to emissions of hydrogen atoms undergoing the RT process and be-

coming hydrinos. Lines are also observed at the stated energies minus 21.2 eV,

which is ascribed to inelastic scattering off helium atoms that are taken from
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CHAPTER 1. INTRODUCTION

the ground state to the first excited state.

A few lines is seen in the visible; e.g. [8, 11] report the observation of a

line at 407 nm, apparently corresponding to the binding energy of the H
�

1

2

�

−

ion.

1.2.4 Plasma Afterglow

In order to rule out electric fields as the energy source of the plasmas, Mills has

conducted several experiments in which the emissions of an incandescantly

heated plasma are measured while the electrical power is being switched off.

In [3] it is reported that the intensity of the spectral lines in the visible range

of the spectrum reduces much slower for RT plasmas (containing hydrogen

and: K, K2CO3, Rb, RbNO3, Cs, or CsNO3) than for non-RT plasmas (con-

taining hydrogen and: Cs, Li2CO3, LiNO3, Na, Na2CO3, or NaNO3) – in 1–2 s

compared to 1·10−4–2·10−4 s. It is argued the prolonged decay time is related

to the time it takes for the hydrogen dissociating titanium to cool down, and

that the much shorter decay time of the non-RT plasmas is caused by the dis-

appearing electric field. Three apparent inconsistencies are observed by Mills:

despite containing catalysts, no anomalous afterglow was present in the case

of hydrogen with KNO3, Rb2CO3 or Cs2CO3. The first is explained with the

two possible RT reactions for potassium (K → K3+ and 2 K+ → K + K2+):

the experimental result “indicates that the [last] catalysis reaction (. . . ) is

favored with K2CO3 which provides two potassium ions in the same chemi-

cal environment”. The other two are “possibly because two rubidium ions are

present rather than one, and Rb2CO3 has a low volatility”, and a “greater rate

of CsNO3 H2 reduction relative to Cs2CO3”. The fact that Na does not appear

to have afterglow is ascribed to the relatively large mismatch (0.22 eV) of its

catalytic reaction with m · 27.1 eV.

The same time scales are seen in [9], and are also reported by Conrads [15]

who observes a 2 s decay time of plasma emission intensity of an incandes-

cently heated hydrogen cell with K2CO3, which is absent when Na2CO3 is used,

or hydrogen only.

Afterglow from an incandescent cell is not observed by Driessen [14],

who uses hydrogen with potassium carbonate (K2CO3), and hydrogen with

strontium. Voltage across the coil and light output from the cell both fall to

zero within 2·10−3 s. In the first case, Mills explains the absence of afterglow

through the necessity of an electric field to generate Sr+ ions. The Sr+ ions are

said to be the catalysts in the experiment in question, though according to the
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theory neutral Sr particles should also be able to act as catalysts. For the ab-

sence of a prolonged decay time in the second case (which is in contradiction

with Mills’ experimental results) no cause has been found.

1.2.5 Population Inversion

Another group of observations to be discussed is population inversion. In ther-

mal equilibrium, the relative population densities of atomic levels p and q > p

is dependent on their degenerations gp,q and the energy difference Eqp be-

tween them. The higher the temperature, the more particles will be in state q,

but at any finite temperature it holds that
np

gp

>
nq

gq

(the ratio between the den-

sities can be deduced from the intensity of emission lines). If this relationship

is not valid, the situation is called population inversion, and a mechanism must

be present that stimulates population of the higher-lying state.

In [39] Mills reports population inversion in incandescently heated plas-

mas. The inversion is detected by analysis of the Lyman series: an over-

population of H(n=3) is observed (relative to n = 2) in plasmas containing

KNO3 and in those containing RbNO3. The inversion is not seen in a “con-

trol” microwave plasma of pure hydrogen. Dependency of the sensitivity of

the recording equipment on wavelength is ruled out, and no mechanisms are

found in literature that can overpopulate this level; neither from the ground

state, nor from the ionic state. The proposed mechanism is the creation of fast

ground state hydrogen by an RT reaction, followed by excitation to the n = 3

level through collision with H2. This is supported by the detection of multiply

ionised K and Rb atoms in the plasmas. Also in [13] an inverse Lyman line

intensity is mentioned (overpopulation of n= 3, 4 compared to n = 2).

In [16] inversion is shown in the intensity of the Lyman lines in a mi-

crowave water vapour plasma: the Lyman alpha line (Lα) has an intensity that

is much less than that of Lβ , Lγ and Lδ. The Balmer series of the same plasma

is also examined, from the intensities it is concluded that from the levels with

3 ≤ n ≤ 7, the one with n = 4 is the most populated if p = 1.3 mbar, and

n = 5 when p = 0.3 mbar.
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1.2.6 Extreme Doppler Broadening

Most research into RT plasmas has gone into spectroscopy, both in the visible

and in the (extreme) ultraviolet. By far the most attention has been given

to excessive broadening of the hydrogen Balmer alpha (Hα) line, which Mills

ascribes to selective heating of hydrogen due to collision with an excited hy-

drino. The Doppler broadening (see section 2.2.3) can be as high as 200 eV,

corresponding to a temperature of to 2.3·106 K.

Hollow Cathode and Incandescently Heated Plasmas

The broadening is observed in hollow cathode plasma cells, such as the one

shown in Fig. 1.1d. In [6], Mills reports that for non-RT plasmas (hydrogen

alone, hydrogen with magnesium, Kr/H2, Xe/H2) the Hα full width at half

maximum (FWHM, see section 2.2.3) is about 0.14 nm, compared to 0.28–

0.35 nm for Sr/H2, Ar/H2, He/H2, and strontium with Ar/H2 or He/H2. (All

gas mixtures contain 10 % hydrogen.) From this it is calculated that, for the

Doppler part of the broadening, the corresponding energies are 4 eV and 23–

45 eV respectively. The same study is mentioned in [10] and [12], and similar

results are described in [26], where also Ne/H2 is used. In the latter three

articles it is also noted that no dependence on voltage is observed for He/H2

(in [26] only), for Ar/H2 and for Sr/H2. Voltage dependence of other mixtures

is not mentioned.

In incandescently heated plasmas of hydrogen with SrCO3, and Ar/H2 with

SrCO3, 14 and 24 eV hydrogen temperatures are measured. Pure hydrogen

leads to only 3 eV [12]. Incandescently heated hydrogen with KNO3 or RbNO3

gives Hα broadening of 17 or 12 eV, respectively.

Driessen finds Hα broadening in incandescently heated plasmas containing hy-

drogen and K2CO3 of 14 eV [14]. The broadening, however, is only observed

with a specific heating coil material and only in one of the two possible DC

current directions through it, which cannot be explained by RT theory. His

plasma, contrary to Mills’, shows no excessive broadening when run on hydro-

gen with strontium.
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RF Plasmas

Also in RF plasmas is broadening observed. In [23] measurements on the Hα
line in an Ar/H2 capacitively coupled RF plasma are presented; the hydrogen

atoms have a temperature of 40 to 50 eV. When the profile is measured for

He/H2, two distinct hydrogen populations are observed (two superimposed

peaks are seen); about half of the hydrogen atoms is “cold”, while the others

also show a 40–50 eV broadening. In case of Xe/H2, no exceptional broad-

ening of Hα is seen, and the Xe, He, and Ar lines were not broadened in any

situation. Hα broadening is seen on all locations in the plasma cell including

at 15 cm distance from the plates, and no influence of the voltage is found.

Driessen [14]measures two populations of H atoms in an Ar/H2 RF discharge,

with temperatures of 0.05–0.20 eV and 10–40 eV. On few occasions a narrow

and broad component of the Hα line were also seen in He/H2 (20%), with

respective temperatures of 0.12 and 11 eV, though the relative intensity of

the broad component is low: typically less than 10%. After several hours of

running time, the broad component becomes less intense. Surprisingly (i.e.

not predicted by the theory on the RT mechanism), Hα broadening of 10 eV is

observed in low-power RF discharges in pure hydrogen.

The extremely broadened hydrogen lines in RF plasmas are observed by

various other research groups, and several alternative explanations are formu-

lated, some dating back over two decades.

In 1987 Baravian reported measurements of the Hα line in a pure hydrogen

RF plasma [17]. The line shows four components of various broadness; it

is concluded they represent H(n=3) populations with temperatures of 0.35,

2.75, 5.5–8, and 10–25 eV. Stark broadening is ruled out for Hα at an elec-

tron density of 1015 m−3, as well as neutral collisions and fine structure. The

cool central peak is attributed to radiative de-excitation of atoms produced

by excitation of ground state atoms and by dissociative electron excitation of

molecules. The radiating atoms producing the two “plateaus” are thought to

be H(n=1) atoms that are excited after being produced in the dissociative

electron excitation/ionisation of ground state hydrogen molecules, as their

kinetic energy matches the observed broadening. The narrow plateau origi-

nates from molecules that are excited to the lowest dissociative state, while

the broad plateau originates from those that are ionised. The largest broad-

ening (of “the wings”), finally, is attributed to the same process, though in

this case it are vibrationally excited hydrogen molecules that are ionised. It

is noted that acceleration of hydrogen ions in the sheath, followed by charge

exchange with a neutral atom, might also be responsible for the fast hydro-

gen population, but that sputtering of adsorbed H atoms would produce faster
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atoms.

Microwave Plasmas

Broadening of the Hα line is also recorded in microwave plasmas; in [25, 28]

this is done by Mills for hydrogen, for He/H2, and for Xe/H2 (both with 10%

hydrogen). The recording of the Hβ line is also mentioned once, though no

data is given. For Hα in He/H2, the hydrogen temperature is determined to be

180–210 eV (independent of pressure), well above the electron temperature

of 1 eV. In both remaining mixtures, only 3 eV Hα broadening is observed,

though surprisingly also higher than the electron temperature (again 1 eV).

The remark is made that “the addition of hydrogen to helium had no effect on

the helium lines”[28].

The temperature of the hydrogen atoms in a Sr/H2 microwave plasma is de-

termined to be around 30 eV [26], and even higher temperatures are found

for He/H2 (180–210 eV) and Ar/H2 (110–130 eV). The hydrogen atoms in

mixtures of hydrogen with magnesium, neon, krypton, or xenon had temper-

atures of 4 eV. It is noted that lines not belonging to hydrogen do not show

broadening.

Mills also publishes Hα measurements on a microwave discharge in water

vapour [16]; a 0.25 nm broadening is found, which is constant up to 5 cm

from the cavity. No excessive broadening is found of the oxygen lines, and all

broadening ceases if the Evenson microwave cavity is replaced by a RF coil

(inductive coupling).

Microwave measurements conducted by Driessen [14] in Ar/H2 and He/H2

do not support Mills’ claims; no excessive Hα broadening is observed, and a

maximum temperature of only 0.06 eV (∼ 700 K) is found.

Also Jovic̆ević [32] observes no excessive broadening; from measurements on

Hα and Hβ the temperature of hydrogen atoms is found to be no more than

1 eV in plasmas of pure hydrogen, He/H2, and Ar/H2.

The broadening measured in microwave discharges is regarded as more

important evidence for the RT theory than the other plasma sources. This is

because the frequency is high, causing the ions to pick up little energy directly

from the field (they oscillate without colliding). They can therefore not be

directly accelerated to the high velocities associated with the large (hundreds

of eV) broadening.
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1.3 Current Research

Tens of articles have been published with experimental data that seems to

support the RT theory. Yet there is great resistance in the scientific community

towards the theory – scientists point to alternative explanations that work

within the framework of standard physics, and to the conflict of interests on

the part of the researchers publishing the experiments.

In order to investigate the claims made by Mills, independent research

is conducted at the Technische Universiteit Eindhoven (The Netherlands) and

the Istituto Superior Técnico (Lisbon, Portugal) and the current research, done

in cooperation between these institutions, can be seen as continuation of the

work done by Driessen [14] in Eindhoven. Driessen mainly looked into ex-

treme broadening of the Hα line, and reproduced the broadening observed by

Mills for incandescent and RF plasmas, but not for microwave plasmas.

This report describes experiments that are done exclusively on microwave

plasmas. Novel emission lines and population inversion are shortly looked

into; the focus is on the temperature of hydrogen particles in various states.
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Chapter 2

Theory

2.1 Microwave Discharges

Microwave plasmas are characterised by the frequency at which the discharge

is maintained, which is roughly between 1 and 300 GHz [40]. Because vir-

tually all commercial applications operate at the same frequency of ω/2π =

2.45 GHz, microwave sources for this frequency are readily and cheaply avail-

able and therefore also used in most research applications. In all the experi-

ments described or referred to in this report, microwave plasma sources have

been used that operate at that same frequency, with a corresponding wave-

length of 12.2 cm.

Compared to other power sources available for plasma creation, microwave

sources have several advantages. They are versatile and can operate in a large

range of conditions concerning power levels, pressures, and geometries; there

is no need to introduce electrodes into the plasma which eliminates a possible

source of contamination; and there is little heating of the background gas.

The latter makes microwave plasmas relatively energy efficient and is caused

by the combination of relatively small electric fields and a high frequency, so

that most energy is transferred to the electrons.
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2.1.1 Microwave System

A microwave setup consists of a generator (the magnetron), means of trans-

port, and a so-called field applicator. The transport is done through transmis-

sion lines, which can be coaxial cables (for power levels up to a few hundred

W) or hollow conducting pipes called waveguides.

Transmission Lines, Microwave Propagation Modes

An important characteristic of propagating electromagnetic waves is their mode,

which determines the shape of the electric and magnetic components of the

field.

The first property of a mode is related to the presence of electric or mag-

netic field components in the direction of propagation. If a mode has an elec-

tric field that is zero in the direction of propagation, and a magnetic field that

is not, it is call a TE (transverse electric) mode; analogously TM (transverse

magnetic) modes are defined. If both the electric and the magnetic field are

entirely perpendicular to the wave’s direction of propagation, it is called a TEM

mode, which is the mode in which “free” electromagnetic waves propagate.

A second property is indicated with indices m and n, which show the or-

ders of a mode, e.g. TEmn. For transmission lines with a rectangular cross

section, m and n indicate the mode orders along the larger and shorter side

of the line’s cross section, respectively. Two examples are shown in Fig. 2.1.

For cylindrically symmetric transmission lines the letters m and n refer to the

azimuthal and radial mode orders, respectively, with m = 0 indicating az-

imuthally symmetric modes. In the cylindrical case the letters l and p are also

found in literature.

In general, propagating waves do not have to be of one specific mode only;

combined or hybrid modes also exists in which there are both electric and

magnetic field components in the direction of propagation.

Depending on the type of transmission line and its dimensions, each prop-

agation mode has a specific cutoff frequency, which is the minimum frequency

that the electromagnetic radiation needs to have in order for the mode to ex-

ist. This property is used to dimension transmission lines in such a way as

to exclude all but one mode, so that the shape of the wave is well-defined

(monomode operation). For microwaves transmitted by coaxial cable, the
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(A) TE10 (B) TM11

FIGURE 2.1: Wave propagation modes in a rectangular waveguide. The electric field is repre-

sented by solid red lines, the magnetic field by dashed blue lines. (a) The TE10 mode. (b) The

TM11 mode.

dimensions are such that all TM and TE modes are excluded, and the mi-

crowaves exist in TEM mode. [41]

In waveguides the TEM mode cannot exist, and the cutoff frequencies for the

TEmn and TMmn modes in a rectangular waveguide are given by

fmn =
1

2
c

r

m2

a2
+

n2

b2
, (2.1)

where c is the speed of light (in the dielectric contained within the waveguide,

usually air), and a and b ≤ a are the inner width and height of the wave-

guide. This means that for a standard WR340 waveguide (a = 86.4 mm, b =

43.2 mm) in air and 2.45 GHz microwaves, only modes that have n = 0 and

m = 0 or 1 can propagate. Combined with the criteria on m and n (m 6= 0 or

n 6= 0 for TE, and m 6= 0 and n 6= 0 for TM propagation modes), this means

that the microwaves propagate in the TE10 mode. This mode is shown in Fig.

2.1a.

Field Applicators

Field applicators are the devices used to transfer the microwave energy to

the plasma. Three different kinds of field applicators can be distinguished:

cavities, launchers, and torches.
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Hole for
discharge
tube
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Pick-up
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(A) Cavity
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Inner gas flow
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FIGURE 2.2: Examples of microwave field applicators. (a) Cavity: Beenakker cavity mounted

on a waveguide. The resonant field has a TM010 configuration. Picture adjusted from [41].

(b) Torch: Microwave Plasma Torch fed by coaxial transmission line. The field propagating

into plasma is in TEM mode. Picture adjusted from [42].

Cavities Resonant cavities are the first devices that were used to create dis-

charges with microwaves. They are hollow conductors that are constructed in

such a way that incoming microwaves are reflected several times and form a

standing wave. To specify the field in a cavity, a third index is added to the

mode description, indicating the mode order in the third dimension (for cylin-

drical cavities this is the symmetry axis), e.g. TE010. A hole is present in the

conducting material at the location where the field is highest, so that a tube

can be inserted to create the plasma in. Most of the plasma is formed within

the cavity, as this is the only location with a sufficiently high electric field

strength. Several cavities are described in [31], see Fig. 2.2a for an example.

Launchers Instead of creating a standing wave inside a resonant cavity, so-

called launchers can be used to create a travelling wave. Typically the dis-

charge vessel is long and cylindrical, and a plasma column is created that is

only over a small length enclosed by the launcher. A specific type of launchers

form the surface wave launchers, that create a wave that propagates along the

interface between the plasma and the dielectric (quartz) tube surrounding it.

Several surface wave launchers have been developed in the past decades, see

e.g. [43] for an overview. The only launcher we will concern ourselves with

here is the waveguide surfatron, it being the type used in the current research.

