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Abstract

Direct current (DC) glow-discharges are well known today and in widespread use. However,
there is less known about DC glow-discharges at high pressures. High pressure glow-discharges
are interesting because expensive and maintenance-intensive vacuum equipment is not re-
quired. This fact allows minituarization of discharges for various applications. Main goal of
this study was to investigate similarity (“scaling”) laws for high pressure DC glow-discharges.
Therefore, a high pressure chamber was constructed in order to observe glow discharges in
a pressure range from 200 to 2000 APa with inter-electrode gaps between 0.1 and 7 mm.
Distances are adjusted with a micrometer-head. Both electrodes are water cooled to allow
measurements at higher powers. The electrodes are replaceable to permit experiments with
various electrode materials. Electrical characterisation of the discharge is accomplished by the
determination of current-voltage (I-V) curves. Optical analyses are done with microscopes
and spectrometers.

Investigations on breakdown voltages were performed. It turned out that neither of the estab-
lished formulas for the ignition potential is capable to fit the experimental data. The reduced
normal current density for helium and copper was measured for the first time. Investigations
on the pressure dependence of the positive column cross section and the temperature in the
cathode fall region took place. I-V characterisation and measurements of the reduced field
strength in the positive column of mathematically similar discharges were performed. The
reduced thickness of a normal cathode sheath was measured for the first time for helium and
tungsten. Finally, investigations on anode light spots and anode glows took place. Two dif-
ferent types of anode spots, ring-like structures and self-organised hexagonal structures were
observed.

Violations of the similarity laws are presented and the influence of gas heating on the dis-
charge parameters in the high pressure case is demonstrated. Glow-discharges with operating
voltages below the normal cathode fall voltage are presented. This work provides a broad
overview of a variety of phenomena and a solid base for future research.
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Introduction

Since the first definition of Plasma by Langmuir [9] in 1928 generations of scientists and
engineers worked and enlarged this interesting and comprehensive field. Nowadays, the scope
of plasma physics ranges from the cold plasmas of glow discharges to the elemental forces of
future fusion reactors.

Industrial plasma are used to modify and to coat surfaces, to cut and weld, as illuminants, ...
to mention a few examples. In the last couple of years an increasing general interest in high
pressure glow discharges is observable. The advantages are at hand. With a good understand-
ing of high pressure glow discharges it is possible to miniaturise devices and save expensive
and maintenance-intensive vacuum equipment. New applications like micro-analysis systems
are possible with simple instrumentation, small detector sizes and good sensitivity [5].
Therefore it is interesting and important to revisit theories and ideas developed for low pres-
sure discharges in the past. Another reason is that

Partially ionized plasmas used in industry have been considered ”dirty science” or
a "black art” because they were developed empirically, without an understanding
of the underlying physics. Francis F. Chen, UCLA

In the beginning the main objective of this thesis was to investigate similarity laws of DC glow
discharges in the high pressure case. After first measurements it soon become evident that a
strict compliance to the initial setting of tasks would skip a couple of interesting observations.
Therefore a broader approach was chosen and seven areas of interest turned out.

e Ignition behaviour
e Determination of reduced normal current densities

e Pressure dependence of the positive column cross section

I-V characterisation of similar discharges

Field strength in the positive column of similar discharges
e Sheath measurements of the cathode dark-space

e Characterisation and behaviour of anode spots

The extension of the project definition was possible because of the use of a simple but flexible
discharge chamber developed during a foregoing project work. Due to the broad approach it
was not possible to study all encountered phenomena in detail. Anyway discrepancies with
the classic theories are revealed and explanations are given as good as possible in the limited
framework of a diploma thesis. The intention of this text is to point out interesting fields of
activity and provide a base for future research.

vii
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Chapter 1

Theoretical Background

1.1 Definition of Plasma

A useful but simple definition of a Plasma is given by Chen [3].

A plasma is a quasineutral gas of charged and neutral particles which exhibits
collective behaviour.

The postulation of quasineutrality requires that the Debye length Ap is much smaller than
the dimensions L of a system. Ap is a measure of the shielding distance of the sheath. In
addition to A\p << L the number Np of particles in a Debye sphere must be much greater
than 1 to satisfy the claim for collective behaviour. The third criterion necessary is that the
motion of charged particles is controlled by electromagnetic and not by hydrodynamic forces.
This implies that the mean time 7 between collisions with neutral atoms is much greater than
the reciprocal of the frequency of typical plasma oscillations w. The three conditions a plasma
must satisfy are therefore:

)\D<<L
Np>1
wr >1

1.2 Ignition of a DC glow discharge

The glow discharge is a self-sustaining discharge with a cold cathode. For ignition a few
”seed” electrons are necessary. These may be generated due to cosmic radiation or by ra-
dioactive isotopes. After applying a voltage high enough to satisfy the condition for initiating
a self-sustaining discharge ignition occurs. Due to a potential difference electrons become
accelerated towards the anode. On their way these electrons ionize some atoms of the neutral
gas. These heavy and slow ions are accelerated towards the cathode. Due to the ion bombard-
ment on the cathode, secondary electrons are emitted. Every electron causes an avalanche of
secondary electrons which sustain the discharge.

After a few us a positive space charge layer develops at the cathode. The potential drop
is called cathode fall. If the inter-electrode separation is large enough, an electrical neutral
plasma region is formed between the cathode layer and the anode. The relatively homogenous
middle part is called the positive column. The plasma in this region is described as weakly
ionized nonequilibrium plasma [19] sustained by an electric field.

1
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1.3 Townsend’s 15! and 2"? ionization coefficients

As explained in Sec.1.2 single seed electrons create electron avalanches [19]. These avalanches
evolve in time and space. Therefore it is convenient to characterize the ionization coefficient
« as a number of ionization events per unit distance per electron. « is obviously given by

a =v;/vg (1.1)

where v, is the drift velocity and v; is the ionization frequency. Note that the primary and
complete characteristic of the rate of ionization is the frequency v;!

Theoretical and numerical analysis often use the empirical formula suggested by Townsend
Eq.[1.2]. E is the electric field, p the pressure and N the number density.

a:Ap-e_(%) or %:Al-exp(— Eéj\[) (1.2)

A, B, A1 and Bj are determined from the experiment.

Yuri Raizer [19] suggested Eq.[1.3] for inert gases like helium which leads to better results.
N
a=Cp- e PVE o % =A- e_Bl\/;. (1.3)

More recent works of Marié¢ et al. [14] show that Eq.[1.2] and Eq.[1.3] are only valid for
small E/N regions. Fits for the electron ionization coefficient oo/N with Eq.[1.4] give better
results in a larger range of the reduced field strength E/N.

(07

~ zi:Ai . e:z:p(—EB;;V) (1.4)

The B; value gives an E/N range where the term i is significant. At the same time
A; provides an insight of the maximum contribution of the term [14]. Tab.1.1 shows the

Table 1.1: Constants A; and B; from Eq.[1.2], Eq.[1.3] and Eq.[1.4] for helium.

Eq. Author Aq B Ao B range of E/N
1072'm? | in Td | 1072 m? | in Td in Td
Eq.[1.2] Raizer [19] 12 136 - - 60 — 455
Eq.[1.3] Raizer [19] 17.6 28 - - 300
Eq.[l.4] | Marié¢ et al. [14] | 1.7 75 8 350 10 — 900

constants for the presented equations. E/N and B; are given in units of Townsend (Td) -
1Td = 1072'm?2, 1V/emTorr = 3.034 T'd at 293 K. The constants for Eq.[1.2] and Eq.[1.3]
are transformed from CGS to SI units. The pressure p is replaced by the number density
using the gas equation p = N - k- T. The temperature T is set to 293 K.
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1.4 Condition for initialising a self-sustaining discharge

The current at the cathode in stationary state [19] can be written as
i =io— + i+ = tpexp(ad) /{1 — ylexp(ad) — 1]}. (1.5)

v is the effective secondary emission coefficient for the cathode. The emission is mainly
caused by ions (photons, metastable atoms, ...). As long as the denominator is positive the
current remains not-self-sustained.

Y —1] =1 (1.6)

Eq.[1.6] represents a steady self-sustained current in a homogenous field E; = V;/d. Townsend’s
law implies no space charge. Ignition occurs if the ignition condition is fullfilled

yled — 1] > 1. (L.7)

Substituting Eq.[1.2] into Eq.[1.7] with E; = V;/d gives the well known formula for the ignition
potential V;

By - (pN)

Vi e Ny

(1.8)

with C' = In[A;/In(1/v + 1)]. The experimental curves V;(pd) are called Paschen curves
(Fig.1.1). Note that V; depends also on . The ignition potential therefore is not independent
from the cathode material [8].

Using Eq.[1.3] gives a different expression of V; for inert gases. Eq.[1.9] was used for the
analysis in Sec.1.2.

B} - (pd) )
o, In(241) .
(S gy

‘/’i:

Eq.[1.4] substituted into Eq.[1.7] was not used to fit the data in Sec.1.2. The fit is not
significant better than Eq.[1.9] but needs more computational effort. The equation can only
be solved numerically.
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Figure 1.1: Breakdown potentials in various gases over a wide range of pd values on the
basis of data given in [19] (p. 134)

1.5 General structure and observable features of a stable DC
glow discharge

The pattern of light emission pictured in Fig.1.2 is typical for DC glow discharges. A quali-
tative interpretation of the light emission pattern is given by Raizer [19]. Please refer to the
book for a more detailed description. At higher pressures all the layers become thinner and
shift closer to the cathode. The only features that are visible at atmospheric pressures are
the cathode dark space, the negative glow, the Faraday dark space, the positive column and
the anode glow (Fig.1.2).

Fig.1.2 gives also a simplified presentation of the basic parameters and structure of a glow
discharge like glow intensity, potential ¢, longitudinal field F, current densities j. and j,
charge densities n. and n4 and the space charge p = e(ny — ne).

Fig.1.3 depicts the V — I characteristic of a DC discharge between electrodes for a wide
range of currents. V; is the ignition potential. This voltage ensures the stationary reproduc-
tion of electrons ejected from the cathode and pulled to the anode. As long no space charge
develops V; remains constant (region BC). This self-sustaining discharge mode is observed at
currents of i ~ 10710 — 1075 A. This mode is called Townsend dark discharge. Ionization is
so small that no light emission is visible [19].

The region DE corresponds to the normal glow discharge. The remarkable property is that
the current density at the cathode remains unchanged. The luminous spot at the cathode,
the negative glow (Fig.1.2) expands with increasing current. When no more free surface is
left, the current is increased by increasing the voltage hence, extracting more electrons by
unit surface area. This is the region of abnormal glow EF.
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Figure 1.2: Glow discharge in a tube and the distribution of: (a) glow intensity, (b)
potential ¢, (c) longitudinal field E, (d) electronic and ionic current densities j. and j;, (e)
charge densities n, and ny and (f) space charge p = e(n4 — n) from [19] (p. 169)
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Figure 1.3: I — V characteristic of discharge between electrodes for a wide range of currents
and the loading line: (A) region of non-self-sustaining discharge, (BC) Townsend dark
discharge, (DE) normal glow discharge, (EF) abnormal glow discharge,
(FG) transition to arcing, (GH) arc [19] (p. 173)

GH represents the arc discharge. In this mode the cathode is so hot that thermal electron
emission is predominant over secondary electron emission. The discharge is very hot and
strongly contracted. The discharge voltage is very low.

The operation mode is set via the load line Eq.[1.10]. The line is the steeper, the larger
the external resistance.

=V +iQ (1.10)

The ohmic resistance €2 sets the absolut limit to the current. This resistance is either specially
introduced or the resistance of the lead wires and power supply.
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1.6 Similarity relations

The variation of some of the parameters e.g. the pressure, inter-electrode separation has a
direct influence on the pattern of light emission. An increase in pressure leads to thinner
layers, shifted towards the cathode [19]. An elevated pressure also causes the column to
contract to the axis.

If the electrodes are moved closer at constant pressure, the positive column is shortened. If
the inter-electrode distance is thinner than the cathode layer, the glow discharge cannot be
sustained.

V1
—
54 PLASMA fn .-
T
L
! -
a1 ] PLASMA | + 12 )
{ s
S 2 | a=2.0

Figure 1.4: Similar discharges pi1dy = pads = const (11 = Is)

Therefore, it is interesting to ask if it is possible to find similarity laws to scale e.g. a very
well understood discharge to smaller or bigger geometries (Fig.1.4). As described in [21] two
glow discharges with the same voltage drop Vi, and drawing the same current I are said to
be similar if their electrodes separation is

dy =a-dy (1.11)
and the electrodes diameters are given by
Dy =a- Ds. (1.12)
In addition, also the scaling of the pressures
D2 =a-pi (1.13)

the mean free paths
Al =a- X (1.14)

the electric fields
EQ = Q- El (115)
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the current densities
Jo=a* ] (1.16)

and the scaling of the electron number densities in the two discharges
Nez = A% * Ney (1.17)

are given by the same factor a. Using this relations we get the result that the breakdown
parameter pd is the same in similar discharges

p1dy = pads = const. (1.18)

Further we get results for the ratio of the electric field to pressure

E E
=L = 22— const. (1.19)
b1 b2

for the reduced current density
‘% = ‘7—2 = const. (1.20)
P1 P3

and for the paramter a/p
“ = @2 = const (1.21)
b1 b2

where « is Townsend’s first ionization coefficient.
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1.7 Scope of the similarity laws

A. von Engel summarises processes which violate the similarity rules in his book ”Ionized
gases” [28] in Appendix 1. In order to show that in similar discharges only certain funda-
mental processes are allowed, it is necessary to test whether the rate processes transform
according to the rules in Sec.1.6, i.e.

<66]Z>1 - n13(88]1\€[>2 (1.22)

The results of this considerations is presented in Tab.1.2. The similarity rules serve a dual

Table 1.2: Validity of the similarity laws

Permissible Forbidden
Tonization by single collision Stepwise ionization
Ambipolar diffusion Photoelectric emission
Electron attachment and detachment Field emission
Neutralization charge transfer Tonization charge transfer
Ton-ion recombination at high p Ton-ion recombination at low p

purpose: they predict the behaviour of a discharge when its parameters are changed and they
facilitate sometimes discrimination between fundamental processes.
1.7.1 Density correction for the similarity laws.

As in Sec.1.6 described, two discharges are to be said similar if they draw the same current [
and have the same voltage drop. An increased pressure therefore leads to an increased power
density and therefore to higher gas temperatures and decreased gas densities.

Therefore measured current densities for example at higher temperatures are too low [27]. A.
v. Engel et al. introduced a mathematical method to correct the error due to gas heating.

The derivation is based on three assumptions:

e The problem is linear.

e The gas is heated by friction of ions and neutral gas atoms.
e The cathode fall is linear.

The assumption of a linear cathode fall leads to a simple equation for the field strength
E(z) and the current density jj (x) in the cathode fall region

E(z) = EO-(l—g) (1.23)
it = g (1-3) (1.24)

where Fj is the field strength on the cathode’s surface and jJ the positive ion current density.
The electron current density is neglected (Sec.1.5). The generated heat per area unit and
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sheath thickness dx is given by

dQ = joEo - (1 - E) dz. (1.25)
In stationary state the heat must be absorbed by the cold cathode (cooled) which yields a
temperature T on the cathode’s surface. In thermodynamical equilibrium the equation of
thermal conduction is given by

E(x)j(z) + NT)—— (1.26)

d*T d)\ (dT>2 -
dz? dT dx

where A is the thermal conductivity of the gas (AM(T) = a-T). « denotes a gas specific
coefficient. As a first approximation for a;, A is divided by T" = 286 K. The boundaries for

Eq.[1.26] are

ar
T = 0 for v=d and T =T, for =0 (1.27)
x
giving the solution
T, —Tp=d (24” gi) ELojo (1.28)
N A VA T ‘
The average Temperature in the cathode fall region is given by
= a Eojo
T = / T, de =Ty + d (1.29)
0 6C¥
The similarity relations for jg, Fy and dy are given by
Ty pTh T
= Bo=E(%2)  do=di(). 1.30
Jo= ]1( T ) 0 1 T 1 o7} ( )

71, F1 and dj are the parameters for a normal glow discharge at p=1 and a temperature T}
(room temperature). Substituting jo in Eq.[1.29] with Eq.[1.30] and assuming a linear electric
field Ey = 2V} /d leads to an expression for the average temperature T in the cathode fall
region depending on the pressure p.

_ T
T T = Vijndy [pTy (1.31)
3 3a T

Substituting T by the current current density jo (Eq.[1.30]) on the cathode’s surface gives an
equation for p depending on the current density jg.

0[5, 2 Wy wa
Tl n 3T1 3a J




1.8. DETERMINATION OF GAS TEMPERATURES VIA OPTICAL SPECTROSCOPY11

1.8 Determination of gas temperatures via optical spectroscopy

The rotational spectra of diatomic molecules like OH can be used to determine gas kinetic
temperatures. The line intensities of absorption or emission are proportional to the population
densities. In thermodynamical equilibrium the population density for an initial state with
the energy F; is given by the Boltzmann equation [13]. The population therefore is

N(E; B;

NE) (25 +1)- e 7r, (1.33)

N

k is the Boltzmann constant, T the temperature and N the population densities. Therefore,

it is possible to determine the absolute temperatures of a gas by comparison of the relative
line intensities.
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Chapter 2

Experimental details

2.1 Used equipment and experimental setup

The experiment was designed during a project-work in preparation for this diploma thesis.
Discussions with Prof. Laimer, Prof. Stori and Ing. Beck resulted in guidelines for the
construction. The high pressure chamber (Fig.2.1) was manufactured in the workshop of
the 7Institut fiir Allgemeine Physik, TU Wien”. All experiments took place in the ”Plasma
chemistry” laboratory.

Figure 2.1: The high pressure chamber

The whole set of production drawings, the parts list, used materials ... and a few com-
ments concerning the construction can be found in the appendix (Sec.B and Sec.C). During
operation minor changes took place which are not documented in this text. The following
chapter provides an overview about the measurement system and a brief manual. Further-
more, there are recommendations for improvements.

In the last part of this chapter problems, difficulties and imperfectneses will be presented
and some recommendations how to enhance the high pressure chamber.

13



14 CHAPTER 2. EXPERIMENTAL DETAILS

2.1.1 Measurement system

As mentioned in Sec.1.7.1 variable electrode diameters, variable inter-electrode gaps and
proper cooling conditions are required in order to investigate similarity laws in the high pres-
sure case. These requirements built the foundation for the construction. Fig.2.2 shows a
cross section of the device. Another requirement was simplicity and variability to allow a big
spectrum of measurements because of little knowledge in this new field of interest. Last but
not least it was decided to build the whole experiment ”in-house” to reduce costs and to have
the possibility to carry out modifications faster and easier.

e Maximum voltage: 2.0kV
e Maximum pressure: 2000 hPa
e Electrode diameters: 1.6 — 15 mm
e Max. inter-electrode gap: 7.0 mm

Figure 2.2: Cross-section of the high pressure discharge chamber

The core of the system consists of two electrode copper-heads (brown, Sec.C.1, PL1).
These electrodes are replaceable in order to change the electrode diameters. The discharge
is located between the two white pins and can be observed through a quartz window. In the
case of pure copper electrodes the whole part is manufactured in one piece (brown-+white).
Otherwise the pin becomes pressed into the copper body. The pins are shielded with AloO3 or
Teflon tubes (Sec.C.1, PL1). These tubes prevent that the negative glow can grow backwards
on the electrodes surface (Sec.2.2.1). These cylinders ensure well defined conditions (two
parallel circular surfaces). Both electrode-heads are screwed into two water-cooled electrode
carriers (green, Sec.C.1, PL8 and PL9). For this high pressure chamber a pipe in pipe cooling
system is used. The water stream points directly towards the back of the electrode. The lower
electrode carrier is the anode and on earth potential. Therefore no insulation to the main
body (red, Sec.C.1, PL2) is necessary. This part is moveable and is guided with two o-rings in
the brass-body (blue). The upper electrode is the cathode. This electrode is insulated from
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the brass-body (red) with a Teflon part (blue) and lies on a negative potential. The screws
are also insulated with Teflon-tubes. This part is shielded with a grounded cage for safety
reasons (Fig.2.5).

Fig.2.3 depicts the equivalent circuit and Fig.2.4 the gas-flow diagram of the setup. Tab.2.1
gives an overview of the used equipment.The distance of the electrodes is adjustable with a
micrometer head with a thread pitch of 0.75 mm (1" = 0.05 mm).

The pressure is controlled with two valves (Fig.2.4). One controls the gas-flow from the
gas cylinder (5) and the second one regulates the effective pumping speed of the Alcatel back-
ing pump (6). The pressure is measured with a MKS Baratron capacitance manometer and
a WIKA EN837-1 bourdon tube pressure gauge for pressures above 1000 hPa.

<+
Cathode pe T
s -
Anode = "
o -~

EEEEa S4000
.\.,"'_"J HR4000

Figure 2.3: Equivalent circuit of the setup

The power supply unit is a Fug MCN350-2000 with a maximum voltage of 2000 V' and
a maximum current of 150 mA. The current is measured with a Voltcraft VC160 and the
voltage with a Fluke75 Serie II multi-meter. Long-time measurements are performed with a
Ni6008 ADC-USB card and a Powerbook G4 12”7 with 1.5 GHz.
For optical investigations an Olympus SZX12 stereo microscope is used. Related equipment
is an Olympus 3100 highlight and an Olympus 330e consumer camera. Optical spectroscopy
is done with an Ocean Optics optical spectrometer S4000 and a HR4000 ADC. The data is
read by a Hewlett Packard PC with a Pentium 4 (3.4 GHz) processor. Fig.2.5 and Fig.2.6
give an impression of the whole setup in the ”Plasma chemistry” laboratory.
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MKS WIKA High pressure
Baratron ENB837-1 chamber
1——{ }— < Fume
3 4 hood
A
Gas cyl.
g,
He vane pump
5.0
5 &
Pressure  Meedle Needle
reducer valve valve

Figure 2.4: Gas-flow diagram of the laboratory setup, 1...moveable anode, 2...fixed cathode,
3...gas inlet, 4...gas outlet, 5...inlet valve, 6...outlet valve

Table 2.1: Parts list

Device Range Type

Backing pump Alcatel

Pressure gauge 0—10bar,0—10V MKS Baratron
Pressure gauge 0 — 1.5 bar WIKA EN837-1
Power supply unit | 0 — 2000 V, 0 — 150 mA Fug MCN350-2000
Voltmeter 0— 1000V Fluke75 Serie 11
Amperemeter 0 — 400 mA Voltcraft VC160
ADC-USB card 0—10V Ni6008
Microscope Olympus SZX12
Highlight Olympus 3100
Camera Olympus E-330
Spectrometer S4000, ADC HR4000 Ocean Optics
Computer G4 1.5G Hz, 1.25 GB RAM | Powerbook G4
Computer P4 3.4 GHz, 1.00 GB RAM | Hewlett Packard
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Figure 2.6: Close view of the high pressure chamber
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2.1.2 A brief manual
Preparation of the electrodes

In order to provide reproducible conditions a few proceedings turned out be useful. Before use
the electrodes became grinded and cleaned. For this task a Struers LaboPol-4 and waterproof
silicon carbide abrasive papers (FEPA P500 — P4000) were used. After that the electrodes
became cleaned in a ultrasound bath of acetone for about ten minutes and were packed in
aluminium foil. During assembly electrodes were only handled with gloves and pliers.

Preparations before the experiment

The chamber became evacuated and filled with He up to 1500 hPa for a couple of times.
After that the backing pump evacuated the chamber for about ten minutes. Then cooling
water was switched on. The chamber became evacuated for ten minutes again to allow the
chamber to reach a stable temperature. The next step was to set the pressure to 100 hPa
and to sputter each electrode for five minutes. Finally the chamber was evacuated again and
was ready for further use.

How to use the experiment

Distances are adjusted with a micrometer head. The scale has 15 ticks (1’ = 0.05 mm).
Pressure is adjusted with two valves. One at the gas inlet and the second one at the backing
pump inlet (Fig.2.4). The coolant water is directly regulated at the tap.

Long-time measurements with the Ni6008 USB card

A Ni6008 was used for the measurements in Sec.3.7.4. The maximum input voltage for the
USB card is 12 V. Therefore a voltage divider is necessary (Fig.2.7). The input impedance of
the Ni6008 card is 144 k). The used setup isn’t suitable for high accuracy measurements but
well enough to investigate the voltage drop in Fig.(3.39). The maximum of V} was limited to

R1
Vi i R1=1MQ | V1 =500V
R2=24FkQ |V, =105V
Ri=144kQ | I; = 0.5 mA
1l HE% Ri Vi
o

Figure 2.7: Equivalent circuit of the voltage divider

500 V to ensure a sufficient resolution of the usb card. A draw back is that it is not possible
to connect the card permanently to the setup (Fig.2.3) because of ignition voltages up to 2 kV'.
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2.2 Difficulties and imperfectness of the experiment

2.2.1 Contamination of the plasma due to Teflon-shieldings

A couple of measurements show strong voltage drifts and a change in the optical behaviour of
the discharge (Sec.3.7.4). Because of the fact that the optical spectra showed no fluorine lines
(e.g. Fig.3.40) and that the shiedlings (Sec.C.1, PL1) made a very good optical impression,
Teflon wasn’t thought as cause of this behaviour.

