Eindhoven University of Technology

MASTER
Numerical studies on the breakdown process in gas discharges

Verhoeven, P.
Award date:
2012

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain

Eindhoven University of Technology
Department of Applied Physics
Group of Elementary Processes in Gas Discharges

Numerical studies on the breakdown
process in gas discharges

P. Verhoeven
March 2012

Committee
Prof.dr.ir. G.M.W. Kroesen
Dr. D. Mihailova
Dr.ir. J. van Dijk
Dr.ir. J.J. de Groot
Dr.ir. S. Nijdam
Dr.ir. L.P.J. Kamp

Summary
The time dependent fluid model PLASIMO is used to study the initial stages of
the breakdown process in glow discharges at different operating conditions.
The model is applied to two concrete systems: a fluorescent lamp and a highpressure argon-mercury HID lamp.
Special attention is paid to the transport and reaction rate coefficients which
are required as input data for the fluid model. These coefficients are obtained
from the freeware Boltzmann solver BOLSIG+, which calculates the electron
energy distribution function (EEDF) for a given value of the reduced electric
field.
For the calculation of the EEDF the density of the excited species has to be
provided, and for this purpose a collisional radiative model (CRM) has been
constructed. Traditional CRMs use the electron density and electron
temperature as parameters to calculate the species densities. But in this case
a CRM was constructed that calculates the species densities as a function of
the reduced electric field.
These results have been plugged into the fluid model. This is used to study
the structure of the discharge in a fluorescent lamp, the breakdown voltage at
different values of the pressure, and the breakdown voltage in an HID lamp.
The results are compared to experiments and good agreement is reached.
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Chapter 1
General introduction
The most recognizable feature of a plasma is its ability to emit light.
Therefore one of the easiest ways to explain to a layman what is a plasma, is
by describing it as a light-emitting gas. A physicist will understand that the
light is generated by charged particles that interact with each other. The use
of plasmas in the generation of light is an obvious application of this
interesting field of physics.
However far from all lamps are plasma based. In this report a part of the
large spectrum of lamps has been studied, namely the fluorescent lamp and
the high intensity discharge (HID) lamp. The first of these two is quite
common, and is an easy recognizable example of what a plasma is. The
second lamp has its commercial application thanks to its high light output. It
is often used in lights in a football stadium, and as car headlights.
Unfortunately some of the HIDs also have a big disadvantage, namely that it is
difficult to reignite the lamp after it has been turned off. It needs a cooldown
period before they can be re-ignited. This can be problematic in some
instances. Imagine that you are driving on the freeway at night and you
accidentally turn off your headlights, then you do not want to wait for several
minutes until you can turn your lights on again. Therefore this problem needs
to be solved in a cost-efficient manner.
The goal of this work is to model an argon-mercury filled HID, that can be
used to find the lowest voltage required to ignite the discharge. However the
work is restricted by some aspects. The model will not use curvilinear
coordinates, and the model is not three-dimensional. Because of these
restrictions it is known beforehand that the problem with HIDs that has been
mentioned here, cannot be solved in this work. Therefore the aim of this
work is not to find the solution on how to easily re-ignite HIDs. But this work
can still serve as a reference and also as an initial step towards that solution.
This can possibly be found in a later stage when the modeling toolbox is
advanced enough, so that the restrictions no longer apply. More specifically
an important step that can already be done in the present stage is to
investigate the chemistry inside the HID.
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The modeling of the discharge has been done in multiple steps. The first step
was to transform an already existing helium model to a pure argon model.
This model was then tested by investigating the different characterizing
plasma regions within the discharge, and by investigating if the discharge
reacts to changes of the discharge conditions in a predictable manner. This
will be presented in chapter 4. Then before the model is expanded and the
argon metastables are included, a collisional radiative model will be
presented in chapter 5 with which the role of the argon metastable levels has
been studied. The results from this collisional radiative model are then used
to expand the previous model with more argon species, including molecular
argon, and the model is tested by calculating the Paschen curves and
comparing the results to experimental data found in literature. This will be
presented in chapter 6. Then in chapter 7 a model will be presented that
describes a real fluorescent lamp. The fluorescent lamp is a good
intermediate step in going from the initial helium model towards the final
HID model, with the addition of an AC voltage profile, a quartz crystal,
thermal heating from the cathode, and a more realistic geometry. In chapter 8
the influence of mercury is studied with a collisional radiative model, and
with this work the electron transport coefficients and reaction rates are
determined which are used in the final part of this work, namely in the
construction of the HID model. This model is then presented in chapter 9, and
calculations on the breakdown of an argon-mercury HID are presented.
Some background theory will be given in the next chapter. This serves as an
introduction into the physics and working principles of plasma lamps, and to
relate the research presented here to the behavior of real gas discharges.
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Chapter 2
Physics of a gas discharge
When a potential difference is set over two points, an electric field is formed
that accelerates charged particles. Free charges will be created when the
electrons are accelerated so much that they have enough energy to further
ionize the gas inside. The gas will be ignited and is turned into a plasma. The
plasma turns the energy that is provided to it into radiation. A large part
leaves the discharge in the form of visible light. Therefore energy needs to be
provided constantly to keep it burning. This is a simplified explanation of
how a gas discharge works. One of the most popular applications of a gas
discharge is lighting, which enables people to see what they are doing. Of
course this only works when the lamp was bolted in correctly.
In the following subsections a more detailed description will be given of the
discharge principles and gas-discharge lamps will be discussed. In section 2.1
the avalanche and breakdown process in a discharge will be explained. Then
in section 2.2 the discharge structure will be discussed. The voltage-current
characteristic will be explained in section 2.3, and in section 2.4 will be
shown what is needed to construct a real lamp. As a last part, in section 2.5,
the lamps investigated in this thesis will be discussed.

2.1 Breakdown process in a gas discharge
The breakdown process in a gas discharge refers to the formation of free
charges, which leads to a rapid reduction of the electrical resistance. To start
the breakdown process a sufficiently high voltage must be applied over the
electrodes to start a current flow. In a neutral gas atmosphere the initial free
electrons are created by external effects such as radiation. These electrons
will move towards the anode because of the electric field. When the applied
voltage is too low, no significant ionization will take place inside the
discharge. However, when the applied voltage difference is increased up to a
certain value, the electrons will be accelerated so much by the electric field
that they start to participate in inelastic collisions. This results in new ions
and electrons. When the electric fields are large enough that every electron
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creates at least one other free electron by ionization, the discharge will be at
its current-breakdown point. If at this point the voltage is increased only a
little bit more, the current will increase by several orders of magnitude
because of an avalanche effect. Each electron starting from the cathode will
then generate multiple electrons before it reaches the anode. This avalanche
effect is very strong, since the current  depends exponentially on the
Townsend first ionization coefficient  [1]:
 =  exp ( ) ,

(2.1)

where the Townsend first ionization coefficient  stands for the number of
electrons generated per unit length by an electron moving from cathode to
anode,  is the initial current at the electrode which is not caused by the
avalanche effect, and is the distance from the cathode.
Free electrons are not only created by ionization, but they can also be created
by secondary emission from the cathode. In that case free electrons are
released from the cathode because of the impact of ions. The average number
of electrons released from the cathode per impinging ion  is called the
Townsend secondary emission coefficient. Each electron that starts at the
cathode generates exp( ) − 1 ions as it travels through the discharge.
When secondary emission is included, equation (2.1) becomes:
 =  

 ()

 ( ())

.

(2.2)

The mean free path between collisions is inversely proportional to the gas
pressure, and inelastic collisions between electrons and atoms are needed to
reach a certain ionization degree. However, when the pressure is too low, the
electrons will not undergo enough inelastic collisions to sustain the
discharge, and when the pressure is too high, the electrons do not gain
enough kinetic energy in-between collisions to be able to ionize the gas
atoms. Therefore the breakdown voltage depends on the product of the
distance between the electrodes and the gas pressure [2].
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2.2 Structure of the discharge
After breakdown has occurred in a discharge, and the plasma is ignited, there
are free electrons and ions present inside the discharge. Since the electrons
are much more mobile than the ions, the rapidly diffusing electrons charge up
all the walls negatively, leaving behind the plasma with a positive potential.
This continues until the ambipolar field is sufficiently strong so that the
fluxes of ions and electrons arriving at the wall are equal.
The interaction between the highly energetic electrons and the atoms leads
to the creation of photons and thus the emission of light. However the
luminosity of an electric glow discharge is not homogenous over its entire
space. In fact different glow regimes can be identified. This is often
characterized by the existence of different regions which are alternatively
luminous and il-luminous, or dark. These regions are the result of a typical
potential distribution within the plasma.
When a voltage is applied over a discharge, the voltage difference will not be
linear over the distance from the electrode, since the plasma will react to the
applied voltage in such a way as to cancel the electric fields. The resulting
potential will have a voltage drop which is achieved mainly over a short
distance close to the cathode, namely the cathode fall region (CFR). Within
this CFR, different sub-regions can be characterized, namely the Aston dark
space (ADS), the cathode glow (CG) and the cathode dark space (CDS), or also
called Crookes dark space. A schematic of the different regions is shown in
figure 2.1.

Figure 2.1: A schematic drawing of the different plasma regions inside a
gas discharge [3].
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When initially an electron is emitted at the cathode, it will be repelled by the
negatively charged cathode, and thereby gain a lot of kinetic energy as it
travels through the CFR. Directly near the cathode, in the ADS, the emitted
electrons will not have sufficient energy to react with the other particles in
the discharge, but after only a short distance the electrons will have gained
enough energy to be able to excite the buffer gas atoms. Upon de-excitation of
these atoms, photons will be emitted, making the CG region a luminous
region. Further away from the cathode, in the CDS, the traveling electrons
have gained too much energy so that the cross section for excitation has
decreased. Even further away from the cathode the electrons exit the CFR
and enter the negative glow (NG) region. Here the electrons have gained even
more energy, enough to be able to ionize atoms and a plasma is formed. This
again is a luminous region, due to recombination of the free charges. The
electrons and ions created in the NG shield off the applied voltage, and
therefore the NG is characterized by a drop in the E-field to zero.
The NG region is very important for sustaining an electric glow discharge,
since the ions which are created here are accelerated by the CFR towards the
cathode. When the ions collide onto the electrode new electrons will be
emitted. These secondary electrons will then again be accelerated through
the CFR, and these can then ionize other atoms. Free electrons which do not
have sufficient energy to ionize atoms, either due to energy losses or because
they were newly created in the NG, will continue their way through the
discharge, and will eventually enter the Faraday dark space (FDS). In the FDS
the longitudinal field gradually increases, so the electrons will slowly gain
more kinetic energy. This continues until they have accumulated enough
energy to ionize new atoms. The positive column (PC) starts here. The
electrons in the PC have a Maxwellian energy distribution, and the PC can be
arbitrarily long depending on the voltage offered by the power supply.
Most fluorescent lamps utilize the PC as the main region for the generation of
light, but also light emitting discharges can be made which rely on the NG for
photon production, and which do not have a PC or FDS at all. To finish the
analysis from the cathode to the anode, there exists a region near the anode
with a slightly more intense glow, and there is another dark space at the
anode, because the plasma is at a higher potential than the anode. It is also
possible for the electrodes to emit light from their surfaces. The exact
location of all these different regions is not always clear. It is possible for the
different regions to diffuse into each other, so that some regions cannot be
distinguished, or are not even present anymore.
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2.3 Current-voltage characteristics
In figure 2.2 the voltage-current characteristics of a low-pressure discharge
are shown. It can be seen that in the Townsend regime the current increases
over several orders of magnitude.