Many features, however, also apply to other launchers. More on this launcher

(incl. an illustration) and the plasma column it creates can be found in section

2.1.2 below.
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Torches The characteristic of a plasma torch is that the plasma is created at a

certain point (the nozzle) and ejected into an open space i.e. not constrained

by a guiding structure as is the case with the aforementioned field applicators.

The microwaves are coupled into a gas flow in which they propagate in TEM

mode. For the design of the “Microwave Plasma Torch”, see Fig. 2.2b.

Additional Equipment

In addition to the components described above, a microwave setup contains

tuning devices and usually also a circulator and a power meter. The tuning

devices are used to optimise the power coupling into the plasma and can be

present at various locations in the setup; usually some tuning stubs are present

on the transmission line as well as on the field applicator. They slightly change

the component’s geometry (e.g. by inserting metal rods) so that a larger field

is present at the location of the plasma and less power is reflected back to

the generator; a power meter is used to monitor the changes in forward and

reflected power while tuning the setup.

In order to prevent damage to the magnetron due to high levels of reflected

power, the microwaves travelling towards it are generally deflected and dissi-

pated in a load; this is done by means of a circulator.

2.1.2 Surface-Wave Discharges; Waveguide Surfatron

Due to its prominence in the current research, the waveguide surfatron and

the discharges it creates are given a closer look.

The waveguide surfatron is a device that combines a rectangular wave-

guide with a cylindrical launcher as seen from Fig. 2.3. The launcher is at-

tached perpendicularly to the waveguide and consists of a metal housing that

completely shields the plasma tube, save for a small gap of air. Microwaves are

incident on one side of the waveguide, and on the other side a short-circuit

is positioned that reflects the waves, creating a standing-wave pattern. The

short-circuit is movable so that the field strength at the gap can be optimised

for different loads. For the same reason the length of the coaxial part can be

changed.

As the launcher is attached to the wide wall of the waveguide and the field

is in the TE10 configuration, the electric field is parallel to the discharge tube.
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FIGURE 2.3: The waveguide surfatron. (a) External view. (b) Cut-through view showing the

electric field distribution. Surface waves are launched from the gap. Figures adjusted from

[44].

On closer inspection, the wave that is excited in the plasma is in a TM mode,

with the magnetic field circling the tube, which is the only propagation mode

that satisfies the conditions for continuity of the electric and magnetic compo-

nents at the interface between the conducting plasma and nonconducting tube

wall. In fact a wave is launched in each direction, but because of the metal

sleeve the amplitude of the wave travelling in backward direction quickly di-

minishes, and only on the “front” side of the waveguide is a plasma column of

length l created.

If the tube is not too large1, the surface wave can only exist in the m = 0

mode. With larger diameter tubes the wave can propagate in other modes

too, see e.g. [46] in which a surface wave with azimuthal and radial mode

order 3 is described. Usually, however, operation is in the TM00 mode, which

is assumed throughout the current work.

For the power distribution and plasma parameters within the discharge,

observe Fig. 2.4. On several locations [43, 45] it has been pointed out that

the plasma parameters depend only on the power input per unit volume and

on the discharge conditions – the composition and the pressure of the gas,

the dimensions of the discharge tube and the wall material, the wave mode

and the frequency. The following discussion is therefore independent of the

type of launcher, as long as the conditions mentioned just above are equal.

Concerning the conditions: surface wave plasmas have been sustained at a

1i.e. if the tube diameter a, multiplied with the microwave frequency f = ω/2π, satisfies

a f < 2 GHzcm [45]
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FIGURE 2.4: The axial dependence of the power distribution in a surface-wave plasma. Shown

are the power flux P(z) and its derivative, the dissipated power per unit length L(z). The

wave is launched at z = 0, the location of the gap. At z = l the power absorbed per unit

length drops below the minimum value needed to sustain the plasma, and the plasma column

ends. (Similar figures found in many articles, e.g. [47].)

wide range of gas compositions, pressures (10−5 mbar to more than atmo-

spheric pressure), tube diameters (0.5 to 250 mm), and frequencies (1 MHz

to 10 GHz). In the following we assume, whenever needed, a low (∼ mbar)

pressure steady-state discharge in a small (∼ cm) diameter tube excited with

a TM00 surface wave, and as always the frequency is 2.45 GHz.

As the surface wave leaves the launcher and propagates along the dis-

charge tube, it gradually loses its energy to the plasma: the flux of power P

[W] through a cross section of the tube decreases with increasing distance z

from the gap in a way similar to that sketched in Fig. 2.4, with a power flux

P0 at z = 0. The power that is transferred to the plasma per unit length, L, is

naturally the (negative of the) derivative of P with respect to place: L = −dP

dz
.

It is the value of L that determines the local plasma conditions, and when it

drops below a certain value Lmin the plasma receives too little energy to be

sustained and the discharge ends.

When the microwave power transferred to the plasma is increased, the

length of the plasma column also increases. If all other conditions are kept the

same, increasing P0 has the effect of “pulling” the plasma column further out

of the launcher, i.e. the column is extended in such a way that the new L′(z)
relates to the old one as L′(z) = L(z −∆l), where the new discharge length

l ′ = l+∆l. This suggests that it may be more convenient to place the origin of

the z-axis at the tip of the discharge as in that way the location z of a certain
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value of L is no longer dependent on the power, and indeed is this convention

employed in some articles.

Plasma parameters such as the electron temperature Te and electron den-

sity ne show the same characteristic dependence on z as L(z). In the plasmas

that have been used in the present study, typical values are an electron tem-

perature of 2–4 eV. The hydrogen dissociation degree in these plasmas is high,

typically above 50%, yet the ionisation degree is low, around 10−5 to (at the

gap) 10−4 [48]. The electron density is in the order of 1018 m−3 at the gap

and decreases until about 1017 m−3 towards the end of the discharge.

2.2 Spectroscopy

In spectroscopy the light emanating from a source is analysed in order to ob-

tain information on the source. In plasma physics it is the single most impor-

tant tool, and sometimes the only one available (e.g. in cosmo physics), to

acquire knowledge about the plasma regarding the particle species, pressures,

temperatures, etc.

2.2.1 Spectrometer

A spectrometer is an instrument that records the (relative) intensities of the

wavelengths that are present in a light beam, over a certain wavelength inter-

val. At its basis stands a dispersing element that spatially separates the various

wavelength components; in most practical situations this is a reflection grat-

ing, which has a mirror-like surface with a periodic structure.

Gratings works by interference. For light incident at an angle θi with the

normal, the path difference between two adjacent grooves∆i can be expressed

as∆i = a sinθi with a the groove separation, see Fig. 2.5. In equal fashion∆m

can be defined, and constructive interference appears if the combined path

difference equals an integer times the wavelength λ. If the angles θi,m are

defined to be positive (negative) when the light rays are to the left (right) of

the grating normal in Fig. 2.5, this can be expressed as

a(sinθi + sinθm) = kλ, (2.2)

with k the order of diffraction. Note that for a given a and θi,m several wave-

lengths satisfy Eqn. 2.2, for different values of k. The first-order wavelength
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a

Di

qm

qi

FIGURE 2.5: A reflection grating with groove separation a. Light is incident (reflected) at

an angle θi (θm) with the normal. The path difference between incident light rays of two

neighbouring grooves is indicated with ∆i . Note that here θm < 0.

λ1 corresponding to k = 1 is the largest, followed by λ2 =
1

2
λ1, λ3 =

1

3
λ1, etc.

This is an undesired effect as it gives rise to confusion as to which wavelength

is being observed. In order to remove wavelengths from unwanted orders sev-

eral measures can be taken, one can e.g. introduce a filter in the light’s path

that is transparent for a small wavelength interval.

A grating that has a plane surface needs additional optical elements to

collimate the incoming bundle of light originating from a line – the entrance

slit – and to focus the outgoing collimated bundle. This is done with lenses or

mirrors (focal length f ). In some cases, e.g. in VUV spectroscopy, the grating

itself may be curved in such a way to perform the collimation and focussing

due to lack of suitable mirrors and lenses for the given wavelength. At the

focal plane of the reflected light stands a CCD (charge coupled device), or

a second slit and a PMT (photo multiplier tube) or EMT (electron multiplier

tube) to record the intensity.

In order to increase the intensity of the order and wavelength that has the

interest, a grating can be blazed. In that case its surface is no longer flat but

the grooves have inclined faces to direct the light to a preferred angle, so that

maximum intensity no longer appears at θi = θm. Equation 2.2 remains valid.

Two important properties of any spectrometer are its resolution and its

linear dispersion.

Due to the finite number of grooves on a grating, even a monochromatic line

is refracted in a small interval of angles θm, instead of under one exact angle.

This causes partial overlap in wavelengths that are close together, possibly

blurring them inseparably together. The smallest wavelength difference for

which this does not happen (Rayleigh criterion) is indicated with ∆λmin. The

31



CHAPTER 2. THEORY

resolving power R is defined as the ratio between a wavelength λ and ∆λmin

at that wavelength. It turns out that [49]

R = kN , (2.3)

with N the total number of grooves that is illuminated by the incoming light

beam.

Though R is a useful quantity to compare spectrometers, it is not often

used in practice because there are other factors that deteriorate the separation

of peaks, such as the finite width of the slits at the entrance and exit of the

instrument. When the performance of a spectrometer is assessed, therefore,

one normally refers to its “resolution” directly, meaning the ∆λmin that was

defined in the previous paragraph.

Even as a spectrometer may have a small resolution, it is not automatically

able to measure as separated two (monochromatic) peaks at λ and λ+∆λmin.

For this it is necessary that the peaks are sufficiently far apart in space at the

location where the spectrum is recorded i.e. in the focal plane of the reflected

light. A good measure for this is the linear dispersion
dy

dλ
. In order to find

an expression for this quantity, we look at a closely related one: the angular

dispersion D ≡ dθm

dλ
. For a certain angle of incidence, D can easily be found by

differentiating Eqn. 2.2:

D =
k

a cosθm

, (2.4)

and after focussing this leads to a linear dispersion in the focal plane that is

equal to
dy

dλ
= f D =

f k

a cosθm

. (2.5)

Although the linear dispersion is dimensionless, it is more commonly expressed

in [mm nm−1].

2.2.2 Line Intensity

Besides the shape of a line, which is treated in the next section, analysis can

be done on its intensity. This gives information about the prevalence of the

emitting particles: the particle density n.

Consider a homogeneous collection of particles, of which those in a certain

state q have a density nq [m
−3]. The particles in state q can spontaneously
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d
A

FIGURE 2.6: A rectangular volume with area A and thickness d in a collection of particles with

density nq.

decay to several lower-lying states, including a state p, for which the transition

rate is Aqp [s
−1]. When this happens a photon is emitted with an energy

ħhωqp = Eqp corresponding to the energy difference between the two states.

Consider also a short straight line segment of length d, perpendicular to an

area A (see Fig. 2.6). When expressed in [J s−1 m−2], the amount of radiation

that escapes through one of the sides (in the form of photons with energy

ħhωqp) equals

Iqp =
1

2
dnqAqpħhωqp, (2.6)

assuming that the medium is optically thin for the frequency ωqp (i.e. no ra-

diation is absorbed) and that d ≪
p

A. For other geometries the expression is

modified, but the proportionality

Iqp ∝ nqAqpħhωqp, (2.7)

remains valid.2 When comparing lines, Eqn. 2.7 suffices; Eqn. 2.6, or the

appropriate equivalent for the geometry at hand, is used for absolute measure-

ments.

One modification is needed to Eqn. 2.7 depending on the instrument that

records the lines. The equation takes the photon energy into account through

the factor ħhωqp: an equal number of higher-frequency photons delivers more

energy. When a line is recorded with a device that expresses intensity by the

number of counted photons, however, this dependency is lost. This is the case

2The constant factor ħh is preserved to remind the reader that the dependence on ωqp is

through the photon energy.
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for both CCDs and PMTs, which are used exclusively in the present research.

The expression then becomes, when rewritten,

nq ∝
Iqp

Aqp

(2.8)

which is used henceforward.

Population Densities

The distribution of a collection of particles over their possibles states depends

on the conditions. If a complete thermodynamic equilibrium (TE) exists, the

distribution of the particles and radiation can be described by a single temper-

ature. Such is the case in a black body, of which the radiation follows Planck’s

law. In TE, the velocity of all particles is Maxwellian (see page 39) and the dis-

tribution of all excited states is in equilibrium with the ground state according

to Boltzmann :
nq

gq

=
n1

g1

exp

�

−
Eq1

kB T

�

, (2.9)

with kB Boltzmann’s constant, T the temperature and Eq1 the excitation energy

of state q. Each population density is divided by its statistical weight (i.e.

degeneracy) g; the exponential is called a Boltzmann factor. It is easily seen

that the equation holds if the ground state is replaced with an arbitrary state

p, provided Eq1 is replaced with Eqp ≡ Eq − Ep.

Laboratory plasmas are never in TE as the temperature is not constant in

space, and light escapes from them. In such a situation, local thermodynamic

equilibrium (LTE) still applies if the radiative losses are not too large and the

(de)excitation processes are faster than the particle transport [50]. In such a

situation the temperature variations are graduate enough to consider an equi-

librium in the immediate surroundings of a point. If the density is not too low,

enough collisions occur for the velocity distributions to thermalise (i.e. remain

Maxwellian) for each particle species separately, but as momentum transfer is

much less efficient between particles of unequal mass the temperatures can

be different. Especially the electron temperature Te can be substantially dif-

ferent from the gas (heavy particle) temperature Tg . The T in Eqn. 2.9 is to

be replaced with the appropriate temperature, depending on the process that

causes thermalisation.

For some processes, the condition for LTE is met for a part of the levels

but not all. The population distribution between electronic states is an im-
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portant example, and elaborated on. The relative populations of levels p and

q is according to Boltzmann only if the electron density is high enough and

the energy difference Eqp small enough that transitions between p and q are

dominated by electron collisions, i.e. Eqp ¯ kB Te. Energy differences between

highly excited states are smaller than between lower-lying states, so they are

easiest in equilibrium and comply with Boltzmann:

nq

gq

=
np

gp

exp

�

−
Eqp

kB Te

�

. (2.10)

Between the ground state and the excited states an equilibrium is least likely,

as the first excited state is usually in the order of 10 eV, compared to an elec-

tron temperature of a few eV. The excitation process is therefore less likely

than de-excitation, and radiative lifetime is short so that radiation losses be-

come important. The excited states are thus relatively underpopulated, and

using Eqn. 2.10 with p = 1 leads to an upper limit estimate for nq.

Boltzmann Plot

The form of Eqn. 2.9–2.10 suggests a way to plot the population densities.

By taking the natural logarithm of nq/gq along the y-axis, and the energy

difference Eq1 with a certain fixed level (commonly the ground state) along

the x-axis, the points that are in equilibrium with each other are on a straight

line:

nq

gq

∝ exp

�

−
Eq1

kB T

�

⇔ ln

�

nq

gq

�

=−
1

kB T
· Eq1+ const (2.11)

The temperature at which the levels are in equilibrium can be calculated from

the slope of the line as

T =
−1

kB · slope
. (2.12)

With the proportionality of Eqn. 2.8 the intensity of the emission lines

can be used to calculate nq, and the formula to deduce the temperature from

the slope of the plot remains valid if ln
�

nq/gq

�

on the y-axis is replaced by

ln
�

Iqp/Aqp gq

�

.

As an illustration, the Boltzmann plot for electronic levels is given, in the

situation that LTE only applies to the upper levels as described above. See Fig.

2.7.
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FIGURE 2.7: Boltzmann plot of population distribution of electronic levels. The upper levels

are in equilibrium with the electron temperature. The ground state is overpopulated relative

to those excited levels as the energy difference is large. Plot adjusted from [50].

2.2.3 Line Broadening Effects

When measuring the spectrum of light that is emitted by a plasma, a line

belonging to a certain transition is never strictly of only one wavelength or

frequency, but rather a peak that is spread out over a certain interval. There

are several causes of this, and these line broadening effects will be treated in

this section. We will speak primarily about emission lines, but most reasoning

can easily be generalised to absorption lines.

Line Shapes, FWHM

The way that the intensity of a line varies with the frequency (i.e. the shape or

profile of the line) is dependent of the mechanism that causes the broadening.

There are two prominent shapes: Lorentzian and Gaussian, both are shown in

Fig. 2.8. Note that the difference between the two shapes is especially large at

the flanks, where the Lorentz profile is falling away much slower. An important

parameter of any spectral line is its Full Width at Half Maximum (FWHM),

indicating the broadness of the peak. The FWHM is often simply referred to

as the “width” of a line, and is written as ∆ω (for angular frequencies) or ∆λ
(for wavelengths).

When more than one broadening effect is at work, the corresponding pro-

files are superimposed by convolution. The resulting (observed) line has a

shape that depends on the various broadening effects, and a FWHM that is
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FIGURE 2.8: The two main shapes of a broadened emission line, as caused by a single broad-

ening mechanism, are Gaussian and Lorentzian. Here an example is shown of each; both

are centred at the origin and have the same FWHM (of 2, in this case) and area (of 1). The

Gaussian (or normal) distribution is f (x) =
Æ

ln2

π
exp(−x2 ln2); the Lorentz (or Cauchy)

distribution is g(x) = 1

π(x2+1)
.

larger than that of its components. The following applies: if all the compo-

nents are Lorentzian, then so is the resulting line. Its FWHM is equal to the

sum of the FWHMs of the individual components. If all the components are

Gaussian, then the resulting line is too, but in this case the squares of the

widths are equal. [51]

When both types of profiles are present, which is generally the case, the result-

ing line has a so-called Voigt profile. By numerical deconvolution of this profile

the widths of the Lorentzian component∆ωL and of the Gaussian component

∆ωG can then be extracted. A summary is given in Tbl. 2.1.