As measurements went on new shieldings made of ceramic (AlyO3) were tested for ex-
periments at higher powers. An old electrode which was priorly used with Teflon shieldings
became grinded at the front-side and was used again. After the experiment the anode made
an impression if it was covered with silver. It was likely that aluminium from the shield
could have deposited at the anodes surface. Therefore XPS and Auger measurements were
performed (Fig.2.8 and Fig.2.10).
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Figure 2.8: XPS of a possibly coated anode with an ESCALAB MKII, Al K, 15 kV, 40 mA

XPS measurements showed among copper, oxygen, silver (conductive silver) and surpris-
ingly also fluorine and carbon on the surface. The only material in the discharge chamber
that persists of these elements was Teflon (Fig.2.9). A possible candidate for carbon were
also the used silicon carbide abrasive papers.

The reason why it was possible to measure these elements although the front side was
grinded is, that it was not possible to focus the X-ray beam completely on the grinded front-
side. Therefore also surfaces from behind became measured which were not treated.
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Figure 2.9: Chemical structure of Teflon (PTFE)

Auger-electron spectroscopy showed only a single silicon-peak, copper- and oxygen- but no
fluorine- or carbon-peaks (Fig.2.10). The explanation is because of the well focused electron
beam compared to the widespread X-ray beam from the XPS measurement. The silicon peak
may originate from sandpaper crystals (SiC) which became integrated in the surface during

the grinding process.
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Figure 2.10: VG Microlab 310F Auger-electron spectrometer

Subsequent long-time measurements showed (Fig.2.11 and Fig.2.12) that the used Teflon-
shieldings became decomposed. Teflon was used in the beginning because working on it is
easy. It was also believed that the thermal stress would be minimal.

Fig.2.11 shows the anode after t > 5 h of use. The surface is coloured which may arise
from oxides and other deposited elements. There is one single metallic looking spot which
was the foot of one single very bright anode spot (Fig.3.39).
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Figure 2.11: Anode after t > 5 h of use. The surface is coloured which may arise from oxides.

Figure 2.12: Cathode after ¢t > 5 h of use. The surface is eroded by ion bombardment.
Unfortunately, no profilometer measurements are available.
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2.2.2 Increased ignition and discharge voltages due to contaminated helium

One big problem of all measurements was that it was impossible to monitor the gas compo-
sition and the gas flow. A contamination of helium with ambient air for example lead to a
significant increase in ignition and discharge voltages.

Fig.A.4 (T = 445 K) for example shows a typical spectrum. Additional to the helium lines,
oxygen, hydrogen and the OH-band can be seen. These lines may arise from the unavoidable
water film on the electrodes. An increase of the gas temperature also led to an increased line
intensity of the OH band (e.g. Fig.A.11 T'= 975 K). It’s supposable that the line intensity
corresponds to the fraction of water vapor in the gas.
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150 Inter-electrode gap: d = 4.0 mm
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Figure 2.13: Influence of operation time on the discharge voltage

Investigations on the influence of gas composition and discharge voltage was not a subject
of this study. Nevertheless Fig.2.13 shows two measurements with the same conditions. The
measurement with the higher voltages were carried out directly after assembly of the chamber
although the cleaning and preparation methods described in Sec.2.1.2 had been performed.
The voltages are about 20 — 35 V higher than in the subsequent measurement. Other not
documented measurements showed deviations up to 50 V.
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2.3 Recommendations for improvements

2.3.1 Improvement of breakdown voltage determination

The breakdown probability depends on the preset pd value and on the amount of initial
electrons (Sec.3.1.3). Higher pd values or a lack of initial electrons decrease the ignition
probability. The fact that the voltage was raised by hand in the presented experiment is a
big drawback.

e There is no feasible way to document the rise rate (volts/second).

e Slow and smooth ramp functions are not possible.

It’s possible to ”overshoot” the lowest breakdown voltage
depending on the ignition probability.

The reproducibility is reduced.

All these facts reduce the reliability of the measurements. It’s impossible to quantify the
influence of breakdown delay times, memory effects [7] and the breakdown probability on the
measurements. Fig.2.14 is a proposal for an enhanced measurement method using devices
available at the institute.
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Figure 2.14: Proposal for an improved breakdown voltage determination

Requirements are a PC, an ADC-USB card and a power supply with control input. The
flow chart (Fig.2.15) explains the principle in short. The PC triggers a ramp function gener-
ator (software) with adjustable rise rate. The voltage output of the ADC-USB card controls
the power supply V'(¢). One input of the ADC-USB card is used to measure the voltage V.
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If the difference V'(t) — V} is larger than a preset value depending on the shunt resistor and
the estimated current, the actual voltage level V'(¢) and the rise rate become saved (ignition
voltage), the power supply is set to 0 V. If breakdown delay times or memory effects are the
matter of interest [7] a photo-multiplier is necessary to detect the discharge.

2.3.2 Methods to monitor and improve the gas quality

As described in Sec.2.2.2 the gas composition and the gas flow are unknown parameters in
all measurements.

A flow controller is recommend to control the gas flow. A quadrupole mass spectrometer
should be used to control the composition of the gas flowing through the discharge tube.
helium 5.0 (purity 99.999 %) was used for all experiments. A rather expensive way to improve
the gas quality is to use helium 6.0. A purification cartridge in the gas main can be used to
remove oxygen and water vapour from the gas cylinder.

A standard method to improve the gas quality is to bake the chamber out before use. A
couple of minutes at 150 °C' with continuous pumping should be enough to remove water
vapour from the chamber. According to the data sheets of the Teflon parts and the Viton
o-rings this temperature is permissible. Although a life time reduction of the o-ring seals is
possible.
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Figure 2.15: Flow chart for a possible breakdown voltage measurement software
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Chapter 3

Results & Discussion

Measurements within one measurement series were performed on the same day without in-
terruptions or breaks. The whole set of results and the appendant measurement tables are in
appendix Sec.A. Photographs (the anode is always at the left-hand side) and optical spectra
of the discharges complete the data-sheets. The optical spectra are used to determine the
gas composition [25] and the temperature. For temperature determination the O H-band [16]
was used. Simulations of the OH spectra were performed with Lifbase 2.0 [12] (e.g. Fig.3.1
and Fig.3.2). The program settings are given in separate tables. The integration times of the
optical spectrometer are given in the figure caption.

120, T T 120, T T r— —
——Expariment | ——Expariment |
|——Smulation | |——Smulation |
100+ T 1 — 100+ -
@ | @ |
S .l S .l
= B0 = B0 =
£ £
0 1 0 1
S B0 S B0 =
= =
c 40t 2 40t
kL kL
! !
20+ 20+ .
0" L . ([ |
3000 3050 3100 3150 3200 3000 3050 3100 3150 3200
hin A hin A

Figure 3.1: OH-band at p = 400 hPa Figure 3.2: OH-band at p = 1200 hPa
T =305 K for P=25W T =950 K for P=104 W

The photos and spectra for Sec.A.1 were taken at the maximum possible inter-electrode
gap distance ljq. (1 =1,2,3). All photos exhibited in Sec.A.2 were taken at full coverage of
the cathode with negative glow.
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3.1 Investigations on breakdown voltages

This section deals with the measurement of Paschen curves in the high pressure case. Helium
was used for all experiments. Measurements were performed for nickel (coated copper elec-
trodes) and copper electrodes.

Additional to the standard setup (Fig.2.3) the cathode became irradiated by ultraviolet light
(Fig.3.3). The idea was to generate initial electrons by secondary electron emission from the
cathode’s surface. The amount of initial electrons corresponds to the breakdown probability.
The breakdown probability also depends on the gas pressure and gap spacing (Sec.3.1.3).
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Figure 3.3: Optical spectrum of the ultraviolet mercury-vapour lamp (not calibrated)

In order to determine if ignition occurred the current limiter of the power supply was
used. The current limiter was set to ~ 1 mA. A current rise above this limit was indicated
by a green control light. The current limiter also made sure that no stable glow discharge
could establish. The ignition process was observable as flash in the discharge chamber.

The units of the Fig.3.4 - Fig.3.6 are not in the old cgs system as used by Raizer [19].
Electrode diameters are always named with an upper-case D, the length of the inter-electrode
gap with d and the has number density with N. The temperature T' = 293 K for all mea-
surements (p = NkT).

Due to the complicated influence of gas composition, temperature, electrode condition on
the discharge voltage an error analysis is very difficult. Therefore the maximum error in the
voltage measurement is estimated to 50 V' (Sec.2.2.2). The error of the voltmeter is neglected.
The maximum error in the product pd is estimated to 25 hPa mm (dN = 0.62 - 102! m~2)
with an assumed maximum error of 0.5 mm in the distance measurement and an assumed
error of 50 hPa in the pressure measurement.
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3.1.1 Paschen curves with fixed inter-electrode gaps and variable pressures

For the following measurements (Fig.3.4) the inter-electrode gap was set to 8.8 mm. The
pressure varied from 50 to 1600 hPa. The cathode became irradiated by ultra-violet light
(Fig.3.3). The measurement method was as described in Sec.3.1.

2000
Gas: helium

5 Electrodes: nickel
1500 L i Electrode diameter: D = 15 mm
a2 Shielding: none
< 1000 | Pressure: p = 10 — 1600 hPa
=" Inter-electrode gap: d = 8.8 mm

Fit-parameter for Eq.[1.9]:
Ay =033 hPa 'mm™1!

—Eq1.9) By = 3.86 V (mm hPa)”/?
o Experiment

S00

0
10 100  10° 10* 10° E/p=7.60V mm " hPa"
pd / hPa mm

Figure 3.4: Paschen curve: d = 8.8 mm, D = 15 mm, p = 10 — 1600 hPa, Gas: helium,
Electrodes: nickel

3.1.2 Paschen curves with fixed pressures and variable inter-electrode gaps

For the measurement presented in Fig.3.5 the inter-electrode gap varied from 0.25 to 8.0 mm.
In order to cover the same pd range pd = 90 — 14 - 103> hPa mm (dN = 2 — 350 - 102! m~—2?)
as in Fig. 3.4 the pressure p was set to 50, 200, 800, 1600 hPa. The cathode became ir-
radiated by ultra-violet light (Fig.3.3). The measurement method was as described in Sec.3.1.

A similar measurement was performed for copper electrodes ( Fig.3.6). The inter-electrode
gap varied from 0.1 to 7.8 mm. The pressure p was set to p = 200, 800, 1400, 2000, hPa.
The cathode became irradiated by ultra-violet light (Fig.3.3). The measurement method was
as described in Sec.3.1.
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Figure 3.5: Paschen curve: d = 0.25 — 8.0 mm, D = 15 mm, p = 50, 200, 800, 1600 hPa,
Gas: helium, Electrodes: nickel
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Figure 3.6: Paschen curve: d = 0.1 — 7.8 mm, D = 15 mm, p = 200, 800, 1400, 2000, hPa,
Gas: helium, Electrodes: copper
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3.1.3 Discussion

Eq.1.9 implies that pressures p or distances between the electrodes d can be changed inde-
pendently giving the same igntion voltage V; for the same pd values. The measurements in
Sec.3.1.1 and Sec.3.1.2 were performed to test this concept.

(1) d = const, p =10 — 1600 hPa (Sec.3.1.1, Fig.3.4)
(2) p = const, d=0.25 — 8.0 mm (Sec.3.1.2, Fig.3.5)

Fig.3.7 presents Fig.3.4 (1) and Fig.3.5 (2) in the same graph. The first obvious thing is
that both measurements deviate from the theoretical Paschen curve for pd values higher than
513 hPa mm.

The next remarkable observation is that the curves start to diverge from each other for pd
values higher than 2700 hPa mm. The deviation for smaller pd values is in the range of the
estimated error of 50 V' (Sec.2.2.2) and mainly caused by the gas composition (Sec.2.2.2). The
deviation at pd = 13500 hPa mm is about 280 V therefore significant above the estimated
error.
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Figure 3.7: Comparison of two methods to determine Paschen curves.

An analysis of the graph shows that the ratio d/D between the inter-electrode gap d and
the electrode diameter D seems to be important [10]. For narrow gaps with small d both
curves fit very well together. The two examples below give the upper limit of the d/D ratio
for the curves p = 800 hPa and p = 1600 hPa.

e p =800 hPa, pd = 3000 hPamm, d/D = 0.25
e p = 1600 hPa, pd = 3600 hPa mm, d/D = 0.15

Above these limits the curves start to deviate. The two examples give a hint that it’s suppos-
able that the value of the d/D limit decreases with increasing pressure. Further measurements
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would be necessary to clear the situation.

Lisovskiy et al. [10] suggest that method (1) is not acceptable to determine the ignition
behavior. In their opinion each point of method (1) represents a point on a different genuine
Paschen curve. Lisovskiy et al. propose a modified fit formular Eq.[3.1] with the additional
parameter d/D for cylindrical vessels.

Vi = f(pd,d/D) (3.1)

They suggest that Paschen’s law Eq.[1.8] is only valid for short discharge tubes with d/D — 0.
In their work there is no explanation of the pressure dependence on the ignition potential
(p~1.3-1072 — 13 hPa) in the high pressure case.

The equation obtained by [10] explains the differences between both curves (Fig.3.7) mea-

sured with method (1) and (2) quite well, but it is not capable to explain the deviations
from the theoretical Paschen curve Eq.[1.9] for pd > 6750 hPamm. Furthermore, there is no
physical explanation. It’s unclear if this behaviour is induced by higher pressures, because of
the geometrical shape of the electrodes respectively the discharge chamber or because of the
uncertain value of the effective secondary emission coefficient for the cathode ~.
It’s important to keep in mind that Paschen’s law is a semi-empirical fit formula. One as-
sumption is a constant electric field E; = V;/d. In our case field amplification on the edges of
the electrodes (Sec.C, PL1) is most likely which probably decreases the required breakdown
potential. A theoretical treatment of this problem with numerical methods [6] may clarify
this question.
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Figure 3.8: Fitted Paschen curve:
Ay =0.076 hPa"mm™', By = 2.26 V (mmhPa)"Y? v =0.15

Another point to keep in mind is that the parameters A; and B; of Eq.[1.3] are only
valid for a certain field strength range [19]. For Helium A; = 0.33 hPa"'mm™' and
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B; =386V (mm hPa)_l/2 valid for E/p = 7.60 V mm~' hPa~!. The range of E/p in Fig.3.4
varies from 0.13 to 2.7 V- mm ™" hPa~! and is therefore far below E/p = 7.6 V mm™' hPa™".

In Fig.3.8 the parameters A; and B; are altered to fit the experimental data (4; =
0.076 hPa"'mm~! and By = 3.86 V (mm hPa)71/2. This leads to a non-physical behaviour
below pd = 0.76 V- mm~" hPa~! and don’t match the data [19] in the low pressure case.

Also the work of Mari¢ et al. [14] gives no better results. The reason is buried in the
ionisation coefficient o (Fig.3.9). For high pressures the reduced field strength E/p (E/N) is
very low. In Fig.3.5 around E/N ~ 5-1072! Vm? for the highest pd values. This is below all
ranges in Tab.1.1. For this F//N regions « shows very strong gradients (Fig.3.9).
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Figure 3.9: Comparison of three fit-formulas for the ionisation coefficient «

The third problem is the uncertain value of the effective secondary emission coefficient
for the cathode . It was impossible to find tabulated data for helium and copper or a nickel
cathode. An extensive search in the literature was not successful. Due to the good agreement
of the Paschen curve for helium in [19] and the experimental data around pd ~ 132 hPa mm,
~v was set to 0.15. That’s is the reason why the theoretical Paschen curve fits that data in the
described region. It’s also interesting that the measurements for nickel (Fig.3.5) and copper
(Fig.3.6) show almost the same results. For both fits 7 was set to 0.15.

Therefore, it’s important to get assured information about v, C and D and the influence of
field amplification on the electrodes edges before concrete statements about the influence of
higher pressures on the ignition behaviour can be done.

Finally, the influence of breakdown delay times, memory effects [7] and the breakdown
probability on the measurements is unclear and undocumented. For low pd values several
ignitions per second occurred when the breakdown voltage was reached. For the highest
pd values one or two ignitions happened per ten seconds. Therefore, the improved method
presented in Sec.2.3.1 is recommended to clarify the situation.
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3.2 Determination of the reduced normal current density
During the I-V characterisation of different glow discharges also the reduced normal current

densities (j/p?), were determined. Tab.3.1 gives the parameters of the three measurement
series. Sec.A.2 contains the raw data for the following chapter.

Table 3.1: I-V characterisation for three different electrode diameters

Nr. | Diameter Distance Pressure Scaling factor Figure

1 Dy =43mm | l; =4.0 mm | p=200— 1000 hPa | a = D1/D3 ~ 2.0 | Fig.3.10
2 Dy =3.0mm | lg=28mm | p=290 — 1430 hPa | a = Dy/D3 ~ 1.4 | Fig.3.11
3 Ds=21mm | Il3=2.0mm | p=400— 1600 hPa | a =1 Fig.3.12

For each measurement the current was increased until the whole cathode’s surface was
covered by negative glow. At this transition point from a normal to an abnormal glow dis-
charge (Sec.1.5) a photograph and an optical spectrum were taken. The spectrum was used
to determine the temperature in the cathode fall region. Note that the cathode is at the right-
hand side of the pictures. The photos were taken from above. Especially at higher pressures
it was difficult to say whether the whole surface was fully covered due to the increased light
intensity. This uncertainty is represented by error bars in Fig.3.10 to Fig.3.12.
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Figure 3.10: Current density j; versus pressure p from 200 to 1000 hPa

Fig.3.10, Fig.3.11 and Fig.3.12 depict the results for the three measurement series. The
fit curves are in the form j = M1 - p? (Sec.1.6) and are least square fits. The temperatures
were determined from the measured spectral data using Lifbase 2.0 [12].

The results for the reduced normal current densities in Tab.3.2 are obtained from the least
squares fit. The quadratic similarity law j = M1 - p? was used to fit the experimental data.
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Figure 3.11: Current density ja versus pressure p from 290 to 1430 hPa
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Figure 3.12: Current density j3 versus pressure p from 400 to 1600 hPa
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M1 is therefore the reduced normal current density (j;/p?)n.

Table 3.2: Reduced normal current densities for three different electrode diameters

Figure | i | (ji/p?)n in A/(mm?hPa?) | Pearson’s R | Uncertainty s; in A/(mm?hPa?)
Fig.3.10 | 1 1.543-1078 0.99536 7.166 - 10~
Fig.3.11 | 2 1.618 -1078 0.99229 1.247-10719
Fig.3.12 | 3 1.629-1078 0.96717 5.347 - 10710

The arithmetic mean value for j1, j2 and j3 is

i 1 (i s A
(p2>n:3';<zﬂ>n:1'597'10 — (3:2)

and the standard deviation using the uncertainties s; from Tab.3.2 is

A

3
—10
=1

Nel i

The reduced normal current density for copper electrodes and helium is therefore (without
temperature correction)

A

mm?2 hPa?’ (3.4)

(i?) =1.597-10"8 4+ 1.846 - 10~ 10
p n

Unfortunately, no tabulated values for copper electrodes and helium could be found. A com-
parison with data from [19] in Tab.3.3 at room temperature shows that the result are in the
same order of magnitude.

Table 3.3: Reduced normal current densities (j/p?), [4/(mm?hPa?)] at room temperature

from [19]
cathode helium
Fe, Ni | 1.238-1078
Mg 1.688-1078
Pt 2.813-1078

It is important to keep in mind that the values in Tab.3.3 are at room temperature (285 K).
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3.2.1 Discussion

First a few concerns about the reliability of the measurements. It was not possible to take
pictures of the cathode and to identify the area covered by negative glow. Instead the cur-
rent was increased until the surface appeared to be fully covered. This method has a few
disadvantages:

e At low pressures the negative glow is diffuse. Sharp boundaries are not detectable.
e At high pressure the negative glow is very bright. The unprotected eye is dazzled.
e The negative glow seems to be not always homogenous.
e The negative glow seems to grow not always uniformly.

Usually the light intensity remains constant until the surface is fully covered and the glow
discharge transforms into an abnormal glow discharge. Nevertheless, the current can be in-
creased significantly above the current density of a normal glow discharge without a visible
change in the optical impression. This is also an important source of error. Error bars in the
graphs try to specify this current range. Finally, also the surface quality of the electrodes
(Sec.2.2.1 and Sec.2.1.2) and the purity of the gas (Sec.2.2.2) have an important influence.
A. v. Engel et al. [27] reported that measured values of current densities showed deviations
from the quadratic similarity law (p?-law) at higher pressures. The exponent of p converged
from 2 to 4/3. A. v. Engel et al. suggested that this behaviour is based on increased gas
temperatures and therefore introduced a method to incorporate the right density in the simi-
larity law (Sec.1.7.1). Fig.3.13 presents the theoretical curves of v. Engel et al. for hydrogen,
air and helium and the results from the experiments from Sec.3.2.
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Figure 3.13: Comparison of results from [27] and the experiments in Sec.3.2

Mezei et al. [15] also reported a similar characteristic. The exponent of p converged from
2 to 1/2 in their experiments. Dissociative recombination of molecular ions was considered to
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be the main factor causing loss of positive ions and therefore violating the similarity law. Al-
though this is unlikely because no temperature correction was made. The work of A. v. Engel
et al. showed that the temperature (density) has to be taken into account.

Fig.3.10, Fig.3.11, Fig.3.12 and Fig.3.13 show that no deviations from the similarity law
are observable in the range of error. The current densities for all three measurement series
(Tab.3.2) are in the same order of magnitude. Declarations about the behavior of the normal
current density in the high pressure case are almost impossible because of the mentioned
concerns and the lack of measured data. Anyhow, there is a slight tendency to higher normal
current densities for increased pressures and smaller electrode diameters and inter-electrode
gaps (Tab.3.2). This might be an indication for a violation of the similarity law. A possible
explanation is gas heating.

A comparison of measured temperatures and temperatures calculated with Eq.[1.31] in
Fig.3.18 show that the calculated values are too low. The measured temperatures were deter-
mined with Lifebase 2.0 [12]. The results and the parameters of the simulation are sumarized
in Sec.A.2. Sec.3.3 discuss this behaviour in more detail.

3.3 On the pressure dependence of the positive column cross
section

The summarised data in Sec.A.2 show a pressure dependence of the cross section of the pos-
itive column (e.g. Fig.3.14). The positive column becomes contracted at higher pressures.
The photo on p.114 for example shows also that the cross section next to anode (left-hand
side) is bigger than the cross section next to the cathode (right-hand side). The view of the
picture is from above. All pictures were taken when the cathode was fully covered by negative
glow.

The discharge diameter was obtained from a gray value profile of these pictures. The
profiles were measured with ImageJ [20]. Fig.3.14 shows the location of two profiles and
Fig.3.15 the results. All profiles were taken at the middle of the discharge. The only excep-
tion were discharges with striations. In this case the profiles were taken at the right-hand side
of the striations. In the next step the profiles were normalised with respect to the maximum
value. Afterwards the discharge diameter was calculated from the full-width-at-half-maxium

Fig.3.16 shows the pressure dependence of the positive column for the measurement series
2 in Tab.3.1 (Fig.3.11). It is assumed that at p = 290 hPa the positive column has it’s
maximum diameter. The diameter D and the pressure p is therefore normalized with respect
to the diameter Dagg j,pq and the pressure pagg ppe at p = 290 hPa. The fit-formula is

D 1 P 1
:Hf(l_i) C=-. 3.5
Dogo 1pa C D290 hPa (8:5)

Fig.3.17 shows the pressure dependence of the positive column for the measurement series
1 in Tab.3.1 (Fig.3.10). It is assumed that at p = 290 hPa the positive column has it’s max-
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Figure 3.14: Locations of the gray value profile for Fig.3.15
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Figure 3.15: Gray value profile of two selected discharges
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Figure 3.16: Pressure dependence of the positive column diameter 290 — 1430 hPa

imum diameter. The measurements below p = 500 hPa are too inaccurate. The diameter
D and the pressure p is therefore normalized with respect to the diameter Dagg j,pq and the
pressure paogg hpe at p = 290 hPa from Fig3.16. The fit-formula is

D 1 P 1
:1+f(1_ ) C=-:. 3.6
Dogo hpa C D290 hPa 4 (3.6)
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Figure 3.17: Pressure dependence of the positive column diameter 200 — 1000 hPa

The results of measurement series 3 (Tab.3.1, Fig.3.12) are not presented in this text.
Accurate diameter measurements are almost impossible due to the strongly contracted and

striated discharge.
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3.3.1 On the temperature in the cathode fall region

As explained in Sec.3.2 the temperatures calculated with Eq.[1.31] for Helium are too low
(Fig.3.18). The rotational temperatures rise stronger than a model based on the friction of
ions and neutral gas atoms can explain [27]. The constants for the helium fit are sum-
marised in Tab.3.4. As a first approximation for « the thermal conductivity of helium
A=0.152 W/(m K) is devided by T' = 286 K.
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Figure 3.18: Pressure dependence of the temperature in the cathode fall region.

In A. v. Engel et al.’s approach the generated heat per area unit and sheath thickness dx
is given by

dQ = joEy - (1 - 2)2@. (3.7)

joEo can be understood as a power density. e.g. This power density increases in case of
a radial contraction of the cathode fall region. The additional generated heat leads to an
increased temperature in the cathode fall region. Trials to incorporate a volume correction
factor f(p) (Eq.[3.8]) in Eq.[3.9] (p — p/f(p)) according to the measurements in Sec.3.3 gave
a good fit for the experimental data but lacked a plausible physical interpretation. It’s not
clear how to connect the shape of the positive column with the shape of the cathode fall. Ad-
ditional measurements could testify if the diameter of cathode fall also becomes contracted.
The presented measurements lack this information.