Figure 2.2: Current-voltage characteristic for a low-pressure gas
discharge [4]. Different regimes can be identified.

Because of the avalanche effect the current will increase, even without the
need for an increase of the voltage, until voltage breakdown takes place
(point E in figure 2.2). At this moment, there are so many charged particles in
the discharge that it will start to shield off the applied voltage. However the
plasma is highly conductive, so the current will keep increasing even though
there is a large decrease in the voltage (from E to F). After the voltage stops
decreasing, and the voltage has reached a steady state (F), the discharge has
entered the glow discharge regime, at which the current further increases
due to a further increase in the number of ionizations. In the glow discharge
regime, light is emitted from the discharge because of the large amount of
ionization and recombination processes that take place. The previous
regimes were dark stages where the discharge did not emit light. In the glow
discharge regime the current will keep increasing until the entire discharge
region has reached the glow discharge regime (G). Now the current and
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voltage are both stable. A new regime can be entered, namely the abnormal
glow discharge regime, when the voltage is increased again. Here the number
of ionizations increases again, and an arc discharge can be formed (H).
There is a huge variety of lamps that each operate in a different regime. In
this work the glow discharge regime and the arc regime are used to study the
fluorescent lamp and the high intensity discharge (HID) lamp, respectively.
For the breakdown process of these discharges the Townsend regime will be
studied.

2.4 Components of a lamp
Lamps can be built in many different geometries. The lamps that will be
studied in this work consist of two electrodes inside a tube. This tube needs
to be filled with a gas (e.g. argon, neon, helium, etc.), also called the
background or the auxiliary gas when more gases are present. The pressure
of the background gas can vary over a large range (mbar to tens of bars). In a
fluorescent lamp the gas pressure is usually several mbar, while in an HID
lamp the pressure can go up to tens of bars.
In both the fluorescent lamp and the HID lamp a small addition of metals
such as mercury (Hg) is imposed. The auxiliary gas is used to start the
discharge, and the metal atoms are ionized through collisions with the gas
such as Penning and charge transfer. The metal can quickly take over as the
main burning gas. These metals are often chosen in such a way that they have
a better light output than the auxiliary gas. The quality of the light output of a
gas discharge is at least as important as the quantity of the light output, since
the human eye does not process the entire light spectra in the same manner1.
Sodium emits light at a wavelength which is clearly visible. Mercury emits
light mostly in the UV part of the light spectrum, so therefore fluorescent
coatings are needed which absorb these UV photons and emit photons at a
wavelength which lies in the visible spectrum. Fluorescent coatings can help
improving the quality of the light output. However, a disadvantage of such
coatings is that they reduce the efficiency of the discharge, since energy is
lost in transforming high energy UV photons into visible light. Most lamps
have a combination of metals inside which all emit light at their own typical

1

see Light and light sources: high-intensity discharge lamps, by Peter Flesch, for a discussion
and explanation of light quality and the influence of the human eye
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spectrum, and then this combination of metals is chosen in such a way that
the total light output results in the desired high quality light spectrum.
When the discharge is burning, the metals from the electrodes slowly diffuse
from the hot central regions towards the colder walls. There they can
condense, or react with the wall and become attached. This is an unwanted
process since it can considerably decrease the expected lifetime of the lamp.
To tackle this problem most discharges have halogens inside which are able
to react with the metals deposited onto the walls, and transport them back
towards the hot electrodes. Here the formed halide can dissociate again. In
this way the metal population can be “recycled”.
The ignition process that is described above usually occurs during a so-called
cold start of the discharge, when the metals inside are usually in a solid state.
However when the metals are already in the gas phase, the ignition process is
called a hot re-strike. This process is different than the cold start as the metal
vapor pressure can be very high (several bar). With a high pressure a higher
voltage is needed to start the discharge, and therefore often some kind of
starter system is incorporated which helps to ionize the background gas. This
can come in the form of a third electrode close to one of the main electrodes
in order to strike a small arc that ionizes the background gas. After the gas is
burning, the metals are heated up until enough particles are ionized to strike
an arc between the main electrodes. When the discharge is ignited, the
starter is no longer needed. In fact the current should be limited in that case,
since the plasma is a negative resistance device. Therefore a ballast can be
used that limits the current flow.
As mentioned before, lamps can be built in many different geometries. The
exact dimensions of the lamp are based on many different parameters and on
its application. As a lamp increases in size, the light output increases. The
voltage gradient that is needed to start the discharge is determined by the
pressure, so when the pressure is fixed a larger discharge means that the
potential difference over the electrodes must be increased. When potential
differences become too high, above a few kV, shielding components becomes
important and this can be very costly. Therefore among others the
dimensions of the discharge are determined by the desired light output and a
minimization of the costs.
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2.5 This thesis
In this thesis the fluorescent lamp and the HID lamp have been studied. In
both discharges the gas mixture consists of argon and mercury. Therefore
these elements will be discussed here shortly. Also the most important
aspects of the fluorescent lamp and the HID lamp will be discussed.

2.5.1 Argon properties
Argon is the third most common gas in the earth’s atmosphere. It is a noble
gas, with electronic structure 1s22s22p63s23p6. The full outer shell of Argon
makes it stable and resistant to bonding with other atoms. Argon is used in
many gas discharge lamps, because of its inertness, and because it is a
relatively cheap gas. It is often used as a shielding gas in high-temperature
industrial processes, to prevent bonding reactions to take place. It has been
used in incandescent light bulbs to shield the filaments from oxidation. It is
also used to provide an inert environment for crystal growth in the semiconductor industry, and it has its applications as a laser [5].
Since argon has a full outer shell, low-energy collisions between argon atoms
and electrons are perfectly elastic. Only when the kinetic energy of the
electrons is sufficiently high, is it possible for the argon atom to absorb
energy to be excited to a metastable state. The first two excited metastable
states for argon are (3p54s) 3P2 (degeneracy of 5) and (3p54s) 3P0
(degeneracy of 1), which lie closely together at 11.55 and 11.72 eV above the
ground state, respectively. Two resonant levels are lying close to the
metastable levels, (3p54s) 3P1 (degeneracy of 3) and (3p54s) 1P1 (degeneracy
of 3), at 11.62 and 11.83 eV above the ground state respectively. These
resonant levels can decay to the ground state, by emission of radiation [6].
The first ionization energy of argon is 15.76 eV, which is relatively high due
to the completely filled outer electron shell. Ionized argon has a degeneracy
of 6. The emission spectrum of argon is shown in figure 2.3. The argon
discharge has most of its spectral lines in the blue spectral range, and
therefore the argon discharge is characterized by a blue glow.

10

Physics of a gas discharge

Figure 2.3: Emission spectrum of argon [7].

2.5.2 Mercury properties
Mercury (Hg) is a heavy metal with atomic number 80 and electronic
structure [Ar]3d104s24p65s24d105p64f145d106s2. With its full d-shell, it lies on
the border between the transition and post-transition metals. Because
mercury does not have any half-filled shells, it does not form strong bonds
with many other elements. It has an exceptionally low melting temperature
for a d-block metal, at 234.32 K. The boiling point is 629.88 K, which is also
quite low. The excitation states 3P0, 3P1, 3P2, 1P1 and 1S0 at 4.67, 4.89, 5.46,
6.70 and 7.93 eV respectively, have been identified to be the dominant states,
of which the 3P0 and 3P2 states are metastable states, and the 3P1 and 1P1
states are resonant states [8].
The first ionization energy of mercury is 10.438 eV. The emission spectrum is
shown in figure 2.4. In low-pressure mercury-vapor lamps (mbar or less)
only the resonance lines, at 185.0 and 253.7 nm, are visible. These both lie in
the UV part of the electromagnetic spectrum. Therefore the light that is
emitted by these lines cannot be used directly as visible light, but instead the
emission must first be transformed into visible light by a fluorescent coating
[9]. As the mercury pressure is increased, the visible lines become more
dominant. Medium and high pressure mercury discharges are usually
constructed in such a way that they emit primarily in the blue and green part
of the spectrum.
Mercury is mostly known for its use in thermometers, since it has a large
thermal expansion coefficient. Both its large vapor pressure and the low
boiling point make mercury very useful in lamps, since liquids cannot be used
for the emission of light, and the large vapor pressure helps in increasing the
pressure within the discharge at low temperatures. This increase in pressure
can greatly aid the ignition process, as is known from the fact that at low
temperatures ignition is more difficult than at room temperature [10]. From
-20 to 25 °C the mercury vapor pressure increases over two orders of
magnitude, while for an argon gas the pressure varies only slightly. In
discharges the mercury vapor can form compounds with noble gases such as
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argon, which are held together with Van der Waals forces. In industrial
processes mercury can be used as a liquid electrode to produce chemicals.
Mercury used to have many more applications than it has today, but because
of mercury’s toxicity the use of other metals is favored whenever possible.

Figure 2.4: Emission spectrum of mercury [11].

2.5.3 Fluorescent lamps and HID lamps
The ideal vapor pressure for mercury to obtain a high efficacy is either 0.8 Pa
or larger than one bar [9]. Because of this the fluorescent lamp and the HID
lamp both have a high efficacy even though they operate at very different
pressure regimes. In general fluorescent lamps are relatively long (1 meter)
and have a low pressure of a few mbar. The operating gas is mercury, even
though most of the gas inside is argon. For fluorescent lamps secondary
electron emission is very important. For HID lamps secondary emission is
only important during the starting of the lamp [9]. When the HID lamp is
burning, mercury is the dominant gas, with a very high vapor pressure of
several bar. The heavy gas temperature in an HID lamp is also much higher
than in a fluorescent lamp, and the gas temperature during normal operation
is in the range of 1400-8000 K. The HID lamp also has a much higher
luminance output. This has a few drawbacks however, since the voltage
supply needed for the HID lamp is normally larger (100 – 1400 V) and the reignition process for HID lamps is very difficult due to the high gas pressures
at normal operation.
In this thesis both the fluorescent lamp and the HID lamp will be investigated.
Chapters 4, 5, 6 and 7 will focus on the fluorescent lamp, and then in chapters
8 and 9 the HID lamp will be studied.
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Chapter 3
Modeling of a gas discharge
Abstract. A sub-module of PLASIMO [12] has been used to model the plasma
behavior of a gas discharge. The required input data for the fluid model has
been generated with the external program BOLSIG+ [13]. BOLSIG+ in turn
requires as input relative particle densities. This has been calculated with a
collisional radiative model in combination with rate coefficients that are
generated by BOLSIG+. Both models PLASIMO and BOLSIG+ are derived from
approximations of the Boltzmann equation. A short description of the models
is presented in this section, together with a description of the Boltzmann
equation.