TABLE 2.1: Convolution of various broadening profiles

Type of the Resulting profile

components Shape Shape

Lorentz only Lorentzian ∆ωL =
∑

i
∆ωL,i

Gauss only Gaussian (∆ωG)
2 =
∑

i
(∆ωG,i)

2

Lorentz + Gauss Voigtian

�

∆ωL =
∑

i
∆ωL,i

(∆ωG)
2 =
∑

i

�

∆ωG,i

�2

It often happens that the FMWH is given in terms of the frequency (∆ω)

when it is needed in terms of wavelength (∆λ). With the formula connect-

ing frequency and wavelength, ωλ = 2πc (c being the speed of light), the
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following useful results are quickly deduced:

∆λ

λ
=
∆ω

ω
, (2.13)

∆λ =
2πc∆ω

ω2
, (2.14)

∆ω =
2πc∆λ

λ2
. (2.15)

The relations are valid for ∆ω/ω≪ 1.

Natural Line Width

The first broadening effect to be discussed is caused by the uncertainty prin-

ciple (∆E∆t ≥ 1

2
ħh) and the finite lifetimes τ of the upper state q and lower

state p of a transition3. The lifetime τ j of an arbirary state j can be expressed

as

τ j =
1
∑

i< j
A ji

, (2.16)

where A ji is the transition probability (in [s−1]) that a particle in state j will

spontaneously emit a photon and end up in state i.

The finite lifetimes cause an indeterminacy in the energy levels, and make

that the light emitted by the transition is never exactly monochromatic; there

is a small interval around ω0 of light that is also emitted, albeit to a lesser

extent. The resulting peak is Lorentzian as shown by g(x) in Fig. 2.8. Its

width is determined by the average lifetimes τ of the involved levels and the

FWHM, referred to as the natural line width ∆ωnatural, is equal to

∆ωnatural =
1

τp

+
1

τq

. (2.17)

For transitions between metastable states and the ground state this is obvi-

ously small, but also for regular transitions the natural line width is relatively

small. As τ is typically no shorter than a few times 10−9 s, ∆ωnatural is usually

no larger than 109 rads−1. As this is an order of magnitude or more smaller

than other relevant broadening mechanisms, it is further neglected.

3When the lower state is the ground state it is only the lifetime of the upper state that plays

a role.
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Thermal (Doppler) Broadening

Due to the motion a particle may have with respect to an observer, the fre-

quency of an emitted photon when measured in the particle’s rest frame (ω0,

say) is unequal to that in the lab frame (ω); the frequency is Doppler shifted.

The amount of Doppler shift is a function of v = ~v · k̂: the component of

the particle’s velocity ~v in the direction of photon emission (and observation)

k̂. For non-relativistic velocities, v and ω relate as

ω =ω0(1+
v

c
). (2.18)

This means that the emission profile of a collection of particles is determined

by its velocity distribution. Except for the most exotic of plasmas, v has a

(Gaussian) Maxwell-Boltzmann distribution; the probability P(v)dv of a parti-

cle to have a velocity in the interval (v, v + dv) is then equal to [51]

P(v)dv =

r

m

2πkB T
exp

�

−
mv2

2kB T

�

dv, (2.19)

also shown in Fig. 2.9. Here kB, T , m are Boltzmann’s constant, the gas tem-

perature, and the particle mass, respectively. The square root is a normalisa-

tion factor to ensure
∫∞
−∞ P(v)dv = 1. The distribution has a most probable

value for v = 0 and its width is a function of the temperature of the emitting

particle: for the FWHM ∆v applies that ∆v = (8 ln 2 · kB T/m)1/2.

V

P(v)

FIGURE 2.9: The probability distribution for the component of the velocity of a particle in a

certain fixed direction. The arrows denote the FWHM ∆v =
p

8 ln 2kB T/m.

The result of this distribution is a broadening of the line; from Eqn. 2.18 it
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can be seen that the FWHM of this Doppler broadening equals

∆ωDoppler = ∆v
ω0

c
(2.20)

=
p

8 ln 2

r

kB T

mc2
ω0 (2.21)

= 7.16·10−7

È

T[K]

m[gr mol−1]
ω0. (2.22)

In the latter formula T is necessarily in [K] and m in [gram mol−1]. Note that

the broadening is especially large for the lines of low-mass particles. For our

purposes it is the most important broadening profile, and is used to determine

the temperature of the radiating particles. Because the velocity distribution is

a Gaussian one, so is the Doppler broadening profile.

Stark Broadening

Stark broadening is a broadening effect caused by the influence of charged

particles. It falls in the wider class of pressure broadening, which is a collective

name for the broadening effects that are due to nearby particles. Apart from

Stark, it includes the mechanisms of resonance broadening (by collisions with

neutral particles of the same species) and Van-der-Waals broadening (by col-

lisions with neutral particles of other species). The effects of these latter two

are, however, rarely relevant [52] and will not be discussed here.

Stark broadening is caused by the presence of both electrons and ions, and

the ways in which they work can be regarded as approximations on opposite

extremes of the same theory.

For the fast-moving electrons, the influence can be imagined as a successive

bombardment of the radiating particle, cutting up the light wave that is being

emitted. When averaged over the electron distribution (to take into account

the different possibilities for the number of times a particle is hit, and the in-

tervals between them), this so-called “impact approximation” for the electrons

gives rise to a Lorentzian type broadening.

On the other hand, the influence of the ions can be regarded as quasi-static

due to their relatively low velocities – the “quasi-static approximation”. The

ions’ electric fields, considered constant on the time-scale of photon emission,

cause a shift of the energy levels of the radiating particle, and therefore in the
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frequency of the emitted photon (Stark shift). Averaging over the distribution

of ions for the possible quasi-static fields a particle might experience, an un-

common broadening profile is found. As this profile decreases slower than a

Lorentz profile for values far from the centre, the presence of Stark broadening

can often be deduced from a broadening of the flanks of a line.

The exact calculation of Stark broadened line profiles is difficult and the

complex expressions are (even if known) generally not used in practice; in-

stead, it is possible to compare experimental line profiles with tabulated ones.

More commonly, however, the influence of Stark broadening is approximated

with a Lorentzian curve and a simplified expression is sometimes available for

its width; such is the case for hydrogen and hydrogen-like elements. For those,

the Stark width is commonly expressed in terms the wavelength, and equals

[52]

∆λStark[pm] = 2.50·10−11α1/2

�

ne[m
−3]
�2/3

, (2.23)

with α1/2 a theoretical half width at half maximum value that is dependent on

the line, and ne the electron density.

The n = 4 → 2 transition in hydrogen (the Hβ line) combines a large

spectral intensity with strong Stark broadening and is therefore extensively

used in plasma diagnostics to obtain a value for the electron density. The

correspondence between the electron density and the Stark FWHM for the

Balmer transitions is shown in Fig. 2.10.

As the electron density in the conducted experiments is low (< 1018 m−3),

Stark broadening is not expected to show in the Balmer lines. For the tran-

sitions H(n=7, 8, 9→ 2), no literature values are found. The broadening is

larger than in the lower lines, though, so for those the effect might come into

play.

Self-absorption Broadening

Self-absorption is the process in which a photon that is emitted at a certain

plasma location, is absorbed at another before it can escape the plasma. Some

time later a photon may then be emitted from the newly excited particle, in a

random direction.

It is noted that the light emanating from a plasma is often emitted by a

hot (inner) region and has travelled through a cooler region before being ob-

served. Furthermore, when Doppler broadening is an important factor (which
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FIGURE 2.10: The relation between electron density and Stark broadening for the four lowest

Balmer lines. The curves are extrapolated with Eqn. 2.23 to the low electron densities from

their values at ne ∼ 1020 m−3 given in [53], for a temperature of 5·103 K. Note that the

value is larger for Hβ than for Hγ. The values are to be taken as an overestimate: the article

mentions an improved calculation method that gives lower Stark widths; this method is not

used here as it is available only for even higher electron densities.

it usually is), the line widths for absorption and emission are considerably

less in the cooler regions of the plasma. This means that an emitted line is

not absorbed equally for every frequency before being observed. Rather, the

centre will experience relatively much absorption, as the absorption profile is

more closely spread around the central wavelength. The observed maximum

intensity of the line (its height) will thus decrease, whereas the intensity in the

flanks will remain equal. The result is an apparent broadening, see Fig. 2.11a.

The amount of self-absorption broadening depends on the optical thickness

of the absorbing plasma layer for the considered frequencies. In extreme cases

self reversal may occur, in which the intensity of the central wavelength is

reduced so much that two distinct peaks seem to appear. This is in fact the

combined effect of a broad emission profile with a narrow absorption profile,

see Fig. 2.11b.

Self-absorption is most noticeable in transitions to the ground state, as a

great number of absorbers is present for the corresponding wavelength. For

the Balmer series, landing on n = 2, the effect is much smaller and not seen

in the experiments. It is therefore not taken into account for those lines; in

appendix B it is demonstrated that this is justified.

42



2.2. SPECTROSCOPY
 

 

I

(A)
 

 

I

(B)

FIGURE 2.11: Self-absorption-broadened line profiles; the intensity of the central part of the

line has been reduced through absorption by cooler particles. The dashed curves indicate

the line without self-absorption broadening. (a) Slight self-absorption. Note the extended

broadening ∆ω. (b) Severe self-absorption, in which self reversal has appeared.

Instrumental Broadening

Broadening that is not caused by any physical process within the plasma, but

by the apparatus that is used to record the spectrum, is called instrumental

broadening. It is a function of parameters as grating size, slit widths, and

focal length, and in general it is not a neat Gaussian of Lorentzian curve.

When calculated from the size of the slits only, for example, it is a triangle

(convolution of two equal rectangles).

The FWHM of the instrumental profile (denoted with∆ωinstr) is often con-

fused with the resolution of the instrument (see section 2.2.1). Though they

are closely related, the two quantities are not strictly synonymous – one de-

scribes the spreading of monochromatic light by the spectrometer, the other

the minimum difference needed between two monochromatic lines in order

for them to be separated. They are rather cause and effect; a bad resolution

being caused by a wide instrumental profile.

Here, the instrumental profile is approximated with a Voigt profile, with

corresponding Lorentz and Gauss widths. A complete description is found in

section 4.3.
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Fine Structure

Fine structure is the existence of more than one transition between a pair of

principal quantum numbers. It is caused by interaction of the angular momen-

tum of the electron’s orbit with that of its spin: spin-orbit coupling, leading to

an energy split (fine split) in certain atomic shells (i.e. of principal quantum

number n). Not a broadening effect in itself, fine structure can cause an atomic

line to appear broader due to partial overlap of several closely spaced lines.

Here an examination of the fine structure of the hydrogen Balmer lines will

be given. In hydrogen, all energy levels with equal n are close to one an-

other – regardless of their angular quantum number l which may take values

0 . . . n− 1.

To derive the number of fine split levels for each shell, Hund’s selection

rules are used. These are basically a recipe to determine how the electrons in a

partially filled (n, l)-subshell are distributed over the available quantum num-

bers ml and ms, and consequently allow one to calculate the (total) orbital an-

gular momentum quantum number L =
∑

ml and (total) electron spin quan-

tum number S =
∑

ms. As there are 2 possible values for ms (ms = ±s =±1

2
),

and 2l + 1 possible values for ml (ml = −l . . . l), a subshell with given l can

accommodate up to 4l + 2 electrons.

The selection rules state that the one electron in a hydrogen atom will be in

the state with ms = +
1

2
, ml = +l, and so the quantum numbers of the whole

system are L = l and S = 1

2
.

Once L and S are determined, the total electron angular momentum ~J
equals ~J = ~L + ~S, with quantum number J that can take values J = |L −
S| . . . L + S. It is these different J -values that make up the fine splitting of

a subshell. In Tbl. 2.2 the fine structure of several hydrogen shells is given,

using spectroscopic notation n2S+1 LJ with L expressed as a letter (S, P, D, F . . .

for L = 0, 1, 2, 3 . . .).

For the transitions between any pair of shells, selection rules have to be

taken into account. Optically allowed transitions are those complying with

∆S = 0, ∆L = ±1, and ∆J = 0,±1, of which the first does not constitute a

restriction in the case of the hydrogen atom. As an example the lowest-energy

line in the balmer series, Hα, is treated. The transitions belonging to this line

are shown in Fig. 2.12. As can be seen in the table, the fine structure com-

ponents of Hα are a maximum of 16 pm apart (excluding the lowest-intensity

transitions c and g). For the higher transitions (i.e. Hβ , Hγ . . .) these distances

are smaller.
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TABLE 2.2: Hydrogen fine structure of lowest-lying shells. States indicated with n2S+1 LJ .

Below each state is its energy in [eV]. For the L = 0 states, it is relative to the ground state;

for the other states, it is relative to the L = 0 state with the same n. [54]

n L

0 1 2 3 4

1 12S1/2

0.0

2 22S1/2 22P1/2, 22P3/2

10.1988101 -4.4·10−6 , 41·10−6

3 32S1/2 32P1/2, 32P3/2 32D3/2, 32D5/2

12.0874944 -1.30·10−6 , 12.2·10−6 12.1·10−6 , 16.6·10−6

4 42S1/2 42P1/2, 42P3/2 42D3/2, 42D5/2 42F5/2, 42F7/2

12.7485324 -0.50·10−6 , 5.1·10−6 5.1·10−6 , 7.0·10−6 7.0·10−6 , 8.0·10−6

5 52S1/2 52P1/2, 52P3/2 52D3/2, 52D5/2 52F5/2, 52F7/2 52G7/2, 52G9/2

13.0544979 -0.3·10−6 , 2.6·10−6 2.6·10−6 , 3.6·10−6 3.6·10−6 , 4.0·10−6 4.0·10−6 , 4.3·10−6

In theory, the presence of fine structure in a line leads to convolution of the

profile with an array of delta-peaks of varying strengths; see Fig. 2.13 for an

example of again the Hα line. This makes fine structure somewhat problematic

as it cannot, in general, be represented by a Gaussian or Lorentzian profile.

How this is treated in the analyses of the lines is described in section 4.4.

Line Profile Analysis, Deconvolution

After measuring a line profile, analysis is needed to discriminate between the

various broadening mechanisms, in order to attribute the right widths to each.

There are two main ways to do this.

Deconvolution When the magnitude of one or more broadening effects is

already known, the possibility exists to construct a theoretic profile for just

those mechanisms, also called a synthetic profile. Through a mathematical

procedure called deconvolution it is then possible to take out their effect i.e. to

obtain the profile that, after convolution with the synthetic profile, yields the

measured profile. The effect of the other (unknown) mechanisms can then be

can be studied in the deconvoluted profile.

Though this sounds like an ideal solution, it has a severe drawback: it is

very sensitive to noise in the measurement data. This makes that it is only
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upper level k)
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[108 s−1]

a 22P1/2 - 32D3/2 656.45225 2.155

b 22S1/2 - 32P3/2 656.45376 0.898

c 22P1/2 - 32S1/2 656.45646 0.042

d 22S1/2 - 32P1/2 656.45843 0.449

e 22P3/2 - 32D5/2 656.46645 3.879

f 22P3/2 - 32D3/2 656.46801 0.431

g 22P3/2 - 32S1/2 656.47222 0.084

(B) Components

FIGURE 2.12: Fine splitting of the n = 2 and n = 3 shells of the hydrogen atom, and the

optically allowed transitions between the fine split states. (Wavelengths in vacuum.)

-15 -10 -5 0 5 10 15
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FIGURE 2.13: A theoretical (“synthetic”) profile of the Hα line. Fine structure and natural line

width are included.

useful in theoretical studies, and rarely (if ever) used on real measurement

data.

Fitting The alternative to deconvolution is to fit theoretical profiles to the

measurement data. This too comprises the construction of synthetic spectra,

but here not only the known mechanisms are included (as when using decon-

volution) but also the unknown ones. The N unknown variables are called

fit parameters; examples are the Doppler width, the intensity of a line and its

exact (central) wavelength. The goal of the fitting procedure is to find the fit

parameter values at which the synthetic profile best approaches the measured

one.

The fitting procedure consists of scanning the N -dimensional space of the
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fit parameters and comparing the correlation for the various points. The best

fit is found by consecutive calculations in different areas of the parameter

space and restricting its limits to find increasingly good values. Care must be

taken that the global maximum of correlation is found; in order to prevent

that the procedure gets stuck in a local maximum, estimates are often used as

a starting point.

Though this method does not have the drawback of deconvolution, it does

have the disadvantage of requiring lots of calculations. Typically, several con-

volutions have to be done with numerous parameter combinations, making

it a computationally intensive method. Naturally the amount of calculations

goes up with number of free variables, and also complex profiles require more

calculations.

The effect of some (non-Gaussian and non-Lorentzian) broadening mecha-

nisms is often approximated with a Voigt profile, though this of course intro-

duces errors. Depending on the deviance, the error can be from very small

(approximating Stark broadening with a Lorentz profile) to quite large (ap-

proximating the shape of a low-temperature fine-split line with a Gauss pro-

file).

2.2.4 Molecular Bands, Rotational Temperature

Opposed to atoms, molecules can have energy stored not only in electronic

excitation (apart from translation), but also in vibration and rotation. These

three terms form the internal energy of a molecule:

E = Eel+ Evib + Erot. (2.24)

The energy associated with the last term is much smaller than that of the

others. This leads to spectra in which the lines belonging to various rotational

transitions are very close together. The spectral intervals in which these lines

are present are called molecular (or vibrational) bands. Here the H2 molecule

is considered, though most reasoning is valid for any diatomic molecule.

Vibrational Energy

The vibrational energy stems from the oscillation of the atoms with respect

to one another along the internuclear axis. The potential energy is, for small
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deviations from equilibrium, quadratic with the distance between the atoms.