=+ 2)) ot

Several reasons are possible why the measured temperatures are higher than the calculated
ones. It’s possible that the ”real” current densities in the cathode fall jo are higher than
the current densities in the model (Eq.[3.9]). This yields higher temperatures because more
mechanical work becomes transformed into thermal energy (Eq.[3.7]). Note that jy in Eq.[3.9]
is substituted by the similarity law Eq.[1.30].
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T-T:gﬁ/v’“ﬁdl pT (3.9)
73V 3a T

Another source of error is that the measured temperatures are not gas kinetic tempera-
tures. The temperatures are determined via rotational bands of OH and therefore are upper
boundaries.

Table 3.4: Constants for Eq.[3.9] from [19]

Vi o dl Ji T Tk
in Volt | i w i hPa | i A inK | inK
mn m — mn m ——-—= 1n 1n

© mm K2 mmnEa mm2hPa?
177 5.3-10~7 14.3 1.597-10~8 | 285 | 288.15

Another problem is the unsure spatial resolution of the spectrometer. It’s almost impos-
sible to point the fibre only to cathode fall. Light from the positive column or anode spots
(Sec.3.7) is always part of the measurements.

3.3.2 Discussion

The measurement of diameters of the positive column is difficult. Fig.3.14 shows two different
discharges at 290 and 1430 hPa. The diameter of the discharge at the cathode (right-hand
side) is smaller then at the anode (left-hand side). The light intensity at 290 hPa is very low.
The discharge at 1430 hPa is very bright and striated. Striations are also a problem in the
determination of the diameter. It is not possible to measure all profiles at the same location.
A gray value profile through the striations results in steps in the almost Gaussian gray value
profile (Fig.3.15). Therefore, measurements were performed between the striations. Fig.3.15
shows only a small step for the line p = 1430 hPa at 780 and 1520 pixels.

The results in Fig.3.16 and Fig.3.17 show a linear characteristic. The fit parameter C' (Eq.[3.5]
and Eq.[3.6]) is in the range from 1/6 to 1/4. In the range of the error bars fit parameters
from 1/10 to 1/3 are possible.

The temperature values were obtained from optical spectra (Sec.A.2). Lifbase 2.0 [12] was
used to simulate the spectra of the OH-band and to compare them with the measured spectra.
This method only works fine at high temperatures, strong light intensities and therefore in
our case at higher pressures. Fig.3.18 shows the pressure dependence of the temperature in
the cathode fall region.

The cathode fall can reach up to 1100 K. The positive column is colder depending on the
heat conduction. The surrounding gas is at room temperature. Note that the measured tem-
peratures are controversial (Sec.3.3.1).
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Due to the pressure dependence of the positive column cross-section and the strong tem-

perature gradients a comparison between low-pressure and high pressure glow-discharges is
difficult. In the low pressure case the positive column fills the whole discharge chamber and
is in thermodynamical equilibrium with the chamber wall. A proper consideration of momen-
tum transfer to the chamber wall leads to realistic temperatures for the discharge. The main
mechanism of losses is ambipolar diffusion [3].
In the high pressure case the discharge is contracted. There is no contact with the chamber
walls. The discharge is surrounded by cold neutral gas. The discharge itself can be very
hot. The main mechanism of losses is recombination [3]. Potentially j is of more importance
than in the low pressure case. Gas heating plays an important role in the appearance and
the behaviour of the high pressure glow-discharge. Further investigations and work should
be based on this fact. Improved methods should be found for more accurate current density
measurements.
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3.4 I-V characterisation of similar glow discharges

Two glow-discharges with the same voltage drop V; and drawing the same current I (Fig.1.4)
are said to be similar if they fulfill the relations explained in Sec.1.6. Similar discharges should
therefore have the same current voltage (I-V) characteristic. The raw data (I-V diagrams)
for this section is summarized in Sec.A.2.

3.4.1 Measurement series with scaling factors a=2 and 1.4

The pressures p; (i = 1,2,3) and inter-electrode gaps distances l; were set according to
the three different diameters D; and the similarity relations. The three used diameters are
Dy = 4.3 mm, Dy = 3.0 mm and D3 = 2.1 mm. The scaling factor a is D1/Ds ~ 1.4 or

Table 3.5: I-V characterisation for three different electrode diameters

Nr. | Diameter Distance Pressure Scaling factor

1 Dy =43mm | [y =4.0mm | p; =200 — 1000 hPa | a =1

2 Dy =3.0mm | lo =28 mm | po =290 — 1430 hPa | a = pa/p1 = 1.4
3 D3 =21mm | I3 =2.0 mm | ps =400 — 1600 hPa | a = p3/p1 =~ 2.0

280 D1=4.3mm - p1=300hPa
—=-02=3.0mm - a=1.4
=+-D3=2.1mm - a=2.0
260
- 240+ -
=]
= 4
.y f
Z po0l .
450K L
50K r -
200 - "'G'—I-—--F'"-o-j 1
430K t_'t"--o--.--*“'
180 l
0 50 100 150
1/ mA

Figure 3.19: Comparison of three similar discharges with p; = 300 hPa and a = 1.4 or 2.0

The pressure range of the setup with the index ¢ = 1 is from 200 to 1000 hPa. The inter-
electrode gap distance l; = 4.0 mm. The pressures and the inter-electrode gap distances for
setup 2 and 3 were calculated according to the scaling factors.

The measurements were performed using the current limiter of the power supply. The current



3.4. IV CHARACTERISATION OF SIMILAR GLOW DISCHARGES 45

was raised and discharge voltages V; and the currents I; were recorded. Fig.3.19 for example
shows such a comparison of three similar discharges. The temperature was measured via
optical spectroscopy when the cathode was fully covered by negative glow. Note the remarks
about the temperature measurements in Sec.3.3.1 and Sec.3.5.2. Tab.3.6 is a list of all triples
of similar discharges. The complete set of diagrams is in Sec.A.2.2 (p. 130).

Table 3.6: Overview of all triples of similar discharges

Series | Pressures Raw data | Comparison I-V

p1 = 200 hPa p. 103

1 p2 = 290 hPa p. 112 p. 130
p3 = 400 hPa p. 121
p1 = 300 hPa p. 104

2 p2 = 290 hPa p. 113 p. 131
p3 = 600 hPa p. 122
p1 = 400 hPa p. 105

3 p2 = 570 hPa p- 114 p- 131
p3 = 800 hPa p. 123
p1 = 500 hPa p- 106

4 p2 = 720 hPa p- 115 p.- 132
p3 = 1000 hPa p- 124
p1 = 600 hPa p- 107

5 p2 = 860 hPa p- 116 p. 132
p3 = 1200 hPa p- 125
p1 = 700 hPa p- 108

6 p2 = 1000 hPa p. 117 p- 133
p3 = 1400 hPa p- 127
p1 = 800 hPa p- 109

7 p2 = 1150 hPa p- 118 p.- 133
p3 = 1600 hPa p- 129
p1 = 900 hPa p- 110

8 p2 = 1290 hPa p- 119 p. 134
p1 = 1000 hPa p. 111

9 p2 = 1430 hPa p- 120 p. 134

3.4.2 Discussion

The curves in Fig.3.20 show the typical characteristic for a DC glow discharge. The left
hand side shows a negative dV/dI < 0 but is not the transition region from Townsend dark
discharge to normal glow discharge. The minimum current is around 4 mA and therefore too
high for the transition region from Townsend dark to a normal glow discharge (Sec.1.5).

The explanation is that after ignition the cathode become bombarded by ions. The voltage
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decreases until an equilibrium is reached. This can take a couple of minutes. This explanation
is likely because the region of normal glow (V' = const.) is too small. One would expect such
a behaviour for very small cathode diameters. The right hand side dV/dI > 0 is explained as
the region of abnormal glow. The voltage minimum is the point where the cathode is fully
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Figure 3.20: Comparison of three similar discharges with pl = 200 hPa and a = 1.4 or 2.0

The voltage minimum is shifted to higher currents with increasing pressure. The region
of normal glow discharge where the voltage remains constant is very small. Fig.3.20 shows
the characteristic which one would expect. In Fig.3.19 the situation changes. The curve D1
still shows the characteristic as described above. But D2 and D3 show a different behaviour.
Although the cathode’s surface is fully covered with negative glow (I = 26.0 mA, I3 =
23.0 mA) the curves still show a negative dV/dI < 0. All other measurements in Sec.A.2
show also this behaviour. It seems that for pressures above p = 300 hPa theV-I characteristic
has a negative dV/dI < 0 and a negative resistance. Additional the curve D3 in Fig.3.19 has
an unusual voltage drop for I > 50 mA. A possible explanation is a sudden contraction of
the positive column [5]. Normally, considering this facts yields two explanations.

e There is an error in the measurement of the normal current density. The normal current
density is in fact higher than measured (Sec.3.2).

e There are unshielded areas in the discharge chamber where the negative glow can grow
furthermore (Sec.2.1.1).

It is unlikely that the errors in the determination of the normal current density are that
high. The measured normal current density for curve D3 in Fig.3.19 is (j3/p?), = 1.8 -
1078 A/(mm?hPa?) with I3 = 23.0 mA. The voltage minimum of the curve is at I3 =
81.0 mA. This yields a normal current density of (j3/p?)n = 6.5-1078 A/(mm? hPa?). An
error of 53 mA is almost impossible for the experimenter.
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The second point is also not very supposably. At very low pressures p < 1 hPa the
AlsO3 shieldings malfunction. The negative glow covers the whole cathode electrode head
and carrier (Sec.2.1.1). The situation improves with higher pressures. 200 hPa or higher are
far beyond from this point. Additional the current range in the normal mode is the greater
the higher the pressure and the longer the tube [19]. This behaviour is explained by the
ratio of the normal cathode fall current j, and the limiting current for the existence of dark
discharge jr,

n SE@+mIp  L=PE
JL (pd)n

(3.10)

Staack et al. [24] reported a similar behaviour for increasing gap distances. At larger elec-
trode spacings the V' — I characteristics have a negative slope (dV/dI < 0) hence a negative
resistance. Staack et al. suggest that this is may be due to lateral neutral gas temperature
gradients in the positive column. Another in their opinion more unlikely explanation is at-
mospheric pressure GAT (glow to arc transition).

According to Staack et al. GAT is

(a) contraction and thermalization of the discharge resulting from heating of the
neutrals and (b) heating of the cathode resulting in transition from secondary elec-
tron emission to thermionic emissions of electrons at the cathode. Generally the
thermal instability is suppressed in low pressure discharges by cooling the walls.

Some of Staack et al. results are possibly applicable to the presented measurements. For
discharges with negative dV/dI < 0 the GAT (glow to arc transition) region is of interest.
The atmospheric pressure GAT region is different from that of the traditional vacuum V-I
characteristics. Staack et al.’s explain the absence of abnormal glow in their measurements
due to the unlimited cathode area. The fascinating thing is that although the cathode area
is limited in the presented measurements in this text (Sec.A.2) , no region of abnormal glow
is observable for pressures above p = 400 hPa.

There are two key properties that are different in Arc and DC glow. The ionisation process
in the positive column and the mechanism of cathode electron emission are different respec-
tively. The mechanisms for DC glow are electron impact ionisation and secondary electron
emission from the cathode. The electric field is independent of the current for direct electron
impact ionisation. Arc discharges show thermal ionisation in the positive column and thermal
electron emission from the cathode’s surface. Thermal ionisation lead to a voltage drop with
growing current. Therefore the discharge has a negative dV/dI < 0.

The transition from electron impact ionisation to thermal ionisation is smooth [24]. For higher
pressures the positive column becomes contracted due to thermal instabilities [19] . Glow to
arc transition (GAT) occurs and yields a negative dV/dI < 0. The electrode gap becomes
more conductive and thus reduces the gap voltage [19].

Obvious in all diagrams (Sec.A.2.2) is that the curves are not congruent. All diagrams
have in common that setup 1 with the biggest electrode diameter and therefore the biggest
inter-electrode gap has the highest and setup 3 the lowest operating voltages. Fig.A.57 is
the only exception. For pressures above p = 300 hPa the V-I characteristic has a negative
dV/dI < 0. Tt is not likely that atmospheric pressure GAT is the right explanation for the
presented results. Helium has a far better heat conductivity than air (used by Staack et al.).
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Therefore the gas remains cooler. Step (b) (Staack et al.) is not applicable in our case. The
electrodes are cooled to prevent thermionic emissions of electrons at the cathode. Thermal-
ization as mentioned in step (a) occurs only in current filaments and arcs and is also excluded.
The only remaining explanation is the contraction due to heating of neutrals. Higher tem-
peratures means lower densities and therefore a reduced field strength in the positive column
to replace losses. A reduced voltage drop at the positive column yields a reduced discharge
voltage. If one compares the photos of each set of similar discharges in Sec.A.2 (e.g. Photos
on page 106, 115 and 124) one will find that the contraction of the positive column is stronger
at higher pressures.

A theoretical approach of Shi and Kong [23] hardens this explanation. Shi and Kong used a
hybrid model for simulation of a capacitively coupled DC plasma system. The model for the
positive column (equilibrium region) is based on a hydrodynamic model. The cathode fall
region is modelled kinetically. Their results show that large current densities cause severe gas
heating. The gap becomes more conductive and thus reduces the gap voltage. This is in good
agreement with Staack et al.. Shi and Kong states that the inverse proportionality between
the voltage and the current density is more prominent in the high pressure case. This is also
confirmed experimentally by Eijkel et al. [5].

The diagrams Fig.A.57 and Fig.A.58 show the only measurements in the region of ab-

normal glow (dV/dI > 0). The other diagrams are in the region of a normal glow discharge
because of the limited current of the power supply (< 150 mA). Note the remarks about the
temperature measurements in Sec.3.3.1 and Sec.3.5.2.
The curves of each set show a similiar behaviour and appear almost parallel. However, it is
also possible that contaminated gas is the reason why the curves are not congruent (Sec.2.2.2).
Errors in the pressure measurement and therefore wrong pressures in the chamber also influ-
ence the I-V characteristic.

At the moment it seems that the similarity laws for pressures above p = 200 hPa are
violated. Recommendations for future research are to solely investigate the influence of the
pressure on the cathode fall, i.e. to reduce the inter-electrode gap insofar as no positive column
can establish. This may help to clarify the situation. A comparison with the presented results
may help to distinguish between effects which may originate from the positive column or the
cathode fall.
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3.5 Reduced field strength in the positive column

This section deals with the measurement of the field-strength in the positive column and gives
a comparison of similar discharges. As described in Sec.1.5 the field-strength F is constant
in the positive column. Therefore it’s possible to measure the field strength by keeping the
current constant and varying the inter-electrode gap distance. An increased distance also
increases the voltage drop at the discharge. In order to have comparable results the field
strength was always calculated in a certain range. The slope of the voltage decreases a little
bit for very large inter-electrode gaps (e.g. Fig.A.5 at d = 3 mm). The raw data can be found
in appendix Sec.A.1.

Furthermore photographs and optical spectra of the discharges were taken. The opti-
cal spectra are used to determine the gas composition and the temperature. All photos
and spectra were taken at the maximum possible inter-electrode gap ljq. (i = 1,2,3). All
temperatures are therefore upper boundaries and maximum temperatures. The maximum
distance is equivalent to the maximum power consumption of the discharge. For temperature
determination the OH band was used. Simulations of the OH spectra were performed with
Lifbase 2.0 [12] . The program settings are given in separate tables. The integration times
of the optical spectrometer are given in the figure caption.

3.5.1 Measurement series with scaling factors a=2 and 1.4

For all measurements the current was kept at I = 25 mA to allow a comparison with the
results in [19]. The electrodes distance became varied and the readings from the voltmeter
were noted. At the maximum inter-electrode gap a photo and a spectra were taken.

0,08 =e—[1=4.3mm
—e=[D2=3.0mm - a=1.4
(=+-D3=2.1mm - a=2.0
0,07 ' Gas: helium
= Electrodes: copper
E 0,06 - Electrode diameters: D1 = 4.3 mm,
% Dy =3.0mm, D3 =2.1mm
= SR T,
< 0,05} Shielding: AlsOs3
L
Pressure: p =200 — 1600 hPa
0,04 >, 950K Current: I =25 mA
000K Inter-electrode gap: variable
0,03 l . \‘
0 500 110% 1,5 10°

pR / hPa mm

Figure 3.21: Reduced field strengths for three similar discharges



50 CHAPTER 3. RESULTS & DISCUSSION

3.5.2 Discussion

The first problem is how to present the results in a proper diagram (Fig.3.21). In standard
literature e.g Raizer [19], von Engel [28] ... the reduced field strength E/p is plotted over the
product of the pressure p and the radius of the discharge tube R. This is practical because the
positive column fills the whole discharge tube and is in equilibrium with the chamber walls.
But this is only a convenient approximation. The main source of losses in the low pressures
case is diffusion towards the chamber walls. Therefore R in fact should be the diffusion length
A (A = R/2.4 for cylindrical geometries [8]).

In the presented case the circumstances are different. Due to the construction the dis-
charge is not bounded by chamber walls. Instead it’s surrounded by neutral gas (Fig.2.2).
Additional the discharge is contracted due to instabilities in the high pressure case (Sec.3.3).
Last but not least the main source of losses in the high pressure case is volume recombination
and not ambipolar diffusion [3].

Therefore, the radius of the positive column was chosen for R in Fig.3.21. R was determined
according to the method described in Sec.3.3.

An interesting detail is that £'/p is not constant for high pR values. Results in [19] show an

almost constant value of E//p = 0.08 V/(mm - hPa) for pR values bigger than 105 hPa - mm.
The measured values around 1000 APa - mm are in the same order of magnitude as the data
in [19]. Higher pR values lead to a decrease of E/p.
This is not surprising if one looks at the temperatures in Fig.3.21. High pR values lead to
increased temperatures. Higher gas temperatures imply a reduced gas density and therefore
an increased mean free path. Therefore electrons can gain more energy from the electric field
and perform more ionisations to compensate losses due to diffusion and recombination. This
yields a contracted positive column and a decreased value of E/p.

1200 ————————————r
® D1=4.3mm '
o D2=3.0mm-a=1.4 o s
1pool~*-D3=2.1mm - a=2.0 o N
7] ’ .
-;x:--?gm Gas: helium
. f'f Electrodes: copper
800 - &% ] Electrode diameters: D1 = 4.3 mm,
x ’,’ Dy = 3.0 mm, D3 = 2.1 mm
T eoo- y | Shielding: AlOs
4
2 “;?’ Pressure: p = 200 — 1600 hPa
400 g £ e } Current: [ =25 mA
of Inter-electrode gap: variable
200k e ! ! £ ! =
5 & 7 ] g 10 11 12
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Figure 3.22: Temperature-power characteristics of similar discharges
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The next remarkable thing is that although the three discharges are said to be ”similar”
the linear fits are not congruent (Fig.3.21). Again the temperature is believed to be the
main source of this behaviour. It is likely that the thermal stress overlies possible atomic
processes for a violation of similarity laws (Sec.1.7). For example note the decreased gradient
in Fig.A.18 at d > 4 mm. This behaviour also influenced by the temperature.

The temperatures show an approximately linear characteristic with increasing power
Fig.3.22. It is remarkable that the data-points for D1 and D2 show a jump discontinuity
at P =~ 8 W. The reason for this behaviour is unknown. Possibly it’s a transition point from
normal to abnormal glow. But that is only speculation.

Unfortunately the temperature measurements don’t fit in the overall picture. It is believed
that the determined temperatures using the OH band are too high (Sec.3.3.1). The problem
is that the temperatures in Fig.3.21 are not exactly the gas kinetic temperatures. These tem-
peratures are determined from the rotational spectra of the OH bands and therefore upper
boundaries. Nevertheless, these temperatures should fit nicely in the high pressure case.
One big source of error is the measurement itself. It was impossible to point the fibre of the
spectrometer only to the positive column. The fraction of light from the very intense negative
glow is unclear but estimated as rather high.

A standard methode to compensate the influence of the temperature in Fig.3.21 is to use
the gas number density N instead of the pressure p for the presentation. Attempts to use
these temperatures to calculate the densities N failed. As described in Sec.3.3.1 the rotational
temperatures rise stronger than a model based on the friction of ions and neutral gas atoms
can explain. Therefore the pressure p is still used because it’s a directly measurable quantity.
Therefore it’s impossible to investigate how atomic processes influence the similarity laws.
Maybe it’s possible to get better results with a better measuring method. Most distances were
varied up to 6 mm in steps of = 0.5 mm. A maximum distance of 6 mm is wide compared to
the electrodes diameter. A better way would be to use a step-width of ~ 0.05 mm (minimum
step width of the used micro-meter head screw) and maximum distances of ~ 2 mm. This
would keep the power consumption and also the thermal stress low and might give far better
and more interesting results.



52 CHAPTER 3. RESULTS & DISCUSSION

3.6 Sheath measurements of the cathode dark-space

Sheath thickness (d¢) measurements of the cathode dark-space of normal glow discharges
were one of the first measurements. These measurements were performed with tungsten elec-
trodes and with problematic Teflon shieldings (Sec.2.2.1). Measurements for copper or nickel
electrodes with Al,O3 were not performed.

The thickness d¢ of the cathode dark-space was measured with a microscope. Therefore
the discharge chamber became inclined until the thickness of the dark-space became maxi-
mum in the ocular. e.g. Fig.3.23 shows a microscope picture. The discharge chamber is in
horizontal position. Due to the projection the anode’s surface is fully visible (left-hand side).
The cathode’s surface is covered by the upper edge (right-hand side).

Figure 3.23: The anode glow at the left-hand side has a ring-like appearance.

Fig.3.24 to Fig.3.27 show pictures of the cathode’s dark space for helium at variable
pressures. The measured data is summarized in Tab.3.7 and plotted in Fig.3.28. The current
for all measurements was set to I = 12 mA.

The normal cathode layer thickness at room temperature is given by

(p-dcg)n = const (3.11)
where p is the pressure and d¢ the cathode dark-space thickness. Fig.3.28 shows graphs for

tungsten and helium (experiment) and iron and helium [19]. The curve fit for the reduced
normal cathode layer thickness for tungsten and helium gives

(p-dc)n =26.8 mmhPa (3.12)
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— 200 um — 200 um

Figure 3.24: do = 144 pym, p = 200 hPa  Figure 3.25: do = 89 um, p = 300 hPa

F—1 200 um F—1 200 um

Figure 3.26: do = 56 ym, p =400 hPa  Figure 3.27: do = 44 pm, p = 500 hPa

Table 3.7: Raw-data for Fig.3.28 in Sec.3.6

P de W
in hPa | in pum | inVolt
200 144 319
300 89 241
400 56 233
500 44 239
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Figure 3.28: Pressure dependence of the cathode dark-space for iron and tungsten electrodes

3.6.1 Discussion

Good measurements are difficult because of the diffuse glow and a lack of sharp boundaries.
Photographs (Fig.3.24 to Fig.3.27) were taken with the old microscope camera Olympus
DP10. Unfortunately this camera has bad contrast and resolution. Therefore distances were
measured with the scale in the ocular of the microscope. This explains the huge error bars
in Fig.3.28. More accurate results could be achieved in future with the new camera Olympus
E-330 (Tab.2.1) and a similar method as described in Sec.3.3 using ImageJ [20].

In literature no value for the normal current density of tungsten and helium could be
found. Therefore is not possible to compare the presented result of 26.8 mm hPa with other
works. Iron and helium for example gives a value of 17 mm hPa which is in the same order
of magnitude [19].

A look at the discharge voltages (Tab.3.7) show that the voltage is decreasing with in-
creasing pressure. A serious discussion is impossible because of the lack of data. Subsequent
measurements should contain more data points and use a similar method as presented in the
first part of the discussion.
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3.7 Anode light spots & anode glow

During all measurements bright and dim light spots and anode glow were observed. The
palette reaches from very dim spots with an appearance like ”foam” bubbles to very bright
spots.

A. von Engel (1983):

Anode glow covers the anode in the form of a layer or it consists of “individual”
luminous spheres ”struck” to the anode surface; their origin is still not clearly
understood.

Although investigations on anode spots initially were no objective of this thesis a phenomeno-
logical description is provided due to some interesting and curious results.

3.7.1 Anode spots at large electrode surfaces

For the following measurements the inter-electrode gap was set to d = 5 mm and the largest
copper electrode with D = 15 mm was taken. Measurements started with an initial pressure
of p = 100 hPa and an initial current of I = 6 mA. At this current the front-side of the
cathode was fully covered with negative glow. The positive column was not visible at these
conditions. Increasing the current to I = 96 mA led to the first appearance of anodic spots
at the edge of the anode and a spreading negative glow at the cathode. A further increase of
the current to the maximum current of the power-supply (I = 150 mA) led to an equidistant
organization of anode spots at the anodes edge (Fig. 3.29). Sometimes these spots are rotat-
ing while their distance to each other remains constant. Unfortunately these phenomenon is
not trigger-able and seems to be stochastic.

Gas: helium
Electrodes: copper
Shielding: none

P I Vo Vi
in hPa | in mA | in Volt | in Volt
100 150 713 232

Figure 3.29: Equidistant anode spots at the anode edge

Figure 3.30 shows a single magnified anode spot at the lower edge and it’s reflection at
the anode surface. The shape of the spot is like a foam bubble on a flat surface. The height
of the spot is around 0.4 mm and the diameter is about 0.7 mm. Note that all measurements
of the size of the anode spot are not very accurate. No sharp boundaries can be found. The
average error is around 10% for height and diameter measurements. Sheath thicknesses can
only be given by minimum and maximum values.
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The intensity of the light decreases towards the anodes surface. There are indications that
there is a dark region between the spot and the surface (Fig. 3.31) with a sheath thickness
around dgs = 11 —24 pm. Although it is possible that this is only an optical illusion. Further
measurements are necessary. In comparison the measured sheath thickness of the cathodes
dark space is in the range of d.s = 0.35 — 0.55 mm. For this measurement the current was
set to I = 6 mA to reduce the intensity of the negative glow.