3.1 Boltzmann equation
The Boltzmann equation describes the time evolution of the distribution
function  of particles in a fluid. This distribution function is altered by
external fields and collisions. In the absence of collisions, the particles will
change their position during the time from  to  +  from  to  + ! ,

and change their momentum from to + " . When collisions are taken
into account, the particle density in phase space will be given by [14]:
 # + ! ,

+ " ,  + % 

 (, , ) 

+ # &) %

&'(

*+



=

.

(3.1)

Expanding this in terms linear in  gives the most common form of the
Boltzmann equation:
,'(
,)

&'(

+ v ∙ ∇/  + a ∙ ∇0  = # &) %

*+

,

(3.2)
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where a is the acceleration of particles under the influence of external forces.
The right hand side denotes the effect of collisions and radiation on the phase
space density function.
Equation (3.2) is unwieldy and cannot be solved without making significant
approximations. Different methods exist to solve the Boltzmann equation,
such as fluid, kinetic, two-term or multi-term approximation. One of the
methods we will use is the fluid approximation in which the first three
moments of the Boltzmann equation (3.2) are solved in time and space in
order to obtain the average hydrodynamic quantities like the particle,
momentum and energy densities. Fluid models are accurate when sufficient
collisions take place, i.e. when the mean free path of the particles is much
smaller than the plasma size. The electron energy distribution function can
be calculated by an external program, such as BOLSIG+. The BOLSIG+
program uses a different method to solve the Boltzmann equation, namely
the two-term approximation. Here the electron energy distribution function
is expanded in terms of Legendre polynomials of the spherical harmonics,
keeping only the first two terms [13].

3.2 PLASIMO fluid model
The model used to describe the plasma behavior is a time-dependent two
dimensional fluid model, based on the balance equations derived from the
Boltzmann equation. The basic assumption in the model is that the gas
heating is not of importance, meaning that the neutral gas properties such as
pressure, density and temperature of the buffer gas are assumed to be
uniform over the entire discharge region and independent of time. It is
assumed that all heavy particles have the same temperature. The energy
balance is solved only for the electrons, not for the heavy particles. The
electron temperature can be much higher than the heavy particle
temperature, 1 ≫ 13 , since the electrons receive most of the heat generated
by Ohmic dissipation. A detailed description of the PLASIMO fluid model can
be found in [15] and [16].
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The balance equations are shortly given below.
The spatial and temporal evolution of each particle density 4 is described by
the particle balance obtained from the 0th moment of the Boltzmann
equation:
,5(
,)

+ ∇ ∙ 6 = 7 ,

(3.3)

where 6 is the flux density, 7 is the net source term, which depends on the
production 8 and destruction 4 9 of particles, which in turn depends on
the reaction rates :; of different collision processes and the net
stoichiometric number of particles of species < created in each process:
7 = 8 + 4 9 = ∑; >,; :; .

(3.4)

As can be seen in (3.3), the change in the particle density is governed by
transport and the creation and destruction of particles due to reactions
occurring in the discharge. The expression for the flux density is obtained
from the first moment of the Boltzmann equation. This leads after
simplifications to the drift-diffusion equation:
6 = ? E 4 − 9 ∇ 4 ,

(3.5)

where ? is the mobility, E the electric field and 9 the diffusion coefficient.
The transport equation takes into account drift due to the electric field (first
term) and diffusion due to density gradients (second term). The two
transport coefficients are related to each other by the Einstein equation when
the EDF is (near) Maxwellian:
9 =

;@ A( B(
C(

,

(3.6)

with DE as Boltzmann’s constant, 1 the temperature and F the charge of
the particle.

17

Chapter 3.

The second moment of the Boltzmann equation leads to the electron energy
balance:
,5G
,)

+ ∇ ∙ 6H = 7I ,

(3.7)

where the electron energy density is given by 4H = 4 J, and J as the mean
electron energy. The source term 7I includes Ohmic heating and energy
losses due to elastic and inelastic collisions.
The transport equations (3.3, 3.7) are coupled to the Poisson equation in
order to account for the influence of charged species on the electric field:
∇ ∙ (K E) = −∇ ∙ (K ∇L) = M ,

(3.8)

where K is the permittivity of vacuum, L the electrostatic potential, and M is
the space charge density, determined by the presence of the charged
particles:
M = ∑ 4 F .

(3.9)

3.3 BOLSIG+ and the collisional radiative model
The transport coefficients ? and 9 and the reaction rates :; are required
to solve the equations of the fluid model (3.4, 3.5). For electrons this is
obtained using a freeware solver BOLSIG+ [13], designed specially to
calculate input data for fluid models. As input for this solver, reaction cross
sections and the relative densities of the background gases are needed. As
output BOLSIG+ provides the electron energy distribution function (EEDF),
and the transport coefficients and reaction rate coefficients for the reactions
provided. The rate coefficient D; is calculated according to the following
formula:
D; = N O; (J)P(J)(J) J ,
∞
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where O; is the cross section, P(J) the electron velocity, (J) the EEDF, and
J the electron energy.. Having the rate coefficient D; for process D between
particle 4 and 4 the reaction rate :; can be obtained by multiplying the
rate coefficient with the densities of the interacting particles 4 and 4 :
:; = D; 4 4 .

(3.11)

From the resulting reaction rate coefficients, the steady state species
specie
distributions can be calculated zero-dimensionally.
zero
In figure 3.1
1 a schematic
is shown for the different species included in the model and the rate
coefficients D; .

Figure 3.1: The energy level diagram of the different states used in the
model, where 0 is the ground state, * the excited state and + the ion state.
The rate coefficients D; indicate the strengths of the transition processes
between the different states. All transitions occur through electronic
collisions, except for the transitions indicated by D∗∗R , which stands for
ionization through the collision of two excited states, and S∗∗
∗ which
stands for radiative decay.

Since the EEDF that is calculated by BOLSIG+ is influenced by superelastic
collisions between excited atoms and electrons of the form
A* + e → A + e ,
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the relative density of excited species is needed as input for BOLSIG+. As can
be seen from (3.3), the density of excited species depends on the flux 6 and
source 7 of the particles. In the steady state solution

,5(
,)

= 0 is valid. If the

particles are in local chemical equilibrium, which means that their density is
completely determined by the chemical reactions (∇ ∙ 6 = 0), the net source
7 will be equal to zero. The source term for the excited species 4∗ is then
given by:
7∗ = D∗ 4 4 − D∗R 4∗ 4 − D∗ 4∗ 4 − D∗∗R 4∗ U − S∗∗ 4∗ = 0 .

(3.12)

The last two terms on the right-hand side represent metastable-metastable
collisions, of the form
A* + A* → A+ + A + e
and radiative decay, of the form
A* → A + hv
respectively. The excited density can then be solved from (3.12).
When metastable-metastable collisions and radiative decay are neglected, the
excited species density is independent of the electron density, and is given
by:
4∗ = ;

;V∗

∗W R;∗V

4 .

(3.13)

The calculated densities can then be used again as input for BOLSIG+, as is
shown in figure 3.2. This is done using an iterative procedure. After only a
few iterations, the resulting EEDF does not change significantly anymore, as
can be seen in figure 3.3, and the model has converged.
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When metastable-metastable collisions and radiative decay are taken into
account, the ionization degree must be specified in order to determine the
electron density. In traditional collisional radiative models the EEDF is
assumed to be Maxwellian, and the collision rate coefficients are calculated as
a function of the electron temperature. This assumption is valid at moderate
to high electron densities, however at low electron densities the EEDF is
often non-Maxwellian. Therefore in this work the EEDF has been calculated
by BOLSIG+, and the collision rates are calculated as a function of the reduced
electric field E/N. In BOLSIG+ it is also possible to take into account electronelectron collisions. It has been shown that the e-e collisions in argon become
important at an ionization degree of 1 e-6 [13].

Figure 3.2: In order to calculate the EEDF, first cross sections for a chosen
set of reactions must be provided as input for BOLSIG+. From the resulting
EEDF, the reaction rate coefficients are calculated, and from these the
species densities can be calculated zero-dimensionally. Reactions which do
not influence the calculation of the EEDF can still be used for the
calculation of the zero-dimensional species densities. This can then in turn
be used as input values for the BOLSIG+ program.
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Energy (eV)
calculation of the EEDF of an argon discharge. With
Figure 3.3: Iterative calculation
BOLSIG+ the EEDF and the rate coefficients are calculated. The fraction of
the argon density that is excited is used as input. From the rate coefficients
the excited argon density can be calculated with a collisional radiative
model. Order of iterations: R1-R2-R3-R4-R5.
R1
For the conditions used here
(E/N = 10 Td, ionization degree 1 e-5) the final value of the relative
density for excited argon has been found to be 9.66 e-5.

With the model presented in this section,
section the effect of collisional processes
such as superelastic collisions and electron-electron
electron electron collisions can be studied
without having to use the fluid model. This is much
much faster than when the fluid
model is used in an iterative procedure, since the fluid model takes much
more computation time. Because this method is faster, a larger set of
parameters can be studied in the same time. Also the direct effect on the
EEDF can be studied, and the local chemistry can be investigated in more
detail. This will be done in chapter 5. However, first in chapter 4 the fluid
model will be presented when only one collisional process is taken into
account, namely direct ionization.
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Chapter 4
Modeling the luminous regions in a glow discharge
Abstract. A model has been constructed with which the different luminous regions
in a glow discharge are investigated. We have calculated the size of the negative
glow, the Faraday dark space and the positive column within an argon discharge,
under a range of different conditions. The pressure and the size of the discharge
have been varied to study the direct effect of these changes on the distribution of the
individual discharge regions. Special attention has been given to the secondary
emission coefficient, which can have a large effect on the different regions. The
found results show a size of the cathode fall, negative glow, the Faraday dark space
and the anode dark space of 0.3 Torr cm, 2.5 Torr cm, 3.5 Torr cm and 2.5 Torr cm
respectively. This is in reasonable agreement with known data.