The stored energy is therefore that of a harmonic oscillator:

Evib = (v+
1

2
)hνc. (2.25)

Here v is the vibrational quantum number, h Planck’s constant and νc the

classic oscillation frequency [50]. The equation above shows that the energy

distance between subsequent vibrational levels is more or less constant; their

spacing is in the order of 10−1 eV.

Rotational Energy

To a good approximation, especially for low-lying levels, the rotational energy

levels can be described by [50]

Erot = BvJ(J + 1), (2.26)

with J the rotational quantum number, and Bv a constant that depends on the

vibrational quantum number (several dimensions are used in literature; here

Bv has the dimension of energy). For large rotational energies a correction

is made for the increase in moment of inertia caused by the centrifugal force

acting on the atoms (not shown in equation). Neighbouring rotational levels

are about 10−3 eV apart.

Transitions

All optical transitions in a molecule are considered between a given pair of

electronic levels. As the electronic levels are fixed, the states are described

by the vibrational and rotational quantum numbers, v′, J ′ and v′′, J ′′ for the

upper and lower state, respectively. For ∆v all transitions are allowed, but the

selection rules state that ∆J = 0,±1, with the additional rule that no transi-

tion is possible if J ′′ = J ′ = 0. This rule is also used to classify transitions: the

P-, Q- and R-branches are the collections of transitions in which (the upper)

J ′ is one below, equal to, or one above, that of the lower level, J ′′.

A transition is then uniquely described by the following numbers: v′, v′′, J ′,
and notion of it belonging to the P-, Q- or R-branch. Note that due to relatively

weak dependency of vibrational energy on electronic level, the transitions with

e.g. v′ = v′′ = 0 are close to those with v′ = v′′ = 1 and v′ = v′′ = 2.
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Rotational Temperature

As the energy differences between the rotational levels are small, they ther-

malise quickly and have populations that are proportional to a Boltzmann

factor:
nJ

gJ

∝ exp

�

−
Erot(J)

kB Trot

�

, (2.27)

with density nJ and energy Erot(J) of the particles in the state with rotational

quantum number J and in equilibrium with rotational temperature Trot. Note

that when comparing the densities of various particles with Eqn. 2.27, the

particles must only differ by their rotational quantum number. For hydrogen

the degeneracy gJ is equal to gJ = 2Γ+1 [55], caused by possible orientations

of the nuclear spin. Γ = 0 and 1 for J even and odd.

When making a Boltzmann plot to determine the rotational temperature,

I(J ′→J ′′)/g(J ′)A(J ′→J ′′) is needed. The intensity can be measured, and g(J ′) can be

calculated with the expression just given. The discussion is slightly restricted

now by excluding P- and R-transitions, and taking J ′ = J ′′ = J . The transition

probability A is proportional to S, the so-called Höln-London factor: for lines

of the Q-branch, S = 1

2
(2J + 1) [55]. Combining the expressions above, it is

found that the Boltzmann plot has

ln

�

IJ→J

(2J + 1)(2Γ+ 1)

�

on the y-axis, and BvJ(J+1) (i.e. the energy of the upper level with respect to

the ground rotational level with the same vibrational and electronic energy)

on the x-axis.

Note that in the reasoning above it is assumed that there exists an equilib-

rium between the upper rotational states, so that one can speak of a “temper-

ature”. For this to be true, at least one of the following two situations must

apply: the lifetime of the upper states is long compared to the collision time

that brings about thermalisation, or the particles are already in thermal equi-

librium before excitation (and the equilibrium is conserved in the process).

As thermalisation is less probable for the higher-lying levels (due to shorter

lifetimes), it is possible that not all the data points in the Boltzmann plot are

on a straight line. In that case, the temperature obtained with the slope of the

lower levels is a better indication of the rotational temperature.

In plasma diagnostics, the rotational temperature is often taken as an ap-

proximation of the gas temperature. This is true if the population of the levels
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from which the rotational upper levels are created, is determined by heavy

particle collisions.
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Chapter 3

Equipment and Setup

In all conducted experiments the same setup is used, expect for minor al-

terations. It is shown in Fig. 3.1; several components are described in the

following sections. Two spectrometers are used to measure radiation coming

from a microwave plasma which is sustained by a surface wave coming from

a waveguide surfatron: a McPherson for vacuum ultra-violet radiation (VUV,

roughly 20 to 200 nm), and a Jobin Yvon for radiation in the visible part of the

spectrum. The discharge is maintained in a quartz tube with a 7.5 mm inner

radius.

3.1 Microwave System

The microwave system used to feed the discharge consists of several elements.

The microwaves are produced by a magnetron in combination with a high-

voltage generator (Sairem GMP 20KED B). The latter (not shown in Fig. 3.1)

has an LCD for manual operation and is used to both set the forward power

and monitor the reflected power. Maximum forward power is 2 kW, though

with the limitation that the reflected power does not exceed 400 W. The mag-

netron exit is a rectangular WR340 waveguide flange.

Directly after the magnetron a circulator is placed, which deflects the re-

flected microwaves to a flowing water bath where the microwave energy is

dissipated. This is needed to prevent damage to the magnetron.

Three tuning stubs are present in the system to optimise coupling of mi-

51



CHAPTER 3. EQUIPMENT AND SETUP
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FIGURE 3.1: The setup used in the majority of the experiments.

crowaves into the plasma.

Next is a piece of waveguide that is twisted along its axis by 90 ◦. This

is merely for technical reasons: the surface wave launcher is attached per-

pendicularly to the wide side of the waveguide, and has to be in a horizontal

orientation to hold the quartz tube. Without the twist it would be vertical

because of the fixed orientation of the magnetron’s exit port.

Lastly there is the waveguide surfatron itself; its design an workings are

discussed in section 2.1.2.
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3.2. VACUUM SYSTEM

3.1.1 Tuning Procedure

When in operation, care should be taken that coupling of the microwave power

into the plasma is optimised and reflected power is minimised. In order to do

this, the waveguide system has to be tuned. The order in which the various

tuning elements are adjusted is the following.

First the 3 stubs on the waveguide are adjusted, either while looking at the

plasma column (maximising its length) or while monitoring the amount of

reflected power; then the plunger at the end of the waveguide is moved. This

is usually enough to reach a reflected power level of about 20 W or less. On

rare occasions is it necessary to change the length of the coaxial short-circuit

on the launcher.

3.2 Vacuum System

Because of the large cross section for absorption and scattering of VUV radia-

tion by molecules and atoms, equipment to detect this kind of radiation has to

be at a low pressure, depending on the path length through it. There should

be as little reflective elements as possible due to lack of sufficiently reflective

materials for VUV radiation, and as there are no transparent materials in this

spectral region a windowless arrangement is needed, severely complicating

the setup.

The initial configuration is shown in Fig. 3.2a, and when not indicated oth-

erwise, measurements are made with this “normal flow” setup. Several pres-

sure levels exist in the system, separated from each other by either a pump

or a small opening. The one in the spectrometer (when connected) is the

lowest. The turbo pump is needed to maintain a low pressure in the spectrom-

eter, with the spectrometer’s entrance slit limiting the flow of gas out of the

discharge tube. The size of the obstruction (located between discharge and

primary pump) and the amount of gas flow can be adjusted to obtain the de-

sired discharge pressure. For this to work, however, the entrance slit has to be

specifically designed to be vacuum tight, so that (except through the slit itself)

no gas leaks past it. In our case this is only partly true, so that even with a

closed slit too much gas might flow into the spectrometer casing to sustain the

desired pressure in the discharge.

To solve this, the configuration of Fig. 3.2b is also used. Here the obstruc-

tion is placed at a different position, which makes the gas flow through the
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spectro-
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(A) “Normal flow”
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(B) “Reversed flow”

obstruction

(C) “Normal flow no

turbo”

FIGURE 3.2: Three different configurations are used for the vacuum system. Shades of grey

indicate pressure levels; the darker the higher.

discharge tube several times and in reverse direction compared to the other

setup – hence the name “reversed flow”. This setup allows for higher pressures

in the discharge.

The configuration “normal flow no turbo” (Fig. 3.2c) is used always and

only when working with substances (salts) that would damage the spectrom-

eter or its grating. For those experiments no VUV recordings can be made.

One final remark: when “the pressure” is mentioned, the pressure in the

discharge is meant i.e. in the horizontal tube connected to the gas inlet. As this

pressure is measured just above the obstruction (MKS 127AA-000100 Bara-

tron), downstream (upstream) in the “normal flow”, “normal flow no turbo”

(“reversed flow”) configurations, the actual pressure will be somewhat higher

(lower) than the meter indicates. Because the two locations are connected by

a fairly large-diameter tube, the difference will be small and is neglected.

3.3 Spectrometers

3.3.1 McPherson 234/302

The spectrometer with which VUV measurements are made uses a McPherson

234/302 monochromator in combination with components for photon count-

ing, see Fig. 3.3 (“VUV spectrometer”). The grating is a toroidal one (section
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of donut-shaped surface) so that it fulfils both the function of dispersion and

of focusing, and has 1200 gr mm−1. The system can operate in the 30–550 nm

range.

64
o

scintillator

PMT

entrance
slit

exit slit

grating

FIGURE 3.3: VUV spectrometer: McPherson 234/302 monochromator with scintillator and

PMT.

The two arms make an angle of 64 ◦ and are 200 mm long, which is also

the focal length of the system. Its resolution is 0.1 nm at 313 nm which makes

it unsuitable to measure line profiles and use them for analysis, as the instru-

mental width largely exceeds the other broadening mechanisms; Fig. 3.4 is

shown for illustration. This spectrometer can therefore only be used to con-

clude if a line exists, plus some elementary comparison between the intensities

of several lines.

Behind the exit slit a scintillator is placed, which converts the high-energy

VUV photons into visible ones; the scintillating material is sodium salicylate

which has a constant ∼ 0.65 quantum efficiency between 40 and 340 nm [56].

This “down converting” is needed for the photons to be detected by the Hama-

matsu (model R666) photo multiplier tube (PMT) placed behind the scintilla-

tor.

Measurements with this spectrometer are done with the use of software

that was written by the author in CVI Labwindows. The software has con-

trol over the wavelength (selected by the monochromator) through control

of the grating position; this can be altered with a stepping motor controller

(Model 789A-3) that is connected to the PC via the RS232 protocol. The in-

tensity at a given grating position is measured by counting PMT pulses during

a predefined time interval. The counting itself is done by additional TUEdacs
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FIGURE 3.4: The He I line at 492 nm measured with both spectrometers. It can be concluded

that the instrumental width of the McPherson spectrometer is very large compared to the

actual line width.

hardware (a timer/counter unit), communication is through a USB port. A

more detailed description of the software is found in appendix C.

3.3.2 Jobin Yvon Spex 1250M

The layout of this spectrometer (“visible spectrometer”) is shown in Fig. 3.5

and known as a Czerny-Turner configuration. Two concave mirrors are used

as collimating and focussing elements for the light that is incident on and re-

flected by the grating, respectively, and have a focal length of 1250 mm. Two

gratings are available; one with 1200 gr mm−1 and one with 2400 gr mm−1.

For 10 µm slits the theoretical resolution is shown in Fig. 3.6; the maximum

wavelength that can be measured is 1500 nm for the former grating, and

750 nm for the latter. Light is guided to the entrance slit with a quartz op-

tical fibre.

For detection two devices are available: a CCD (Jobin Yvon Spectra-One)

and a PMT (Hamamatsu R928). Selection between the two is done by means

of a mirror that can fold away; in practise the PMT is only rarely used.

The CCD has 2048× 512 square pixels that measure 13.5 µm along their

sides. The wavelength difference between two neighbouring pixels (the incre-

ment) is, from Eqn. 2.5, dependent on the grating. For the 300–700 nm range

that has the main interest, this is 8 to 9 pm for the 1200 gr mm−1 grating and

3 to 4 pm for the 2400 gr mm−1 grating. Note that one value is not exactly
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FIGURE 3.5: Visible-light spectrometer: Jobin Yvon Spex 1250M which can be used either with

CCD or PMT, depending on the position of the folding mirror.
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FIGURE 3.6: Calculated resolution ∆λmin(λ) of Jobin Yvon Spex 1250M spectrometer with

10 µm entrance slit and CCD operation. The curve for the 1200 gr mm−1 grating was calcu-

lated from the geometry of the spectrometer [57], the 2400 gr mm−1 curve was deduced from

the 1200 gr mm−1 one.

twice the other, because when changing the groove spacing a also the angle

θm is affected for a fixed wavelength.

To minimise thermal noise, the CCD is cooled to about 170 K with liq-

uid nitrogen. It is located behind a shutter, and when making measurements

first a dark measurement is done, which is subtracted from the open-shutter

measurement. When intensities of lines at significantly different wavelengths

are compared it is important to take the CCD’s efficiency into account; this is

shown in Fig. 3.7.

Control over the spectrometer, i.e. selecting wavelengths and acquiring

data, is done with the software supplied by the manufacturer of the spectrom-
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FIGURE 3.7: Spectral response of the CCD used in the Jobin Yvon Spex 1250M.

eter, run from a PC.
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Chapter 4

Line Profiles Analysis

As is treated in the previous chapter, two spectrometers are used in the exper-

iments: a McPherson that operates in the VUV, and a Jobin Yvon that records

the visible part of the spectrum. It is also shown that the lines recorded with

the former apparatus are very broad and no analyses can be done on their

shape.

The lines recorded with the Jobin Yvon spectrometer, however, can be anal-

ysed, and this is done principally to obtain the temperature of the radiating

particle. This chapter is concerned with the steps that are taken in that pro-

cess.

4.1 Obtaining Temperatures

The temperature of an emission line is found with Eqn. 2.22, rewritten as

T [K] =

�

1

7.16·10−7

∆λDoppler

λ0

�2

m [gr mol−1], (4.1)

in which the only unknown is the Doppler width. In order to get this∆λDoppler,

several steps must be taken after a line has been recorded and plot as in Fig.

4.2:

1. The line must be fit. As mentioned in chapter 2, the following (quasi)

broadening profiles are taken into account: Doppler effect, instrumental

59



CHAPTER 4. LINE PROFILES ANALYSIS

profile, fine structure. Ideally, a fit would be done which constructs pro-

files for all the broadening effects according to their real shapes, and use

those in the convolution. Such software is not available to the research,

however, and a Voigtian fit is done instead, which returns a Gauss width

and a Lorentz width. The emphasis is on the Gaussian part of the line, as

the Doppler effect is a Gaussian broadening effect. In section 4.2 below,

detailed information is found regarding the software and the fits that are

done.

2. From these Gauss and Lorentz widths that are present in the line, the in-

strumental contribution is removed. The starting point here is the wave-

length, which determines the instrumental Lorentz and Gauss widths.

How this is done is explained in section 4.3. When the instrumen-

tal Lorentz and Gauss widths are calculated, they are subtracted (resp.

square-subtracted) from the fitted widths.

3. By looking up the remaining part of the Gauss width (which includes

both fine structure and Doppler effect), it is found what the correspond-

ing Doppler width is for this particular transition. How this is done

is presented in section 4.4. For non-hydrogen measurements, the fine

structure is unknown and assumed to be absent. In that case, this step

is skipped.

The process is shown in Fig. 4.1. In the following sections, the steps in the

procedure above are elaborated; in the final section of this chapter it is shown

how the errors that are introduced in the process are calculated in the temper-

ature.

Measured
line profile

total Lorentz

width DlL,total

total Gauss

width DlG,total

“fine structure +
Doppler” Gauss

width Dlf+D

Voigtian fit

instr. Gauss

width DlG,instr

instr. Lorentz

width DlL,instr

Doppler (Gauss)

width DlDoppler

Taking out instrumental function Taking out fine structure

relation

between Dlf+d

and DlDoppler

Remaining
Lorentz width

Dlrem

FIGURE 4.1: The procedure with which the various widths are obtained. The Lorentz part is of

subordinate interest to the current research and therefore not highlighted.
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4.2 Spectramax Software

The goal of the fit itself is to get the Gauss and Lorentz widths that are present

in the profile of the line. For this step the software of the manufacturer is used,

called Spectramax.

Before doing the actual fit, the data is prepared, which most importantly

includes a baseline correction. Also erroneous values (positive or negative

spikes in the spectrum), when present, are excluded from the spectra.

Then the peaks of interest are fitted. Spectramax can perform fitting with

several line shapes; the most appropriate for our measurements is the Voigt

profile of which the program determines the Gauss and Lorentz FWHM. (When-

ever “fit” is mentioned, a Voigtian fit is assumed unless explicitly stated other-

wise.)

Next to the widths, the program returns some useful additional informa-

tion such as the wavelength location of the line’s centre, the surface area be-

neath the fitted profile, and the correlation R2 that is a measure for how well

the measured line profile is approached by the fitted one. It should be men-

tioned that Spectramax does supply an impossible (> 1) correlation in a small

number of cases. No regularity has been found in this effect and its cause

is unknown. The correlation given in the majority of the fits seems correct,

however.
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FIGURE 4.2: Example of a line fit made with the Spectramax software; measured data points

are shown with black blocks, the fit as a red continuous line. Information regarding the

discharge conditions and measurement is presented on the left side of the graph; important

parameters regarding the fit (some after calculation) are shown to the right, see also section

4.5.2.
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As an example of a line fit, Fig. 4.2 is shown. The “emission strength” is

defined as the area beneath the fitted curve divided by the integration time

used to obtain the data. As the name suggests it is a measure for the spectral

intensity of a line, but because it disregards the fibre position and slit width,

care must be taken that those are constant when comparing measurements.

The Voigt width is not given by the program, but calculated from the Gauss

and Lorentz widths according to [58].

After a fit is done and the two individual widths are obtained, they have to

be analysed to get the individual contribution of the broadening effects.

4.3 Instrumental Profile

As the Gauss width – determined by the fitting procedure mentioned just above

– is composed of not only a Doppler contribution but also a contribution of

the instrument function, it is necessary to have an accurate estimation of the

latter; extensive measurements have gone into this.