——————1mm F————1mm
Figure 3.30: Magnified anode spot at the Figure 3.31: Magnified anode spot at the
lower edge upper edge

An increase in pressure to p = 250 hPa forces the anode spots to contract to the anodes
center. On large anodes the spots form hexagonal self-organized structures (Fig 3.32). Again
the current was set to I = 150 mA and the negative glow covered the whole front-side of the
cathode. Measurements at higher pressures were not performed. The power-supply was not
able to provide higher currents.

Gas: helium
Electrodes: copper
Shielding: none

P I o Wi
in hPa | in mA | in Volt | in Volt
250 150 686 206

Figure 3.32: Hexagonal self-organized structures at the anode’s surface

The distance of the spots to each other measured from center to center in the middle of the
structure is about 1.3 mm. The outer boundary of the whole structure is shaped hexagonal.
The self-organized pattern was stable for several minutes. The electrodes showed no marks
from the spots after disassembling which indicates low temperatures.
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3.7.2 Anode spots at small electrode surfaces

Small electrodes (D < 5 mm) show a slightly different behaviour in the investigated pres-
sure range from 0.1 — 2.0 bar. It’s not possible to trigger the appearance of anode spots as
easily as described in Sec.3.7.1. For electrode diameters of D = 2.1 mm and pressures above
p = 0.4 bar the spots are always visible and independent of the current. Two types of anode
spots can be described.

One type is similar to the earlier described ”bubble” type at the edges (Fig. 3.33). The second
kind is one single bright area or spot near the anode’s center (Fig. 3.34). The intensity of
the emitted light is comparable to the intensity of the negative glow. Refer to Sec.A.1 and
Sec.A.2 for more examples.

Gas: helium
Electrodes: copper
Shielding: Al2O3

P I Vo Vi
in hPa | in mA | in Volt | in Volt
430 25 366 284

F—1mm

Figure 3.33: Equidistant spots at the anode’s edge (elec.: D = 3.0 mm, gap: d = 6.1 mm)

Fig. 3.33 shows an example for spots at the anode’s edge. Both electrodes are shielded
with ceramic tubes to restrict the glow to the front-side of the electrodes. This shielding en-
sures well defined conditions (two parallel circular surfaces). The density of spots is increased
compared to Fig. 3.29.

Gas: helium
Electrodes: copper
Shielding: Al2O3

D I Vo Vi
in hPa | in mA | in Volt | in Volt
1290 150 702 214

F——1mm

Figure 3.34: Bright centered anodic glow (elec.: D = 3.0 mm, gap: d = 2.8 mm)

Fig. 3.34 presents an example for one very bright area. The striated positive column and
the spot is contracted to the middle axis. No self-organised structures are visible anymore.
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3.7.3 Relation between anode spots and voltage drop in the high pressure
case

One remarkable discovery is, that it’s possible to operate glow discharges below the normal
cathode fall voltage V,,. As tabulated in [19] V}, is 177 V for copper electrodes and helium.
This voltage drop is usually necessary to sustain a glow discharge. If for example the inter-
electrode gap is to small to allow the forming of the cathode fall, no stable glow discharge
will develop.

The occurance of very low operating voltages was discovered during measurements of column
gradients to determine the reduced field strength in the positive column (Sec. A.1). Prereq-
uisites are small electrode diameters, small inter-electrode gaps and increased pressures.

Gas: helium
Electrodes: copper
Shielding: AlsOg3

P I Vo |4
in hPa | in mA | in Volt | in Volt
300 16 219 167

F1imm

Figure 3.35: Glow discharge below V,, = 177 V (elec.: D = 4.3 mm, gap: d = 1.7 mm)

Fig. 3.35 show such a discharge. Although there are no light spots a weak diffuse glow at
the anode’s surface is visible. The discharge was stable and was operated at slightly higher
gas flow rates to avoid contamination of the plasma. The measured discharge voltage was
10 V below V,,. The cathode was full covered by negative glow.

Gas: helium
Electrodes: copper
Shielding: AlsO3

P I Vo Vi
in hPa | in mA | in Volt | in Volt
1470 30 254 156

F————1mm

Figure 3.36: Glow discharge below V;, = 177 V (elec.: D = 2.1 mm, gap: d = 0.75 mm)

In Fig. 3.36 there are three very bright anode spots at the surface. The positive column is
visible and contracted. The negative glow covers the whole cathode’s surface. The discharge
voltage was 21 V' below Vn.
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The lowest measured voltage was 149.8 V' (Fig.3.37). This voltage drop is 27.2 V' below
the normal cathode fall voltage V,, (177 V).
Voltages around ~ 119 V were also measured (Fig.A.25 in Sec.A.1) with very narrow gaps
(0.1 mm). Unfortunately this discharge wasn’t observable with our setup and is therefore
not reliable. Discrepancies in parallelism of the electrodes or not well rounded edges at this
narrow inter-electrode gaps affect the measurements significantly.

Gas: helium
Electrodes: copper
Shielding: Al2O3

P I Vo Vi
in hPa | in mA | in Volt | in Volt
1300 25 230 149.8

—1mm

Figure 3.37: Glow discharge below V,, = 177 V (elec.: D = 2.1 mm, gap: d = 0.5 mm)

It’s obvious (Fig.3.37) that the discharge is very contracted. There is a single bright spot
surrounded by a diffuse glow. This discharge seems to have a positive column but the optical
impression may be misleading.

Gas: helium
Electrodes: copper
Shielding: Al2O3

P I Vo |4
in hPa | in mA | in Volt | in Volt
1300 25 489 407

—1mm

Figure 3.38: Glow discharge above V,, = 177 V (elec.: D = 2.1 mm, gap: d = 5.5 mm)

In comparison Fig. 3.38 shows the same discharge with an increased inter-electrode gap
and a current fixed to 25 mA. The positive column is striated and not as contracted as in
Fig.(3.37). The whole discharge is shifted towards the upper edges of the electrode due to
thermal heating. The positive column looks like a bow presumably due to the rather high
gas flow. The gas inlet points straight to the discharge area.
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3.7.4 Time evolution from anodic glow to anodic light spots

The following measurements were performed when Teflon-shieldings for the electrodes were
used. Refer to Sec.(2.2.1) for more details! In short, decomposition of the Teflon-shieldings
led to contamination of the plasma and the electrodes. The following measurements are men-
tioned for completeness of the presentation (Tab.3.8).

Gas: helium D d P 1
Electrodes: copper in mm | in mm | in hPa | in mA
Shielding: Teflon 2.5 5.0 220 10

Table 3.8: Experimental parameters

During the measurements very slow voltage drifts were observed (Fig.3.39). These volt-
age drifts were accompanied with a change in the optical impression at the anode (Fig.3.39).
Usually it took several minutes for the discharge to reach a condition with unrecognisable
slow voltage variations. The optical impression changed from a ring-like structure at to =0 s
to a single very bright spot at tg = 352 s and reached a possibly stable state at this point .
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Figure 3.39: Time evolution from anodic glow to anodic light spots

The voltage increased for 150 s after ignition. The diameter of the anodic glow decreased
during that time. After 62 s the anodic glow was devided into several almost equidistant
anodic spots. After 200 s a significant voltage drop could be observed. The amplitude of the
superposed noise in the voltage measurement was increased. The anodic spots reduced into
one very bright spot. The voltage droped to a value 8 V' lower than the initial level.

A frequency analyses of the superposed noise found the 50 Hz line-frequency in the signal.
This suggests an inaccurate setup.

Additional to the photos optical spectra were measured. Due to the setup it was not
possible to move the fibre of the spectrometer close to the negative glow or the anodic light
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spots. Therefore, the glass-fibre pointed directly towards the surface of one of the electrodes.
This position was fixed during the whole experiment. Therefore, it’s possible to compare the
line intensities of the spectra with the same integration time directly (Fig.3.41 and Fig.3.42).
In order to get spectra of the anodic glow and the negative glow the polarity of the electrodes
was changed during the experiment.

The measurements started with the spectrum of the negative glow (Fig.3.40). A useful
side-effect was the preparation and cleaning of the surface for the time-evolution experiments
by sputtering. The current was raised from 10 mA to 20 mA to get a higher light intensity.
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Figure 3.40: Optical spectrum of the cathode (integration time: 120 ms)

Fig.3.40 shows the measured spectrum and the Grotrian diagram of He at the right-
handside. OH, He, H and O can be found in the spectrum. The He I line with 706 nm
wavelength is the most intense line. There are several transitions to the meta-stable 25!
(singlet) and 2s3S (triplet) states.

After the measurement of the negative glow the polarity was changed. Fig. 3.41 shows
the spectrum of the anodic glow at t = 0 s. Fig.3.43 depicts the time-evolution of the spectra
from negative glow to anodic light spots. At the beginning the light intensity is very low.
A comparison with Fig. 3.40 shows that the relative heights of the lines are similar. It’s
likely that the intensity of the anodic glow was too low and that the spectrometer therefore
measured scattered light from the negative glow.

Fig.3.42 shows the spectrum after 966 s. The appearance of the spectrum changed com-
pared with the spectrum of the negative glow. The lines with 504.7 nm, 471.3 nm and
318.7 nm are missing. The He I line with 587.6 nm is now the line with the most intensity.
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Figure 3.41: Optical spectrum of the anode after ignition (integration time: 300 ms)
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Figure 3.42: Optical spectrum of the anode after t = 966 s (integration time: 300 ms)
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3.7.5 Discussion

Reports about ALPs are found in a lot of papers. Ammelt et al. [1] reported the observation
of hexagonal structures like in Fig.3.32 but also possible transitions to a stripe pattern. Some
authors found similarities between self-organized plasma structures and Turing structures
obtained in biology and chemistry [18]. Popescu explains the transition from a planar to a
spherical double layer by the minimisation of the free energy of the system [18]. Continuative
considerations about Turing structures lead to molecules and quasi-particle behaviours of he
anodic light spots [2]. Finally anode double layer oscillations [17] and negative differential
resistance related to self-organization phenomena [11] were reported.

He |

Figure 3.43: Time evolution of the spectral data from anodic glow to anodic light spots

As described in Sec.3.7.1 at low pressures and low currents (e.g. I =6 mA, p = 0.1 bar)
anode spots or anodic glows are not visible. With increased current (I = 96 mA) equidis-
tant anode spots appear (Fig.3.29) at the anode’s edge. This current limit for transition to
anode spots is reduced with increasing pressure or decreasing electrode diameters. Although
at p = 0.25 bar and I = 150 mA (Fig.3.32) the discharge is in the region of normal glow
self-organized anode spots appear at the anode’s surface.

Due to increased current densities with decreasing surface areas (Sec. 3.7.2) the density of
anode spots is increased (Fig.3.33). High currents and therefore high powers led to very bright
spots at the anode’s center.
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A possible explanation is a filamentation of the current due to instabilities in the anode
sheath induced by high currents or pressures [26]. This is indicated by the self-organized
structure of the anode spots. The current filaments form a hexagonal equidistant pattern or
equidistant spots at the anode edge to gain the possible maximum distance from each other.
Furthermore there is an amplification of the electric field strength at the electrode edges
yielding an in-homogenous field which possibly support this process. According to Striimpel
and Purwins [26]

Individual current filaments are formed by repetitive electrical breakdown of the
gas layer. The experimental data suggest that filamentary patterns arise as a
result of losing the stability of the spatially homogeneous stationary discharge.
The instability appears at the increase of current density in the device above some
threshold value.

The anode spots itself have a double layer structure. This double layer play the role
initially played by the anode [22]. This is verified by probe measurements at low pressure
by Conde and Ledn [4]. Unfortunately no declarations about connecting conditions from the
double layer to the anode could be found. Another not completely satisfactory solved question
is why single spots are energetic favourable? Thinking about an ALP as a ”cellular” struc-
ture with a membrane-like envelope corresponds to a local energy minimum and therefore
its formation takes place spontaneously [22]. The idea of a membrane-like structure is not
far-fetched because an electric double layer provides a selective enclosure of an environment
that differs qualitatively from the surrounding medium.

There are indications that the anode sheath develops like in the case of a small anode. The
cathode fall is therefore still 177 V' and unaltered. The highest reliable measured voltage drop
is around 26.8 V' which is in the order of the first ionization potential of helium (24.587 eV').

e High currents or pressures are the source of instabilities in the anode sheath and induce
anode spots and self-organized structures.

e Higher pressures force the spots to the anode’s center.
e It’s supposable that the anode sheath develops like in the small anode case.

e Anode spots and bright anode spots are always visible for small electrode diameters
D < 2.1 mm and pressures above p > 0.4 bar.

e High current densities and therefore high powers destroy self-organized structures.

Furthermore voltage drifts occurred when Teflon-shieldings were used (Fig.3.39). It is not
clear if the noisy signal is caused by anode spots oscillations [17] or an inaccurate setup.
The optical appearance and spectra of the discharge changed too (Fig.3.43). XPS and Auger
measurements showed (Sec.2.2.1) that oxides, silicon and fluor can be found on the surfaces.
Therefore it’s likely that the Teflon-shield became decomposed and that fluorides and oxides
started to build areas with reduced conductivity on the anode’s surface. The result was an
increased discharge voltage (Fig.3.39). This thesis is supported by the fact that the diameter
of the anodic glow decreases although the power consumption and therefore gas heating is
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low. The loss of conductivity beginning at the anode’s edge was followed by an increased
current density with locally high temperatures in the center of the anode which prevented the
deposition of fluorides and oxides in this region. This is followed by a drop in the discharge
voltage. Optical spectra showed that the level of excited states of one single very bright anodic
spot is comparable to the states of the negative glow. Excitations energies in the anodic spots
are therefore higher than in the normal anode sheath. This phenomenon may help to sustain
the discharge in the high pressure case.

It is likely that a possibly transitional effect from anodic glow to a single ALP is superposed
by the deposition of Teflon. Further investigations without any shieldings are necessary and
recommend to clarify the situation.
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Chapter 4

Conclusion and Outlook

The investigation on breakdown voltages in Sec.3.1 shows clearly that the pressure p or the
distance between the electrodes d cannot be changed independently giving the same ignition
voltage V; for the same pd values. Furthermore, it turned out that neither of the established
formulas for the ignition potential is capable to fit the experimental data. The reason is the
very low value of the reduced field strength for large inter-electrode gaps or high pressures.

The reduced normal current density for copper electrodes and helium is (j/p?),, = 1.597 -
1078 A/(mm? hPa?). The fits for the measured current densities show no significant devia-
tion from the quadratic similarity law (Sec.3.2). Anyhow, there is a slight tendency to higher
reduced normal current densities for increased pressures and smaller electrodes. This might
be an indication for a violation of the similarity law. A possible explanation is gas heating.

The diameter of the positive column shows a strong, linear pressure dependence (Sec.3.3).
This is most likely due to thermal instabilities. High pressure discharges feature strong tem-
perature gradients, are contracted and in the presented case are not in contact with the
chamber walls. The discharge is surrounded by cold and neutral gas. The gas density in
the positive column is surely not homogeneous. Potentially, the current density j is of more
importance than in the low pressure case.

The I — V characteristics at high pressures deviate from the characteristic in the low
pressure case (Sec.3.4). The I —V diagrams show a negative dV/dI < 0. No region of abnor-
mal glow is directly observable. Gas heating reduces the resistance and therefore decreases
the operating voltage. The discharges with the highest pressures or smallest electrode show
the lowest operating voltages. The curves of each set of similar discharges show an analogue
behaviour and appear almost parallel. If its possible to eliminate contaminations from the
gas, the similarity relations are probably still violated due to thermal stress.

It was not possible to present the reduced field strength E/p in the positive column as
in the standard literature (Sec.3.5). Due to the contracted positive column and the recombi-
nation dominated regime the radius of the positive column was used to plot the data. E/p
shows a linear, negative trend. The values of E/p decrease linearly from 0.07 V/(hPamm)
at pR = 410 hPamm to 0.035 V/(hPamm) at pR = 1100 hPamm. Again the temperature
is believed to be the cause of this behaviour. Deviations from the similarity relation are
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not observable. However, measurements of the radius of the positive column are not very
accurate. Statements about the similarity laws are difficult because of the inaccurate radius
measurements.

Sheath measurements of the cathode dark-space were performed (Sec.3.6). The reduced
thickness of a normal cathode sheath (p-d¢), was measured for the first time for helium and
tungsten. A value of 26.8 mm hPa for (p - dc), was determined.

Investigations on anode light spots and anode glows delivered a lot of interesting results
(Sec.3.7). Two different types of anode spots, ring-like structures and self-organised hexago-
nal structures were observed. Another exciting feature was the operation of glow discharges
below the normal cathode fall voltage V,, (177 V for helium). The lowest measured dis-
charge voltage is 149.8 V. The voltage drop is in the order of the first ionisation potential
of helium (24.587 eV'). Voltage drifts and changes in the optical behaviour were also observed.

Most of the measurements showed stationary striations which are unusual in nobel gases.
Normally they are moving too fast to be observed with the naked eyes.

Finally, a couple of concluding remarks about the validity of similarity relations in the
high pressure case are given. There are indications that the similarity relations are violated
in the high pressure case. Mathematically similar discharges show different I — V' character-
istics (Sec.3.4). The current densities show no deviation from the quadratic similarity law
for higher pressures. However, there is a slight tendency to higher reduced normal current
densities for increased pressures and smaller electrodes (Sec.3.2). This is also a hint for a
possible violation of the similarity relations.

One absolute necessarily prerequisite for further measurements is a method for accurate
temperature determination. Measurements without reliable temperature measurements are
hard to interpret. Only an accurate compensation of temperature effects would allow a more
advanced study of the influence of high pressures an similarity laws. Furthermore, detailed
information about the gas and the electrode composition is required. Methods must be found
to purify the operating gas in the discharge chamber. Field amplification due to the electrodes
edges should also be compensated by optimising the shape of the electrodes. This will most
probably give more reliable ignition voltages.
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Appendix A

Measured raw-data

Measurements within one measurement series were performed on the same day without in-
terruptions or breaks. The whole set of results and the appendant measurement tables are in
appendix Sec.A. Photographs (the anode is always at the left-hand side) and optical spectra
of the discharges complete the data-sheets. The optical spectra are used to determine the
gas composition [25] and the temperature. For temperature determination the O H-band [16]
was used. Simulations of the OH spectra were performed with Lifbase 2.0 [12] (e.g. Fig.A.1
and Fig.A.2). The program settings are given in separate tables. The integration times of
the optical spectrometer are given in the figure caption.

120, T T 120, T T r— —
——Expariment | ——Expariment |
|——Smulation | |——Smulation |
100+ T 1 — 100+ -
@ | @ |
S .l S .l
= B0 = B0 =
£ £
0 1 0 1
S B0 S B0 =
= =
c 40t 2 40t
kL kL
! !
20+ 20+ .
0" L . ([ |
3000 3050 3100 3150 3200 3000 3050 3100 3150 3200
hin A hin A

Figure A.1: OH-band at p =400 hPa  Figure A.2: OH-band at p = 1200 hPa
T=305 K for P=25W T =950 K for P=104W

The photos and spectra for Sec.A.1 were taken at the maximum possible inter-electrode
gap distance ljq. (1 =1,2,3). All photos exhibited in Sec.A.2 were taken at full coverage of
the cathode with negative glow.
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74 APPENDIX A. MEASURED RAW-DATA

A.1 Reduced field strength in the positive column

Table A.1: Overview of all triples of similar discharges for Sec.A.1 (Appendix)

Series | Pressures Raw data Table
p1 = 200 hPa p. 75 TabA.66 on p. 143
1 p2 = 290 hPa p- 84 TabA.75 on p. 147
p3 = 400 hPa p- 93 TabA.84 on p. 152
p1 = 300 hPa p. 76 TabA.67 on p. 143
2 p2 = 290 hPa p. 85 TabA.76 on p. 148
p3 = 600 hPa p- 94 TabA.85 on p. 152
p1 =400 hPa p. 77 TabA.68 on p. 144
3 p2 = 570 hPa p. 86 TabA.77 on p. 148
p3 = 800 hPa p- 95 TabA.86 on p. 153
p1 = 500 hPa p. 78 TabA.69 on p. 144
4 p2 = 720 hPa p. 87 TabA.78 on p. 149
p3 = 1000 hPa p. 96 TabA.87 on p. 153
p1 = 600 hPa p- 79 TabA.70 on p. 145
5 p2 = 860 hPa p. 88 TabA.79 on p. 149
p3 = 1200 hPa p. 97 TabA.88 on p. 154
p1 = 700 hPa p- 80 TabA.71 on p. 145
6 po = 1000 hPa p. 89 TabA.80 on p. 150
p3 = 1400 hPa p- 99 TabA.90 on p. 155
p1 = 800 hPa p. 81 TabA.72 on p. 146
7 po = 1150 hPa p. 90 TabA.81 on p. 150
p3 = 1600 hPa p- 101 TabA.92 on p. 156
p1 =900 hPa p. 82 TabA.73 on p. 146
8 p2 = 1290 hPa p- 91 TabA.82 on p. 151
p1 = 1000 hPa p- 83 TabA.74 on p. 147
9 po = 1430 hPa p. 92 Tab.A.83 on p. 151
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A.1.1 Measurement series with scaling factors a=2 and 1.4

Column gradients for D = 4.3 mm, p; = 200 hPa and I =25 mA

Gas: helium
Electrodes: copper
Shielding: AlsOg3

b1 I Dl llmax
in hPa | in mA | in mm | in mm

200 25 4.3 5.95

The field strength E; in the positive column was determined from diagram Fig.A.3 between

2 and 4 mm.

E
Bi=1a1 V  B_gon -V pnosmk (A.1)
mm P1 hPa - mm

The spectrum was taken at l1,,,, = 5.95 mm and a power consumption of P, =5.9 W.

Resolution: 8nm | Baseline correction: 8 Mulitplication: | 13.9
Temperature: | 375K | Wavelength correction: | -6nm | Doppler broad.: | yes

Table A.2: Lifbase 2.0 settings for p; = 200 hPa and T =375 K (P, =5.9 W)

240 210% T | T T T T
220 )
1,5 10° - He | -
o
=
= 200+ 2
(=] [&]
> =110°+ 1
=" =
180 5
E He |
3|
180k 510 He | He I
HI ol
OH g, Hel l | | o
MII-J l
14[:' | | | | C' | | | | |
0 1 2 3 4 L] 5] 200 300 400 500 600 FOO 800 900
d/mm Wavelength / nm

Figure A.3: Column gradient (Tab.A.66) and spectrum (integration time: 200 ms)



76 APPENDIX A. MEASURED RAW-DATA

Column gradients for D = 4.3 mm, p; = 300 hPa and I =25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

b1 I Dl llmam
in hPa | in mA | in mm | in mm
300 25 4.3 5.95

The field strength E; in the positive column was determined from diagram Fig.A.4 between

2 and 4mm. v E v
Ey=191— 1 =0064 ——— T, =445K (A.2)
mm P1 hPa - mm

The spectrum was taken at l1,,,, = 5.95 mm and a power consumption of P, = 6.3 W.

Resolution: 8nm | Baseline correction: 8 Mulitplication: | 10.3
Temperature: | 445K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.3: Lifbase 2.0 settings for p; = 300 hPa and T' = 445 K (P, = 6.3 W)

260, 210% r . I 1 . 1
240+
1510°F b -
220 E
=
3 8
= 200 =110 i
=" @
[4F]
180~ E
3| He |
510 He | He |
160+ OH Hh | HI ol
e
Hel M l ] | o1
140 | | | | 0 | | | | |
0 1 2 3 4 L] 5] 200 300 400 500 600 70O 800 900
d/ mm Wavelength / nm

Figure A.4: Column gradient (Tab.A.67) and spectrum (integration time: 200 ms)
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Column gradients for D = 4.3 mm, p; = 400 hPa and I =25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

b1 I Dl llmam
in hPa | in mA | in mm | in mm
400 25 4.3 5.95

The field strength E; in the positive column was determined from diagram Fig.A.5 between

2 and 4mm. v B v
Ey =246 — L =0062——— T, =475K (A.3)
mm P1 hPa - mm

The spectrum was taken at l1,,,, = 5.95 mm and a power consumption of P, = 7.2 W.

Resolution: 8nm | Baseline correction: 10 | Mulitplication: | 4.1
Temperature: | 475K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.4: Lifbase 2.0 settings for py = 400 hPa and T =475 K (P, =72 W)

300 T T T T T 210% T T T T T T
280~
260 1,5 10% |
- He |
240} 5 1
5 8
= 290k =110 -
=" @
200 &
£
180} 5107} OH ™
el
He I He: |
H (o] ]
1808 _LHEI i‘ l ] I o
140 | | | | 0 | | | | |
0 1 2 3 4 5 G 200 300 400 500 600 70O 800 S00
d/ mm Wavelength / nm

Figure A.5: Column gradient (Tab.A.68) and spectrum (integration time: 200 ms)



78 APPENDIX A. MEASURED RAW-DATA

Column gradients for D = 4.3 mm, p; = 500 hPa and I =25 mA
Gas: helium

Electrodes: copper
Shielding: Al2O3

b1 I Dl llmax
in hPa | in mA | in mm | in mm
500 25 4.3 5.95

The field strength E; in the positive column was determined from diagram Fig.A.6 between

2 and 4mm. v E v
Ey=27— —2=0053-——— T, =500K (A.4)

mm P1 hPa - mm

The spectrum was taken at l1,,,, = 5.95 mm and a power consumption of P, = 7.6 W.