4.1 Introduction
In fluorescent lamps the lifetime of the electrodes depends strongly on the
amount of ions bombarding the electrodes and the ion impact energy. The
impact energy is determined by the voltage drop close to the electrodes, and
for this reason the voltage fall close to the electrodes is often a parameter of
interest in the lighting industry [17]. The voltage drop can be measured
experimentally, but it has also been described by a general formula [18].
The discharge structure has already been described in section 2.2, and is
shown in figure 2.1. The aspects that are relevant to the results presented in
the current chapter will be described again here shortly.
By looking at the electric field strengths within a discharge roughly five
different regions can be distinguished. When electrons travel from the
negative cathode to the positive anode they come across these regions
successively. The first region which they enter, namely the cathode fall region
(CFR), is characterized by a very strong electric field. This accelerates the
electrons away from the cathode. The second region, the negative glow (NG),
is characterized by having a very small electric field gradient and in this
region strong electron impact ionization and excitation take place. The third
region is the Faraday dark space (FDS) where almost no ionization takes
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place. The next region, and often the largest is the positive column (PC)
where the electric field strength is practically constant and is large enough to
sustain a reasonable degree of ionization. The final region is the anode fall
region (AFR) where a small voltage drop takes place since the plasma is in
contact with the surface. Less ionization takes place because the ions are
repelled from the anode.
Both the NG and the PC are light emitting regions, while the CFR, the FDS and
the AFR are dark regions which do not emit light. This effect can be seen with
the naked eye in a standard fluorescent lamp, since the size of these regions
is normally in the centimeter range.
The voltage drop LX over the cathode fall region has been described
previously by the following formula [18]:
YE()Z
U[\

U[

7 #E\ % = ln #1 +





%,

(4.1)

where S and _ are gas dependent parameters,  the secondary emission
coefficient of the cathode, < the pressure, the distance from the cathode to
the sheath edge and
e

7(`) = N a /c d

(4.2)

a known tabulated integral. The size of the cathode fall region is related to
the pressure < within the discharge. The parameter < is approximately 0.3
Torr cm for argon for most cathode materials [18]. The other discharge
regions have also been thoroughly explored [19].
In this work a model is presented with which the size of the different regions
can be calculated. Special attention has been given to the influence of the
pressure, length and electrode material on the cathode regions.

26

PLASIMO: Argon discharge model

4.2 Working conditions
The PLASIMO fluid model was used to study the discharge regions in a
fluorescent lamp with a length of 0.5 m and diameter of 0.05 m. The
operating gas is argon at a pressure of 1 Torr and temperature of 300 K. The
voltage over the discharge has been set to 300 V, and the resulting current is
calculated from the model.
The species for which the balance equations are solved are listed in table 4.1
with their transport coefficients. The coefficients for the electrons are
specified as a function of the mean electron energy f (ε), while the coefficients
of the ionic species are specified as a function of the reduced electric field
(f/g). Table 4.2 shows the production process of the argon ions together
with the rate coefficient. In this model only one reaction is solved on the grid.
Recombination has been neglected because of the low particle densities,
which means that the charged particles can only be lost through diffusion to
the walls.
Table 4.1: The transport coefficients used in the model. The mobility
coefficient for the electrons is specified as a function of the mean electron
energy f (ε), while the mobility coefficient for the ions is specified as a
function of the reduced electric field f (E/n). The diffusion coefficients are
deduced from the Einstein relation (equation 3.6).

Species
e
Ar+

μ × N (cm-1 V-1 s-1)
f (ε)
f (E/N)

D × N (m-1 s-1)
Einstein relation
Einstein relation

References
[20], [21]
[22]

Table 4.2: Reaction and rate coefficient used in the model. The reaction
rate coefficient D; (ε) is specified as a function of the mean electron
energy.

Nr.
1

Reaction
Ar + e → Ar+ + 2e

Rate coeff. D; (cm3 s−1)
D; (ε)

Reference
[20], [21]
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Secondary emission from the cathode due to ion bombardment has been
modeled by using a constant secondary emission coefficient. A value of 0.05
has been used for the argon ions [23]. The initial energy of the emitted
electrons is set to 8 eV.

The model used in this section can be found at the PLASIMO CVS as
Argon Filled Fluorescent Lamp

4.3 Results and discussion
The size of the characteristic regions in a discharge has been studied by
looking at the distribution in space of the electric field strength and the
ionization rate. The influence of the pressure, length and electrode material
has been investigated, and will be discussed in the next sections.

4.3.1 Scaling with pressure
Figure 4.1 shows the electric field strength (a) and the ionization rate (b) in
axial direction at different values of the pressure. From the distribution of the
electric field strength the CFR can clearly be identified: the electric field has a
large negative value in this region. From a distance of 0.4 cm from the
cathode the electric field strength is close to zero for 1 Torr, and this denotes
the end of the CFR. The first peak in the ionization rate (b) is characteristic of
the NG, which is found to be approximately 2.8 cm wide here at 1 Torr. The
dip in the ionization rate represents the FDS, which is found to be 3.6 cm in
this figure. The PC is a region with again a large ionization rate. The decrease
of the ionization rate near the anode is distinctive for the AFR, and is
approximately 2.5 cm here.
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Figure 4.1: Electric field strength (a) and ionization rate (b) axial profiles
at different pressures. The electric field strength is shown for the first 2 cm
only.

The size of the CFR depends on the gas pressure. A CFR size of 0.4 ± 0.1 cm is
calculated in this work. In literature the CFR is described to be 0.3 Torr cm
for an iron cathode, which is close to the value which is calculated in this
work. As can be seen a decrease in the pressure leads to an expansion of the
CFR, NG and FDS, which drives the PC into the anode. An increase of the
pressure has the opposite effect. The CFR and NG seem to scale linear with
the pressure, as is expected, but this is not the case for the FDS. According to
Lieberman [18] the FDS should be linear to </h, with h as the current
density, assuming that the voltage over the FDS is constant. This holds
experimentally provided that the pressure is sufficiently high such that the
FDS is collisional. The size of the FDS that is calculated here corresponds
better to a proportionality of </h than to a proportionality of <. However
linear dependency is not upheld. This could be caused by the large
uncertainty in determining the exact size of the FDS. The AFR seems to also
strongly depend on both the pressure and the current flowing through the
discharge.
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4.3.2 Scaling with length
The length of the discharge has been halved while keeping the applied
voltage constant. The results are shown in figure 4.2. As can be seen, this
leads to a decrease in the length of almost all regions investigated here of a
factor of two. This is because the electric field strengths within the discharge
are effectively doubled. Only the CFR is unaffected by the change in the
electric field strength, which can be easily understood as the CFR is the
minimum distance over which the electrons gain sufficient energy to be able
to participate in inelastic collisions. This is independent of the total discharge
length or the total applied voltage.
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Figure 4.2: Electric field strength (a) and ionization rate (b) axial profiles
at different lengths. The electric field strength is shown for the first 2 cm
only.

4.3.3 Scaling with secondary emission coefficient
The size of the discharge regions depends on the cathode material. With the
secondary emission coefficient  it can be modeled whether the cathode
material is a good emitter of electrons or not. Figure 4.3 shows the discharge
regions when different values of  are used. A change in  has a very
large effect on the CFR and on the cathode fall voltage LX . For a  of 0.05
the LX is calculated to be 125 V. This is in good agreement with the value of
130 V which is reported by Lieberman et al. [18] on a copper cathode.
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By analyzing equation (4.1) it is found that the cathode fall voltage should
increase when the secondary emission coefficient is lowered, and that the
cathode fall voltage should decrease when the secondary emission coefficient
is increased. However this also strongly depends on the size of the CFR, and
from Lieberman et al. [18] it follows that the relation between the cathode
fall voltage and the secondary emission coefficient is not straightforward.
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Figure 4.3: Electric field strength (a) and ionization rate (b) axial profiles
at different values of
 . The applied voltage is shown for the different
cases. The electric field strength is shown for the first 2 cm only.
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A summary of the results discussed in sections 4.3.1, 4.3.2 and 4.3.3 is shown
in table 4.3.

Table 4.3: Approximate size of the plasma regions for the different cases
studied. The calculated cathode fall voltage (Vc) and the current (I)
flowing through the discharge are shown as well for a better comparison.

2 Torr
0.5 m
0.4 ± 0.1
cm
1.3 ± 0.3
cm
3.9 ± 1.3
cm
36.8 ± 1.9
cm
1.0 ± 1.0
cm
130 V

0.5 Torr
0.5 m
1.1 ± 0.1
cm
5.1 ± 0.5
cm
3.1 ± 2.1
cm
34 ± 2 cm

Vc

1 Torr
0.5 m
0.4 ± 0.1
cm
2.8 ± 0.6
cm
3.6 ± 1.1
cm
36.4 ±
2.75 cm
2.5 ± 0.5
cm
125 V

I

1 mA

4.5 mA

Argon
CFR
NG
FDS
PC
AD

2.5 ± 0.5
cm
280 V

1 Torr
0.25 m
0.35 ±
0.05 cm
1.3 ± 0.3
cm
1.65 ± 0.7
cm
18.3 ± 0.6
cm
1.25 ± 0.5
cm
170 V

Sec 0.1
200 V
0.8 ± 0.1
cm
2.7 ± 0.6
cm
4.2 ± 0.8
cm
39.3 ±
1.1 cm
1.5 ± 1
cm
170 V

Sec 0.01
400 V
0.9 ± 0.1
cm
2.9 ± 0.7
cm
4.7 ± 1.1
cm
37.5 ± 1.5
cm
1.6 ± 0.9
cm
370 V

0.45 mA

1.6 mA

0.6 mA

0.9 mA

4.4 Conclusions
With the model that has been presented here it is possible to easily identify
most of the characteristic discharge regions, even though only one reaction
has been taken into account. The flexibility of the model made it possible to
investigate the cathode regions as a function of the pressure, discharge length
and cathode material. In this investigation it has become clear why no
general scaling law exists for the sizes of all the different discharge regions.
They simply depend on too many parameters. The model was found to be in
reasonable agreement with the textbook value for the size of the CFR, with
0.4 Torr cm compared to 0.3 Torr cm respectively.
The CFR was also found to depend on the secondary emission coefficient. The
NG was found to be linearly dependent on the pressure and on the applied
electric field strength. The FDS depends on the pressure and the current,
although this was not linear to the </h scaling that was proposed by
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Lieberman et al. [18]. The AFR depends strongly on the current flowing
through the discharge. The calculated cathode fall voltage was shown to be in
agreement with the value obtained from literature for a copper cathode. The
cathode material can have a very large effect on the cathode fall voltage. It
also strongly depends on the resulting CFR size. Apart from the CFR size of
0.4 Torr cm, the size of the NG, FDS and AFR in argon have been calculated to
be approximately 2.5 Torr cm, 3.5 Torr cm (mA) and 2.5 Torr cm respectively
at a current of 1 mA.
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Chapter 5
Collisional radiative model with a non-thermal
EEDF
Abstract. A zero dimensional collisional radiative model (0D-CRM) has been used
with a non-thermal electron energy distribution function (EEDF) to investigate the
regime in which the argon metastable atoms play a dominant role in sustaining an
argon discharge. The resulting EEDF has been studied and compared to a
Maxwellian. The use of a 0D-CRM with a non-thermal EEDF instead of a thermal
EEDF allows for a much more accurate calculation of the reaction rates and
transport coefficients that can be used in fluid models. The non-thermal model has
shown that in many cases stepwise ionization is much more important than is
predicted by a thermal CRM.