Experiment

To determine the instrumental profile, one ideally has a monochromatic source,

so that the measured profile is the instrument’s only. Some lasers come close

to being monochromatic, however non were available to the current research.

Instead, a krypton spectral lamp (Frederiksen SR-Kr) was used consisting of a

low-pressure (3 mbar) capillary discharge maintained by a 3–5 kV DC voltage,

at < 1 mA. Krypton was chosen for its high mass number which suppresses

Doppler broadening as can been appreciated from Eqn. 2.22.

In our case the fortunate fact is that two dispersion gratings are available

which makes it possible to distinguish between line widths due to the instru-

ment and those belonging to the light itself. The approach taken is the follow-

ing. With each grating, a number of lines is measured, and their Gauss and

Lorentz widths are determined by a fit. As the resolution and linear dispersion

are dependent on the grating, a peak measured with the 2400 gr mm−1 grating

is “smeared out” over a larger area of the CCD than the same peak measured

with the 1200 gr mm−1 one. The software corrects for this by adjusting the

wavelength scale, so that each CCD pixel is assigned the correct wavelength.

If no instrumental broadening would be present, then, a line would have equal
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widths (in [pm]) with both gratings.

This means that any difference in broadness between the same line mea-

sured with the two gratings can be attributed either to the instrumental func-

tion or to random errors in the fit (uncertainty in Gauss and Lorentz widths).

In order to exclude the latter, each measurement is done twice, and the indi-

vidual widths resulting from the fits are compared.

Shape

As the fitting procedure is done with a Voigt profile, it is advantageous for the

accuracy of the fit if the instrumental function is also Voigtian. This seems to

be the case quite well; an example of one of the Kr lines, measured with both

gratings, is shown in Fig. 4.3.

A point of attention is the slight asymmetry of the lines in Fig. 4.3. There are

several possibilities to explain this asymmetry qualitatively in terms of the gas

itself, such as the overlap of hyperfine split levels (caused by the interaction of

the nuclear spin angular momentum ~I with the electron angular momentum
~J , though this is an insignificant effect in most elements), or the energy of the

levels being slightly different for each of the five stable and abundant isotopes

of krypton. The asymmetry, however, is observed also in the lines of other

elements, demonstrating that it is caused by the apparatus and part of the

instrumental function.

As the asymmetry is quite small and the fits therefore reasonably accurate, it is

concluded that the instrumental profile is sufficiently Voigtian to remain using

the Spectramax software for line fitting.

Once it is decided that the instrumental function is nearly Voigtian, the

question is what the Gauss and Lorentz widths are. For this, these two values

are determined for a great number of Kr lines and plotted in Fig. 4.4a and 4.4b.

A note on the data: these figures do not contain all measured lines; a few lines

(5–10%) are excluded due to one of the following two reasons. They either

show a large difference between the two individual measurements of that line,

or they have both a Gauss and a Lorentz width that deviate substantially, in

that one is much larger and the other much smaller than those of the other

lines. In both cases the determination of the widths by the software is done

incorrectly, caused by noise in the measurement and/or the non-Voigtian line

shape.
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FIGURE 4.3: Example of a krypton (Kr I 428 nm) line, measured with both gratings and fitted

with a Voigt profile. The fits quite closely resemble the measured data, except for slight

asymmetry near the flanks. Relevant parameters are also shown.

Gauss Width

The initial approach to get an expression for the Gauss part of the instrumental

function was to use the calculated resolution curves, presented in the previous

chapter. The resolution is after all a function of the instrumental profile (large

instrumental broadening leads to a bad resolution), and it was therefore ex-

pected that the instrumental widths would follow the same curves as the ones

presented in Fig. 3.6.

In that case, the total Gauss width of a Kr line would be the resolution

∆λmin of the spectrometer multiplied by some factor α, say, plus possibly a

small contribution due to the temperature:

�

∆λG

�2
=
�

α ·∆λmin

�2
+
�

∆λDoppler

�2

=
�

α ·∆λmin

�2
+
�

7.81·10−8
p

T[K] λ
�2

. (4.2)

Here is ∆λmin more or less parabolically dependent on λ as shown in Fig. 3.6.

For the Doppler part the mass of krypton has been inserted; if we assume the

particle temperature does not exceed 400 K the term amounts to 1 pm or less

for 700 nm lines. Because this is a low value compared to the total Gauss

width, its contribution is small – especially due to the quadratic summation of
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FIGURE 4.4: Gauss and Lorentz widths of Voigt profiles fitted to several Kr lines of a low-

pressure spectral lamp.

the components – and neglected. Eqn. 4.2 then reduces to

∆λG(λ) = α ·∆λmin(λ). (4.3)

At first sight Eqn. 4.3 seems to fit the data points in Fig. 4.4a quite well,

especially for the 2400 gr mm−1 grating. Also the values for the two grat-

ings compare quite well, with those for the 1200 gr mm−1 grating about dou-

ble those for the 2400 gr mm−1 grating, just as in the resolution dependence.

On second thought, however, there are some discrepancies. For the lines at

400–450 nm the 2400-values are more than half the 1200-values, whereas for

those at 550–600 nm they are less than half. Note that this is not attributable

to any error in the determinations: a systematic error would appear in both

sets (1200 and 2400 gr mm−1), and random errors are excluded as all mea-

surements are done twice and the two values practically coincide in a large

majority of cases.

In short, the Gauss widths for the lines measured with the 2400 gr mm−1

grating seem to follow the predicted line (i.e. that of the calculated resolution)

better than those measured with the 1200 gr mm−1 grating. The idea of fitting

the data points with Eqn. 4.3 is therefore abandoned, and for each grating a

separate parabolic curve is fitted. The upper and lower limits for each curve

are indicated in Fig. 4.5 and indicate the uncertainty; the actual instrumental

Gauss width is assumed to lay within these curves. They are used to obtain a

line’s intrinsic1 Gauss width.

1When “intrinsic” is used to describe a quantity (e.g. intrinsic line shape, intrinsic line

width, etc.), the quantity is meant before convolution with the instrument function.
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FIGURE 4.5: Gauss widths of several Kr transitions. The four lines indicate the upper and lower

limits within which the instrumental Gauss width is assumed to lay. The dashed (continuous)

lines are used for the 1200 (2400) gr mm−1 grating.

Lorentz Width

For the Lorentz width the values are smaller and not as distinct (i.e. different

for each gratings) as for the Gauss width. This can be excepted: as explained

in section 2.2.3 the instrumental profile is in its most basic form a triangle –

which misses the broad flanks that distinguish a Lorentz profile from a Gaus-

sian one. Influence of the grating on the Lorentz width should therefore be

small.

Unlike the Gauss part of the intrinsic line shape, the Lorentz width is not

easily calculated or even a well-known quantity. Note from Fig. 4.6 that the

data points are scattered more than in the case of the Gauss width. As the

widths for the two gratings do not differ as much as would be expected, not all

of the Lorentz width is caused by the instrument; some is due to the line itself.

To obtain an expression for the apparatus Lorentz width, 2 pm is assumed for

the intrinsic width. Subtracting this value from each data point, an indication

for the instrumental Lorentz width is found, and a second-order polynomial

function is found to describe it. The curves in Fig. 4.6 are where the total2

Lorentz width should then lay.

2i.e. including the 2 pm intrinsic width
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FIGURE 4.6: Lorentz widths of several Kr transitions. The four lines indicate the upper and

lower limits within which the total Lorentz width is assumed to lay (subtract 2 pm to arrive

at instrumental Lorentz width). The dashed (continuous) lines are used for the 1200 (2400)

gr mm−1 grating.

4.4 Influence of Fine Structure

Due to the presence of fine structure, hydrogen lines are not purely Gaussian,

even if they are only Doppler broadened. Here the relationship is sought be-

tween the Gauss width of the whole line (i.e. the Gauss width obtained when

fitting with a Voigt profile) and the Doppler width of the individual compo-

nents of the line. The reason for this is that the Spectramax software can only

fit Voigt profiles, and can therefore not incorporate fine structure.3

The use of the relationship is in obtaining the Doppler width of the com-

ponents (∆λDoppler) when the Gauss width of the fine structure and Doppler

effect (∆λf+D) is known:

∆λDoppler =∆λDoppler

�

∆λf+D, n
�

. (4.4)

The relation depends also on the hydrogen line that is being investigated,

hence the dependence on n, the principal quantum number of the upper level

(n = 3, 4, 5, . . . for Hα, Hβ , Hγ, . . .).

3In principle multiple peaks can be used in one fit (i.e. one for each component) but in

practice this does not lead to a converging solution.
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Procedure

The relationships are found with the following procedure:

1. The exact wavelengths and the emission strengths (∝ gkAki) of the fine

structure components are found with [54].

2. Assuming a certain Doppler width ∆λDoppler, a profile is made for each

component, including only the Doppler broadening effect.

3. The profiles of all seven components are added to find the profile of the

whole line.

4. The profile is imported into Spectramax and a Voigt profile is fit to it.

The Lorentz width is zero in all cases4; the Gauss width is ∆λf+D.

5. For various Doppler values, ∆λDoppler is plotted against ∆λf+D.

This procedure is done for the first four Balmer lines (n = 3 . . . 6). For the

other lines no data concerning the fine structure is available; an extrapolation

is used for those.

Results

To get an idea of the shape of the lines (to be able to see how the shape

depends on the width of the components), several profiles are shown for the

considered lines, see Fig. 4.7. It can be seen that especially Hα is highly non-

Gaussian even for quite large Doppler widths.

When the synthetic profiles are fitted as described above, and the re-

sulting (∆λf+D,∆λDoppler)-pairs plotted, the result is Fig. 4.8. This is where

∆λDoppler

�

∆λf+D

�

is shown for each of the four n-values.

Discussion

It can be seen that for each curve the difference between the two widths be-

comes smaller as the Doppler width increases. This is expected, as the fine

4because the profile of the whole line is flattened at the top
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FIGURE 4.7: Synthetic line profiles of the four lowest-lying Balmer lines, for different Doppler

widths; only fine structure and Doppler broadening are included. The x-axes represent the

wavelength in [pm]. The temperature of the atoms exhibiting such Doppler width is also

indicated; note that two lines with equal Doppler widths give different temperatures (with

Eqn. 2.18).

structure becomes less pronounced for those points, as can also be seen in the

profiles of Fig. 4.7.

Secondly, it is clear that for Hα the results are highly questionable, consid-

ering the large difference between ∆λDoppler and ∆λf+d. In the experiments

the extreme profiles of Fig. 4.7a (the ones with two clearly separate peaks)

are never observed, but even the profiles in which the splitting is not visible

are non-Gaussian as noted above.

No fine structure data is available for Balmer lines with n > 6; the data

from the other lines has been extrapolated. The associated error is expected

to be small, as the curves are close together. Only on the left side of the curve,
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FIGURE 4.8: The sought relationship between ∆λDoppler and ∆λf+d for the first four Balmer

lines. The dotted line is assumed for the other Balmer lines.

where the slope is high (∆λf+D < 11 pm), would incorrect placement result in

relatively large errors.

4.5 Errors

When fitting a line and doing the calculations to obtain its temperature, sev-

eral errors might occur that reduce the accuracy of the determination. Here it

is described how these are calculated and compounded.

4.5.1 Errors in Data

First the errors are discussed that are present in the data i.e. errors that cause

the line to be recorded less than optimally. A distinction is made between

random and systematic errors.
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Systematic Errors

Systematic errors are those that are present in each measurement of a specific

line, and are most prominently caused by the presence of extra lines close to

the peak of interest. These influence the fit and deteriorate the result, and

one should take measures to reduce these errors; e.g. by excluding the data

points of the extra line from the spectrum, or, if the extra line is of a different

diffraction order, using a filter to suppress it. If it is not possible to omit these

effects, the measurement should be excluded from further analyses.

Random Errors

Random errors are caused by e.g. CCD noise and the manual baseline correc-

tion, and make that each recording of the same line is slightly different, even

when using the same grating. As a consequence, every Gauss or Lorentz width

determined by fitting is different also. This effect can be used to estimate the

spread in the values, which is assumed to be a good measure for the error.

Repeated measurements of several lines shows that the repeatability is usually

within 5% and typically much less, and it is therefore assumed that the real

widths are within a 5% band around their determined values. In cases with a

low signal-to-noise ratio (due to short integration time) this may be increased

depending on the case. This provides a starting point: an upper and lower

value for the total Gauss width, ∆λG,total,low and ∆λG,total,high.

4.5.2 Errors by Broadening Effects

Then the errors that would be present even if the line itself were recorded

perfectly. These errors are the most severe and caused by broadening effects

that are not purely Voigtian or not very accurately known.

Instrumental Profile

The instrumental function is approximated by a Voigtian peak with expressions

for Gauss and Lorentz widths, as is treated above. The uncertainty in this

determination is shown in the corresponding figures: the instrumental Gauss

width is assumed to be within an upper and lower estimate, which are 3 pm
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apart.

To find the upper and lower limits of the Gauss width of a line without

instrumental broadening, the worst cases are taken: the high estimate for

the total Gauss width is combined with the low estimate for the instrumental

Gauss width, and vice versa:

∆λf+D,low =
�

∆λ2
G,total,low

−∆λ2
G,instr,high

�1/2

∆λf+D,high =
�

∆λ2
G,total,high

−∆λ2
G,instr,low

�1/2

These two extremes are shown to the right in the line profile figures such as

Fig. 4.2.

Fine Structure

The low estimate for ∆λf+D is looked up in Fig. 4.8, and gives the low esti-

mate for the Doppler width. Likewise the high estimate for the Doppler width

is obtained. Also these two extremes are shown in Fig. 4.2. Comparing the

uncertainty (i.e. the difference between the high and low value) in ∆λDoppler

with that in ∆λf+D, we see that it is larger, for two reasons. First, when trans-

lating a “fine structure and Doppler (Gauss) width” to a “Doppler width”, the

value for the width may be lowered quite a bit which increases the relative

uncertainty. In addition, however, the absolute error also grows. This is due

to the fact that the curves in Fig. 4.8 have a steepness
dy

dx
> 1, meaning that

the high and low values, after translation, are further apart than before.

4.5.3 Temperature Calculation

The temperature calculation of Eqn. 4.1 is then done with the two limiting

Doppler-width values, which ultimately gives the values within which the tem-

perature of the radiating particle lies. A short calculation shows that the error

more or less doubles in this final step (in which ∆ has been substituted for

∆λDoppler, C a constant is that groups all other symbols in Eqn. 4.1, and δ a
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small difference denotes):

T = C∆2

dT

d∆
= 2C∆

δT ≈ δ∆ ·
dT

d∆
= δ∆ · 2C∆= 2

δ∆

∆
· C∆2

δT

T
≈ 2

δ∆

∆

Of course, this approximation is only for small uncertainties.
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Chapter 5

Experiments

In the conducted experiments a microwave plasma column is created, excited

by a surface-wave discharge. The used gas mixtures contain hydrogen, argon

and/or helium, and also water vapour is used; the more minute details are

presented in appendix D. As mentioned in chapter 2, the temperature of the

electrons is 2–4 eV, and their density has a maximum value at the launch gap

of up to 1018 m−3.

In some cases a salt is added to the plasma tube. Focus is on the measurement

of temperatures of various particles, though several other experiments are also

conducted.

5.1 Novel Lines

As stated in the introductory chapter, Mills reports various lines in the VUV

and EUV, e.g. at 13.03, 14.15, 20.5, 30.4, 37.4 and 45.6 nm. It is intended to

see if these experimental results could be reproduced.

5.1.1 Experiment

The 20–65 nm spectrum is recorded with the McPherson spectrometer at sev-

eral experimental conditions i.e. the ones in Tbl. D.1. They include pressures

between 0.3 and 1.0 mbar and the following gases: He with 1%, 4% and 10%

H2, pure H2, and pure He. The conditions approach those used by Mills (i.e.
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He/H2 (2%) at 1.3 mbar).

5.1.2 Results

One of the spectra that is measured is shown in Fig. 5.1, it is representative

for all the conditions. No lines are observed in all conditions, even when using

integration times of up to 1 s per data point. Remarkably, strong (conven-

tional) lines as the He II one at 30.4 nm and the He I line at 58 nm are also

not seen in the spectra. (Helium lines are seen at longer wavelengths with this

spectrometer.)
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FIGURE 5.1: Typical EUV spectrum measurement in search of novel lines in the 20–65 nm

range. No lines are observed.

5.1.3 Conclusion and Discussion

The absence of all lines, including well-known ones, is very questionable. A

cause for the observations is found in the equipment, in the reflectivity of

the grating of the monochromator: this turns out to diminish strongly below

120 nm, see Fig. 5.2. It appears another grating is needed for the measure-

ments, though for the lines below 40 nm the other grating in the figure would

also not suffice.

Another possibility would be that the absorption length at these short

wavelengths is too small for any substantial amount of radiation to reach the
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FIGURE 5.2: “Typical grating efficiencies for the Vacuum UV blaze grating used in the Model

234/302 series, the Extreme UV version shifts the blaze to shorter wavelengths. Dashed lines

indicate predicted second order response.” Figure and caption text from [59]. The used

grating is the one represented by the blue curve.

entrance slit of the spectrometer.1 This explanation is discarded, however,

based on the results of experiments done with other spectrometers under sim-

ilar conditions.

It is concluded that the current equipment is not suitable for detecting the

short-wavelength lines that Mills finds. Ideally, a grazing incidence spectrom-

eter is used. No conclusion can be drawn regarding the existence of novel

lines.

5.2 Population Inversion

Also the claims of population inversion are investigated, and with various RT

mixtures the Lyman and Balmer lines are analysed to see if the populations of

higher quantum levels are disproportionally high.