Resolution: 8nm | Baseline correction: 8.5 Mulitplication: | 3.5
Temperature: | 500K | Wavelength correction: | -3.5nm | Doppler broad.: | yes

Table A.5: Lifbase 2.0 settings for p; = 500 hPa and T =500 K (P, =72 W)

210% T T T T T T
30014
1,5 10%- He | -

2501

V Valt

2001

Intensity / counts
—
=
T
1

150}

5107} ik He |
Hel ol
HI [Hel
He | ol
Ha | ] ‘ ..\J I | )
|

0 1 2 3 ! 5 5] 200 300 400 500 600 70O 800 900
Wavelength / nm

d/ mm

Figure A.6: Column gradient (Tab.A.69) and spectrum (integration time: 200 ms)
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Column gradients for D = 4.3 mm, p; = 600 hPa and I =25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

b1 I Dl llmax
in hPa | in mA | in mm | in mm
600 25 4.3 5.95

The field strength E; in the positive column was determined from diagram Fig.A.7 between

2 and 4mm. v B v
Ey=316— —2=0083-——— T,=800K (A.5)
mm P1 hPa - mm

The spectrum was taken at l1,,,, = 5.95 mm and a power consumption of P = 8.2 W.

Resolution: 8nm | Baseline correction: 13.5 | Mulitplication: | 1.54
Temperature: | 8O0K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.6: Lifbase 2.0 settings for p; = 600 hPa and T =800 K (P, =82 W)

50, 210% i T T T T T
300} .
1,5 107 -
o
5
%. 250+ 3
=" =
200 E OH
=
510%
L He |
150 HellH | Qa1
Hel | L| el o
":ICI | | | | C' | | | | |
0 1 2 3 4 5 G 200 300 400 500 600 70O 800 900
d/ mm Wavelength / nm

Figure A.7: Column gradient (Tab.A.70) and spectrum (integration time: 200 ms)
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Column gradients for D = 4.3 mm, p; = 700 hPa and I = 25 mA
Gas: helium

Electrodes: copper
Shielding: Al2O3

D1 I Dl llma:t
in hPa | in mA | in mm | in mm
700 25 4.3 5.95

—1mm

The field strength E; in the positive column was determined from diagram Fig.A.8 between
2 and 4mm.

1% E 1%
Ey=343— L =0049-—" T,=80K (A.6)
mm P1 hPa - mm

The spectrum was taken at l1,,,, = 5.95 mm and a power consumption of P = 8.7 W.

Resolution: 8nm | Baseline correction: 12.5 | Mulitplication: | 1.14
Temperature: | 850K | Wavelength correction: | -4.5nm | Doppler broad.: | yes

Table A.7: Lifbase 2.0 settings for p; = 700 hPa and T =850 K (P, = 8.7 W)

T T T T T 210% T T T T T T
360 - -
320 - 1,510 -
o
5
= 280} g
= =110° ©OH He | .
>" 240} 4 2
=
200/ 510°| He 1
Hely ol
He |
160} . Hel | lJ o
1 | | | 0 | | | | |
0 1 2 3 ! 5 G 200 300 400 500 600 70O 800 S00
d/mm Wavelength / nm

Figure A.8: Column gradient (Tab.A.71) and spectrum (integration time: 200 ms)
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Column gradients for D = 4.3 mm, p; = 800 hPa and I =25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

b1 I Dl llmax
in hPa | in mA | in mm | in mm
800 25 4.3 5.95

The field strength E; in the positive column was determined from diagram Fig.A.9 between

2 and 4mm.
FE

1% 1%
Ey =375 — L =0041T———— T,=8K (A7)

mm P1 hPa - mm

The spectrum was taken at l1,,,, = 5.95 mm and a power consumption of P = 9.1 W.

Resolution: 8nm | Baseline correction: 11.5 | Mulitplication: | 1.13
Temperature: | 875K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.8: Lifbase 2.0 settings for p; = 800 hPa and T =875 K (P, =9.1 W)

400, ; I T T | 210% T T T T T T
350+
1,5 10%+ —
300+ E
- =
= 8 OH
= 250 =110 i
=" %
200~ = He |
5107 He |
150 Hell H! ol
\ LA o
e A -
100 | | | | 0 | | | | |
0 1 2 3 4 5 5] 200 300 400 500 600 70O 800 900
d/ mm Wavelength / nm

Figure A.9: Column gradient (Tab.A.72) and spectrum (integration time: 200 ms)
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Column gradients for D1 = 4.3 mm, p1 = 900 hPa and I =25 mA
Gas: helium

Electrodes: copper
Shielding: Al2O3

b1 I Dl llmax
in hPa | in mA | in mm | in mm
900 25 4.3 5.95

The field strength F7 in the positive column was determined from diagram Fig.A.10

between 2 and 4mm.

1% E 1%
Ey =427 — 2L —0.047

T = K A.
mm p1 hPa - mm 1= 900 (A-8)

The spectrum was taken at l1,,,, = 5.95 mm and a power consumption of P, = 9.5 W.

Resolution: 8nm | Baseline correction: 12 | Mulitplication: | 1.14
Temperature: | 900K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.9: Lifbase 2.0 settings for p; = 900 hPa and T'=900 K (P, = 9.5 W)

210% T T T T T T
1,5 10%+ =
o
E
=
8
<110k OH |
@ He |
-
=
3|
510 tell o
H-all_II
Lol Ll o
0 | | | | |
200 300 400 500 600 70O 800 900
d/mm Wavelength / nm

Figure A.10: Column gradient (Tab.A.73) and spectrum (integration time: 200 ms)
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Column gradients for Dy = 4.3 mm, p; = 1000 hPa and I = 25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

. b1 I Dl llmax
in hPa | in mA | in mm | in mm
1000 25 4.3 5.95

—1mm

The field strength F; in the positive column was determined from diagram Fig.A.11

between 2 and 4mm.

1% E 1%
Ey =469 — L —0.047

T = K A.
mm p1 hPa - mm 1= 975 (A-9)

The spectrum was taken at l1,,,, = 5.95 mm and a power consumption of P, = 9.9 W.

Resolution: 8nm | Baseline correction: 11.5 | Mulitplication: | 1.13
Temperature: | 975K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.10: Lifbase 2.0 settings for p; = 1000 hPa and T'= 975 K (P, =9.9 W)

400 210% T T T T T T
350+
1,510%- —
300 2
= 3
= [a] OH
= 250} =1 10% i
= % He |
200+ E
3|
510 H He | o] ]
150 HTT
|| He | I L| He ll | o)
L — ,
10'3 | | | | C' | | | | |
0 1 2 3 4 bS] & 200 300 400 500 600 70O 800 S00

d/mm Wavelength / nm

Figure A.11: Column gradient (Tab.A.74) and spectrum (integration time: 200 ms)
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Column gradients for Dy = 3.0 mm, ps = 290 hPa and I =25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

b2 I D2 lZmam
in hPa | in mA | in mm | in mm
290 25 3.0 6.1

The field strength Fs in the positive column was determined from diagram Fig.A.12

between 2 and 5 mm.

1% E 1%
By =195 —  2=0067 ——— T, =290K (A.10)
mm D2 hPa - mm

The spectrum was taken at lo,,,. = 6.1 mm and a power consumption of Po = 6.4 W.

Resolution: Tnm | Baseline correction: 7 Mulitplication: | 19.9
Temperature: | 290K | Wavelength correction: | -3nm | Doppler broad.: | yes

Table A.11: Lifbase 2.0 settings for po = 290 hPa and T, =290 K (P, = 6.4 W)

260 210%; I . I 1 r 1
240}
1,510%- Hal .
220; "
E
= 200 3
[=] r 7 5]
= =1 10% 7
=" 180} 1B
2 He |
160 - a| He |
510 He |
HI |
140 - He | C1
OH ol
i I 8 I
12'3 | | | | | C' | | | | |
0 1 2 3 4 5 5] 7 200 300 400 500 600 700 800 900
d/mm Wavelength / nm

Figure A.12: Column gradient (Tab.A.75) and spectrum (integration time: 100 ms)
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Column gradients for Dy = 3.0 mm, ps = 430 hPa and I = 25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

b2 I D2 lZma;t
in hPa | in mA | in mm | in mm
430 25 3.0 6.1

The field strength Fs in the positive column was determined from diagram Fig.A.13

between 2 and 5 mm.

1% E 1%
By =260 — —2=0060—— T,=305K (A.11)
mm D2 hPa - mm

The spectrum was taken at lo,,,. = 6.1 mm and a power consumption of Po = 7.1 W.

Resolution: 8nm | Baseline correction: 6.5 | Mulitplication: | 15.2
Temperature: | 375K | Wavelength correction: | -3nm | Doppler broad.: | yes

Table A.12: Lifbase 2.0 settings for po = 430 hPa and T =375 K (P, =7.1 W)
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Figure A.13: Column gradient (Tab.A.76) and spectrum (integration time: 100 ms)



86 APPENDIX A. MEASURED RAW-DATA

Column gradients for Dy = 3.0 mm, ps = 570 hPa and I = 25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

b2 I D2 lZma;t
in hPa | in mA | in mm | in mm
570 25 3.0 6.1

The field strength Fs in the positive column was determined from diagram Fig.A.14

between 2 and 5 mm.

1% E 1%
Ey=316— —2=0055-—— T,=350K (A.12)
mm D2 hPa - mm

The spectrum was taken at lo,,,. = 6.1 mm and a power consumption of P» = 8.0 W.

Resolution: 8nm | Baseline correction: 6.2 | Mulitplication: | 17.8
Temperature: | 350K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.13: Lifbase 2.0 settings for po = 570 hPa and Ty = 350 K (P, = 8.0 W)

350 T T T T T T 2"]-.-' T T T T T T
Hel
1,5 10%- -
o
E
- =
3 8
> =110 7
= 1 =
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=
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0 | | | | |
0 1 2 3 4 5 5] 7 200 300 400 500 600 700 800 900
d/mm Wavelength / nm

Figure A.14: Column gradient (Tab.A.75) and spectrum (integration time: 100 ms)
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Column gradients for Dy = 3.0 mm, ps = 720 hPa and I = 25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

b2 I DQ l2ma;t
in hPa | in mA | in mm | in mm
720 25 3.0 6.1

The field strength Fs in the positive column was determined from diagram Fig.A.15

between 2 and 5 mm.

1% E 1%
Ey=371— 2=002—— T,=850K (A.13)
mm D2 hPa - mm

The spectrum was taken at lo,,,. = 6.1 mm and a power consumption of P» = 8.8 W.

Resolution: 8nm | Baseline correction: 8.3 | Mulitplication: | 5.45
Temperature: | 850K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.14: Lifbase 2.0 settings for po = 720 hPa and Ty = 850 K (P, = 8.8 W)

W00 ———r—r7 20—
1,5 10%+ =
8
[ Hel
=
[=]
L
4 110 -
@
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1 £
5107 He |
OH He | J HCIH
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0 1 2 3 4 5 5] 7 200 300 400 500 600 700 800 900
d/mm Wavelength / nm

Figure A.15: Column gradient (Tab.A.78) and spectrum (integration time: 100 ms)
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Column gradients for Dy = 3.0 mm, ps = 860 hPa and I =25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

b2 I DQ l2mam
in hPa | in mA | in mm | in mm
860 25 3.0 6.1

The field strength Fs in the positive column was determined from diagram Fig.A.16

between 2 and 5 mm.

Vv E Vv
Ey =431 — 2 =0.050 ——— To =950 K (A.14)
mm D2 hPa - mm

The spectrum was taken at lo,,,. = 6.1 mm and a power consumption of Po = 9.4 W.

Resolution: 8nm | Baseline correction: 9 Mulitplication: | 5.4
Temperature: | 950K | Wavelength correction: | -4.5nm | Doppler broad.: | yes

Table A.15: Lifbase 2.0 settings for py = 860 hPa and To = 950 K (P> = 9.4 W)

210% T T T T T T
1,5 10%+ =
o
E
8 He |
L
4 110 -
@
=
-
1 £
510°} He |
| oH He/l Hclul
l_Hel He | ‘HI ]e ol
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0 1 2 3 4 5 5] 7 200 300 400 500 600 70O 800 900
d/mm Wavelength / nm

Figure A.16: Column gradient (Tab.A.79) and spectrum (integration time: 100 ms)
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Column gradients for Dy = 3.0 mm, ps = 1000 hPa and I = 25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

b2 I DQ l2ma;t
in hPa | in mA | in mm | in mm
1000 25 3.0 6.1

The field strength Fs in the positive column was determined from diagram Fig.A.17

between 2 and 5 mm.

Vv E Vv
Ey=43.6 — 20044 ——— T =925 K (A.15)
mm D2 hPa - mm

The spectrum was taken at lo,,,., = 6.1 mm and a power consumption of P» = 10.0 WW.

Resolution: 8nm | Baseline correction: 10 | Mulitplication: | 2.11
Temperature: | 925K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.16: Lifbase 2.0 settings for p, = 1000 hPa and Ty = 925 K (P, = 10.0 W)

B——T————7— T 210 ——— 77— T
400}
1,5 10%+ =
350; "
E
= 300 3
=] B 1T © He |
> =110 7
=" 250} 1B
[3F]
= OH
200~ - 3
5107 He! HEll o)
HI
1501 7 Hal Hel d el o
N | | ] |
":IC' | | | | | C' | | | | |
0 1 2 3 4 5 5] 7 200 300 400 500 600 700 800 900
d/mm Wavelength / nm

Figure A.17: Column gradient (Tab.A.80) and spectrum (integration time: 100 ms)
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Column gradients for Dy = 3.0 mm, ps = 1150 hPa and I = 25 mA
Gas: helium

Electrodes: copper
Shielding: Al2O3

b2 I DQ l2mam
in hPa | in mA | in mm | in mm
1150 25 3.0 6.1

The field strength Fs in the positive column was determined from diagram Fig.A.18

between 2 and 5 mm.

1% E 1%
Ey=475 — 2 =0041——— T,=950K (A.16)
mm D2 hPa - mm

The spectrum was taken at lo,,,., = 6.1 mm and a power consumption of P» = 10.5 W.

Resolution: 8nm | Baseline correction: 11.3 | Mulitplication: | 1.88
Temperature: | 950K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.17: Lifbase 2.0 settings for p, = 1150 hPa and Ty = 950 K (P, = 10.5 W)

210% T T T T T T
1,5 10%- -
o
=
=
- [=]
L
}.:J 104 He .
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Figure A.18: Column gradient (Tab.A.81) and spectrum (integration time: 100 ms)
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Column gradients for Dy = 3.0 mm, ps = 1290 hPa and I = 25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

b2 I D2 lZmam
in hPa | in mA | in mm | in mm
1290 25 3.0 6.1

The field strength Fs in the positive column was determined from diagram Fig.A.19

between 1.5 and 3 mm.

1% E 1%
Ey=591— 2=0046-—"— T,=950K (A.17)
mm D2 hPa - mm

The spectrum was taken at lo,,,. = 4.5 mm and a power consumption of P» = 9.3 W.

Resolution: 8nm | Baseline correction: 12.8 | Mulitplication: | 1.71
Temperature: | 950K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.18: Lifbase 2.0 settings for po = 1290 hPa and T, = 950 K (P> = 9.3 W)

400, T T T T 210% T T T T T T
350+ ~
1,5 10%- -
300¢ E
=]
5 8
= 250k 4 =110k R
:’N § Hel
i
200~ 4 E OH
3l
510 He | Hel Q1
1501 | H" He |
|
He B d e
100 | | | 0 | | | | |
0 1 2 3 4 5 200 300 400 500 600 700 800 900
d/mm Wavelength / nm

Figure A.19: Column gradient (Tab.A.82) and spectrum (integration time: 100 ms)
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Column gradients for Dy = 3.0 mm, ps = 1430 hPa and I = 25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

b2 I D2 lZmam
in hPa | in mA | in mm | in mm
1430 25 3.0 6.1

The field strength Fs in the positive column was determined from diagram Fig.A.20
between 1.5 and 3 mm.

1% E 1%
Ey=635 — —2=0044-—— T,=950K (A.18)
mm D2 hPa - mm

The spectrum was taken at lo,,,. = 4.5 mm and a power consumption of P» = 9.5 W.

Resolution: 8nm | Baseline correction: 14.3 | Mulitplication: | 1.65
Temperature: | 950K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.19: Lifbase 2.0 settings for p, = 1430 hPa and T = 950 K (P> = 9.5 W)

400, : . . | 210 —— 11— 1T
350+ ~
1,5 10%- -
300¢ E
=
= [=]
[=] [&]
= 250+ 4 =110 -
= % Hel
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d/mm Wavelength / nm

Figure A.20: Column gradient (Tab.A.83) and spectrum (integration time: 100 ms)
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Column gradients for D3 = 2.1 mm, p3 = 400 hPa and I = 25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

p3 I D3 l3ma;t
in hPa | in mA | in mm | in mm
400 25 2.1 6.6

The field strength F3 in the positive column was determined from diagram Fig.A.21
between 2 and 4 mm.

Vv E Vv
E3 =256 — = = 0.064 ——— T3 =425 K (A.19)
mm D3 hPa - mm

The spectrum was taken at l3,,,. = 6.6 mm and a power consumption of Py = 7.3 W.

Resolution: 8nm | Baseline correction: 8.1 | Mulitplication: | 10.8
Temperature: | 425K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.20: Lifbase 2.0 settings for pg = 400 hPa and T3 = 425 K (P3 =7.3 W)

300 T T T T T T 2 ":I" T T T T T T
250~ 4 1,510% —
8
5 Hel
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Figure A.21: Column gradient (Tab.A.84) and spectrum (integration time: 70 ms)
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Column gradients for D3 = 2.1 mm, p3s = 600 hPa and I =25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

p3 I D3 l3mam
in hPa | in mA | in mm | in mm
600 25 2.1 6.6

The field strength F3 in the positive column was determined from diagram Fig.A.22
between 2 and 4 mm.

1% E 1%
E3=318— —2=0053-—— T3=600K (A.20)
mm D3 hPa - mm

The spectrum was taken at l3,,,. = 6.6 mm and a power consumption of P3 = 8.3 W.

Resolution: 9nm | Baseline correction: 6.5 Mulitplication: | 10.5
Temperature: | 600K | Wavelength correction: | -2.5nm | Doppler broad.: | yes

Table A.21: Lifbase 2.0 settings for ps = 600 hPa and T3 = 600 K (P3 = 8.3 W)

350, : - : : - I 210% | T T T T T
300+ -
1,5 10%+ Hal .
[2¢]
&
%- 2501 - 8
> =110 7
>" 2001 . 5
£ Hel
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Figure A.22: Column gradient (Tab.A.85) and spectrum (integration time: 70 ms)
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Column gradients for D3 = 2.1 mm, p3s = 800 hPa and I = 25 mA
Gas: helium

Electrodes: copper
Shielding: Al2O3

p3 I D3 l3mam
in hPa | in mA | in mm | in mm
800 25 2.1 6.6

The field strength F3 in the positive column was determined from diagram Fig.A.23
between 2 and 4 mm.

1% E 1
Ey=410 — =2 =0051 ————  T3=800K (A.21)
mm D3 hPa - mm

The spectrum was taken at l3,,,. = 6.6 mm and a power consumption of P3 = 9.3 W.

Resolution: Tnm | Baseline correction: 9 Mulitplication: | 6.3
Temperature: | 800K | Wavelength correction: | -4.5nm | Doppler broad.: | yes

Table A.22: Lifbase 2.0 settings for ps = 800 hPa and T3 = 800 K (P3 = 9.3 W)

400 T T T T T T 2":'4' T T T T T T
1,5 10%+ =
o
71 E
= 2
=] & Hel
> 4 Z110° 7
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-
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Figure A.23: Column gradient (Tab.A.86) and spectrum (integration time: 70 ms)
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Column gradients for D3 = 2.1 mm, p3 = 1000 hPa and I = 25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

p3 I D3 l3mam
in hPa | in mA | in mm | in mm
1000 25 2.1 6.6

The field strength F3 in the positive column was determined from diagram Fig.A.24

between 2 and 4 mm.

Vv E Vv
FE3=46.1 — == 0.046 ——— T3 = 1050 K (A.22)
mm D3 hPa - mm

The spectrum was taken at l3,,,., = 6.6 mm and a power consumption of P3 = 10.2 V.

Resolution: 9nm | Baseline correction: 12.5 | Mulitplication: | 4.45
Temperature: | 1050K | Wavelength correction: | -bnm | Doppler broad.: | yes

Table A.23: Lifbase 2.0 settings for pg = 1000 hPa and T3 = 1050 K (P; = 10.2 W)

80 ———7—7— 71— 17— 20—
1,5 10%+ =
o
E
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d/mm Wavelength / nm

Figure A.24: Column gradient (Tab.A.87) and spectrum (integration time: 100 ms)
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Column gradients for D3 = 2.1 mm, p3 = 1200 hPa and I = 25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

p3 I D3 l3mam
in hPa | in mA | in mm | in mm
1200 25 2.1 6.6

The field strength F3 in the positive column was determined from diagram Fig.A.25

between 2 and 4 mm.

1% E 1%
Ey=456 — 2 =0038-——— T3=950K (A.23)
mm D3 hPa - mm

The spectrum was taken at [3 = 6.0 mm and a power consumption of P3 = 10.4 W.

Resolution: 8nm | Baseline correction: 17.8 | Mulitplication: | 1.35
Temperature: | 950K | Wavelength correction: | -bnm | Doppler broad.: | yes

Table A.24: Lifbase 2.0 settings for p3 = 1200 hPa and T3 = 950 K (P3 = 10.4 W)
80 ———7—7— 71— 17— 20—

1,510%- .

Intensity / counts
—
&
T

OH Hel
510%
| l HEIHH;EI o
He: |
a0 il 1Y

":ICI | | | | | C' | | | | |

0 1 2 3 4 5 5] 7 200 300 400 500 600 70O 800 900
d/mm Wavelength / nm

Figure A.25: Column gradient (Tab.A.88) and spectrum (integration time: 100 ms)
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Column gradients for D3 = 2.1 mm, p3 = 1300 hPa and I = 25 mA
Gas: helium

Electrodes: copper
Shielding: Al2O3

p3 I D3 lSma;t
in hPa | in mA | in mm | in mm
1300 25 2.1 6.6

The field strength F3 in the positive column was determined from diagram Fig.A.21

between 2 and 4 mm.

1% E 1%
Ey=501— —2-=0039-——— T3=950K (A.24)
mm D3 hPa - mm

The spectrum was taken at [3 = 5.5 mm and a power consumption of P3 = 10.2 W.

Resolution: 8nm | Baseline correction: 15.8 | Mulitplication: | 1.6
Temperature: | 950K | Wavelength correction: | -5nm | Doppler broad.: | yes

Table A.25: Lifbase 2.0 settings for p3 = 1300 hPa and T3 = 950 K (P3 = 10.2 W)

450 T T T ] T 2 lﬂ-l-' T T T T T T
40014
1,5 10%- -
350 "
E
= 300 3
[=] r 7 5]
> =110 7
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d/mm Wavelength / nm

Figure A.26: Column gradient (Tab.A.89) and spectrum (integration time: 100 ms)
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Column gradients for D3 = 2.1 mm, p3 = 1400 hPa and I = 25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

p3 I D3 lSma;t
in hPa | in mA | in mm | in mm
1400 25 2.1 6.6

The field strength F3 in the positive column was determined from diagram Fig.A.27

between 2 and 4 mm.

1% E 1%
E3=508 — 2 =0036-——— T3=950K (A.25)
mm D3 hPa - mm

The spectrum was taken at I3 = 4.75 mm and a power consumption of P3 = 10.1 W.

Resolution: 8nm | Baseline correction: 15 | Mulitplication: | 1.49
Temperature: | 950K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.26: Lifbase 2.0 settings for p3 = 1400 hPa and T3 = 950 K (P3 = 10.1 W)

B ——————7— T 21— 7T
400}
1,5 10°+ —
350; "
E
= 300 3
[=] r 7 5]
> =110 7
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Figure A.27: Column gradient (Tab.A.90) and spectrum (integration time: 100 ms)
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Column gradients for D3 = 2.1 mm, p3 = 1500 hPa and I = 25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

p3 I D3 lSmam
in hPa | in mA | in mm | in mm
1500 25 2.1 6.6

The field strength F3 in the positive column was determined from diagram Fig.A.28

between 2 and 4 mm.
Vv E Vv
E3=535 — 2 =0036-——— T3=950K (A.26)
mm D3 hPa - mm

The spectrum was taken at I3 = 5.5 mm and a power consumption of P3 = 9.8 W.

Resolution: 8nm | Baseline correction: 17 | Mulitplication: | 1.46
Temperature: | 950K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.27: Lifbase 2.0 settings for p3 = 1500 hPa and T3 = 950 K (P3; = 9.8 W)

400 210% T . T 1 r 1
350 -
1,5 10%- -
300 E
=
= [=]
[=] [&]
= 250+ 4 =110 -
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d/mm Wavelength / nm

Figure A.28: Column gradient (Tab.A.91) and spectrum (integration time: 100 ms)
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Column gradients for D3 = 2.1 mm, p3 = 1600 hPa and I = 25 mA

Gas: helium
Electrodes: copper
Shielding: Al2O3

p3 I D3 lSmam
in hPa | in mA | in mm | in mm
1600 25 2.1 6.6

The field strength F3 in the positive column was determined from diagram Fig.A.29

between 1 and 3 mm.
Vv FEs \%

By=610 —  —2-=0038-———  Ty=1000 K A2
s =610 = 0038 L = 1000 (A.27)

The spectrum was taken at [3 = 5.5 mm and a power consumption of P3 = 10.1 W.