5.1 Introduction
Previous authors have acknowledged the importance of the argon metastable
levels in a direct current glow discharge [24]. Since the radiative lifetime of
the argon metastables is larger than one second [25], they are able to
participate in electronic collisions. Therefore they can play an important role
in stepwise ionization processes. Since the cross sections for excitation and
ionization are both distinctive functions of the electron energy, direct
ionization will be favorable in certain discharge conditions, while in other
conditions stepwise ionization will be more important. With collisional
radiative models (CRMs) it is possible to study the relative contribution of
atomic levels to see which ionization process is dominant. Often thermal
CRMs are used, which assume that the electrons obey a Maxwellian energy
distribution function, but it is also possible to calculate the electron energy
distribution function (EEDF) directly from the Boltzmann equation (3.2), and
use this EEDF in a non-thermal CRM.
In this work the transition from a Maxwellian- to a non-Maxwellian EEDF is
studied. The influence of the metastable atoms on the EEDF has been studied,
and also the influence on the quantities that are derived from the EEDF. For
this the electron mobility is investigated. The reaction rates are then used to
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calculate which ionization process, namely direct ionization, stepwise
ionization, or ionization through collisions between two metastable atoms, is
dominant at different discharge conditions. The main focus of this study is to
get an accurate description of the electron transport coefficients and the
reaction rates, which can later be used in a fluid model that describes the
discharge behavior in a fluorescent lamp.

5.2 Non-thermal EEDF
Both a thermal and a non-thermal EEDF have been used in conjunction with
the CRM to calculate the density of argon excited atoms. In this model it is
assumed that the excited state is in local chemical equilibrium. The cross
sections used here are taken from the LXcat database [26]. The relative
density of the excited species is then used as input to calculate the EEDF with
BOLSIG+ iteratively. In section 5.2.1 the non-Maxwellian EEDF is compared
to a Maxwellian EEDF, and in section 5.2.2 the influence of the shape of the
EEDF on the transport coefficients that are derived from it is studied.

5.2.1 Comparison of the EEDF
The non-Maxwell EEDFs calculated by BOLSIG+ have been fitted by a
Maxwellian distribution. An example of this is shown in figure 5.1 at an
ionization degree of 1e-5 and at a reduced electric field strength of 10 Td. A
clear distinction can be made between the calculated EEDF and the
Maxwellian EEDF. The non-Maxwell distribution has fewer high-energy
electrons, but more medium-energy electrons, and also fewer low-energy
electrons as compared to the Maxwell distribution. Apparently the loss of
high-energy electrons due to non-elastic ionization and excitation processes
has a large effect on the distribution function.
The calculated EEDF has also been fitted by a Druyvesteyn distribution,
which is valid if there are no inelastic collisions, the electric field frequency is
much lower than the frequency of collisions, and the collision frequency is
independent of the electron energy. The Druyvesteyn electron energy
distribution function is given by [27]:
(J) = 2.07Jlm n/U J /U ao< #
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CRM: Argon and mercury input data
where J is the electron energy, and Jlm is the average electron energy. The
calculated EEDF in figure 5.1 more closely resembles the Druyvesteyn
distribution, although also this is not a good fit at high energies.

1
Calculated EEDF
Maxwellian fit
Druyvesteyn fit
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Figure 5.1: EEDF calculated by BOLSIG+, at an ionization degree of 1e-5,
and reduced electric field of 10 Td. The black dots represent the calculated
EEDF, and the connected straight line is a Maxwell fit. The blue curve is a
fitted Druyvesteyn distribution.

At a reduced electric field of 10 Td the mean electron energy is calculated to
be 5.19 eV, at 100 Td it is 6.71 eV, and at 1000 Td it is 14.9 eV. It follows that
the reduced electric field cannot be scaled linearly with the mean electron
energy. According to Raizer [28] the mean energy is proportional to E/N
when it is assumed that the scattering cross section is energy-independent.
When it is assumed that the collision frequency is constant, the mean energy
is proportional to (E/N)2. However here the mean energy seems to scale
proportional to (E/N)1/2.

5.2.2 Transport coefficients from non-thermal EEDF
The EEDF itself is not used as input for the fluid model, but instead only
coefficients that are derived from it. Therefore in this section the electron
mobility is studied for different values of the argon metastable fraction. This
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is done as a function of E/N. Figure 5.2 shows the mobility at different argon
metastable concentrations ranging from 0% to 10%. The typical metastable
fractions in the positive column of a fluorescent lamp are 1 e-7 or even less.
Near the cathode this fraction can be up to a thousand times larger, since
there the electric field strength is much higher. Results for a metastable
fraction of 1 e-3 are also shown for completeness.

Electron mobility x N (1 / V / m / s)

It can be seen that the electron mobility depends strongly on the amount of
metastables in the discharge. This is because superelastic collisions have a
large influence on the EEDF. In a fluorescent lamp the electric field in the
positive column is approximately 10 Td. This corresponds to a mean electron
energy of 5.19 eV for the discharge conditions used here. Around 5 eV and
lower the electron mobility depends strongly on the metastable fraction.
Near the cathode the electric field strength is in the order of 1000 Td, which
corresponds to a mean electron energy of 14.9 eV. Here the influence of the
metastables on the electron mobility is very small. Therefore the metastable
fraction in the positive column is more important to determine which
metastable fraction should be used as input for BOLSIG+. The difference
between the calculated mobility at a metastable fraction of 0 and 1 e-7, which
is typical for the positive column of a fluorescent lamp, is small.

Ar* 0%
Ar* 0.00001%
Ar* 0.01%
Ar* 0.1%

1E26

1E25

1E24

1

10

100

Electron energy (eV)

Figure 5.2: Electron mobility as a function of the reduced electric field.
The electron mobility has been calculated by BOLSIG+ for different
concentrations of argon metastables inside the discharge.

38

CRM: Argon and mercury input data

5.3 Main ionization path in an argon discharge
The different ionization processes in an argon discharge have been studied
with both a thermal and a non-thermal CRM. The ionization processes of
argon are the following:
Ar + e → Ar+ + 2e
Ar* + e → Ar+ + 2e
Ar* + Ar* → Ar+ + e + Ar
The first reaction describes direct ionization from the ground state by
electronic collisions. The second reaction describes electronic ionization
from an excited state, which has been taken to be a metastable state state.
The third reaction describes collisions between two argon metastable atoms.
The rates of these reactions depend on the EEDF, and in turn the EEDF
depends on the amount of atoms and ions present in the discharge. Therefore
each reaction can be dominant under different discharge conditions. This is
investigated in the following sections.

5.3.1 Influence of ionization degree and electric field strength
The regimes that have been studied here include different ionization degrees
(1 e-7, 1 e-5, and 1 e-3) and different electric field strengths expressed in
units of the reduced electric field E/N (3.5 Td, 10 Td, which is typical for the
field strength in the positive column, 35 Td, 100 Td and 1000 Td, which is
typical for the field strength in the cathode fall).
Figure 5.3 presents the calculated contribution in percent of each process to
the total ionization process for the different cases studied. The influence of
the reduced electric field can be understood by considering that the
threshold for the excitation rate is lower than the threshold for direct
ionization. Because of this, stepwise ionization is the dominant process at low
values of E/N. The direct ionization process becomes more important with
increasing the reduced electric field, since an increase in the E/N values leads
to an increase in the amount of high-energy electrons. At E/N value of 1000
Td, this is the main ionization process.
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Figure 5.3: The contribution of each ionization process for different
values of the reduced electric field and for different ionization degrees.
From left to right: a) ionization degree 1 e-7, b) ionization degree 1 e-5, c)
ionization degree 1 e-3.

The influence of the ionization degree can be understood by considering that
the ion source is the sum of three separate contributions. The ion source is
given by:
7R = 4 4 DR + 4∗ 4 D∗R + 4∗ 4∗ D∗∗R ,

(5.2)

where the rate coefficients are shown in figure 3.1.
From equation (3.12) the excited density can be solved under the
assumption that this state is in local chemical equilibrium. This yields (after
negation):
4∗ U D∗∗R + 4∗ (S∗∗ + 4 D∗ + 4 D∗R ) − 4 4 D∗ = 0 .

(5.3)

We will write:
s 4∗ U + t 4∗ + > = 0 ,
which has the following positive solution for 4∗ :
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4∗ =

uR√u Z wlX
Ul

=

u

Ul

xy1 −

wlX
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− 1z .

(5.5)

wlX

If { uZ { ≪ 1 we can use √1 − o ≈ 1 − o/2 to obtain
4∗ ≈

u UlX

Ul u Z

X

= − = 4
u

5 ;V∗

Y∗∗V R5 ;∗V R5 ;∗W

.

(5.6)

We have
wlX

{ uZ { = (Y∗

w ;∗∗W 5V 5 ;V∗

∗V R5 ;∗V R5 ;∗W )

Z

.

(5.7)

The criterion that this is much smaller than unity is fulfilled for very small
and very large values of 4 . For very low values of 4 we get from (5.6)
4∗ ≈ 0 . In this case it can be seen from (5.2) that direct ionization is the most
important ionization process.
For ‘very’ high values of 4 (that is: radiation can be ignored in the
denominator) we have
wlX

{ uZ { ≈

w ;∗∗W 5V 5 ;V∗

(5 ;∗V R5 ;∗W )Z

=

5V w ;∗∗W ;V∗

5 (;∗V R;∗W )Z

,

(5.8)

and this is much smaller than unity if
5

5V

w ;∗∗W ;V∗

≫ (;

Z
∗V R;∗W )

.

(5.9)

For that case we again find for 4∗ equation (5.6). This is just the value for the
case the quadratic ionization process is absent:
7R = 4 4 DR + 4∗ 4 D∗R + 4∗ 4∗ D∗∗R .

(5.10)
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Inserting (5.6) into (5.10) gives:
7R = 4 4 DR ~1 +

;V∗



;VW RY∗∗V /5 ;∗W

,

(5.11)

where the first term inside the brackets represents direct ionization and the
second term represents stepwise ionization. The two ionization processes
are equally important when:
;

_ = ; V∗ RY∗
VW



∗V /5 ;∗W

= 1.

(5.12)

Solving this for 4 results in:
4 =

Y∗∗V ;VW /;∗W
;V∗ ;VW

.

(5.13)

This is the electron density for which the direct and stepwise ionization
processes are equally important. It is interesting to note that when the
excitation rate and the ionization rate are of equal size, the denominator goes
to zero. When D∗ = DR , the direct ionization process is always more
important than the stepwise ionization process, if radiative decay is nonzero.
In figure 5.4 the calculated contribution of the ionization processes is shown
for a Maxwellian electron distribution. The temperatures 1 used here are
U
defined as Du 1 = n J . Here J is the mean electron energy of the EEDFs that

were used in figure 5.3. This is only a re-definition, since the EEDFs used in
figure 5.3 were non-Maxwellian. The mean electron energy varies slightly at
different ionization degrees. It can be seen that with a Maxwellian EEDF
direct ionization becomes much more important and stepwise ionization
much less important. The role of metastable metastable collisions is of
similar magnitude, which is unimportant at low electron temperatures, but
important at high electron temperatures.
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Figure 5.4: The contribution of each ionization process for different
temperatures and for different ionization degrees. The temperatures used
here correspond to the temperature of the EEDFs used in figure 5.3,
U
defined as Du 1 = n J, with J as the mean energy of the previous EEDFs.
From left to right: a) ionization degree 1 e-7, b) ionization degree 1 e-5, c)
ionization degree 1 e-3.