5.2.1 Experiment

With both spectrometers the spectra from the plasma are recorded; with the

VUV spectrometer “head-on” measurements (i.e. at the end of the discharge

tube) are made of the Lyman series, and with the visible spectrometer the

Balmer series is recorded. The latter is done at two positions in the plasma:

1Once inside the spectrometer the absorption is (relatively) negligible due to the pressure

being several orders of magnitude lower than in the discharge.
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FIGURE 5.3: The two positions at which the light is collected for the visible measurements, and

the location of the VUV spectrometer.

once with the optical fibre pointing at the surfatron gap and once with it point-

ing perpendicularly at the tube section located at 3 cm from the gap. The po-

sitions are clarified in Fig. 5.3.

Note that the Lyman lines are integrated along the column. As the plasma is

optically thick, however, most of the photons that are emitted in the plasma

are absorbed and re-emitted several times before they reach the discharge tip;

this applies more for the photons in the centre of the line than for those in the

wings (see the section on self-absorption in chapter 2). This means that the

radiation that reaches the spectrometer originates from various plasma loca-

tions, though most are emitted by the tip: only a small part of the intensity is

in its wings, and the (hot) gap has a smaller opening angle than the tip. The

corresponding n = 2, 3 densities are therefore also somewhat averaged over

the plasma.

The mixtures that are used are various percentages of hydrogen in argon

and helium, as well as water vapour and pure hydrogen. All discharges are

maintained at 0.36 mbar with a length of 7 cm; conditions 18–29 in Tbl. D.2.

Boltzmann plots are made with on the horizontal axis the excitation en-

ergy of the level (n) in question. As mentioned on page 35, on the vertical

axis the natural logarithm is plot of the line intensity divided by its transition

probability and the level’s degeneracy:

ln

�

Inp

Anp gn

�

.

For the Lyman series these intensities (In1) are determined differently than for

the visible lines (In2).
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FIGURE 5.4: Expressions proportional to the intensity of a line. (a) For lines recorded with the

McPherson spectrometer: the height in [counts/s]. (b) For lines recorded with the Jobin Yvon

spectrometer: the area beneath the fit curve (shaded) divided by the integration time, called

“spectral intensity” (in box).

Line Intensities – VUV

When a spectrum is recorded and presented in a graph in which “counts per

second” is plot against wavelength, the intensity of a line is proportional to the

area beneath the curve; not to its height. In the case of the VUV spectrometer,

however, the instrumental profile is so wide that it widens each line to the

same shape and width, so that the height to be proportional to the area and

thus the intensity. For the Lyman series, therefore, the height is used for I , see

Fig. 5.4a. A correction is made for the grating reflectivity with Fig. 5.2; the

instrumental profile is assumed constant in the 90− 120 nm range.

Line Intensities – Visible

For the Balmer lines, which are fit with a Voigt profile, the area under the

counts-versus-wavelength plot is readily available, and by dividing this by the

integration time, a parameter coined “spectral intensity” is arrived at (Fig.

5.4b). After correction for CCD response (Fig. 3.7), this is filled in for the

intensity. Note that a change in instrumental function only affects the shape

of a line, not its area.
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5.2.2 Results

The resulting Boltzmann plots are shown in Fig. 5.5 for the population densi-

ties determined from the Lyman series, and in Fig. 5.6 for those determined

from the Balmer series. In all graphs the measurements for pure hydrogen

are also plotted, both as a reference and for easier comparison between the

graphs.

For the measurements of the Lyman lines, the geometry is fixed and there-

fore equal for each measurement. Every time a Balmer series is recorded,

however, the fibre sits at a slightly different position whenever the mixture

is changed, because the fibre is constantly displaced to measure both posi-

tions at each condition. This introduces a small uncertainty in the densities of

the levels, which is shown in the graphs of Fig. 5.6. This error applies only

when comparing level densities between series; the levels within one series

(i.e. within a given gas mixture) can be compared without additional error.

5.2.3 Conclusion and Discussion

As none of the series in Fig. 5.5 and Fig. 5.6 have a positive slope, we can be

brief about the population inversion that is reported by others: in the experi-

ments that were conducted this is not observed for n = 2 . . . 8 (n = 2 . . . 9 in

some cases). (Absence of inversion between n = 3 and n = 4 cannot be de-

duced from the presented graphs, but from estimates of the area in Hα plots,

and comparison with the Hβ lines measured at the same condition, it is seen

that n3/g3 > n4/g4 holds also for that pair of levels.)

From both figures it can be seen that the relative populations of the levels

(the trend) is very similar for all mixtures: the series are equal, save for a

possible y-translation over the whole series. For the visual measurements, this

is the case at both positions (at the gap (shown) and 3 cm from it).

To compare mixtures not only by the trend they show, but also by their

actual densities (i.e. to say something about the difference in population of a

level between two mixtures), Fig. 5.5 is not very useful. The reason is the large

path length that the (resonant!) radiation has to cross before the spectrometer

is reached: when the gas composition is changed the intensity of an emission

line is arguably more affected by changes in absorption than by changes in

actual population density.

Therefore, only Fig. 5.6 can be used for this type of comparisons. It shows that
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the population densities of the excited H(n=4 . . . 8) levels increase with the

percentage of hydrogen. This is hardly surprising, as the absolute number of

hydrogen molecules and atoms (in [m−3]) of course rises when its share in the

mixture increases while the pressure remains the same. However, it can also

be seen that this dependency for Ar/H2 and He/H2 mixtures is different; in ar-

gon the excited-hydrogen density drops disproportionally fast with decreasing

hydrogen percentage. A plausible cause is that the presence of argon leads to

a depopulation of excited levels through a excitation transfer mechanism; this

is further discussed on page 91.

5.3 Temperatures

Temperatures are determined in several plasmas. This mainly concerns the

line temperatures, but also rotational temperatures are examined. Only emis-

sions in the visible spectrum have been used for this.

5.3.1 Experiment

With the Jobin Yvon spectrometer, spectra from the plasma are recorded and

analysed to obtain the temperatures. The measurements are done on the same

plasmas as those used in the previous section: conditions 18–29 in Tbl. D.2.

Indeed, some temperatures are deduced from the exact same line recordings

as the intensities.

Rotational Temperatures – Fulcher

The rotational temperature is determined for the hydrogen molecules in each

plasma. The Q-branches of the Fulcher-α band are used, corresponding to

the electronic transition d2Πu → a3Σ+
g

which sits at around 600 nm. The

rotational temperatures are determined from both the v′ = 0 → v′′ = 0 and

v′ = 1 → v′′ = 1 transitions with lowest J . An example of a spectrum and

corresponding plot are shown in Fig. 5.7.
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FIGURE 5.7: Typical Fulcher-band measurements, of v′ = 0 → v′′ = 0 in this case. (a) The

spectrum. The red lines indicate the (literature) positions of the 5 transitions with lowest J ′′.
(b) The corresponding Boltzmann plot. In this case the deduced temperature is Trot = 1026 K.

Line Temperatures – Doppler

To find the (kinetic) temperatures of the radiating particles, the Doppler width

of their emission lines is used. An elaborate discussion on how this is done is

presented in chapter 4. The temperatures of the excited hydrogen atoms are

determined from the Balmer lines. For other particles this is done too, but as

their masses are higher their Doppler widths are smaller, making the relative

uncertainty in these widths and the corresponding temperature (much) larger.

For helium these are the lines at 492 nm (a transition from a level at 23.7 eV

above the ground state) and 667 nm (at 23.0 eV); for oxygen an ion line at

608 nm (O II level at 28.6 eV above neutral ground state) are used, and the

line at 747 nm with unknown upper and lower levels. For argon the influence

of its mass is of such magnitude that nothing sensible can be said about its

temperature so no lines are shown in the figures.

5.3.2 Results

The various temperatures that are measured in the plasma mixtures are shown

in Fig. 5.8. Again the measurements for pure hydrogen are plotted in each

graph, and the points are deliberately spread in the x-direction for clarity.
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5.3.3 Conclusion and Discussion

Firstly it noted that the extraordinarily broad lines that are measured by Mills

are not found in our microwave plasmas: the upper limit (i.e. within the un-

certainty) of the hottest measured H(n=4) atoms equals 2200 K = 0.19 eV.

For comparison, [26] reports H(n=3) temperatures that are higher by three

orders of magnitude under virtually equal conditions (pressures and mixtures

are the same, but a different field applicator is used).2 Moreover, the highest

temperature for the particles in n = 4 is found in the pure hydrogen plasma,

which does not contain a RT-catalyst. This is clearly not consistent with the

theory on the RT mechanism.

We now turn to the graphs of Fig. 5.8. Most of the data points have con-

siderable error bars, which might look discouraging and make one hesitant

to draw confident conclusions. It should be noted, however, that the errors

that are displayed are not completely uncorrelated. In fact, the largest contri-

bution to the uncertainty originates from the uncertainty in the instrumental

function; if this is e.g. overestimated in a certain line this is most likely also the

case in all other lines. When comparing temperatures and considering trends,

therefore, this should not be overlooked. This only goes for the temperatures

determined from the Doppler width; the errors in the rotational temperatures

are uncorrelated.

Rotational, Gas Temperature

The rotational temperature of the hydrogen molecules are more or less the

same in all measurements. A slight increase with hydrogen percentage is seen

in the case of He/H2; in Ar/H2 this trend is less pronounced. The two ro-

tational temperatures of a measurement are also very similar, although the

temperature of the v′ = 0 levels is always slightly higher than that of the

v′ = 1 levels.

The temperatures that follow from the widths of the helium and oxygen

lines are of the same magnitude as the rotational temperatures, as far as this

can be concluded with the considerable uncertainty they possess. They are,

at least, more similar to the rotational temperatures than to the temperatures

2The Hα line, used in [26], cannot be neatly fit in our measurements. However, even when

attributing the whole width of the line to Doppler broadening (an obvious and gross overesti-

mation), the H(n=3) temperature does not exceed 4500 K= 0.4 eV in any measurement.
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of the excited hydrogen atoms. The gas temperature is likely similar in all

plasmas: 900–1500 K.

Excited Hydrogen Temperature – Pure H2

The temperatures of the excited hydrogen atoms show an interesting behaviour.

Firstly because their temperatures are significantly above the temperatures of

the other atoms (He, O) and of the molecules, and secondly because of the

dependence on quantum number, where the higher levels are hottest.

In what follows, some possible mechanisms that might lead to the trend

seen in pure hydrogen are formulated and discussed; the question is how the

excited particles are produced. Later the influence of the addition of other

particles is discussed.

Hypothesis 1 Excited hydrogen atoms are observed with a temperature that

rises with their quantum number. A logical first approach is to look for a

process that produces the particles at the observed temperatures. So: a mech-

anism that produces both hot and highly excited, and cold and lowly excited

particles.

Note that this is contrary to expectations, for two reasons. Firstly, the ki-

netic energy of a particle is generally only slightly affected in the processes

of (de)excitation and recombination: if the excited states are produced from

the same state they would be expected to have equal temperatures. Secondly,

even if the energy that is available in the reaction slightly “spills over” into a

contribution to the kinetic energy, one would expect the higher excited levels

(which have more electronic energy) to have less energy available for transla-

tion and therefore to be colder.

We are therefore looking for a production mechanism that has branching

ratios that are highly energy-dependent. In other words, the ratio between the

production rate of e.g. H(n=5) and H(n=6) needs to depend on the kinetic

energy of the original particle. This dependence needs to be such that the high-

energy particles favour reactions in which a highly-excited atom is formed,

and the lower-energy ones those in which a substantially lower-excited atom

is produced. Reactions that might be suggested here are those in which a

molecular ion dissociatively recombines (e.g. H+
3
+ e−→ H2+H), as those are

characterised by the “consumption” of an electron which might bring several
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eV to the products (i.e. the absence of a light particle on the right-hand side

means the energy that is brought by the electron cannot be carried away by it).

It requires additional research into these reactions to see if the observed atoms

can be produced and if they have the needed energy-dependent branching

ratios.

Hypothesis 2 The hypothesis presented above assumes that the temperature

distribution over the excited states is established at the moment of creation;

in an alternative mechanism this need not be the case. The following picture

is presented: excited atoms are created in a small number of high states from

the recombination of ions, and they are created with a high kinetic energy

(temperature). Through collisions the lower excited states are gradually and

stepwise populated. The lower such a state is, the longer it takes a created

particle to reach that state, and the more (elastic and inelastic) collisions it will

have experienced. It will therefore also have experienced more thermalisation

i.e. it will have lost more of its kinetic energy. This is why the lower (n= 5, 4)

states are colder, and closer to the gas temperature.

This hypothesis requires several conditions to be met:

• The (electron and the heavy-particle) collisions that cause (de)excitation

need to favour small energy steps i.e. small changes in quantum number.

If this is not the case, the lower levels may be created directly from the

high levels which would not bring about the longer thermalisation and

lower temperatures for those levels.

• There must be a significant coupling between the levels. This means that

the rate of radiative de-excitation, especially to the ground state, must

be small or comparable to the collisional (de)excitation frequency; let’s

see if that is the case.

The time between two successive electron-impact excitation events is

roughly estimated by τ= 1/(σvne), with v ≈ 106 m s−1 and ne ≈ 1017 m−3

the electron velocity and density; the cross-section is in simple approx-

imation equal to σ ≈ πn4a2
0

(Bohr radius a0) [50]. This then gives

τ≈ 5·10−6 s (for n=4) to τ≈ 2·10−7 s (for n=8, 9). This seems indeed

comparable to the radiative lifetime which is in the order of 10−7–10−5 s.

• The energy relaxation time (the timescale at which thermalisation oc-

curs) needs to be comparable to the time it takes an excited atom to

partly de-excite. If this condition is not met, e.g. if the former is much

larger, all states show the same elevated temperature; if it is much
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smaller, all have the same low gas temperature. This would need to

be investigated3.

• Finally, a source of hot excited particles is needed. Several can be pro-

posed, depending on what the main ion is. Due to the wealth of possi-

ble reactions between electrons, hydrogen atoms and various hydrogen

molecules, however, we do not go into detail here but merely state some

possibilities.

– If H+
2

is prominent, the dissociative recombination of this ion (i.e.

H+
2
+ e−→ H∗+H) produces excited atoms. From the ground state

of this ion only H(n=2) can be made, but excited molecular states

might produce higher excited atoms. The reaction products can

have considerable kinetic energies. [50]

– The atomic ion H+ can only recombine in the plasma bulk through

three-particle recombination: H++ e−+ X→ H∗+ X, with X a so-

called spectator particle. The rate coefficient is highest when the

spectator is an electron, but as their density is so low three-particle

recombination takes mainly place with X being a heavy particle.

The process favours the production of highly excited atoms [60],

an important criterion.

– Wall recombination might be important at the low pressures and

small system dimensions that are used. If this is the case, the re-

combining ion might get accelerated near the wall due to a sheath

and return into the plasma as an excited atom; in Fig. 5.9 this is

shown for an atomic ion. This process does produce hot atoms,

but nothing can currently be said about predominant production of

certain levels.

Hypothesis 3 As a third hypothesis it is pointed out that, if thermalisa-

tion does appear on a much longer timescale than (de)excitation (collisional

and/or radiative), the following situation might exist. Each level is signifi-

cantly populated by regular excitation from the ground state, which produces

relatively cold excited atoms. In addition, a mechanism produces each of the

excited levels at a high temperature. A hot population is then added to each

of the (otherwise cold) excited levels. As more lower-excited atoms exist than

3The heavy particles move slower (factor∼ 103) but are more plentiful (factor∼ 104) than

the electrons; the reaction rate could go either way (as cross sections must of course also be

included).
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FIGURE 5.9: Wall recombination process. (1) An ion that comes close to the wall is accelerated

towards it due to the surplus of negative charge. (2) When it is close enough an electron

jumps from the wall and recombines with the ion. (3) The excited atom bounces back into

the plasma with a high kinetic energy.

higher-excited ones, the influence of this added population is biggest for the

higher levels, which have then a higher average temperature.

If this is the case in our plasmas, the recorded Balmer line profiles should

show two components: a narrow one of which the Doppler width corresponds

to the gas temperature (∼ 1200 K), and a broader one corresponding to an

elevated temperature (> 4000 K). When fitted with a single peak the tem-

perature might be determined to be between the two, and especially when

the temperatures are not too far apart it may be difficult to notice the second

peak.

This is briefly and roughly tried for the measured levels, and initially it

does appear that a good fit can be obtained when using two Gauss profiles

(see Fig. 5.10). Some critical remarks, however:

• The central line does not have the gas temperature as it should accord-

ing to theory, but is around 3.5·103 K. The temperature of the broad

component is higher by one order.

• The intensities in the flanks, where the second Gauss is of importance,

are so low that nothing can be said with certainty; the influence of noise

is large.

• Hζ, which is shown, has by far the best results. Other lines are not nearly

as easily fit with a double Gauss peak.

Several possible explanations are given for the dependency of the hydrogen
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FIGURE 5.10: The profile of the Hζ (8→ 2) line in a pure hydrogen plasma, on a logarithmic

scale. (a) Fitted with a Voigt profile. At the flanks the Gauss component of the fit is too low

for the measured data, but the Lorentzian “shoulders” of the line fall away too slowly. (b) A

better overall fit seems to be obtained by adding a second Gaussian component with a width

of 50 pm.

temperature on quantum number in pure hydrogen. All have their shortcom-

ings though, and additional research is needed to reveal the actual mechanism,

which might not be among the ones presented here.

Excited Hydrogen Temperature – Mixtures

After pure H2, the other mixtures are now examined. In the graphs of Fig.

5.8b it is seen that the addition of various amounts of helium has practically

no effect on the temperatures of the hydrogen levels, unless the hydrogen

percentage is very low. In contrast, adding even a small percentage of argon

has a dramatic effect in reducing the temperatures to more or less the gas

temperature. In water vapour the effect holds the middle between the two

(between unchanged and reduced to the gas temperature). Simultaneously,

the energy diagram of Fig. 5.11 shows that helium has no energy levels at

10–14 eV from the ground state, whereas argon and oxygen do have levels in

that range.