Resolution: 8nm | Baseline correction: 17.5 | Mulitplication: | 1.2
Temperature: | 1000K | Wavelength correction: | -4.5nm | Doppler broad.: | yes

Table A.28: Lifbase 2.0 settings for p3 = 1600 hPa and T3 = 1000 K (Ps = 10.1 W)

450, T T T T 210% T T T T T T
400+
10°- -
3501 ;.5 0
=
= 300 3
[=] I [3]
> =110 7
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=] OH
- 1
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Hal Hel I [| Hell | o
il Il 1 i
":IC' C' | | | | |
0 1 2 3 4 5 200 300 400 500 600 700 B0O0 9S00
d/mm Wavelength / nm

Figure A.29: Column gradient (Tab.A.92) and spectrum (integration time: 100 ms)
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A.2 I-V characterisation of similar glow discharges

Table A.29: Overview of all triples of similar discharges for Sec.A.2 (Appendix)

Series | Pressures Raw data | Comparison I-V

p1 = 200 hPa p- 103

1 p2 = 290 hPa p.- 112 p- 130
p3 = 400 hPa p. 121
p1 = 300 hPa p- 104

2 | pp=290hPa | p. 113 p. 131
p3 = 600 hPa p. 122
p1 = 400 hPa p- 105

3 p2 = 570 hPa p. 114 p. 131
p3 = 800 hPa p- 123
p1 = 500 hPa p- 106

4 | pp=T720hPa | p. 115 p. 132
p3 = 1000 hPa | p. 124
p1 = 600 hPa p- 107

5 p2 = 860 hPa p. 116 p.- 132
p3 = 1200 hPa p- 125
p1 = 700 hPa p- 108

6 p2 = 1000 hPa | p. 117 p- 133
p3 = 1400 hPa p. 127
p1 = 800 hPa p- 109

7 | pp=1150 hPa | p. 118 p. 133
p3 = 1600 hPa | p. 129
p1 =900 hPa p- 110

8 p2 = 1290 hPa p. 119 p. 134
p1 = 1000 hPa p. 111

9 p2 = 1430 hPa p- 120 p. 134
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A.2.1 Measurement series with scaling factors a=2 and 1.4

I-V diagram for D; = 4.3 mm, l; = 4.0 mm and p; = 200 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

b1 I Dr 11
in hPa | in mA | in mm | in mm

200 11.5 4.3 4.0

The current I; was determined when the cathode was full covered with negative glow.
The estimated error is +£1 mA.
nA

J
I, =11.5mA = =198 —— T, =475 K A2
1 5m 2 9.8 PaZ 2 1 75 (A.28)

The spectrum was taken at Iy = 11.5 mA and a power consumption of P, = 2.3 W.

Resolution: Tnm | Baseline correction: 13.47 | Mulitplication: 13
Temperature: | 475K | Wavelength correction: | -6nm | Doppler broad.: | yes

Table A.30: Lifbase 2.0 settings for py = 200 hPa and T'= 475 K (P, =23 W)

280 T T 210% T T T T T T
260 - - )
1,510°F -
0
[=
= 240+ 43
[=] [&]
> =110°+ 1
- = Hel
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0 1 =
=]
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200 —
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OH g1 HEl | ")) |01 01
18'3 | | C' | | | | |
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I/ mA Wavelength / nm

Figure A.30: I-V diagram (Tab.A.93) and spectrum (integration time: 200 ms)
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I-V diagram for D; = 4.3 mm, [y = 4.0 mm and p; = 300 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

p1 I D4 l1
in hPa | in mA | in mm | in mm

300 28.3 4.3 4.0

The current I; was determined when the cathode was full covered with negative glow.

The estimated error is &2 mA.
nA

J
I, =28. A =216 —— Ty =450 K A2
1=283m 7 6 P 2 1 50 (A.29)

The spectrum was taken at I;1 = 28.3 mA and a power consumption of P, = 5.9 W.

Resolution: 6nm | Baseline correction: 9.0 | Mulitplication: 18
Temperature: | 450K | Wavelength correction: | -6nm | Doppler broad.: | yes

Table A.31: Lifbase 2.0 settings for py = 300 hPa and T' = 450K (P =5.9 W)

240, : 1 210 1T
235/- .
230+ 4 1,510% -
225/ .

220 . 110°- R

Vo Valt
Intensity / counts

215+
. 3
210 510 Hell Hetf |
al
IRk
/-

200 | | 0 | | | | |
0 50 100 150 200 300 400 500 600 70O 800 900

I/ mA Wavelength / nm

l
=]
L

b

3

205

Figure A.31: I-V diagram (Tab.A.94) and spectrum (integration time: 200 ms)
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I-V diagram for D; = 4.3 mm, [y = 4.0 mm and p; = 400 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

P1 I D1 I
in hPa | in mA | in mm | in mm
400 40 4.3 4.0

The current I; was determined when the cathode was full covered with negative glow.

The estimated error is &3 mA.

: A
I =400mA =172 Ty =300 K (A.30)

p? hPa? - mm?

The spectrum was taken at I = 40.0 mA and a power consumption of P, = 9.1 W.

Resolution: Tnm | Baseline correction: 8 Mulitplication: | 7.2
Temperature: | 300K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.32: Lifbase 2.0 settings for py = 400 hPa and T'= 300 K (P; = 9.1 W)

260, . 1 2 10% T T T T T T
250
1,5 10%- -
240} E He |
=
3 8
3 230+ Z110% N
=" §
[3F]
220+ E
3|
510 Hel Ho | o)
210+ B OH ail [He
O I IR
Eﬂﬂ | | C' | | | | |
4] &0 100 150 200 300 400 500 600 70O 800 900
I/ mA Wavelength / nm

Figure A.32: I-V diagram (Tab.A.95) and spectrum (integration time: 120 ms)
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I-V diagram for D; = 4.3 mm, [y = 4.0 mm and p; = 500 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

p1 I D4 l1
in hPa | in mA | in mm | in mm

500 60 4.3 4.0

The current I; was determined when the cathode was full covered with negative glow.
The estimated error is 5 mA.

: A
I = 60.0 mA ;}% = 16.5 m Ty =775 K (A.31)
1

The spectrum was taken at /1 = 60.0 mA and a power consumption of P, = 14.0 W.

Resolution: 8nm | Baseline correction: 6.5 Mulitplication: | 4.6
Temperature: | 775K | Wavelength correction: | -4.5nm | Doppler broad.: | yes

Table A.33: Lifbase 2.0 settings for p; = 500 hPa and T'= 775 K (P, = 14.0 W)

280 210% T T T T T T

270

260} 1,510%F i

250

4

240+ 110% - .

Vo Valt
Intensity / counts

230 Hell

220 510%- OH Hell o1

HI[ [Heal
ol

210~ - Hal Hel
|

= L I J.l__

200 | | 0 | | | | |
0 50 100 150 200 300 400 500 600 70O 800 900

I/ mA Wavelength / nm

Figure A.33: I-V diagram (Tab.A.96) and spectrum (integration time: 120 ms)
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I-V diagram for D; = 4.3 mm, [y = 4.0 mm and p; = 600 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

P1 I D1 I
in hPa | in mA | in mm | in mm
600 80 4.3 4.0

The current I; was determined when the cathode was full covered with negative glow.

The estimated error is &5 mA.

: A
I = 80.0 mA ;}% = 15.3 m T =875 K (A.32)
1

The spectrum was taken at I; = 80.0 mA and a power consumption of P, = 18.7 W.

Resolution: 7nm | Baseline correction: 6.8 Mulitplication: | 15.7
Temperature: | 875K | Wavelength correction: | -4.5nm | Doppler broad.: | yes

Table A.34: Lifbase 2.0 settings for p; = 600 hPa and T'= 875 K (P, = 18.7 W)

300 T T 210% T T T T T T
280 - ) Hel
1,510°F -
0
=
— 260+ 3
[=] [&]
> =110°+ 1
=" ook &
= He|l
5107 Hell €1
220~ e |
OH bal  Hel HEETET o
L ? UL f
Eﬂﬂ | | C' | | | | |
0 a0 100 150 200 300 400 500 600 70O 800 S00
I/ mA Wavelength / nm

Figure A.34: I-V diagram (Tab.A.97) and spectrum (integration time: 120 ms)
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1I-V diagram for D; = 4.3 mm, [y = 4.0 mm and p; = 700 hPa
Gas: helium

Electrodes: copper
Shielding: Al2O3

p1 I D4 l1
in hPa | in mA | in mm | in mm

700 110 4.3 4.0

The current I; was determined when the cathode was full covered with negative glow.
The estimated error is +10 mA.
nA

1

The spectrum was taken at I; = 110.0 mA and a power consumption of P, = 25.9 W.

Resolution: 8nm | Baseline correction: 6.6 | Mulitplication: | 6.6
Temperature: | 900K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.35: Lifbase 2.0 settings for p; = 700 hPa and T'= 900 K (P, = 25.9 W)

320, I 1 210% T T T T T T
300+
1,510°- L -
0
[=
~ 280~ 3
[=] [&]
= =110°F He | _
>" ook g
=]
510°} Hell ©!
240 OH H
L Hel He| l Hell | o)
| ] | 1
22[:' | | | C' | | | | |
0 a0 100 150 200 300 400 500 600 70O 800 S00
I/ mA Wavelength / nm

Figure A.35: I-V diagram (Tab.A.98) and spectrum (integration time: 80 ms)
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I-V diagram for D; = 4.3 mm, [y = 4.0 mm and p; = 800 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

p1 I D4 l1
in hPa | in mA | in mm | in mm
800 140 4.3 4.0

The current I; was determined when the cathode was full covered with negative glow.

The estimated error is &=10mA.

J1 nA
L1 =14 A =151 ————— T =1100 K A.34
= MomA G =15 ppat s Ti= 1100 (A3)

The spectrum was taken at /1 = 140.0 mA and a power consumption of P; = 32.7 W.

Resolution: 8nm | Baseline correction: 6.9 Mulitplication: | 6.8
Temperature: | 1100K | Wavelength correction: | -4.5nm | Doppler broad.: | yes

Table A.36: Lifbase 2.0 settings for p; = 800 hPa and T'= 1100 K (P, = 32.7 W)

320 210% | : T T T T
300} )
1,5 107 Hel -
1]
[ =
_ 280+ a Hel
[=] [&]
> =110°+ 1
>" ook 5
= Hi | 1
5 10% 9
240 OH HI
LHGI He | He ll |
Lo L |
22[:' | | C' | | | | |
4] &0 100 150 200 300 400 500 600 70O 800 900
I/ mA Wavelength / nm

Figure A.36: I-V diagram (Tab.A.99) and spectrum (integration time: 60 ms)
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I-V diagram for D; = 4.3 mm, [y = 4.0 mm and p; = 900 hPa
Gas: helium

Electrodes: copper
Shielding: Al2O3

p1 I D4 l1
in hPa | in mA | in mm | in mm

900 150 4.3 4.0

The current I; was determined when the cathode was full covered with negative glow.

The estimated error is &= — mA.

_ n____nd _
Il = mA p% = hPCL2 ] mm2 T1 =1150 K (A35)

The spectrum was taken at I; = 150.0 mA and a power consumption of P, = 34.2 W.

Resolution: 8nm | Baseline correction: 7.5 Mulitplication: | 11.4
Temperature: | 1150K | Wavelength correction: | -4.5nm | Doppler broad.: | yes

Table A.37: Lifbase 2.0 settings for p; = 900hPa and T' = 1150K (P} = 34.2W)

320 210% . T T T T T
300} )
1,510°- -
g Hell Hel
= 2B0- 3
[=] [&]
> =110°+ 1
>" 20l g
=]
He |
5107} "1 o
240+ "
OH Hel Hel Hall o
1 1 | I
22[:' | | | C' | | | | |
4] &0 100 150 200 300 400 500 600 70O 800 900
I/ mA Wavelength / nm

Figure A.37: I-V diagram (Tab.A.100) and spectrum (integration time: 60 ms)
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I-V diagram for D; = 4.3 mm, l; = 4.0 mm and p; = 1000 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

p1 I D4 l1
in hPa | in mA | in mm | in mm

1000 150.0 4.3 4.0

The current I; was determined when the cathode was full covered with negative glow.
The estimated error is + — mA.

_ n____nd _
Il = mA p% = hPCL2 ] mm2 T1 =1150 K (A36)

The spectrum was taken at /1 = 150.0 mA and a power consumption of P; = 34.8 W.

Resolution: 8nm | Baseline correction: 7.5 | Mulitplication: | 11.5
Temperature: | 1150K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.38: Lifbase 2.0 settings for p; = 1000 hPa and T' = 1150 K (P, = 34.8 W)

320, . 1 2 10% T T T T T T
300+ ~
1,5 10%- —
280/ < He|l
=
3 8
> 260} 4 Z110°h = .
=" @
[3F]
240~ -~ £
3
5107 He | o
280+- - |
OH Hel Hel H| He |
A .___Ll. |e| 0.'
Eﬂﬂ | | C' | | | | |
0 50 100 150 200 300 400 500 600 70O 800 900
I/ mA Wavelength / nm

Figure A.38: I-V diagram (Tab.A.101) and spectrum (integration time: 60 ms)
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I-V diagram for Dy = 3.0mm, lo = 2.8mm and ps = 290 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

D2 I Do lo
in hPa | in mA | in mm | in mm
290 12 3.0 2.8

The current Is was determined when the cathode was full covered with negative glow.

The estimated error is &1 mA.
nA

I, =12.0mA j}% =202 25— =325K (A.37)
2

The spectrum was taken at Iy = 12.0 mA and a power consumption of P, = 2.2 W.

Resolution: Tnm | Baseline correction: 7 Mulitplication: 19
Temperature: | 325K | Wavelength correction: | -5nm | Doppler broad.: | yes

Table A.39: Lifbase 2.0 settings for po = 290 hPa and T'= 325 K (P, =22 W)

240, : 1 210 1T
230 - Hel
1,5 10%- -
220} £
=
= [=]
[=] [&]
> 210 1 Z110%- i
=" §
[3F]
200} 4 E He |
5 107 Hel He |
190 - al
OH Hel He | HI ‘ | ol
b I | " 1
180 | | 0 | | | | |
0 a0 100 150 200 300 400 500 600 70O 800 S00
I/ mA Wavelength / nm

Figure A.39: I-V diagram (Tab.A.102) and spectrum (integration time: 150ms)
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I-V diagram for Dy = 3.0mm, lo = 2.8mm and ps = 430 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

D2 Ir Do ly
in hPa | in mA | in mm | in mm

430 26 3.0 2.8

The current Is was determined when the cathode was full covered with negative glow.

The estimated error is &5 mA.
nA

I, = 26.0 mA j}% =199 s T =350 K (A.38)
2

The spectrum was taken at Iy = 26.0 mA and a power consumption of P, = 5.2 W.

Resolution: Tnm | Baseline correction: 6.8 | Mulitplication: 16
Temperature: | 350K | Wavelength correction: | -5nm | Doppler broad.: | yes

Table A.40: Lifbase 2.0 settings for po = 430 hPa and T'= 350 K (P, =52 W)

240, : 1 210 1T
230+ ~ He |
1,5 10%- -
220} E
=
= [=]
[=] [&]
> 210 1 Z110%- i
=" §
[3F]
200+ 4 E He |
5107} He |l ol
190+~ — HI Ha |
OH He |
He | (o]
et J | !
18'3 | | C' | | | | |
4] 50 100 150 200 300 400 500 600 70O 800 900
I/ mA Wavelength / nm

Figure A.40: I-V diagram (Tab.A.103) and spectrum (integration time: 125ms)
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I-V diagram for Dy = 3.0mm, lo = 2.8mm and ps = 570 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

D2 Ir Do ly
in hPa | in mA | in mm | in mm

570 50 3.0 2.8

The current Is was determined when the cathode was full covered with negative glow.

The estimated error is &1 mA.

J2 nA
I, = 50. A = =218 ———— T =410 K A.
2 =950.0m p% 8 S PaZ -2 2 0 (A.39)

The spectrum was taken at Iy = 50.0 mA and a power consumption of P, = 10.5 W.

Resolution: Tnm | Baseline correction: 6.5 | Mulitplication: | 12.6
Temperature: | 410K | Wavelength correction: | -bnm | Doppler broad.: | yes

Table A.41: Lifbase 2.0 settings for po = 570 hPa and T' = 410 K (P, = 10.5 W)

250 . 1 2 10% T T T T T T
240+ He |
1,5 10%- -
230 2
=
3 8
= 290k =110 -
=" E
& He |
210F- = He | ol
5107}
<00 OH wer | H4
Hel M | ol
|- A ns I
19'3 | | C' | | | | |
0 a0 100 150 200 300 400 500 600 70O 800 S00
I/ mA Wavelength / nm

Figure A.41: I-V diagram (Tab.A.104) and spectrum (integration time: 120ms)
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I-V diagram for Dy = 3.0mm, lo = 2.8mm and ps = 720 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

D2 Ir Do ly
in hPa | in mA | in mm | in mm

720 60 3.0 2.8

The current Is was determined when the cathode was full covered with negative glow.
The estimated error is +10 mA.

: A
IL=600mA  22-164— T = 400 K (A.40)

p3 hPa? - mm?

The spectrum was taken at Iy = 60.0 mA and a power consumption of P, = 12.7 W.

Resolution: Tnm | Baseline correction: 6.5 | Mulitplication: | 13.6
Temperature: | 400K | Wavelength correction: | -bnm | Doppler broad.: | yes

Table A.42: Lifbase 2.0 settings for po = 720 hPa and T' = 400 K (P, = 12.7 W)

270 . 1 2 10% T T T T T T

2601

2501 1,510%F i

2401

1104+ -

230+
Hel Hel

V_ Vot

Intensity / counts

220+

210} 5107
HI[ [Hal

OH pa)  Hel ol

200}

190 | | 0 | | | | |
0 50 100 150 200 300 400 500 600 70O 800 900

I/ mA Wavelength / nm

Figure A.42: I-V diagram (Tab.A.105) and spectrum (integration time: 100ms)
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I-V diagram for Dy = 3.0mm, lo = 2.8mm and ps = 860 hPa
Gas: helium

Electrodes: copper
Shielding: Al2O3

D2 I Do lo
in hPa | in mA | in mm | in mm
860 85 3.0 2.8

The current Is was determined when the cathode was full covered with negative glow.

The estimated error is =10 mA.

' A
I, = 85.0 mA j}% = 16.3 hPa;’. s T =T00K (A.41)
2

The spectrum was taken at Iy = 85.0 mA and a power consumption of P, = 17.4 W.

Resolution: Tnm | Baseline correction: 6.5 | Mulitplication: | 20.7
Temperature: | T00K | Wavelength correction: | -bnm | Doppler broad.: | yes

Table A.43: Lifbase 2.0 settings for po = 860 hPa and T'= 700 K (P, =174 W)

280 T T 210% T T T T T T
2601 1 1510° Hel .
0
[=
= 3
o 240+ =
> =110°+ 1
= % Hell
220 4 E Hel
5 10% o
HI| |Hel
200/ on Hel Hel L]] | o
[ A4 1
| | ﬂl | | | | |
0 a0 100 150 200 300 400 500 600 7OO 800 200
I/ mA Wavelength / nm

Figure A.43: I-V diagram (Tab.A.106) and spectrum (integration time: 40ms)
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I-V diagram for Dy = 3.0mm, lo = 2.8mm and ps = 1000 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

D2 I Do lo
in hPa | in mA | in mm | in mm
1000 110 3.0 2.8

The current Is was determined when the cathode was full covered with negative glow.

The estimated error is =10 mA.

J2 nA
I, = 110. A = =15. T = K A.42
2 0.0 m 22 5.6 P m? 5 =900 ( )

The spectrum was taken at Iy = 110.0 mA and a power consumption of P, = 20.8 W.

Resolution: Tnm | Baseline correction: 6.5 | Mulitplication: 22
Temperature: | 900K | Wavelength correction: | -5nm | Doppler broad.: | yes

Table A.44: Lifbase 2.0 settings for po = 1000 hPa and T' = 900 K (P> = 20.8 W)

300, . 1 2 10% T T T T T T
Hel
2804 )
1,510°F -
0
g
% 260+ 8 Hel
> =110°+ 1
o &= He |
:_.,. [75]
240 I E ol
=]
5107}
220+ HIl THe
oH Hel Hel ‘ ol
' J ne |
Eﬂﬂ | | C' | | | | |
0 a0 100 150 200 300 400 500 600 70O 800 S00
I/ mA Wavelength / nm

Figure A.44: I-V diagram (Tab.A.107) and spectrum (integration time: 100ms)



118 APPENDIX A. MEASURED RAW-DATA

I-V diagram for Dy = 3.0mm, lo = 2.8mm and ps = 1150 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

D2 I Do lo
in hPa | in mA | in mm | in mm
1150 150 3.0 2.8

The current Is was determined when the cathode was full covered with negative glow.

The estimated error is =10 mA.
nA

J2
I, = 150. A = =160 ———— To =1100 K A4
2 =150.0 m 2 6.0 Pz 2 2 00 (A.43)

The spectrum was taken at Is = 150.0 mA and a power consumption of Py = 32.7 W.

Resolution: Tnm | Baseline correction: 6.2 | Mulitplication: | 4.8
Temperature: | 1100K | Wavelength correction: | -5nm | Doppler broad.: | yes

Table A.45: Lifbase 2.0 settings for po = 1150 hPa and T' = 1100 K (P, = 32.7 W)

300 210% . T T T T T
ag0k Hel
1,510%- Hal -
0
=
= 260 2
[=] [%]
= — ol
=~ _;-1 10*H He | 7]
= 240 % HI
E
510°+- OH
2201 HTI "j" Hell o
Eﬂﬂ | | C' | | ‘I | |
0 50 100 150 200 300 400 500 600 700 B0O0 9S00
I/ mA Wavelength / nm

Figure A.45: I-V diagram (Tab.A.108) and spectrum (integration time: 70ms)
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I-V diagram for Dy = 3.0mm, lo = 2.8mm and ps = 1290 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

D2 Ir Do ly
in hPa | in mA | in mm | in mm

1290 150 3.0 2.8

The current Is was determined when the cathode was full covered with negative glow.
The estimated error is + — mA.

_ o nA _
Iy =—mA 2= P T, = 1200 K (A.44)

The spectrum was taken at Iy = 150.0 mA and a power consumption of P, = 32.0 W.

Resolution: Tnm | Baseline correction: 6.2 | Mulitplication: | 13.9
Temperature: | 1200K | Wavelength correction: | -5nm | Doppler broad.: | yes

Table A.46: Lifbase 2.0 settings for po = 1290 hPa and T' = 1200 K (P, = 32.0 W)

320, . 1 2 10% T T T T T T
300+
1510°+ He | =
280" 2
5 Hel
= [=]
2 <0t
H-..N 260+~ ;—. 1107+ He | =1
= % o
240}- = :
5107 HI
- He |
220 oH Hel He | ol
| I, | . 4L A |
Eﬂﬂ | | C' | | | | |
0 50 100 150 200 300 400 500 600 70O 800 900
I/ mA Wavelength / nm

Figure A.46: I-V diagram (Tab.A.109) and spectrum (integration time: 50ms)
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I-V diagram for Dy = 3.0mm, lo = 2.8mm and ps = 1430 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

D2 I Do lo
in hPa | in mA | in mm | in mm
1430 150 3.0 2.8

The current Is was determined when the cathode was full covered with negative glow.
The estimated error is + — mA.

_ B___ nA _
Iy =—mA 2= WP Ty = 1050 K (A.45)

The spectrum was taken at I = 150.0 mA and a power consumption of Py = 32.7 W.

Resolution: Tnm | Baseline correction: 5.5 | Mulitplication: | 15.8
Temperature: | 1050K | Wavelength correction: | -5nm | Doppler broad.: | yes

Table A.47: Lifbase 2.0 settings for po = 1430 hPa and T' = 1050 K (P, = 32.7 W)

320 210%; I . I 1 r 1
300- He |
1,5 10°+ ™ —
[+]
280" E
=
5 8 a |
= 260+ Z110% = |
=" E
240+ £ !
5107} HI
He: |
220+ He |
OH Hea | J | ol
I, ol ]
Eﬂﬂ | | C' | | | | |
0 50 100 150 200 300 400 500 600 70O 800 900
I/ mA Wavelength / nm

Figure A.47: I-V diagram (Tab.A.110) and spectrum (integration time: 40ms)
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I-V diagram for D3 = 2.1mm, I3 = 1.95mm and p3 = 400 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

P3 I3 D3 I3
in hPa | in mA | in mm | in mm
400 13 2.1 1.95

The current I3 was determined when the cathode was full covered with negative glow.

The estimated error is &2 mA.

J2 nA
I3 =13. A = =235 ——— T3 = K A4
3 3.0m 2 3.5 a2 5 =305 (A.46)

The spectrum was taken at I3 = 13.0 mA and a power consumption of P3 = 2.5 W.

Resolution: 8nm | Baseline correction: 7.5 | Mulitplication: | 17.6
Temperature: | 305K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.48: Lifbase 2.0 settings for p3 = 400 hPa and T'= 305 K (P3 =2.5 W)

240 T T 210% T T T T T T
230 -
1,5 10%- oy -
220¢ E
=
= 5]
=] &
> 210 1 Z110%- i
=" E
@
200~ -~ £
3| He |
510 ™ al
190+ B He |
OH Hei Hel | H
i B | wh
180 | | 0 | | | | |
0 a0 100 150 200 300 400 500 600 70O 800 S00
I/ mA Wavelength / nm

Figure A.48: I-V diagram (Tab.A.111) and spectrum (integration time: 100ms)
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I-V diagram for D3 = 2.1mm, I3 = 1.95mm and p3 = 600 hPa
Gas: helium

Electrodes: copper
Shielding: Al2O3

P3 I3 D3 I3
in hPa | in mA | in mm | in mm
600 23 2.1 1.95

The current I3 was determined when the cathode was full covered with negative glow.