5.3.2 Influence of electron-electron collisions
When electron-electron collisions are included, the resulting EEDF becomes
Maxwellian at a high ionization degree. This is shown in figure 5.5 (a).
However the influence of electron-electron collisions is not the same at
different ionization degrees and at different values of E/N.
When the ionization degree is low the electron-electron collisions do not
have a large influence, as can be seen in (c) and (d). When E/N is low (a) the
electron-electron collisions have a larger influence than when E/N is high (b).
Since the e-e collisions do not have a large influence at an ionization degree
of 1 e-7 these will not be included in the fluid model.
However it should be noted that at high ionization degrees (1 e-3) the
inclusion of e-e collisions leads to more ionization, up to an increase of even
an order of magnitude at a few Td. The direct ionization process becomes
slightly more important, and also metastable-metastable ionization becomes
slightly more important. Stepwise ionization still remains the main ionization
process in most cases.
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Figure 5.5: EEDF calculated by BOLSIG+, with (black) and without (red)
electron-electron collisions. The EEDFs are calculated at different
ionization degrees and different reduced electric field: a) 3.5 Td,
ionization degree 1 e-3. b) 35 Td, ionization degree 1 e-3. c) 3.5 Td,
ionization degree 1 e-7. d) 35 Td, ionization degree 1 e-7.
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5.3.3 Influence of metastables and the radiation term
Metastable-metastable collisions provide an extra process to ionize argon
atoms. When these collisions are not taken into account, the CRM consists of
a linear set of equations. However the influence of metastable-metastable
collisions can be quite large at certain parameters, as was shown in figure 5.3
and figure 5.4. The metastables are also able to participate in stepwise
ionization. But they can also be lost through radiative transitions to the
ground state.
The radiation term S∗∗ = S∗ Λ, which stands for de-excitation by emitting a
photon, has a large influence on the amount of excited particles. Its value can
change significantly when the amount of radiation trapping changes, as is
expressed by the escape factor Λ. In this section the value of S∗∗ is changed
from 5 e4 s-1 to 5 e5 s-1. When the radiation term is increased or decreased it
can have a large influence on the ionization processes, as is shown in figure
5.6. It can be seen that the radiation term is not important when the main
ionization process is direct ionization. However when the main ionization
process is through metastable-metastable collisions, the influence of the
radiation term is very large. When the radiation term is increased to 5 e5 s-1
the influence of the metastable-metastable collisions becomes much less
important (i.e. 10% instead of 40% for E/N of 100 Td and ionization degree
1 e-5).
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Figure 5.6: The contribution of the each ionization process for different
temperatures and for different ionization degrees, when a larger radiation
term is used. From left to right: a) ionization degree 1 e-7, b) ionization
degree 1 e-5, c) ionization degree 1 e-3.
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5.4 Fluid model of a fluorescent lamp
The transport coefficients and reaction rates obtained from BOLSIG+ are
used as input for the fluid model. The results from the fluid model can be
influenced by the value of metastables that is used as input for BOLSIG+. This
is shown in figure 5.7. The difference between when a metastable density of 1
e-7 is used and when a metastable density of zero is used, is quite small. On
the other hand when a relative metastable density of 1 e-4 is used, the
electron density blows up to above a value of 1 e20 m-3. Therefore large
metastable density changes have a big influence on the fluid model.
The metastable density that is calculated from the fluid model in the steady
state solution is in the order of 1 e-8. Therefore both a metastable density of
zero and 1 e-7 are good approximations, as the difference between the two is
small. In the cathode fall region however the densities can become very
different, and the relative metastable density can be as large as 1 e-4.
Therefore it would be better to use 3D lookup tables, so that rates can be
specified as a function of both the reduced electric field strength and the
metastable density. However when more gases are present in the discharge
this can lead to 4D and even 5D lookup tables, which can seriously hinder
computation times.
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Figure 5.7: Electron density along the axis of the discharge, calculated
with the fluid model for different input values. The blue arrows indicate
that when a metastable density of 0.01% is used as input data, the
electron density blows up.
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With the fluid model it has been found that most ionization takes place close
to the cathode. In this region the electric fields are very high (a few 1000 Td).
The main ionization process in the fluid model was found to be direct
ionization, which is in agreement with the results presented in figure 5.3. In
the positive column the electric fields are much lower (10-15 Td), and
therefore stepwise ionization becomes relatively more important. But direct
ionization still remains the dominant path, since the ionization degree is very
low.
The average electron density in the positive column was calculated to be
2 e14 m-3, which leads to an ionization degree of approximately 1 e-8.
Therefore electron-electron collisions do not have to be taken into account.

5.5 Conclusions
The EEDF in an ignited fluorescent lamp has been calculated, and it has been
found that this EEDF is non-Maxwellian. The EEDF more closely resembles a
Druyvesteyn distribution, although also this is not a good fit at high electron
energies.
The argon metastable density can have a large influence on the EEDF.
However the difference in the EEDF when a relative metastable density of
1 e-7 or zero is used, is not very large. The most important contribution of
the metastables to the discharge behavior that has to be taken into account is
in the ionizing reactions, since stepwise ionization and ionization through
metastable-metastable collisions can have a very large effect, both in the
cathode fall region and in the positive column.
In the cathode fall region, where the electric field strength is very high, direct
ionization is expected to be the dominant ionization process. Metastablemetastable collisions can have a significant contribution. In the positive
column, where the electric field strength is relatively small and the
metastable density is relatively large, stepwise ionization is expected to be
the dominant ionization process.
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Chapter 6
Calculation of the breakdown voltage in an
argon discharge
Abstract. A parallel plate DC discharge has been modeled in order to study the
influence of molecular argon on the breakdown conditions. The model has been
compared to experimental Paschen curves found in literature, and the model was
found to be in good agreement with the data. The influence of the secondary
emission coefficient on the Paschen curve has been studied, as this can shift the
minimum of the Paschen curve to other < values. The influence of the molecules
has been studied by directly investigating the molecular densities and by changing
the secondary emission coefficient of the molecular ions. The obtained results have
shown that argon molecules compose a large fraction of the ionic species at a
pressure of 100 Torr, and at pressures above 100 Torr the secondary emission
coefficient of the molecular ions has a large influence on the breakdown voltage.

6.1 Introduction
With the invention of the Geissler tube in 1857 and the Crookes tube around
1870, many people have started to investigate the breakdown in a gas
discharge [29]. John Townsend has theoretically described the basic
mechanisms of the avalanche of electrons that leads to breakdown in a gas,
and Friedrich Paschen devised a law after he had studied the breakdown of a
gas between two parallel plates [30]. The Paschen law states that the
minimum breakdown voltage can be described as a function of the product of
the gas pressure and the gap distance. Since then Paschen curves have been
measured for many different gases. It has been found that Paschen’s law is
only valid when the boundary conditions are kept constant, since the
breakdown voltage also depends on conditions such as the cathode material,
the presence of a dielectricum and the gas inbetween the electrodes. In more
recent years also theoretical studies on the breakdown voltage have been
performed [31], and at present the focus of these studies is to find an
accurate description of the secondary emission coefficient.
In the current work the Paschen curve will be studied in an argon discharge.
The breakdown voltage has been calculated at various pressures and gap
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distances, and the secondary emission coefficient is changed. In a previous
section (chapter 4) a model for low-pressure argon gas discharges has been
presented. However, recently this model has been expanded to include
molecular argon species and the relevant reactions. At high pressures the
influence of the molecular species is expected to be larger. Therefore the
influence of the molecular species will be investigated at different pressures.
The results are validated by comparison with experimental data taken from
[31] and [32].

6.2 Working conditions
A pure argon gas between two parallel plates has been modeled when a
constant voltage is applied. The background gas consists of neutral argon
atoms. The species for which the balance equations are solved are listed in
table 6.1 with their transport coefficients. The coefficients for the electrons
are specified as a function of the mean electron energy (J), while the
coefficients of the ionic species are specified as a function of the reduced
electric field (f/g). The excited species are assumed to be in local chemical
equilibrium, so for these the transport is not solved. The excited species Ar* is
an effective level that represents the argon 4s levels. For the calculation of
the EEDF an effective cross section for all excitations from the argon ground
level has been used, so for the electron mobility and the rates which are
derived from the EEDF, all argon excitation levels have been taken into
account. It is then assumed that all excited levels rapidly decay back to the 4s
levels, so that the bulk of the excitation resides in the lowest excited levels.
The same assumption is made for the excited molecular species Ar2*.
Therefore the various rare gas species are assumed to have only one excited
state.
In table 6.2 the reactions together with the rate coefficients are shown. In
figure 6.1 a diagram is shown of the energy levels of the different argon
ground and ionic states. Ionization from the excited levels has been taken
into account (reactions 4, 5, 11 and 13). The frequency of de-excitation by
emitting a photon (reaction 6) has been calculated according to [33], and this
resulted in a value of 1e5 s-1. This has been used for low pressures. For high
pressures however the emitted radiation is almost entirely trapped inside the
discharge, so therefore a rate of 1e1 s-1 has been used [34]. The ions and
excited atoms formed by electronic excitation rapidly dimerize by three-body
recombination reactions (reaction 7 and 8) [35].
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Table 6.1: The transport coefficients used in the model. The mobility
coefficient for the electrons is specified as a function of the mean electron
energy f (ε), while the mobility coefficients of the ionic species are specified
as a function of the reduced electric field f (E/N). The diffusion coefficients
are deduced from the Einstein relation (equation 3.6).

Species
e
Ar+
Ar2+
Ar*
Ar2*

μ × N (cm-1 V-1 s-1)
f (ε)
f (E/N)
f (E/N)
-

D × N (m-1 s-1)
Einstein relation
Einstein relation
Einstein relation
Local chemistry
Local chemistry

References
[36]
[37]
[37]
See section 3.3
See section 3.3

Table 6.2: Reactions and rate coefficients used in the model. Rate
coefficients have units of (cm3 s−1) unless mentioned otherwise. The
electron related reaction rate coefficients D; (ε) are specified as a
function of the mean electron energy.

Nr.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Reaction
Ar + e → Ar+ + 2e
Ar + e → Ar* + e
Ar* + e → Ar + e
Ar* + e → Ar+ + 2e
Ar* + Ar* → Ar+ + Ar + e
Ar* → Ar + hv
Ar+ + 2Ar → Ar2+ + Ar
Ar* + 2Ar → Ar2* + Ar
Ar2* + e → Ar2+ + 2e
Ar2* + e → 2Ar + e
2Ar2* → Ar2+ + 2Ar + e
Ar2* → 2Ar + hv
Ar2* + Ar* → Ar2+ + Ar + e
e + e + Ar+ → Ar* + e
e + Ar2+ → Ar* + Ar

Rate coefficient D; (cm3 s−1)
D; (ε)
D; (ε)
D; (ε)
D; (ε)
6.4 e-10
1 e5 s-1 / 1 e1 s-1
2.5 e-31 cm6 s-1
1.14 e-32 cm6 s-1
9 e-8 Te0.7 exp( -3.66 / Te )
1 e-7
5 e-10
6 e7 s-1
5 e-10
5 e-27 Te- 4.5 cm6 s-1
5.38 e-8 Te- 0.66

References
[36]
[36]
[36]
[36]
[38]
[33], [34]
[34]
[34]
[34]
[34]
[34]
[34]
[34]
[34]
[34]
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Figure 6.1: The energy level scheme of atomicatomic and molecular argon.