Helium The absence of helium levels keeps the element from (significantly)

interfering with the processes that play a role in pure H2. This means that

the intensity of the Balmer lines might be changed (due to a different hydro-

gen density; this is seen in Fig. 5.6b) but that the temperature of the levels is

relatively unaffected. At first glance one might even expect the temperature
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of the H atoms to go slightly up: thermalisation of hydrogen atoms through

collisions with He is only half as effective as through collisions with H2, as the

mass is higher.

Argon Argon has several levels with n = 4 (1s22s22p63s23p54p1 electron

configuration) that are within 0.1 eV of the hydrogen levels with n ≥ 5, see

Fig. 5.11. This enables the process of excitation transfer:

H∗(n≥ 5) +Ar ⇆ H+Ar∗(nl= 4p). (5.1)

Let us analyse what happens when this reaction goes either way. In the pure

hydrogen the H∗ population is hot; we assume the ground state atoms have

the gas temperature. When the reaction runs to the right a (hot) excited H

atom disappears, so the population of that specific level of H∗ decreases but its

temperature is not altered. The temperature of the ground state is increased

but as the ground state density is relatively large the effect is (negligibly)

small. When the reaction runs the other way, however, a ground state hydro-

gen atom is converted to a (cold) excited atom. This causes the population to
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cool, which is what is seen in Fig. 5.8a. Evidence of a fast hydrogen depopu-

lation process in argon is also seen in Fig. 5.6a, which shows a sharp decrease

in excited hydrogen populations with increasing argon percentage.

How fast the cooling goes depends on numerous parameters: the lifetimes

of H∗ and Ar∗, the rates at which these levels are produced, the rate at which

a H atom collides with an Ar atom. The latter explains why the temperature

is lower when more argon is present: although the maximum number of H-Ar

collisions (per units of volume and time) occurs when the densities of both

particles are more or less equal, the maximum number of H-Ar collisions per

H atom obviously requires that the Ar density is very high so that each time a

H atom collides it is with an Ar atom.

Note that the temperature of the argon particles is of less importance: the

masses are very different (40:1) and energy transfer gets proportionally small;

it goes with
m1m2

(m1+m2)
2 .

Water Vapour Oxygen also has numerous levels in the range where the hy-

drogen levels exist. The fact that the temperature is not as high in the water

vapour plasma as it is in the He/H2 plasmas is hereby explained: the excita-

tion transfer mechanism is also present here. From the observation that the

temperature reduction is not as strong as when argon is added we can con-

clude that the mechanism is not quite as efficient, or that the significant levels

are not as densely populated. Three causes for the lesser population can be

imagined:

• Water vapour plasmas contain a lot more particle species than plasmas

with Ar/H2 plasmas, so that a H atom does not collide as frequently with

an oxygen atom.

• An important contribution is also that oxygen forms molecules, so that

the dissociation degree of these has to be taken into account.

• Finally, the lifetimes of the relevant oxygen levels might be lower than

the argon levels. This would cause the left-going reaction of Eqn. 5.1

to be less frequent as the level gets radiatively depopulated before it

encounters a H atom.
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5.4 Addition of Potassium, Strontium

In the final part of the research, the influence of potassium (K) and strontium

(Sr) is briefly investigated. Both are catalysts in the RT reactions according to

Mills, and it is tried to see if any extraordinary effect can be observed. Atten-

tion is mostly on the shape of the Balmer lines, merely to see if their widths

are substantially above what was measured before. No fitting is done (to de-

termine the exact temperature), as the plasma conditions are very difficult to

keep constant over time, see below. Comparison of the temperatures of the

various excited levels would therefore be meaningless.

5.4.1 Experiment

A plasma is created, again using the gases (mixtures) H2, H2O, He/H2 and

Ar/H2. This time, however, tablets of either potassium hydroxide (KOH) or

strontium hydroxide (Sr(OH)2) are placed inside the tube. The VUV spectrom-

eter is disconnected to avoid its grating from being damaged by deposition of

salt.

The pressure is aimed at 0.36 mbar to ease comparison with the other

measurements, but is in reality between 0.1 and 0.5 mbar. This is due to the

difficulties with the plasma stability; in order to release the substances (Sr,

K) into the plasma, the microwave power is adjusted in such a way that the

plasma column touches the tablets. The problem is that as soon as a some of

the substance is being released, the plasma-column length greatly increases

(probably due to the presence of metals), causing more dissociation of the salt

and a great increase in pressure.

The exact conditions are shown in Tbl. D.3.

5.4.2 Results

Although the presence of K and Sr is demonstrated through the presence of

emission lines (Fig. 5.12), no anomalies are found with respect to the Balmer

lines. Even when input power is increased to > 1 kW no extremely high tem-

peratures are seen.

The more power is put into the plasma, the longer its length and the more
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FIGURE 5.12: The presence of potassium or strontium in the plasma is demonstrated with

emission lines. Here the Sr II line at 407.886 nm [54].

tablets are under its influence. This causes an increase in the amount of salt

that is dissociated and released into the plasma. By gradually increasing the

plasma power, then, the dependency of line width on K concentration is ex-

amined by looking at the evolution of the line shape over time; note that a

contribution might also be present due to increased power and pressure. This

method is used on various plasmas; no change at all has been observed for

both Hα and Hζ, both lines have their “regular” width and shape in all record-

ings.

5.4.3 Conclusion and Discussion

Also with added Sr or K, the high temperatures that are found by Mills cannot

be reproduced. It should be noted that control over the experimental condi-

tions with the added salts is not as good as one would hope, though this is not

thought to be the cause of the negative outcome.
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Chapter 6

Conclusion and Recommendations

In none of the conducted experiments are the extraordinary results reproduced

that are published by Mills.

6.1 Novel lines

The 20–65 nm region is examined for plasmas at varying conditions, but no

lines are found. It is concluded that the equipment is not suitable for measur-

ing at these short wavelengths, as also prominent well-known lines are absent

in the recorded spectra. No conclusion can be drawn regarding the existence

of short-wavelength novel lines.

For future research other equipment should be used; the spectrometer

should be equipped with a suitable grating and a more sensitive detector:

an electron multiplier. This puts a restriction on the pressure in the detector

chamber as these devices operate at a maximum pressure of 10−4 mbar. If the

discharge pressure is to be kept equal (i.e.∼ 1 mbar) an intermediate pressure

level is needed; the two slits of the monochromator can be used to separate

the pressure levels.

A major improvement would be to replace the spectrometer altogether, as

grazing-incidence spectrometers are much better suited for recording EUV

spectra – using a (nearly) normal-incidence spectrometer for this is already

questionable in itself.
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6.2 Population Inversion

In none of the mixtures (Ar/H2, He/H2, H2O vapour, and pure H2, all at

0.36 mbar) hydrogen population inversion is observed for the levels in the

range n = 2 . . . 8. For the levels n= 2, 3 this is verified for the neighbourhood

of the discharge tip. For n = 3 . . . 8 it is the case at both positions that are

investigated: at the launch gap of the surfatron (where power and electron

densities are highest) and at 3 cm from it (halfway along the plasma column).

The relative population densities (i.e. when comparing the levels within one

mixture) are very similar in all mixtures.

A possible cause for the discrepancy is that Mills uses a different microwave

field applicator, namely a (Evenson) cavity instead of the (surfatron) launcher

that is used in our research. The power densities are similar, however: in [16]

a water vapour plasma is maintained at 9 W cm−3, compared to the 11 W cm−3

that we determine under equal conditions with a surfatron.

It would be useful to also try an Evenson cavity for the excitation of the plasma

as the electric field distribution is different than in a surfatron. If in that case

Mills’ results can be reproduced, however, this would not argue in favour of the

RT mechanism. After all, the mechanism is supposed to function independent

of electric fields, so unless there are other significant differences between the

two field applicators it should function in both.

If the research is repeated it is a good idea to ensure that the fibre can be

accurately repositioned. That way the elaborate data of the Balmer lines (so

for the levels up to n = 8 or 9) can be more accurately compared between

mixtures. It might also be considered to calibrate the system so that absolute

density measurements ran be made. This would greatly help in the discussion

on the mechanism that causes the temperature of the levels.

6.3 Temperatures

Conclusions

In each of the four mixtures that are used the rotational temperatures of two

(H2) Fulcher bands are in the 900–1500 K range, the same goes (with con-

siderable error-margin) for the helium and oxygen particles and it is assumed

that this is a good approximation of the gas temperature.
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The temperatures of the excited hydrogen atoms, on the contrary, is very

different in the various plasmas, but the extraordinarily broad line profiles that

are seen by Mills are not observed in the current research. In pure hydrogen

and in the He/H2 mixtures the highest measured excited levels are the hottest;

three hypotheses are formulated for the responsible mechanism:

1. a (recombination or excitation) process that favours the production of

highly excited atoms when the reactants are hot, and of lower excited

particles when they are cold;

2. the production of (mainly) hot and highly excited atoms, followed by

stepwise de-excitation in which collisions with cold particles increasingly

cool the atoms;

3. the creation of excited atoms occurs at all levels with a similar (and high)

temperature, but as population from the (cold) ground state is slower for

the high levels, the average temperature of those levels is highest.

When argon is added, the mechanism is disrupted by excitation transfer.

Ar has several levels with equal excitation energy as H; this causes fast de-

excitation of hot H atoms and effectively replaces them with cold ones, which

is why the temperature trend is completely absent in Ar/H2 mixtures.

Water vapour has a rising temperature trend that is not as strong as in pure

H2, but also not absent as when argon is added. Apparently, the oxygen levels

that exist at the same energy as the excited hydrogen ones (and with which

excitation transfer would thus be possible) are not as populated as in argon.

With helium the excitation transfer process is absent altogether: there are no

corresponding levels for this element.

Experimental Recommendations

Several possibilities exist to test the above theories. On the experimental side,

future research might involve changing the discharge pressure or the radius of

the discharge tube, to check the influence of the wall. Increasing the pressure,

for example, would decrease the rate of wall recombination and increase that

of three-particle recombination and collisions, causing faster thermalisation

and a temperature profile that is presumably flatter.

If the pressure is made very low, on the other hand, a point might be reached

where the rate of photon emission becomes (for the lower levels) comparable

with the collision rate, increasing the depopulation rate of the lower levels.
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Other mixtures could also be used, and by comparing their energy diagram

with that of hydrogen predictions can be made about the resulting tempera-

ture trends; these can then be checked against the experimental results.

Theoretical Recommendations

On the theoretical side, no quantitative argumentation is presented yet; a

model should be made to do this effectively. The model should take into

account the most important processes; to judge which these are literature

should be studied and the processes should be compared, e.g. the timescales at

which thermalisation, collisional (de-)excitation, and radiative de-excitation

take place. With the cross-sections for collisional transitions one can see which

quantum levels are strongly coupled. The rate at which these transitions take

place should then (if Ar or O are present) be compared to the rate of excitation

transfer.

It would be especially useful to investigate the wall recombination process, to

see if the observed temperature distribution might be produced in that process

itself (instead of being created by the collisions in the plasma bulk).

Recommendations Concerning Fit Method

A laborious procedure is used to obtain the temperature from the Doppler shift

in a measured line. This is mainly caused by the limitations of the fit software,

of which the most complex (yet relevant) fit function is a Voigtian profile. This

causes that all kinds of corrections are needed and errors are introduced.

For example, in the case of the hydrogen atomic lines, the non-Voigtian instru-

mental profile is convoluted with a non-Voigtian Doppler-broadened hyperfine

split. Although both are approximated by a Voigt in the procedure, it is of

course no longer strictly true that
�

∆λG

�2
=
∑

i

�

∆λG,i

�2
, and for some lines

(i.e. Hα) this effect is too severe to accurately deduce the Doppler width.

It would therefore be a big step forward if these approximations would no

longer have to be made. For this, a widely applicable fit program should be

made, that convolutes various profiles, including profiles that are not Gaus-

sian or Lorentzian. It should contain the possibility to import a (measured)

instrumental profile, as well as a database with the fine structure of the most

prominent lines of prominent elements. Some basic data cleanup is also desir-

able (baseline correction, removal of false data points).
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The output of the program should contain, at the least: Gauss width (which

is equal to the Doppler width in the case that other contributions have been

excluded), Lorentz width (including e.g. Stark and resonance broadening),

central wavelength, area (or height) of the line, and the uncertainty in each

and the correlation between the fit and the spectrum.

6.4 Addition of Potassium, Strontium

The addition of KOH and SR(OH)2 tablets to the plasmas (Ar/H2, He/H2, H2O,

H2) increases the difficulties in stabilising them, as pressure levels fluctuate.

K and Sr are identified in the plasmas, but no extraordinary hydrogen line

broadening is observed in any of the cases.

It is not recommended that this experiment is repeated in its current form; a

better controllable way to volatilise the salts (e.g. by external heating) would

be a significant improvement.

6.5 Closing Remarks

During a trip to Blacklight last February by Sander Nijdam and Gerrit Kroesen,

Mills admitted that the process that takes place in microwave plasmas is not

completely understood even with the RT mechanism. It was expressed that

the processes at the wall could indeed be of importance, and that ageing of

the tube might be crucial to the mechanism.

Although no sufficient set of conditions is known to reproduce the results, a

setup is now being prepared in which a lengthy experiment can be conducted.

The field applicator in these microwave plasmas will be an Evenson cavity to

more closely approach the setup used by Mills.

99



CHAPTER 6. CONCLUSION AND RECOMMENDATIONS

100



Appendix A

Resonant Transfer Catalysts

In this appendix the elements are shown that can act as catalysts in the RT

reactions described by Mills in [1]. The data is presented in the form of a

periodic table of the elements, in Fig. A.1.

1+ 2+ (2)→

H He
1 2

0 2+ (3) 0→ →2+ (1)

Li Be B C N O F Ne
3 4 5 6 7 8 9 10

1+ 4+ (8)→ 1+ 2+ (1)→

Na Mg Al Si P S Cl Ar
11 12 13 14 15 16 17 18

0 3+ (3) 0→ →4+ (5) 0→5+ (7) 0→5+ (6) 0→3+ (2) 0→4+ (4) 0→+3 (2) 0→4+ (4) 0→5+ (7) 0→2+ (1) 0→2+ (1) 0→6+ (11) 0→7+ (15) 0→6+ (10)

1+,1+ 0,2+ (1)→ 0 4+ (4) 0→ →5+ (7) 0→6+ (11) 0→8+ (23) 0 7+ (14)→

3+ 4+ (2) 4+→ →5+ (3)

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
19 20 21 22 22 24 25 26 27 28 29 30 31 32 33 34 35 36

0 7+ (12) 0→ →5+ (7) 0→5+ (5) 0→6+ (8) 0→2+ (1) 3+→4+ (2) 0→5+ (6) 0→2+ (1)

0 8+ (19) 1+→ →3+ (2) 0→8+ (18) 0 3+ (2)→

1+ 2+ (1) 2+→ →3+ (1)

4+ 5+ (2)→

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

0 2+ (1) 2+,2+→ →1+,3+ (1) 0 2+ (1) 0→ →3+ (2)

Cs Ba * Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
55 56 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Fr Ra ** Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh Uus Uuo
87 88 89-103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118

0 5+ (5) 0→ →5+ (5) 0→4+ (3) 0→4+ (3) 0→4+(3)

* Lanthanides 0 6+ (8)→

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

** Actinides

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103

FIGURE A.1: The periodic table of elements, within which are indicated the elements that can

serve as a catalyst in RT reactions (shaded), and the relevant ionisation reactions. Behind each

reaction is shown, between parentheses, the reaction enthalpy in number of times m ·27.2 eV.

When two particles are shown on each side of the arrow, two catalyst particles are needed in

the RT reaction.
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Appendix B

Self-Absorption Balmer Lines

In this appendix it is demonstrated that self-absorption is insignificant for the

Balmer lines under the conditions of the current experiments.

To estimate the effect of self-absorption, the absorption coefficient κ [m−1]

is calculated, defined by

1

I(ω)

dI(ω)

dl
= −κ(ω) = −σ(ω)np. (B.1)

Here I is the intensity of a light beam travelling through a plasma with ab-

sorber density np, l the distance travelled, and σ is the cross section for the

absorption process; the considered transition is between lower level p and up-

per level q – for the Balmer series, p = 2. The absorption coefficient is the

inverse of the mean free path length of the radiation. Note that for the in-

fluence on the shape of a line it is not only the amount of absorption that is

important but also its dependence on frequency; yet, if it can be shown that

the absorption coefficient is small even for the central frequency ω0 of a line

it is demonstrated that the absorption process is insignificant. In the following

discussion σ(ω) and np are separately estimated.
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B.1 Cross Section

In [61] it is deduced that for narrow lines (i.e. the width of the line is much

smaller than its location; ∆ω≪ω0) the cross section can be expressed as

σ(ω) =
ħhω0

c
BpqS(ω), (B.2)

with ħh, ω0 and c denoting the usual quantities, and Bpq the Einstein coeffi-

cient for absorption. The function S(ω) is used to describe the shape of the

absorption line.

The Einstein coefficients can be calculated from the transition probability

Aqp with the Einstein relations. The number of atoms undergoing spontaneous

emission is Aqpnq [m
−3 s−1], for stimulated emission this equals ρBqpnq with ρ

the radiation density. For the latter several definitions are found in literature;

because we work with ω it is chosen to represent the energy density per unit

angular frequency, in [J m−3 s] – this definition suits also the use of Bpq in Eqn.

B.2. In that case the Einstein relations become

Bqp =
π2c3

ħhω3
0

Aqp, (B.3)

Bpq =
gq

gp

Bqp, (B.4)

with g indicating degeneracy.