The estimated error is &3 mA.

; A
I=230mA 23 —184 " Ty =430 K (A.47)

p3 hPa? - mm?

The spectrum was taken at I3 = 23.0 mA and a power consumption of P3 = 4.6 W.

Resolution: 8nm | Baseline correction: 8.5 Mulitplication: | 6.5
Temperature: | 430K | Wavelength correction: | -4.3nm | Doppler broad.: | yes

Table A.49: Lifbase 2.0 settings for ps = 600 hPa and T' = 430 K (P3 = 4.6 W)

240, : 1 ) 20—
230
1,5 10°+ —
220; 2
= E He |
> 210 1 Z110%- i
=" §
[3F]
200~ 4 E
5":'3. He |
He l al
190+ - OH HI
LHHI He | l He | ol
N 19
18'3 | | C' | | | | |
0 50 100 150 200 300 400 500 600 70O 800 900
I/ mA Wavelength / nm

Figure A.49: I-V diagram (Tab.A.112) and spectrum (integration time: 100ms)
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I-V diagram for D3 = 2.1mm, I3 = 1.95mm and p3 = 800 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

P3 I3 Dy I3
in hPa | in mA | in mm | in mm
800 30 2.1 1.95

The current I3 was determined when the cathode was full covered with negative glow.

The estimated error is &7 mA.

J3 nA
I3 = 30. A = =135 ——7F--—7—"— T3 = K A4
3 =30.0m p% 3.5 S PaZ -2 5 =550 (A.48)

The spectrum was taken at I3 = 30.0 mA and a power consumption of P3 = 6.3 W.

Resolution: 8nm | Baseline correction: 7.5 | Mulitplication: | 2.85
Temperature: | 550K | Wavelength correction: | -4nm | Doppler broad.: | yes

Table A.50: Lifbase 2.0 settings for ps = 800 hPa and T' = 550 K (P3 = 6.3 W)

240, : 1 210 1T
230 -
1,510%- Hal -
220} £
=
3 8
> 210 1 Z110%- i
=" E
200 4 E OH Hel
Hel ol
5107 Hl
190+ - He |
Hat el l I ol
L ]
180 | | 0 | | | | |
0 a0 100 150 200 300 400 500 600 70O 800 S00
I/ mA Wavelength / nm

Figure A.50: I-V diagram (Tab.A.113) and spectrum (integration time: 100ms)
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I-V diagram for D3 = 2.1mm, l3 = 1.95mm and p3 = 1000 hPa
Gas: helium

Electrodes: copper
Shielding: Al2O3

P3 I3 D3 I3
in hPa | in mA | in mm | in mm
1000 50 2.1 1.95

The current I3 was determined when the cathode was full covered with negative glow.

The estimated error is &7 mA.

J3 nA
I3 = 50. A ==144 —— T3 = K A4
3 =950.0m p% S PaZ -2 5 =650 (A.49)

The spectrum was taken at I3 = 50.0 mA and a power consumption of P3 = 10.5 W.

Resolution: 8nm | Baseline correction: 6.7 | Mulitplication: | 10.7
Temperature: | 650K | Wavelength correction: | -bnm | Doppler broad.: | yes

Table A.51: Lifbase 2.0 settings for pg = 1000 hPa and T' = 650 K (P3 = 10.5 W)

260, . 1 2 10% T T T T T T
250¢
Hel
1,5 10%- -
240 o
=
S 230 3
[=] I [3]
> =110°+ 1
=" 220} g
E He He | ol
210+ 5 16°|
HI IHe
H 2]
200+ OH het  He! l ‘ ol
'. | A 1 |
19'3 | | C' | | | | |
0 a0 100 150 200 300 400 500 600 70O 800 S00
I/ mA Wavelength / nm

Figure A.51: I-V diagram (Tab.A.114) and spectrum (integration time: 100ms)
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I-V diagram for D3 = 2.1mm, l3 = 1.95mm and p3 = 1200 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

P3 I3 D3 I3
in hPa | in mA | in mm | in mm
1200 70 2.1 1.95

The current I3 was determined when the cathode was full covered with negative glow.

The estimated error is =10 mA.

J3 nA
I3 = 70. A ==140 ——— T3 =920 K A.
3="70.0m 2 0 Pz 2 5 =920 (A.50)

The spectrum was taken at I3 = 70.0 mA and a power consumption of P3 = 13.9 W.

Resolution: 6nm | Baseline correction: 6.9 Mulitplication: 18
Temperature: | 920K | Wavelength correction: | -5.5nm | Doppler broad.: | yes

Table A.52: Lifbase 2.0 settings for pg = 1200 hPa and T' = 920 K (P; = 13.9 W)

260, . 1 2 10% T T T T T T
2501}
He |
1,5 10%- -
240} -
E
s 230+ 3
2 = 10
= =1107- He 1 ]
= 220~ % He |
= 0l
210 5 10°|
HIt [He
200+ OH Hei el l ‘ ol
| | AU ]
19'3 | | C' | | | | |
4] &0 100 150 200 300 400 500 600 70O 800 900
I/ mA Wavelength / nm

Figure A.52: I-V diagram (Tab.A.115) and spectrum (integration time: 100ms)
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I-V diagram for D3 = 2.1mm, l3 = 1.95mm and p3 = 1300 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

b3

I3 D3 I3

in hPa | in mA | in mm | in mm

1300

80 21 1.95

The current I3 was determined when the cathode was full covered with negative glow.
The estimated error is +10 mA.

L=80.0mA 23 —137

nA
p3 hPa? - mm?

T35 =750 K

The spectrum was taken at I3 = 80.0 mA and a power consumption of P3 = 15.8 W.

(A51)

Resolution:

8nm

Baseline correction: 5.8

Mulitplication: | 16.2

Temperature

1| 750K

Wayvelength correction: | -4nm

Doppler broad.:

yes

Table A.53: Lifbase 2.0 settings for p3 = 1300 hPa and T' = 750 K (P3 = 15.8 W)

270

2601

2501

2401

2301

V_ Vot

220+

210}

200}

190

Figure A.53

50

T 210% T T T T T
He |
1,510%- -
0
[=
=
=1
L&)
=110 Hel He | N
% o)
oz
=]
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| .| |
i 0 i i i i i
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I/ mA

: IV diagram (Tab.A.116) and spectrum (integration time: 50ms)

Wavelength / nm
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I-V diagram for D3 = 2.1mm, l3 = 1.95mm and p3 = 1400 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

127

b3

I3 D3

I3

in hPa | in mA | in mm | in mm

1400

110 21

1.95

The current I3 was determined when the cathode was full covered with negative glow.
The estimated error is +20 mA.

L=1100mA 5 —162

nA
p3 hPa? - mm?

T3 = 1050 K

(A.52)

The spectrum was taken at I3 = 110.0 mA and a power consumption of Py = 22.0 W.

Resolution:

8nm

Baseline correction: 6.2

Mulitplication:

19

Temperature:

1050K

Wavelength correction: | -4.5nm

Doppler broad.:

yes

Table A.54: Lifbase 2.0 settings for p3 = 1400 hPa and T = 1050 K (P3 = 22.0 W)

270

2601

2501

2401

230+

V_ Vot

220+

210}

200}

190

50

T 210% T T T T T
1,5 10-‘._ Hal |
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[=
3
5] He |
=110% a
F He |
=
&
£ 0l
5 107
et | | |Hel
He |
OH .I | ol
N | | A acl, |
i 0 i i i i i
100 150 200 300 400 500 600 70O 800 S00

I/ mA

Wavelength / nm

Figure A.54: I-V diagram (Tab.A.117) and spectrum (integration time: 50ms)
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I-V diagram for D3 = 2.1mm, l3 = 1.95mm and p3 = 1500 hPa

Gas: helium

Electrodes:

copper

Shielding: Al2O3

P3 I3 D3 I3
in hPa | in mA | in mm | in mm
1500 150 2.1 1.95

The current I3 was determined when the cathode was full covered with negative glow.
The estimated error is +10 mA.

Is = 150.0 mA

J3
2192

p3 hPa? - mm?

nA

T3 = 1050 K

(A.53)

The spectrum was taken at I3 = 150.0 mA and a power consumption of P3 = 29.9 W.

Resolution:

8nm

Baseline correction:

6.5 | Mulitplication:

19.2

Temperature:

1050K

Wavelength correct

ion: | -5nm | Doppler broad.:

yes

Table A.55: Lifbase 2.0 settings for ps = 1500 hPa and T' = 1050 K (P3 = 29.9 W)

V_[Valt
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I-V diagram (Tab.A.118) and spectrum (integration time: 50ms)
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I-V diagram for D3 = 2.1mm, l3 = 1.95mm and p3 = 1600 hPa

Gas: helium
Electrodes: copper
Shielding: Al2O3

P3 I3 D3 I3
in hPa | in mA | in mm | in mm
1600 150 2.1 1.95

The current I3 was determined when the cathode was full covered with negative glow.
The estimated error is + — mA.

J3 nA
Is=—mA S=—-——— T3=1 K A.54
’ " 3 hPa? - mm? 3 050 (A-54)

The spectrum was taken at I3 = 150.0 mA and a power consumption of P3 = 29.9 W.

Resolution: 8nm | Baseline correction: 6.9 Mulitplication: 22
Temperature: | 1050K | Wavelength correction: | -4.5nm | Doppler broad.: | yes

Table A.56: Lifbase 2.0 settings for p3 = 1600 hPa and T' = 1050 K (P3 = 29.9 W)

270 . 1 2 10% T T T T T T
260

1,5107- Ty .

2501~
240 - Hal

230+ 110°- He | .

V_ Vot

ol

Intensity / counts

220+

210} 5107 HI

200}

0
i.’.-I ] el |

190 | | 0 | ) | | | |
0 50 100 150 200 300 400 500 600 70O 800 900

I/ mA Wavelength / nm

Figure A.56: I-V diagram (Tab.A.119) and spectrum (integration time: 50ms)
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A.2.2 Comparison of similar DC glow discharges (I-V)

280
===[1=4.3mm - p1=200hPa

==-D2=3.0mm - a=1.4
agp|=*-D3=2.1mm - a=2.0 |

240

VMol

220

200

180

150

|/ mA

Figure A.57: Comparison of three similar discharges: p; = 200 hPa
(Fig.A.30, Fig.A.39 and Fig.A.48)



A.2. IV CHARACTERISATION OF SIMILAR GLOW DISCHARGES

VMol

Figure A.58: Comparison of three similar discharges: p; = 300 hPa

VMol

Figure A.59: Comparison of three similar discharges: p; = 400 hPa

280

=e=D1=4.3mm - p1=300hPa
==-D2=3.0mm - a=1.4
=+-D03=2.1mm - a=2.0

260+

240

220 S

450K
S0k i"”‘
200 3_1—-&---—--#"“’.;

e g =

430K

180 : '
0 50 100

I/ ma,

(Fig.A.31, Fig.A.40 and Fig.A.49)

280

=e=[1=4.3mm - p1=400hPa
=c=-D2=3.0mm - a=1.4
=+-D3=2.1mm - a=2.0

150

(Fig.A.32, Fig.A.41 and Fig.A.50)
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280 —a—D1=4.3mm - p1=500hPa
=e=-D2=3.0mm - a=1.4
=+-D3=2.1mm - a=2.0

260 -

. 2401
=]
-
= 220

200+

180 ' '

0 50 100 150

I/ ma,

Figure A.60: Comparison of three similar discharges: p; = 500 hPa
(Fig.A.33, Fig.A.42 and Fig.A.51)

300

=a—D1=4.3mm - p1=600hPa
=e=-D2=3.0mm - a=1.4
=+-D3=2.1mm - a=2.0

280

260

240

VMol

220

200

180

Figure A.61: Comparison of three similar discharges: p; = 600 hPa
(Fig.A.34, Fig.A .43 and Fig.A.52)
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320 =a—[1=4.3mm - p1=7F00hPa
=e=-D2=3.0mm - a=1.4
300 =+-D3=2.1mm - a=2.0
280+
s 260
-
= 2401
220
. e S
» e e e
200 1050K
180 ' '
0 50 100 150
|/ ma

Figure A.62: Comparison of three similar discharges: p; = 700 hPa

(Fig.A.35, Fig.A.44 and Fig.A.54)

320

300

280

260

VMol

240

220

200

180

Figure A.63: Comparison of three similar discharges: p; = 800 hPa

—a—D1=4.3mm - p1=800hPa
=e=-D2=3.0mm - a=1.4
=+-D3=2.1mm - a=2.0

(Fig.A.36, Fig.A.45 and Fig.A.56)
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320

—a—D1=4.3mm - p1=800hPa
% =e=-D2=3.0mm - a=1.4
300 =

280

VMol

240}

220

200

180 : '

I/ ma,

Figure A.64: Comparison of two similar discharges: p; = 900 hPa
(Fig.A.37 and Fig.A.46)

320X T=-Di=4.3mm- pi=1000nPa
v & —-D2=3.0mm - a=1.4
300 -.\ =
\
230 - l\ -
™\
% Eﬁo - \-\ —
=
- . 1150K
= 240+ ! L h
S g -
2201 S
1050K
200} -
180 : '
0 50 100 150
|/ mA

Figure A.65: Comparison of two similar discharges: p; = 1000 hPa
(Fig.A.37 and Fig.A.47)



A.3. MEASUREMENT-TABLES FOR SEC.3.1, SEC.A.1 AND SEC.A.2

A.3 Measurement-tables for Sec.3.1, Sec.A.1 and Sec.A.2

A.3.1 Tables for Sec.3.1 - Investigations on breakdown voltages

Table A.57: Raw-data for Fig.3.4 in Sec.3.1.1

pd Vi
in hPamm | in Volt
91.52 239.00
140.80 266.00
227.92 300.00
256.96 313.00
440.00 354.00
882.64 436.00
1764.40 565.00
2640.00 681.00
3581.60 799.00
4400.00 893.00
5306.40 987.00
6177.60 1070.00
7066.40 1154.00
7928.80 1242.00
8800.00 1326.00
9680.00 1399.00
10560.00 1480.00
11440.00 1567.00
12320.00 1641.00
13200.00 1723.00
14080.00 1802.00
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Table A.58: Raw-data for Fig.3.5 in Sec.3.1.2 (p = 50 hPa)

pd Vi
in hPamm | in Volt
61.68 180.00
86.35 188.00
111.02 198.00
135.69 208.00
160.36 218.00
185.03 228.00
209.70 236.00
234.37 248.00
259.05 258.00
283.72 268.00
308.39 278.00
333.06 288.00
357.73 298.00
382.40 306.00
392.27 310.00

Table A.59: Raw-data for Fig.3.5 in Sec.3.1.2 (p = 200 hPa)

pd Vi
in hPamm | in Volt
182.00 49.34
228.00 148.03
270.00 246.71
444.08 345.39
542.76 309.00
641.45 329.00
740.13 347.00
838.82 363.00
937.50 383.00
1036.20 400.00
1134.90 420.00
1233.60 439.00
1332.20 457.00
1430.90 477.00
1529.60 495.00
1569.10 514.00
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Table A.60: Raw-data for Fig.3.5 in Sec.3.1.2 (p = 800 hPa)

pd Vi
in hPamm | in Volt
197.37 245.00
592.11 350.00
986.84 416.00
1381.60 489.00
1776.30 565.00
2171.10 636.00
2565.80 714.00
2960.50 785.00
3355.30 856.00
3750.00 932.00
4144.70 1006.00
4539.50 1075.00
4934.20 1136.00
5328.90 1189.00
5723.70 1232.00
6118.40 1275.00
6276.30 1290.00

Table A.61: Raw-data for Fig.3.5 in Sec.3.1.2 (p = 1600 hPa)

pd Vi
in hPamm | in Volt
394.74 285.00
1184.20 430.00
1973.70 588.00
2763.20 722.00
3552.60 865.00
4342.10 1011.00
5131.60 1155.00
5921.10 1298.00
6710.50 1437.00
7500.00 1570.00
8289.50 1644.00
9078.90 1728.00
9868.40 1796.00
10658.00 1868.00
11447.00 1937.00
12237.00 1977.00
12553.00 1985.00
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Table A.62: Raw-data for Fig.3.6 in Sec.3.1.2 (p = 200 hPa)

pd Vi

in hPamm | in Volt
98.68 170.00
148.03 193.00
197.37 218.00
246.71 242.00
296.05 264.00
345.39 282.00
394.74 297.00
444.08 306.00
493.42 321.00
542.76 330.00
592.11 341.00
641.45 346.00
690.79 352.00
740.13 362.00
789.47 369.00
838.82 375.00
888.16 380.00
937.50 388.00
986.84 393.00
1036.20 399.00
1085.50 407.00
1134.90 414.00
1184.20 420.00
1233.60 427.00
1282.90 434.00
1332.20 441.00
1381.60 448.00
1430.90 454.00
1480.30 461.00




A.3. MEASUREMENT-TABLES FOR SEC.3.1, SEC.A.1 AND SEC.A.2

Table A.63: Raw-data for Fig.3.6 in Sec.3.1.2 (p = 800 hPa)

pd Vi
in hPamm | in Volt
394.74 329.00
592.11 372.00
789.47 405.00
986.84 433.00
1184.20 467.00
1381.60 497.00
1578.90 531.00
1776.30 564.00
1973.70 600.00
2171.10 635.00
2368.40 670.00
2565.80 706.00
2763.20 739.00
2960.50 772.00
3157.90 805.00
3355.30 842.00
3552.60 875.00
3750.00 908.00
3947.40 946.00
4144.70 988.00
4342.10 1018.00
4539.50 1049.00
4736.80 1083.00
4934.20 1109.00
5131.60 1138.00
5328.90 1162.00
5526.30 1187.00
5723.70 1208.00
5921.10 1231.00
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Table A.64: Raw-data for Fig.3.6 in Sec.3.1.2 (p = 1400 hPa)

pd Vi

in hPamm | in Volt
690.79 371.00
1036.20 430.00
1381.60 495.00
1727.00 550.00
2072.40 608.00
2417.80 672.00
2763.20 736.00
3108.60 796.00
3453.90 860.00
3799.30 922.00
4144.70 983.00
4490.10 1044.00
4835.50 1106.00
5180.90 1164.00
5526.30 1224.00
5871.70 1282.00
6217.10 1340.00
6562.50 1396.00
6907.90 1440.00
7253.30 1490.00
7598.70 1535.00
7944.10 1568.00
8289.50 1602.00
8634.90 1622.00
8980.30 1649.00
9325.70 1680.00
9671.10 1699.00
10016.00 1726.00
10362.00 1748.00




A.3. MEASUREMENT-TABLES FOR SEC.3.1, SEC.A.1 AND SEC.A.2

Table A.65: Raw-data for Fig.3.6 in Sec.3.1.2 (p = 2000 hPa)

pd Vi
in hPamm | in Volt
986.84 415.00
1480.30 499.00
1973.70 583.00
2467.10 670.00
2960.50 755.00
3453.90 847.00
3947.40 932.00
4440.80 1015.00
4934.20 1105.00
5427.60 1189.00
5921.10 1270.00
6414.50 1355.00
6907.90 1443.00
7401.30 1520.00
7894.70 1602.00
8388.20 1680.00
8881.60 1744.00
9375.00 1796.00
9868.40 1844.00
10362.00 1886.00
10855.00 1923.00
11349.00 1962.00
11842.00 1996.00
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A.3. MEASUREMENT-TABLES FOR SEC.3.1, SEC.A.1 AND SEC.A.2

143

A.3.2 Tables for Sec.A.1 - Reduced field strength in the positive column

Table A.66: Raw-data for Fig.A.3 in Sec.A.1.1 (1

d d Vi
in 1’ | in mm | in Volt
8 0.40 149.30
11 0.55 160.70
15 0.75 167.00
20 1.00 169.70
30 1.50 175.60
45 2.25 185.60
60 3.00 196.20
75 3.75 206.80
90 4.50 217.40
105 5.25 227.90
119 9.95 237.90

0.05 mm)

Table A.67: Raw-data for Fig.A.4 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vi
in 1/ | in mm | in Volt
8 0.40 148.40
11 0.55 154.10
15 0.75 156.80
20 1.00 160.40
30 1.50 168.80
45 2.25 182.90
60 3.00 197.00
75 3.75 211.50
90 4.50 226.40
105 5.25 240.40
119 5.95 253.40
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Table A.68: Raw-data for Fig.A.5 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vi
in 1’ | in mm | in Volt
8 0.40 150.00
11 0.55 153.40
15 0.75 158.50
20 1.00 166.60
30 1.50 178.50
45 2.25 198.30
60 3.00 218.80
75 3.75 235.20
90 4.50 252.40
105 5.25 270.60
119 5.95 286.90

Table A.69: Raw-data for Fig.A.6 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vi
in 1’ | in mm | in Volt
3 0.15 127.70
8 0.40 152.10
11 0.55 155.60
15 0.75 160.20
20 1.00 166.80
30 1.50 181.80
45 2.25 206.20
60 3.00 225.40
75 3.75 246.30
90 4.50 268.40
105 5.25 287.50
119 5.95 305.10




A.3. MEASUREMENT-TABLES FOR SEC.3.1, SEC.A.1 AND SEC.A.2

Table A.70: Raw-data for Fig.A.7 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vi
in 1’ | in mm | in Volt
8 0.40 150.00
11 0.55 152.20
15 0.75 157.70
20 1.00 168.60
30 1.50 189.00
45 2.25 213.40
60 3.00 237.40
75 3.75 260.80
90 4.50 283.60
105 5.25 307.10
119 5.95 327.00

Table A.71: Raw-data for Fig.A.8 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vi
in 1’ | in mm | in Volt
8 0.40 152.00
11 0.55 154.60
15 0.75 164.00
20 1.00 175.10
30 1.50 197.40
45 2.25 221.40
60 3.00 248.50
75 3.75 272.80
90 4.50 300.00
105 5.25 323.70
119 5.95 346.00
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Table A.72: Raw-data for Fig.A.9 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vi
in 1’ | in mm | in Volt
8 0.40 151.50
11 0.55 155.00
15 0.75 164.80
20 1.00 178.40
30 1.50 199.10
45 2.25 228.90
60 3.00 256.30
75 3.75 285.20
90 4.50 313.30
105 5.25 338.00
119 5.95 363.00

Table A.73: Raw-data for Fig.A.10 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vi
in 1’ | in mm | in Volt
8 0.40 150.20
11 0.55 153.70
15 0.75 163.00
20 1.00 178.50
30 1.50 199.40
45 2.25 234.00
60 3.00 263.90
75 3.75 298.00
90 4.50 325.50
105 5.25 352.00
119 5.95 379.00




A.3. MEASUREMENT-TABLES FOR SEC.3.1, SEC.A.1 AND SEC.A.2

Table A.74: Raw-data for Fig.A.11 in Sec.A.1.1 (1’ = 0.05 mm)

d d i
in 1/ | in mm | in Volt
8 0.40 148.80
11 0.55 152.40
15 0.75 162.30
20 1.00 178.50
30 1.50 200.70
45 2.25 238.40
60 3.00 277.00
75 3.75 308.70
90 4.50 337.00
105 5.25 367.00
119 5.95 397.00

Table A.75: Raw-data for Fig.A.12 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vo
in 1’ | in mm | in Volt
1 0.05 163.60
2 0.10 149.30
3 0.15 136.70
4 0.20 134.60
5 0.25 134.00
6 0.30 134.00
7 0.35 140.00
8 0.40 147.70
9 0.45 152.50
10 0.50 154.90
14 0.70 157.80
18 0.90 160.70
22 1.10 163.50
23 1.15 163.50
25 1.25 164.40
30 1.50 168.30
45 2.25 181.70
60 3.00 196.90
75 3.75 211.30
90 4.50 225.60
105 9.25 239.60
120 6.00 253.00
122 6.12 255.20
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Table A.76: Raw-data for Fig.A.13 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vo
in 1’ | in mm | in Volt
1 0.05 133.60
3 0.15 123.60
) 0.25 127.50

7 0.35 143.00
10 0.50 148.20
15 0.75 153.20
20 1.00 158.70
24 1.20 160.10
30 1.50 167.30
45 2.25 187.40
60 3.00 | 207.50
75 3.75 | 227.20
90 4.50 | 245.80
105 5.25 | 263.80
120 6.00 | 281.10
122 6.12 | 284.00

Table A.77: Raw-data for Fig.A.14 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vo
in 1’ | in mm | in Volt
1 0.05 126.50
2 0.10 122.10
3 0.15 121.30
4 0.20 128.50
) 0.25 137.20

10 0.50 148.70
15 0.75 153.10
30 1.50 175.00
45 2.25 | 202.60
60 3.00 | 227.00
75 3.75 | 250.40
90 4.50 | 273.80
105 9.25 | 295.20
120 6.00 | 316.50
122 6.12 | 320.10
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Table A.78: Raw-data for Fig.A.15 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vs
in 1’ | in mm | in Volt
1 0.05 122.50
3 0.15 128.50
7 0.35 148.70
10 0.50 152.30
15 0.75 156.00
30 1.50 188.10
45 2.25 214.80
60 3.00 248.10
75 3.75 273.90
90 4.50 298.90
105 5.25 322.90
120 6.00 346.00
122 6.12 350.00