Secondary electron emission from the cathode has been modeled by using a
constant secondary
condary emission coefficient (  ).. For atomic argon ions a value
of 0.10 has been used [39],
[ ], while for the molecular ions a value of 0.05 has
been used, by assuming that  scales inversely with the mass of the species
specie
[40].
]. For the excited atoms and dimers transport has not been taken into
account, so for these species no value for  had to be specified. In table 6.3
some values of  are listed for
for different cathode materials. However the
value of  depends strongly on the quality of the surface, which is generally
unknown.
Table 6.3: The secondary
s
emission coefficient (  ) for argon ions
i
colliding onto different cathode materials. Values are taken from [39
39].

Surface
Al
Cu
Si
W

Ion
Ar+
Ar+
Ar+
Ar+



0.12
0.06
0.02
0.10

The model used in this section can be found at the PLASIMO CVS
CVS as
Parallel Plates DC Argon Discharge

52

PLASIMO: Molecular argon discharge model

6.3 Initial densities
Without initial electrons present in the discharge, no breakdown can occur,
since electrons are needed to ionize the neutral atoms and to start the
electron avalanche. Because of this a value must be chosen for the initial
amount of electrons present in the discharge. According to the Saha equation,


U

4R 4 = 4 W  exp #−

(W V )

V

;@ A

%,

(6.1)

the amount of ionized argon atoms 4R and the amount of electrons 4
present in a thermal equilibrium gas depends on the temperature 1 of the
gas. Here 4 is the amount of ground state argon atoms, R and  the
respective degeneracies of the states involved, R −  the ionization energy
with respect to the ground level, DE Boltzmann’s constant, and Λ the thermal
de Broglie wavelength of an electron given by:
Λ = ℎU /2 DE 1 ,

(6.2)

where  is the mass of an electron and ℎ Planck’s constant. For singly
ionized atoms the amount of ions and free electrons created in the discharge
will be equal:
4R = 4 ,

(6.3)

and then the ion density can be calculated from (6.1) for a given neutral gas
density. When this equation is used, it is found that the amount of ions and
electrons present due to thermal collisions in an argon gas at room
temperature is given by:
4.4e-96 (</Torr)/U m-3 ,

(6.4)

which is completely negligible.
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However ionizations can also occur due to radiation, such as cosmic
radiation, which is always present. When it is assumed that all cosmic
radiation is energetic enough to ionize argon atoms, and that all the energy
which is transmitted in collisions goes into ionizing the atoms, the following
formula can be derived for argon [41]:
4R = 1.28a3 ∙ (</Torr)U m-3 ,

(6.5)

with < the pressure of the neutral gas. A few simulations have been
performed, in which it became clear that the initial densities do not have a
large effect upon the behavior of the discharge, at least as long as the
densities are not too large so they do not form a potential fall at the cathode.
So the approximation for the initial densities as shown here seems to be
adequate.

6.4 Results and discussion
The breakdown voltage is calculated for an argon gas discharge between two
parallel plates as a function of the gas pressure and the distance between the
electrodes. This is done for two cases. The first case consists of two capacitor
plates without a dielectric. This is the most general case for calculating the
breakdown voltage, and experimental data are available for this to compare
the numerical results to. The second case which has been modeled is the
breakdown voltage of an argon filled fluorescent lamp.

6.4.1 Breakdown voltage between two capacitor plates
The electron density during the ignition phase of the gas is shown in figure
6.2 as a function of the distance from the cathode. It can be seen that the
electron density increases exponentially as the distance from the cathode
increases. This shows that many free electrons are created in the Townsend
avalanche effect, where each electron that starts at the cathode generates
exp( ) − 1 ions as it travels through the discharge over a distance , with
 as the Townsend first ionization coefficient. Near the anode, at 10 cm from
the cathode, the electron density decreases strongly.
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Figure 6.2: The electron density as a function of the distance from the
cathode.

Figure 6.3 shows the result of a calculation of the breakdown voltage as a
function of < , the product of the gas pressure and the distance between the
electrodes. The red dots represent the calculation results. This shows a
typical Paschen curve, which can be identified by an increasing left and right
branch, and a minimum breakdown voltage inbetween. The reason why the
breakdown voltage increases when < becomes very small is because either
the pressure is so low or the distance between the electrodes is so small that
the electrons will not undergo enough inelastic collisions to start the
avalanche effect. When the product < becomes very large, the breakdown
voltage increases because the electrons undergo so many collisions that they
do not gain enough energy to be able to ionize the argon atoms. A larger
applied voltage difference means that the electrons are more strongly
accelerated so that they can ionize the argon and start the avalanche effect.
The left branch of the Paschen curve in figure 6.3 is steeper than the right
branch, and this is also generally the case. A minimum value for the
breakdown voltage can be found around 1 Torr cm. The position of this
minimum is gas dependent.
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Figure 6.3: The breakdown voltage as a function of the product of the
pressure and the distance between the electrodes. The modeling result
(red dots) is compared to other data sets (black). Black dots are from
experiments, and solid lines from other calculations [31].

The calculated Paschen curve has been compared to experimental data from
[31] and very good agreement has been found between the data. In figure 6.3
the black points that are denoted by different shapes represent measured
data sets, while the connected lines represent calculation results from other
authors. At high < values the curves align nicely, and for low < values the
calculated breakdown voltages are only slightly smaller than the measured
values. This is because the minimum breakdown voltage is strongly
dependent on the cathode material, and apparently the secondary emission
coefficient of 0.1 which has been used in the calculations was chosen to be a
bit too high. The secondary emission coefficient will be discussed more
extensively in the next section.

6.4.2 Scaling with the secondary emission coefficient
It has been found from experiments that the Paschen curve depends on
whether the cathode is a good emitter of electrons or not [32]. This can be
modeled by changing the secondary emission coefficient (  ) of the
electrodes. The value of  can be found in literature for different cathode
materials, as is shown in table 6.3.
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Figure 6.4 shows a comparison between calculated results where a different
 has been used and experimentally calculated Paschen curves with
different cathode materials. The calculated results show that the minimum
breakdown voltage is shifted upwards over a line when  is decreased. In
the experimental results the same trend can be observed, as a cathode
material that is a worse emitter of electrons has a lower value of  . The
absolute values of the breakdown voltage and the position of the minimum in
the Paschen curve are in good agreement between the model and the
experimental values, albeit at a somewhat lower value of
 than is
generally described in literature.
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Breakdown voltage (V)
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γ se 0.01
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Figure 6.4: Left hand side shows the Pachen curves as predicted by the
model for different secondary emission coefficients of the argon ion (  ).
Right hand side shows the Paschen curves for different cathode materials,
namely from top to bottom: iron covered with soot, copper, silver and
stainless steel [32]. The straight line in both figures indicates that the
minimum of the Paschen curve is shifted upwards linearly when the
cathode is a worse emitter of electrons.

The experimentally measured breakdown voltage for copper is comparable
to the breakdown voltage calculated with  between 0.02 and 0.04, while
from literature the value of  for copper should be approximately 0.06.
However  also strongly depends on the cleanness and the quality of the
surface. In the model the surface is perfectly smooth and clean, but in the
experiments this is not the case, so the theoretical value of  could differ
from the actual value. It should also be noted that the breakdown voltages
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calculated at 0.2 Torr cm are smaller than the experimental values. The
reason
on for this could be that the bowl-like
bowl like shape of the bottom of the Paschen
curve depends on the ratio between the length and width of the discharge
used, as is shown by [32]. However, in general good agreement has been
found between the model and the experimental values when comparing the
Paschen curves at different cathode materials.

6.4.3 Breakdown voltage within a fluorescent lamp
A dielectric tube has been added around the discharge to represent the
geometry off a fluorescent lamp. This is shown in figure 6.5.. The size of the
discharge was changed to study the Paschen curve. For this the
the ratio between
the tube length and the diameter was kept constant, as 10 : 1.

Figure 6.5: Geometry used in the model. The electrodes are shown on the
left and right. A dielectric tube (black)
(
) is added around the discharge to
represent the geometry of a fluorescent lamp. For the computational
omputational
domain cylindrical symmetry was used, with the axis of symmetry shown
at the bottom. The squares shown here are not representative of the grid
size used in the calculations.

Figure 6.6 shows the Paschen
Paschen curves for a discharge inside a dielectric tube
(black dots) compared with the Paschen curve without the presence of a
dielectric (grey dots). It can be seen that the presence of a dielectric has a
large effect on the breakdown voltage, as the minimum of
of the Paschen curve
is more than doubled. Also the minimum of the Paschen curve has shifted
towards a higher < value.
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Figure 6.6: The Paschen curve for a discharge with- and a discharge
without a dielectric. The ratio between the length and width was kept
constant at 10:1.

6.4.4 Molecular argon during breakdown
The influence of the molecular argon species on the breakdown conditions
has been studied by changing the value of  for the molecular ions and
investigating how this changes the breakdown voltage. During the
calculations presented in figure 6.2 it was found that up to a pressure of 10
Torr the molecular ions composed only a small fraction of the total ionic
population. At 10 Torr the population of the molecular ions was in the order
of a few percent of the atomic ion population, and at 100 Torr the Ar2+
density and the Ar+ density were of the same order of magnitude during the
first 100s of µs of breakdown. At a pressure of 1000 Torr the molecular
species completely dominated the discharge, as during the breakdown
process the Ar2+ density became a few orders of magnitude larger than the
Ar+ density.
In order to investigate this further, calculations have been made using
different values of  for Ar2+, at different gas pressures, and at a constant
< value of 0.9 Torr cm. The result of these calculations is shown in figure
6.7, and as can be seen from the figure the breakdown voltage does not
change when a different  is used at a pressure of 10 Torr. This means that
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the molecular ions do not play an important role during the ignition stage at a
pressure of 10 Torr. At a higher pressure of 100 Torr, the value of  for Ar2+
has a small effect on the breakdown voltage, as a large change in  only has
a small effect on the breakdown voltage. At a pressure of 1000 Torr  has a
very large effect on the breakdown voltage, and from this it can be concluded
that the molecular ions play a very important role in the breakdown process
at this and at higher pressures. According to Vriens et al. [42] a significant
fraction of molecular ions is formed already at 3 Torr. However in the results
presented here it is shown that at 10 Torr and lower pressures the molecular
ions do not contribute much to the breakdown process.