As noted before, S(ω) is used to describe the shape of the line. The func-

tion is normalised i.e.
∫ −∞
−∞ S(ω)dω = 1 and has units of [s]. Assuming that

S is primarily determined by Doppler broadening, the particle distribution of

Eqn. 2.19 is taken and with ω

ω0
= 1+ v

c
this is expressed in terms of angular

frequency as

S(ω) dω=

r

m

2πkB T

c

ω0

exp

�

−
mc2

2kB T

�

ω−ω0

ω0

�2
�

dω. (B.5)

Introducing Eqn. B.3–B.5 into Eqn. B.1, it is found that

σ(ω) =
ħhω0

c

gq

gp

π2c3

ħhω3
0

AqpS(ω) (B.6)

=
π3/2c3

ω3
0

r

m

2kB T

gq

gp

Aqp exp

�

−
mc2

2πkB T

�

ω−ω0

ω0

�2
�

, (B.7)
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and for absorption of the central part of a line:

σ(ω0) =
π3/2c3

ω3
0

r

m

2kB T

gq

gp

Aqp. (B.8)

For a given line, only T (particle temperature) is not predetermined. For this

temperature, and the gas temperature, 1000 K is taken. For the central wave-

lengths of the Balmer transitions, then, the cross section is maximum for Hα,

with σ = 2·10−16 m2. For higher upper quantum numbers, σ readily decreases

to 10−18 m2.

B.2 Absorber Density

The density np in Eqn. B.1 is estimated by the density of the ground state

H(n=1) atom. It is quickly shown that

n1 =
P

kB Tgas

2 fdiss fH2

1+ fdiss fH2

, (B.9)

where P is the pressure, fdiss the dissociation degree (i.e. the fraction of hy-

drogen molecules that is split into atoms) and fH2
the hydrogen fraction in the

gas mixture. At P = 0.36 mbar and estimates of fdiss = fH2
= 1 (upper limits),

n1 = 3·1021 m−3.

The density n2 is now deduced, assuming a corona balance between the

n = 1 and n = 2 levels. The upgoing process is then electron excitation, which

is balanced by radiative de-excitation. This is justified at the low electron

densities and short n = 2 lifetime [50]. The balance between the processes

gives

k12nen1 = A21n2, (B.10)

with A21 = 4.7·108 s−1 the radiative transition probability of the n = 2 level.

k12 [m
3 s−1] is the rate coefficient for electron impact excitation from quantum

level 1 to 2; some work is needed to find this value.

In general, rate coefficients for two-particle processes are the averaged

product of the cross-section and the particle’s velocity: k =< σv >. For

electron-impact excitation the atoms are taken to be stationary, with v being

the velocity of the incident electron and σ12 the cross-section for the process

at that velocity. Data for σ12 is found in [60]; it is plotted in Fig. B.1a. This

function is multiplied with the velocity v, and by averaging the result over
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the Electron-Energy Distribution Function F (F(E)dE is the probability that an

electron has a kinetic energy between E and E + dE), the rate coefficient is

found:

k12 =

∫ ∞

0

σ(E)v(E)F(E)dE. (B.11)

It is the shaded area in Fig. B.1b; its value is k12 = 2·10−15 m3 s−1. This value

is for a high electron temperature of 4 eV.

Using this k-value with an electron density of ne = 1018 m−3 and n1 =

3·1021 m−3 (as was determined before) in Eqn. B.10, it is found that the ab-

sorber density n2 = 1·1016 m−3. In reality this value is lower because of the

estimates that have been made.

B.3 Absorption Length, Transmission

Multiplying the two values σ(ω0) and n2, the following values for κ(ω0) are

found for first few Balmer lines: 2 m−1 (Hα), 0.3 m−1 (Hβ), and 0.1 m−1 (Hγ).

These values are low enough to call the plasma transparent for the Balmer

lines: the associated transmission

T = e−κl (B.12)

over the 0.75 cm tube radius is 0.98 for Hα and 1.00 for the higher lines.

Self-absorption is thus insignificant for these lines.
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FIGURE B.1: Electron-impact excitation for n = 1→ n = 2. (a) The cross-section as function

of electron energy [60] is shown on the left scale; on the right scale this value is multiplied

with the electron’s velocity (v(E) =
p

2E/m). The threshold is 10.2 eV: the energy difference

between the levels. (b) On the left scale the Electron-Energy Distribution Function (EEDF) F

is shown for a Maxwellian electron population with a temperature of 4 eV. The right scale

shows the multiplication of σv (Fig. B.1a) with F ; the area beneath the curve is the sought

rate coefficient k.
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Appendix C

Instrumentation – Spectrometer

Control

Software to do measurements with the UV spectrometer (McPherson 234/302

with scintillator and PMT; see Fig. C.1) has been customly written in CVI Lab-

Windows in the c programming language. It is dubbed “Spectro” and a short

overview of its user interface and inner workings is given in this appendix.

C.1 User Interface

The software has 4 main parts: grating initialisation, TCU (timer-counter unit)

initialisation, calibration, and measurement. Regardless of which part is ac-

tive, the following components are always available:

• information regarding the RS232 communication: information last sent

and received;

• actual grating position, both in motor steps and in wavelength (approx-

imated);

• button to reset the counter in case a misalignment has occurred;

• button to terminate the whole program.
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scintillator

PMT

stepping
motor

discriminator

scan
controller

pulse
counter

serial highway /
USB converter

Rs232

USB
cable

serial
highway

BNC
coax
cable

BNC
coax

cable

PC

FIGURE C.1: Overview of UV spectrometer system, including all electronic components and

the connections between them. The wavelength at the exit slit is selected with a stepping

motor that rotates the grating; it is driven by a control box (McPherson 789A-3) which takes

commands from a PC (RS232 communication protocol). The spectral intensity is measured

with a PMT fed with -1kV DC; the pulses that it generates are first turned into TTL pulses

with a discriminator (EG&G Parc 1182) and then counted with a timer-counter-unit (TUeDacs

TCU). This device is connected to the PC through a USB port.

Initialisation of Grating and TCU

These parts, see Fig. C.2, contain basic settings such as the grating type (num-

ber of grooves per mm) and the speed at which it is rotated (in [nm s−1]). The

grating can be manually rotated ( i.e. not in connection with a measurement)

and single intensity measurements can be done to verify the setup.

Calibration

Before actual measurements can be done it is necessary to determine exactly

which wavelength λ corresponds to a given grating position ( i.e. motor step

s). In the calibration part (Fig. C.3a) this is done by measuring several spectra

and identifying the peaks that appear. This results in a list of maximum 10

(s, λ)-pairs that each assign a wavelength to a motor step number. With this

information the calibration

λ(s) = a0 + a1 · s+ a2 · s2 + . . . (C.1)

can be determined. The polynomial expression C.1 has a maximum order of

9 but the user can override this setting and limit the order to a lower num-
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(A) Initialisation of Grating (B) Initialisation of TCU

FIGURE C.2: User interfaces for initialisation of data gathering components. (a) Settings and

control of the grating. (b) Single intensity measurements with the timer counter unit.

ber. This is useful in the unlikely but not impossible case that λ(s) is not a

monotonous function.

Both the individual spectra and the resulting calibrations can be saved for

use at a later instance.

Measurement

Once a calibration has been done, or a previous calibration has been loaded,

“real” measurements can be undertaken. The user-interface of this part is

shown in Fig. C.3b; a maximum of 10 separate spectra can be measured here

and shown simultaneously. The user can choose from and switch between 4

different screens with information:

• intensity-wavelength graph, where the spectra are shown in their usual

appearance;

• intensity-motorstep graph, showing the number of motor steps (instead

of wavelength) on the x-axis;

• integration time and calibration, showing the integration time and calibration-

coefficients used for each measurement; and
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(A) Calibration (B) Measurements

FIGURE C.3: User interfaces for controlling the measurements. (a) Wavelength calibration of

the stepping motor. (b) Actual spectrum measurements.

• user information, which is the comments that the user has added to a

measurement (e.g . concerning the experimental conditions).

C.2 Coding

The heart of the program is the measurement routine which is briefly discussed

here. Also examples of the output files generated by the software are shown.

Measurement Routine

It is this routine that is used whenever a spectrum is measured, both in the

calibration part and in the measurement part. A schematic representation and

is shown in Fig. C.4, where an explanation is provided.

Files

The output of the program is saved in plain text files. This includes both the

calibration files and the spectrum files as was discussed above. An example of
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user input

integration time t

begin λ

end λ

increment Δλ

comments

s0

sn

Δs

move
grating

measure
intensity

(s ,I )i i ( ,I )λi i

Spectrum
file

intensity vs
motor step

Spectrum
file

intensity vs
wavelength

Calibration
file

motorstep vs
wavelength

si

Ii

λ(s)

measurement
routine

i++

FIGURE C.4: Measurement routine to record spectra. The central block is where the actual

recording is done by alternatively rotating the grating (to select a wavelength) and measuring

the spectral intensity. Information such as the start and end points of a measurement and the

integration time for each data point is supplied by the user. Each measurement results in a

list of (motor step (s), intensity (I))-pairs that represents the spectrum, shown on the right.

When a calibration is available, the wavelength λ corresponding to each motor step value is

calculated to obtain the actual spectrum.

each is given in Fig. C.5 and Fig. C.6.
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Calibration points of the McPherson Monochromator 234/302 and McPherson Scan
Controller 789A-3

Tue Aug 07 17:31:33 2007
In order to use this calibration correctly, you have to make sure that the

following is true: the monochromator’s digital wavelength indicator (on the
monochromator itself) indicates ’00000’ when the control program’s internal
motor step counter (on the control panel) also indicates ’00000’.

There are 2 ways of assuring this:
- The monochromator grating has not been rotated by means of the knob at the

machine, nor has the control program crashed or experienced any other problems
(hard stop, soft stop, resetting of the counter). This is the most secure way
of reproducing the calibration.

- Use the ’initialisation’ tab on the control program’s panel to ’manually’
rotate the grating to the position in which the digital wavelength indicator
(on the monochromator itself) indicates ’00000’ (when moving in the upwards
direction). Then, press the ’reset counter’ button on the panel.

This is the calibration:
motor step # wavelength (nm)

2171700 121.570000
8735000 486.132996

.

.

.
.
.
.

FIGURE C.5: Example of a calibration file. The file contains the (maximum of 10) calibrated

wavelengths that link a motor step number to a wavelength.
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Spectrum measurement
Wed Oct 31 15:56:14 2007
–––––––––––––––––––––––––-
H2O, 0.36mbar
150-20W power
7cm discharge length
30um slits
–––––––––––––––––––––––––-
This plot file is built up in the following way:
line01: Title
line02: Date&time the plot was saved
line04-07: User comment
line21: Calibration fit: (spaces) A0 (spaces) A1 (spaces) ...

(spaces) A9 (spaces) error (spaces)
line23: Number of datapoints (integer)
line24: Integration time in s (float, ’0’ if y-axis does not represent

intensity)
line25-26: Datatypes of axes (integer VAL_INTEGER or integer VAL_FLOAT)
line27: Label of x-axis (string)
line28: Label of y-axis (string)
line29-..: Data points: (spaces) X-VALUE (integer or float)

(spaces) Y-VALUE (integer or float)
–––––––––––––––––––––––––
1.19752120860585e+00 5.54558207453533e-05 1.04336482917129e-14

0.00000000000000e+00 0.00000000000000e+00 0.00000000000000e+00
0.00000000000000e+00 0.00000000000000e+00 0.00000000000000e+00
5.290790e-04

–––––––––––––––––––––––––
701
1.000000E+00
3
1
wavelength (nm)
spectral intensity

91.0633 831
91.1133 882
91.1632 874

.

.

.
.
.
.

FIGURE C.6: Example of a spectrum file. The file contains, in addition to the intensity at

various spectral positions, some extra information; the file is self-explanatory. (When the first

column represents motor step instead of wavelength, the calibration is omitted.)
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Appendix D

Experimental Conditions

The details of the experimental conditions are found in the tables in this ap-

pendix.

117



APPENDIX D. EXPERIMENTAL CONDITIONS

TABLE D.1: The discharge conditions on which the measurements were done. (1)

Mixtures, flow ratesa p
Power Disch. Power

Flowd

fwrd refl lengthb densityc

[mbar] [W] [W] [cm] [Wcm−3]

2 30.4 H2O (pure) 0.29 200 10 3 35.8 normal

3 27 He, 3.0 H2 (10%) 0.28 200 20 3 34.0 normal

4 27 He, 3.0 H2 (10%) 0.28 300 50 3.5 40.4 normal

5 43 H2O (pure) 0.98 150 10 2 39.6 reversed

6 43 He, 1.8 H2 (04%) 0.97 150 10 6 13.2 reversed

7 39.5 He, 4.5 H2 (10%) 0.94 150 10 6 13.2 reversed

8 44.5 He, 0.45 H2 (01%) 0.96 150 10 6 13.2 reversed

9 8.5 H2 (pure) 0.30 100 10 5 10.2 reversed

10 9 Ar, 1.0 H2 (10%) 0.63 40 10 7 2.4 reversed

11 9 Ar, 0.5 H2 (05%) 0.62 30 20 6 0.9 reversed

12 20 H2 (pure) 0.43 120 20 5 11.3 reversed

13 21 Ar, 0.46 H2 (02%) 0.41 30 20 7 0.8 reversed

14 21 Ar, 2.3 H2 (10%) 0.39 40 20 7 1.6 reversed

15 30 He, 0.62 H2 (02%) 0.38 120 10 7 8.9 reversed

16 30 He, 3.3 H2 (10%) 0.39 120 10 7 8.9 reversed

17 11 H2 (pure) 0.39 150 10 7 11.3 reversed

a Flow rates are expressed in [sccm], i.e. standard cubic centimeter per minute. 1 sccm≡
7.4·10−7 mol s−1. The percentage is that of hydrogen in the mixture.

b Discharge length, i.e. distance between launch gap and tip of plasma column.
c Power density, i.e. the microwave input power into the plasma per unit volume.
d See Fig. 3.2.
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TABLE D.2: The discharge conditions on which the measurements were done. (2)

Mixtures, flow rates p
Power Disch. Power

Flow
fwrd refl length density

[mbar] [W] [W] [cm] [Wcm−3]

18 19 Ar, 1 H2 (05%) 0.36 30 10 7 1.6 reversed

19 18 Ar, 3 H2 (14%) 0.36 40 10 7 2.4 reversed

20 16 Ar, 7 H2 (30%) 0.36 60 20 7 3.2 reversed

21 13 Ar, 13 H2 (50%) 0.36 90 10 7 6.5 reversed

22 9 Ar, 19.8 H2 (70%) 0.36 120 20 7 8.1 reversed

23 9 He, 0.45 H2 (05%) 0.36 150 20 7 10.5 reversed

24 9 He, 1.61 H2 (15%) 0.36 220 10 7 17.0 reversed

25 7.6 He, 3.21 H2 (30%) 0.36 280 10 7 21.8 reversed

26 6.2 He, 6.2 H2 (50%) 0.36 330 10 7 25.9 reversed

27 2 He, 11.5 H2 (85%) 0.36 270 10 7 21.0 reversed

28 15 H2 (pure) 0.36 270 10 7 21.0 reversed

29 H2O (pure) (pure) 0.36 150 20 7 10.5 reversed
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APPENDIX D. EXPERIMENTAL CONDITIONS

TABLE D.3: The discharge conditions on which the measurements were done. (3) Considerable

error margins (±20%, say) have to be taken into account due to the volatility (instability) of

these plasmas. Discharge length is not shown at all due to the large range over which it varies

at any given condition.

Mixtures, flow rates Added p
Power

Flow
fwrd refl

[mbar] [W] [W]

32 11 He, 1.1 H2 (09%) KOH 0.36 360 0 normal flow no turbo

33 9.4 He, 2.2 H2 (19%) KOH 0.36 500 190 normal flow no turbo

34 7.7 He, 4.3 H2 (36%) KOH 0.36 500 190 normal flow no turbo

35 1.6 He, 3.4 H2 (68%) KOH 0.36 500 100 normal flow no turbo

36 14.1 He, 1.6 H2 (10%) KOH 0.18 650 0 normal flow no turbo

37 34 He, 3.0 H2 (08%) Sr(OH)2 0.36 200 20 normal flow no turbo

38 34 He, 3.0 H2 (08%) Sr(OH)2 0.36 600 0 normal flow no turbo

39 15 He, 1.0 H2 (06%) Sr(OH)2 0.17 1300 0 normal flow no turbo

40 21 Ar, 2.2 H2 (09%) Sr(OH)2 0.38 90 20 normal flow no turbo

41 8 Ar, 1.0 H2 (11%) Sr(OH)2 0.17 100 20 normal flow no turbo

42 33 He, 3.0 H2 (08%) Sr(OH)2 0.36 320 10 normal flow no turbo

43 33 He, 3.0 H2 (08%) Sr(OH)2 0.36 420 30 normal flow no turbo

45 18 H2 (pure) Sr(OH)2 0.19 420 70 normal flow no turbo

46 H2O (pure) Sr(OH)2 0.5 370 30 normal flow no turbo

47 H2O (pure) Sr(OH)2 0.36 370 30 normal flow no turbo

48 H2O (pure) Sr(OH)2 0.1 370 40 normal flow no turbo

49 H2O (pure) Sr(OH)2 0.36 160 10 normal flow no turbo

58 29.5 He, 3.0 H2 (09%) Sr(OH)2 0.36 200 10 normal flow no turbo

61 16 Ar, 2.0 H2 (11%) Sr(OH)2 0.36 110 20 normal flow no turbo

62 16 Ar, 2.0 H2 (11%) Sr(OH)2 0.36 190 30 normal flow no turbo

63 18 H2 (pure) Sr(OH)2 0.2 490 30 normal flow no turbo
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