Table A.79: Raw-data for Fig.A.16 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vs
in 1’ | in mm | in Volt
1 0.05 116.20
3 0.15 131.40
7 0.35 145.40
15 0.75 152.50
30 1.50 187.90
45 2.25 223.10
60 3.00 256.20
75 3.75 291.00
90 4.50 319.30
105 9.25 346.00
120 6.00 372.00
122 6.12 377.00
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Table A.80: Raw-data for Fig.A.17 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vo
in 1’ | in mm | in Volt
1 0.05 118.20
3 0.15 141.40
10 0.50 151.90
15 0.75 162.10
30 1.50 199.20
45 2.25 237.00
60 3.00 273.50
75 3.75 306.30
90 4.50 335.00
105 9.25 365.00
120 6.00 394.00
122 6.12 400.00

Table A.81: Raw-data for Fig.A.18 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vs
in 1’ | in mm | in Volt
1 0.05 121.00
4 0.20 144.60
10 0.50 152.60
15 0.75 166.90
30 1.50 206.70
45 2.25 243.50
60 3.00 284.90
75 3.75 318.50
90 4.50 351.00
105 5.25 383.00
120 6.00 414.00
122 6.12 420.00
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Table A.82: Raw-data for Fig.A.19 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vs
in 1/ | in mm | in Volt
1 0.05 117.00
3 0.15 136.60
7 0.35 146.00
15 0.75 164.60
30 1.50 207.80
45 2.25 250.10
60 3.00 296.40
75 3.75 333.00
90 4.50 367.00

Table A.83: Raw-data for Fig.A.20 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vs
in 1’ | in mm | in Volt
1 0.05 116.60
3 0.15 137.10
7 0.35 145.10
15 0.75 164.60
30 1.50 210.40
45 2.25 257.80
60 3.00 305.60
75 3.75 343.00
90 4.50 381.00
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Table A.84: Raw-data for Fig.A.21 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vs
in 1/ | in mm | in Volt
2 0.10 178.20
5} 0.25 135.30
6 0.30 137.70
8 0.40 141.00
10 0.50 154.60
15 0.75 159.80

25 1.25 168.10
35 1.75 182.10
45 2.25 194.40
55 2.75 | 207.40
65 3.25 | 220.10
75 3.75 | 232.90
85 4.25 | 243.20
95 4.75 | 254.40
105 5.25 | 265.10
115 2.75 | 275.70
125 6.25 | 286.80
131 6.55 | 293.40

Table A.85: Raw-data for Fig.A.22 in Sec.A.1.1 (1’ = 0.05 mm)

d d V3
in 1’ | in mm | in Volt
2 0.10 145.40
5 0.25 121.30
7 0.35 136.70
10 0.50 147.10
15 0.75 151.30

25 1.25 164.40
35 1.75 185.20
45 2.25 | 204.70
55 2.75 | 221.30
65 3.25 | 238.00
75 3.75 | 252.10
85 4.25 | 266.30
95 4.75 | 281.20
105 5.25 | 295.70
115 5.75 | 308.70
125 6.25 | 313.30
131 6.55 | 332.00
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Table A.86: Raw-data for Fig.A.23 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vs
in 1’ | in mm | in Volt
2 0.10 119.50
5 0.25 118.50
7 0.35 141.30
10 0.50 145.90
13 0.65 150.20
25 1.25 165.60
35 1.75 193.60
45 2.25 213.80
55 2.75 234.10
65 3.25 255.60
75 3.75 275.00
85 4.25 291.30
95 4.75 310.80
105 5.25 328.00
115 5.75 345.00
125 6.25 363.00
131 6.55 373.00

Table A.87: Raw-data for Fig.A.24 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vs
in 1’ | in mm | in Volt
2 0.10 128.20
5 0.25 132.10
10 0.50 146.70
15 0.75 150.20
25 1.25 170.30
35 1.75 196.90
45 2.25 222.60
59 2.75 245.90
65 3.25 269.40
75 3.75 291.60
85 4.25 311.40
95 4.75 333.00
105 5.25 354.00
115 5.75 373.00
125 6.25 394.00
131 6.55 406.00
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Table A.88: Raw-data for Fig.A.25 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vs
in 1’ | in mm | in Volt
2 0.10 119.20
5 0.25 131.10
10 0.50 148.90
15 0.75 160.50
20 1.00 179.70
25 1.25 189.30
30 1.50 203.10
40 2.00 232.80
50 2.50 257.00
60 3.00 281.30
70 3.50 302.40
80 4.00 326.00
90 4.50 348.00
100 5.00 370.00
110 5.50 393.00
120 6.00 415.00

Table A.89: Raw-data for Fig.A.26 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vs
in 1’ | in mm | in Volt
2 0.10 145.70
5) 0.25 145.30
10 0.50 149.80
15 0.75 162.50
25 1.25 190.10
35 1.75 222.50
45 2.25 248.30
55 2.75 275.00
65 3.25 300.00
75 3.75 323.40
85 4.25 346.00
95 4.75 371.00
105 9.25 394.00
110 5.50 407.00
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Table A.90: Raw-data for Fig.A.27 in Sec.A.1.1 (1’ = 0.05 mm)

d d V3
in 1’ | in mm | in Volt
2 0.10 144.60
5) 0.25 145.10
10 0.50 147.70
15 0.75 178.50
25 1.25 195.10
35 1.75 226.60
45 2.25 255.00
55 2.75 280.70
65 3.25 306.70
75 3.75 331.00
85 4.25 355.00
95 4.75 381.00
105 5.25 405.00

Table A.91: Raw-data for Fig.A.28 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vs
in 1’ | in mm | in Volt
2 0.10 146.10
5 0.25 145.70
10 0.50 147.90
15 0.75 164.80
25 1.25 196.10
35 1.75 228.80
45 2.25 257.90
99 2.75 284.90
65 3.25 312.20
75 3.75 338.00
85 4.25 363.00
95 4.75 390.00
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Table A.92: Raw-data for Fig.A.29 in Sec.A.1.1 (1’ = 0.05 mm)

d d Vs
in 1’ | in mm | in Volt
2 0.10 118.80
5 0.25 140.20
10 0.50 148.00
15 0.75 170.50
25 1.25 202.90
35 1.75 234.20
45 2.25 267.20
99 2.75 293.50
65 3.25 322.80
75 3.75 349.00
85 4.25 375.00
95 4.75 403.00
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A.3.3 Tables for Sec.A.2 - I-V characterisation of similar glow discharges

Table A.93: Raw-data for Fig.A.30 in Sec.A.2.1

1 %4

in mA | in Volt
4.00 200.80
8.00 198.30
11.50 | 197.30
15.20 | 198.40
20.70 | 200.20
30.20 | 203.00
40.20 | 206.00
50.00 | 209.10
60.10 | 212.60
71.20 | 217.70
80.30 | 221.00
90.10 | 225.20
100.00 | 230.40
110.00 | 237.60
120.00 | 248.20
129.50 | 273.00
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Table A.94: Raw-data for Fig.A.31 in Sec.A.2.1

I \%1

in mA | in Volt
8.20 | 222.60
13.00 | 217.90
20.70 | 211.60
28.30 | 208.70
35.34 | 208.10
40.20 | 207.90
50.10 | 207.80
60.80 | 208.00
70.00 | 208.20
81.10 | 208.70
90.00 | 209.20
100.70 | 209.80
110.10 | 210.40
120.00 | 211.10
131.30 | 212.30
141.00 | 213.80
150.00 | 215.60

Table A.95: Raw-data for Fig.A.32 in Sec.A.2.1

I \%]
in mA | in Volt
10.60 | 253.00
15.80 | 245.50
25.20 | 237.20
35.10 | 231.00
40.10 | 226.70
50.00 | 224.40
60.00 | 222.70
70.00 | 221.40
80.20 | 220.40
90.70 | 219.60
100.00 | 219.10
110.00 | 218.70
120.10 | 218.30
130.80 | 217.90
140.10 | 217.40
150.00 | 217.00
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Table A.96: Raw-data for Fig.A.33 in Sec.A.2.1

I |1
in mA | in Volt
10.00 | 277.30
15.30 | 265.40
20.20 | 258.50
30.10 | 247.80
40.20 | 240.80
50.00 | 236.10
60.00 | 233.40
65.10 | 232.30
70.00 | 231.00
80.20 | 228.00
90.10 | 225.70
100.40 | 223.70
110.10 | 222.10
120.30 | 220.40
130.20 | 218.80
150.00 | 216.00

Table A.97: Raw-data for Fig.A.34 in Sec.A.2.1

I \%1
in mA | in Volt
11.23 | 293.30
20.20 | 274.20
30.20 | 263.00
40.10 | 256.10
50.00 | 246.80
60.20 | 240.40
70.00 | 236.90
80.10 | 234.00
90.00 | 230.90
100.00 | 228.10
110.00 | 225.80
120.00 | 223.70
130.00 | 221.70
140.00 | 219.70
150.00 | 218.00
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Table A.98: Raw-data for Fig.A.35 in Sec.A.2.1

1 \%1
in mA | in Volt
14.96 | 302.50
20.16 | 290.90
30.00 | 277.30
40.00 | 263.40
50.00 | 255.50
60.00 | 249.30
70.00 | 244.40
80.00 | 240.80
90.00 | 238.20
100.00 | 236.70
110.00 | 235.00
120.00 | 233.30
130.00 | 231.30
150.00 | 227.30

Table A.99: Raw-data for Fig.A.36 in Sec.A.2.1

1 \%1
in mA | in Volt
15.00 | 317.50
30.30 | 287.40
40.00 | 274.30
50.00 | 265.40
60.00 | 258.40
70.00 | 252.80
80.00 | 248.10
90.10 | 244.20

100.00 | 240.80
110.00 | 238.00
120.00 | 235.60
130.00 | 234.20
140.00 | 233.20
150.00 | 232.50
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Table A.100: Raw-data for Fig.A.37 in Sec.A.2.1

I \%1
in mA | in Volt
20.10 | 316.30
40.00 | 288.40
60.00 | 266.00
80.00 | 253.00
100.00 | 243.50
120.00 | 236.10
150.00 | 228.20

Table A.101: Raw-data for Fig.A.38 in Sec.A.2.1

I \%]
in mA | in Volt
30.00 | 309.00
50.00 | 285.40
70.00 | 266.80
90.00 | 253.50
110.00 | 243.90
131.10 | 236.60
150.00 | 231.70
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Table A.102: Raw-data for Fig.A.39 in Sec.A.2.1

I )%}

in mA | in Volt
4.05 188.70
7.10 185.80
10.10 | 184.30
12.00 | 183.80
15.20 | 184.40
20.63 | 185.30
30.00 | 187.10
40.00 | 189.40
50.50 | 191.90
60.00 | 195.00
70.40 | 200.10
80.60 | 209.70
91.00 | 227.30
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Table A.103: Raw-data for Fig.A.40 in Sec.A.2.1

1 Va

in mA | in Volt
8.00 216.30
10.30 | 212.20
11.90 | 210.10
16.47 | 205.00
20.32 | 202.40
26.00 | 200.60
30.20 | 199.80
40.00 | 199.00
50.00 | 198.40
60.00 | 198.10
70.20 | 198.00
90.40 | 198.10
104.90 | 199.50
120.10 | 203.50
135.60 | 210.00
150.00 | 219.60

Table A.104: Raw-data for Fig.A.41 in Sec.A.2.1

I %)

in mA | in Volt
7.90 | 242.30
10.40 | 237.10
15.90 | 229.70
25.70 | 221.60
30.10 | 217.70
40.20 | 212.60
50.00 | 209.60
60.10 | 206.70
71.60 | 204.20
86.30 | 202.00
100.50 | 200.80
120.50 | 200.10
150.00 | 200.90
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Table A.105: Raw-data for Fig.A.42 in Sec.A.2.1

I %)
in mA | in Volt
10.70 | 260.00
15.70 | 250.60
29.90 | 230.50
41.00 | 220.40
50.00 | 215.20
60.00 | 211.00
70.90 | 208.10
89.90 | 204.30
111.30 | 202.30
150.00 | 201.00

Table A.106: Raw-data for Fig.A.43 in Sec.A.2.1

I %)
in mA | in Volt
12.60 | 274.40
19.70 | 260.60
33.20 | 240.20
53.10 | 219.50
67.70 | 210.00
75.00 | 207.30
85.20 | 205.10
95.20 | 204.20
110.00 | 203.50
130.00 | 201.80
150.00 | 201.00
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Table A.107: Raw-data for Fig.A.44 in Sec.A.2.1

I
in mA

Va
in Volt

14.60
23.80
32.60
50.40
81.70
100.00
110.00
120.00
150.00

284.40
264.00
250.10
232.90
215.30
209.10
207.50
206.70
204.00

Table A.108: Raw-data for Fig.A.45 in Sec.A.2.1

I
in mA

Va
in Volt

15.10
29.40
49.20
87.00
111.00
130.20
140.00

150.00

298.10
270.60
250.10
230.10
222.90
219.40
218.40
217.70

Table A.109: Raw-data for Fig.A.46 in Sec.A.2.1

I %)
in mA | in Volt
15.90 | 307.00
23.30 | 290.70
41.40 | 261.20
61.50 | 241.50
80.40 | 230.00
100.40 | 222.50
121.20 | 217.60
150.00 | 213.50
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Table A.110: Raw-data for Fig.A.47 in Sec.A.2.1

I %)
in mA | in Volt
16.40 | 318.00
23.60 | 300.10
38.10 | 274.90
59.30 | 252.70
80.20 | 238.40
100.50 | 229.70
132.30 | 221.10
150.00 | 218.20

Table A.111: Raw-data for Fig.A.48 in Sec.A.2.1

I Vs

in mA | in Volt
4.60 196.60

9.80 190.20
11.10 | 190.00
13.00 | 189.80
15.03 | 189.40
20.10 | 189.50
30.10 | 190.70
42.00 | 194.10
51.20 | 197.20
60.30 | 201.20
72.00 | 208.50
81.90 | 218.60
90.30 | 238.60
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Table A.112: Raw-data for Fig.A.49 in Sec.A.2.1

1 Vs

in mA | in Volt

5.65 221.40

9.59 213.50
17.91 | 204.10
20.05 | 202.40
23.10 | 200.10
26.00 | 198.90
30.14 | 197.60
40.10 | 196.90
50.00 | 196.30
60.10 | 195.10
70.80 | 194.00
81.60 | 193.60
98.80 | 195.30
110.90 | 198.50
130.30 | 208.00
150.00 | 231.90

Table A.113: Raw-data for Fig.A.50 in Sec.A.2.1

1 Vs

in mA | in Volt

8.80 231.20
16.18 | 221.20
30.02 | 211.60
36.98 | 207.80
48.60 | 202.30
64.40 | 198.60
92.80 | 195.10
101.90 | 194.70
121.00 | 194.90
136.40 | 196.20
150.00 | 198.40
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Table A.114: Raw-data for Fig.A.51 in Sec.A.2.1

I V3
in mA | in Volt
10.08 | 248.90
18.35 | 234.10
26.08 | 224.40
37.68 | 214.60
42.90 | 211.90
50.00 | 209.20
57.00 | 206.90
69.90 | 204.00
82.20 | 201.90
101.40 | 199.40
122.10 | 197.90
150.00 | 198.20

Table A.115: Raw-data for Fig.A.52 in Sec.A.2.1

I V3
in mA | in Volt
12.26 | 255.80
16.90 | 247.00
27.67 | 231.10
36.73 | 220.20
50.20 | 208.50
60.70 | 202.00
70.00 | 198.30
79.90 | 196.00
100.20 | 195.70
120.10 | 195.10
150.00 | 194.90
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Table A.116: Raw-data for Fig.A.53 in Sec.A.2.1

I Vs
in mA | in Volt
12.48 | 260.20
22.17 | 242.90
29.10 | 231.90
40.10 | 220.40
51.50 | 210.70
66.50 | 201.80
70.20 | 200.60
80.40 | 198.00
90.00 | 196.70
110.00 | 195.40
130.30 | 195.10
150.00 | 194.90

Table A.117: Raw-data for Fig.A.54 in Sec.A.2.1

1 Vs
in mA | in Volt
14.80 | 260.20
24.86 | 243.30
35.16 | 230.20
49.30 | 219.70
70.10 | 208.50
90.00 | 202.70
110.10 | 200.30
130.60 | 199.10
150.00 | 198.50

Table A.118: Raw-data for Fig.A.55 in Sec.A.2.1

I Vs
in mA | in Volt
14.27 | 268.70
27.37 | 245.50
40.60 | 229.70
78.20 | 209.30
110.60 | 201.60
139.60 | 199.70
150.00 | 199.50
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Table A.119: Raw-data for Fig.A.56 in Sec.A.2.1

I Vs
in mA | in Volt
18.54 | 264.70
34.01 | 240.00
58.00 | 220.10
90.80 | 207.10
112.10 | 202.10
129.40 | 200.40
150.00 | 199.40




Appendix B

Construction

The experiment was designed during a project-work as predecessor for this diploma thesis.
Discussions with Prof. Hans Laimer, Prof. Herbert Stori and Ing. Wolfgang Beck resulted in
guidelines for the construction. The high pressure chamber was manufactured in the workshop
of the ”Institut fiir Allgemeine Physik, TU Wien”. All experiments took place in the ”"Plasma
chemistry” laboratory. The guidelines for the construction are summarized in Sec.(B.1). The
construction plans can be found in the Sec.(C).

B.1 Guidelines

Basic conditions

Pressure Range: 100 — 2000 hPa

Operating Voltage: ~ 450 V' (max. 2 kV peak voltage)
Maximum current: 150 mA

Maximum height: 80 mm

Maximum length: 1000 mm

Base body

The base body (Fig.B.1) is made of brass. At the top is a quartz window. At the front
are the connections for a backing pump, gas inlet and a manometer (@6 mm Swagelok).

The insulated cathode is mounted at the right hand side. The moveable anode is mounted
at the left hand side. The inner surface of the base body is colored with graphite (Fig.B.3)
to minimize reflections.

The core of the system are two electrode carriers (Fig.B.5, brown). These electrodes are
replaceable in order to change the electrode diameters. The discharge is located between
the two white pins (e.g. tungsten) and can be observed through a quartz window. For pure
copper electrodes the whole part is manufactured in one piece (brown-+white) or coated with
nickel for nickel electrodes.
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Anode (moveable)

Electrode carrier: copper

Electrode: copper, nickel (coated) or tungsten (pin)
Electrode diameters: 2.1, 3.0, 4.3 and 15.0 mm

Electrode length: ~ 3 mm

Maximum inter-electrode gap: ~ 7 mm

Minimum inter-electode gap: ~ 0.1 mm (as close as possible)
Coolant: water

The moveable anode (Fig.C.1) is on earth potential and therefore not insulated from the
base body. The anode is cooled with a "pipe in pipe” cooling system. The cooling lines
are fixed with thread clamps. Additional beveled teflon or ceramic (Tab.B.1) shieldings have
to be put over the electrodes (Fig.C.1). These cylinders ensure well defined conditions (two
parallel circular surfaces).

Cathode (fixed)

Electrode carrier: copper

Electrode: copper, nickel (coated) or tungsten (pin)
Electrode diameters: 2.1, 3.0, 4.3 and 15.0 mm
Electrode length: ~ 3 mm

Coolant: water

The maximum potential at the cathode is 2 kV. Therefore the cathode (Fig.B.4) and the
screws have to be insulated from the main body. (e.g. 1 mm POM). The cathode is cooled
with a ”pipe in pipe” cooling system. The cooling lines are fixed with thread clamps.
Additional beveled teflon or ceramic sleeves (Tab.B.1) have to be put over the electrodes
(Fig.C.1). These cylinders ensure well defined conditions (two parallel circular surfaces).

The white insulating plastic body (Fig.B.4) is moveable with three black screws. This
allows a fine adjustment for the axial position of the cathode.

Window

Material: quartz glass SUP1
Diameter: 30 mm
Thickness: 5 mm

The window lies on an O-ring. The glass is fixed with a brass plate on the base body. A
thin teflon ring prevents the glass from contact with the brass body at the sides and the brass
plate at the top (Fig.C.1). The inner edge of the plate is beveled to get a better angle of view.



B.1. GUIDELINES

Figure B.1: The disassembled
experiment.

Figure B.3: The inner surface is colored
with graphite to minimize reflections.

Figure B.2: Water cooled moveable

anode.

Figure B.4: Detail of the not moveable
insulated water cooled cathode.

Table B.1: Specifications of the ceramic (Al303) shielding

Rauschert Rapal 100 | Al5O3:
Density:

Color:

Porosity:

Heat conductivity:
Vickerts hardness:

99.7 %
> 3.85 ;T;Lg,
red or white
25 W
1800-2000 HV10
0%
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B.2 Production drawings & parts list

In the beginning a 3D model with VectorWorks 11 was created. This model helped to
improve the further design. During the production state again minor changes took place (e.g.
the upper surface is not flat like in Fig.B.6. These changes are documented in Sec.C.

Figure B.5: Cross section of the model Figure B.6: 3D model of the experiment

Detailed and dimensioned production drawings of the disassembled parts can be found in

Sec.C.

Figure B.7: The high pressure chamber

All available production drawings are listed in Tab.B.2. Note that all drawings in this
ITEX document are scaled. The scaling factors are not ”1:1” as stated. Please use the
original VectorWorks files for further usage. Small parts like screw, sealing rings, ... are
listed in Tab.B.3. Some suppliers are listed in Sec.B.3 on p.176.



B.2. PRODUCTION DRAWINGS & PARTS LIST

Table B.2: Complete list of production drawings

Reference | Name Chapter & page
PL1 Electrode carrier & Teflon shielding | Sec.(C.1) on p.(178)
PL2 Base body Sec.(C.1) on p.(179)
PL3 Window frame & glass protection Sec.(C.1) on p.(180)
PL4 Cathode & screw insulator Sec.(C.1) on p.(181)
PL5 Guidance & distance bolt Sec.(C.1) on p.(182)
PL6 Micrometer head & screw Sec.(C.1) on p.(183)
PL7 Bushing & scale Sec.(C.1) on p.(184)
PLS8 Anode & inner tube Sec.(C.1) on p.(185)
PL9 Cathode & inner tube Sec.(C.1) on p.(186)
PL10 Cathode carrier Sec.(C.1) on p.(187)
PL11 Torsion protection Sec.(C.1) on p.(188)
Assembled high pressure chamber Sec.(C.1) on p.(189)
Table B.3: Parts list
Nr. | Name Dimensions/type | Quantity | Reference
1 | Hexagon head screw M6x51 8 PL5, PL10
2 | Hexagon head screw M3x13 2 PL11
3 | Hexagon head screw M4x20 3 PL9
4 | Counter-sunk screw M3x11,5 6 PL3
5 | Counter-sunk screw M3x6 3 PL7
6 | Hexagon set screw-headless M3x10 1 PL6
7 | Set screw-headless M4x20 1 PL6
8 | Hex nut M4 1 PL10
9 | Shim M4 1 PL10
10 | Hex nut M5 4 PL5
11 | Shim M5 4 PL5
12 | Sealing ring FPM80 50x3 3 PL2, PL10
13 | Sealing ring FPM80 15x3 2 PL5
14 | Sealing ring FPM80 24x2 1 PL2
15 | Sealing ring FPM80 15x3 2 PLS, PL9
16 | Seeger circlip ring 1 PL6
17 | Ball bearing 1 PL6
18 | Tungsten electrodes 1,1.6,2.4 1 PL1
19 | Quartz glass SUP1 30x5 1 PL3
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B.3 List of suppliers

NFroned

phone  +43/1/6004102/7050
madl sales.austria@fronius.com
web www.fronius.com

address Daumegasse7

1110 Wien
Austria

Table B.4: Electrodes, welding equipment

Friedrich Petzolt GmbH

phone  +43/1/5231616
mail verkauf@petzolt.at
web www.petzolt.at
address Burggasse 52-54

1070 Wien
Austria

Table B.6: Metals, ironmongery

APPENDIX B. CONSTRUCTION

phone
mail

web

@ DICHTOMATIK

+43/1/2593541
mail@dichtomatik.co.at

www.dichtomatik.co.at

address Rautenweg 17

1220 Wien
Austria

Table B.5: Sealing rings, (O-rings)

phone
mail
web

address

Galvanische Anstalt
Rudolf Fasching

+43/1/7143293
fa.fasching@aon.at
www.galvanik-metallschleiferei.at
Bechardgasse 3-5

1030 Wien
Austria

Table B.7: Galvanic



Appendix C

Production drawings

C.1 Catalogue of production drawings

All available production drawings are listed in Tab.(C.1). Note that all drawings in this
ETEX document are scaled. The scaling factors are not 71:1”7 as stated. Please use the

original VectorWorks files for further usage.

Table C.1: Complete list of production drawings

Reference | Name Chapter & page
PL1 Electrode head & Teflon shielding | Sec.C.1 on p.178
PL2 Base body Sec.C.1 on p.179
PL3 Window frame & glass protection | Sec.C.1 on p.180
PL4 Cathode & screw insulator Sec.C.1 on p.181
PL5 Guidance & distance bolt Sec.C.1 on p.182
PL6 Micrometer head & screw Sec.C.1 on p.183
PL7 Bushing & scale Sec.C.1 on p.184
PLS8 Anode & inner tube Sec.C.1 on p.185
PL9 Cathode & inner tube Sec.C.1 on p.186
PL10 Cathode carrier Sec.C.1 on p.187
PL11 Torsion protection Sec.C.1 on p.188

Assembled high pressure chamber | Sec.C.1 on p.189
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