10 Torr
100 Torr
1000 Torr

Breakdown voltage (V)

300

250

200

150

100
0

0.02

0.1

Secondary emission coefficient Ar2

1
+

Figure 6.7: The breakdown voltage as a function of the secondary
emission coefficient for the molecular argon ions. Different pressures are
investigated at a constant < value of 0.9 Torr cm.
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6.5 Conclusions
The Paschen curve for an argon gas discharge has been extensively studied
with a model. The calculated results have been compared to experimental
values, and a good agreement has been found between the model and the
data found in literature. The influence of the secondary emission coefficient
on the breakdown voltage has been studied, and it was shown that the
secondary emission coefficient has a large effect around the minimum of the
Paschen curve. The importance of this effect decreases as the discharge
conditions are changed more towards the right branch of the Paschen curve.
It has also been shown that the presence of a dielectric tube can greatly
increase the breakdown voltage. This effect is especially large around the
minimum of the Paschen curve, and can change the breakdown voltage by
more than an order of magnitude. By changing the pressure in the discharge
the influence of the molecular argon species has been studied. It has been
found that during the ignition phase the argon molecules play a very
important role at a pressure of 1000 Torr. At a pressure of 10 Torr and lower
the argon molecules do not play any role in igniting the discharge.
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Chapter 7
Model of an AC-driven fluorescent lamp to calculate
the cathode fall voltage
Abstract. The measurement of the cathode fall voltage is hampered by large
uncertainties due to plasma potential effects. This problem becomes especially
apparent in AC driven discharges. Therefore a model has been set up to calculate the
cathode fall voltage directly. The results are compared with experimentally
measured curves of the cathode fall voltage that have been taken from literature. A
good agreement has been found between the modeling results and the experimental
measurements, which shows that looking at the spectral lines of the excited argon is
a good method to calibrate the measurement of the cathode fall voltage.

7.1 Introduction
The cathode fall voltage has a large influence on the lifetime of the electrodes
in a fluorescent tube, since a higher cathode fall voltage leads to a larger
acceleration of the ions bombarding onto the electrodes. Therefore it is
interesting for industrial lighting companies to be able to accurately measure
the cathode fall voltage. Different methods are being used to measure the
voltage fall that lead to different results. The reason for this discrepancy lies
in the interpretation of the measurements.
All attempts to experimentally determine the cathode fall voltage have to
deal with a voltage offset that is caused by the plasma. So an absolute
calibration has to be made in some way to determine the actual potential
difference between the cathode and the plasma. With modeling however the
voltage at any position can be calculated directly without having a potential
offset. In this work an AC driven fluorescent tube has been modeled in order
to calculate the cathode fall voltage. The result has then been compared to
the values that were obtained with two different experimental methods, [43]
and [44].
The voltage at the end of the cathode fall region can be measured by inserting
a Langmuir probe into the plasma or by using a capacitive coupled ring.
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However with these measurements not just the cathode fall voltage is
measured but rather the sum of the cathode fall voltage and the plasma
potential, as is shown in figure 7.1. Because of this the reference to the zero of
potential is lost, and the measurements only provide information
informa
on a
relative scale. Two methods will be discussed here on how the voltage in the
discharge can be calibrated relative to the electrode potential.

Figure 7.1: Schematic of the band method in a fluorescent
fluorescent tube. The
cathode fall voltage can be measured by inserting a probe or by using a
capacitive coupled outer ring. With these techniques the measured
cathode fall voltage will have an offset the size of the plasma potential.
potential
Figure is taken from J.J. de
d Groot [43].

The first of these methods has been used at Philips Lighting in their cathode
fall measurements and is based on the assumption that each electrode acts as
the cathode for an equally long time as it acts as the anode. This assumption
is reasonable when the period of the external field is much lower than the
characteristic transport times of the ions and electrons, so that the ions and
electrons perceive the applied voltage as DC. An example of such a
measurement is shown in
i figure 7.2.
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Figure 7.2: Cathode fall voltage as a function of time. The measured
graph is corrected by setting the time of the anode
anode and cathode phases
equal.. Figure is taken from J.J. de Groot [43].

In the second method, which has been derived by Nachtrieb
Nach
et al.
al [44], the
potential offset is estimated
estimated by measuring the spectral lines of one of the
resonant states of the gas constituents. They used the abrupt onset of
emission of certain selected spectral lines of argon as a signal that the
potential drop has exceeded the excitation potential of the specific spectral
line. This allows for an absolute calibration of the potential relative to the
cathode. An example of this is shown in figure 7.3, where the onset of
emission of 811.5 nm radiation denotes
denotes a cathode fall voltage of 13 V. For
high frequencies of the applied potential this method leads to very different
differe
results compared to the method described previously. In the results from
Nachtrieb et al.. the cathode and anode times were not equal, as was
wa assumed
in the first method, but the cathode phase was nearly twenty times as large as
the cathode phase.
With the model that is presented in the current work this discrepancy has
been investigated further.
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Figure 7.3: Intensity of 811.5 nm radiation over time. The abrupt onset of
the emission denotes the time at which the cathode fall voltage has
reached 13 V.. Figure is taken from Nachtrieb et al. [44].

7.2 Working
orking conditions
An AC driven fluorescent tube containing
c
pure argon gas has been modeled
using PLASIMO.. The model has been based on a fluorescent lamp with a
length of 1 meter and radius of 2 cm, a background gas temperature of 300 K
and a gas pressure off 2 mbar. The species and their transport coefficients
included in the model are listed in table 7.1. The excited species Ar* represent
a combination of the argon 4s levels. In table 7.2 the reactions together with
the rate coefficients are shown.

Table 7.1: The transport coefficients used in the model. The mobility
coefficient for the electrons is specified as a function of the mean electron
energy f (ε),, while the mobility coefficients of the ionic species are specified
as a function of the reduced electric field f (E/N).The
.The diffusion coefficients
are deduced from the Einstein relation.

Species
e
Ar+
Ar*
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μ × N (cm-1 V-1 s-1)
f (ε)
f (E/N)
-

D × N (m-1 s-1)
Einstein relation
Einstein relation
2 e20

References
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[46
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Table 7.2: Reactions and rate coefficients used in the model. Rate
coefficients have units of (cm3 s−1) unless mentioned otherwise. The
electron related reaction rate coefficients are specified as a function of the
mean electron energy D; (ε).

Nr.
1
2
3
4
5

Reaction
Ar + e → Ar+ + 2e
Ar + e → Ar* + e
Ar* + e → Ar+ + 2e
Ar* + Ar* → Ar+ + Ar + e
Ar* → Ar + hv

Rate coefficient D; (cm3 s−1)
D; (ε)
D; (ε)
D; (ε)
6.4 e-10
1 e5 s-1

References
[45]
[45]
[45]
[47]
[48]

Secondary electron emission from the cathode has been modeled by using a
constant secondary emission coefficient. For the argon ions a value of 0.1 has
been used [49], while for the excited atoms a value of 0.01 has been used
[50]. However according to Phelps et al. [50] secondary emission from the
cathode is not the main source of electrons, but instead thermal emission
from the electrodes is very important. Therefore also Richardson thermal
emission has been added at an electrode temperature of 1000 K and a work
function of 1.5 eV.

The model used in this section can be found at the PLASIMO CVS as
Argon Fluorescent Lamp AC

7.3 Results and discussion
A fluorescent tube has been modeled when a sinusoidal voltage is applied to
one of the electrodes at a frequency of 25 kHz and with amplitude of 700 V.
The resulting potential distribution along the axis of the discharge is shown
in figure 7.4. Different instants in time are shown. This corresponds to
different values of the applied potential. When a positive potential difference
is applied (red curve), the electrode fall voltage close to the powered
electrode is smaller than when a negative potential difference is applied. This
is because in general the cathode fall voltage can be much larger than the
anode fall voltage.
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Figure 7.4: Potential distribution when a potential difference is applied
over the electrodes. The powered electrode is shown on the left, while the
right electrode is grounded. For the red curve a large positive potential is
applied, and for the blue curve a large negative potential is applied. The
circles emphasize the electrode fall voltages.

The electrode fall voltage has been calculated close to the powered electrode.
The result is shown in figure 7.5 for five consecutive voltage cycles. There are
five cycles shown here because not every cycle gives exactly the same result,
as can be seen. However the general features of all cycles are the same. When
the applied potential is increased to a positive value, the voltage fall near the
powered electrode decreases slowly to a value of approximately 10 V. Even
before the applied potential has gone down to 0 V, the voltage fall starts to
increase slightly. As the applied potential turns negative, a large peak appears
in the electrode fall voltage only shortly after a negative potential difference
is applied. This peak can go up to almost 80 V. After the peak the electrode
fall voltage decreases to approximately 30 to 40 V for a period of almost 10
µs. Then as the applied potential increases back to 0 V, the electrode fall
voltage is decreasing strongly. When the applied potential increases to a
positive value, the electrode fall voltage keeps decreasing slowly and a new
cycle starts that repeats the same process.
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The calculated results depend to some extent on the exact position where the
electrode fall boundary is specified. The electrode fall voltage can differ by
roughly 10 V depending on the exact position. The position of the electrode
fall boundary changes slightly during one cycle. When a negative potential is
applied, the electrode fall boundary generally lies slightly further away from
the electrode than when a positive potential is applied. In this work a fixed
position was taken as the reference point for the electrode fall boundary
during the entire cycle. This was done because presumably during
experiments this position is also fixed.

Electrode fall voltage (V)
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Figure 7.5: The electrode fall voltage over time, when an alternating
potential is applied to one of the electrodes, at a frequency of 25 kHz and
with amplitude 700 V. The potential difference between the powered
electrode and the plasma at the electrode fall boundary is shown here
during five cycles. For the grounded electrode the potential fall looks the
same only then it is shifted in time with half a period. In the inset at the
bottom the applied voltage is shown. The red line in the graph indicates
the voltage at which the positive and negative half-cycles are of equal
length.

The calculated results are compared with experimental results obtained by
the two different methods that were described in section 7.1. In the first
method the voltage was calibrated to an absolute scale by making the
positive and negative half-cycles equally long in time. When this method is
compared to the calculated results, there is a discrepancy since in the
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calculation the electrode fall voltage does not turn negative. In order for the
two cycles to be of equal length in time, the calculated results would have to
be shifted downward with approximately 18 V.
V This would then lead to an
underestimation of the peak electrode fall voltage of 18 V, or 25% of the peak
voltage.
When the calculations are compared with the second method, by Nachtrieb
Nach
et
al.,., the same features are found in both voltage profiles. The results from
Nachtrieb et al. can be seen in figure 7.6.. Here also a peak is found in the
electrode fall voltage shortly after a negative voltage difference is applied.
However the peak in the measurement is much smaller than
than the peak in the
calculations. The electrode fall voltage remains large for approximately 10 µs,
after which the electrode fall voltage decreases and becomes negative for 2
µs.
s. The general features between the calculations and the experimental
measurements
ts are similar, but the absolute values of the electrode fall
voltages are very different. In the experiments by Nachtrieb
Nach eb et al. the
electrode fall voltage is approximately 15 V when a negative potential
difference is applied (right half of figure 7.6), while in the calculations the
electrode fall voltage is approximately 30 to 40 V during this time. When a
positive potential difference is applied the
t
electrode fall voltage in the
measurement goes down to -5 V while in the calculations the electrode fall
voltage is almost 10 V.

Figure 7.6: Electrode fall measurement over time from Nachtrieb
Nach eb et al.
[44]. An alternating
ng current is applied over the electrodes, and a filament
heating voltage of 1.5 V is used for cathode heating. The electrode fall is
shown for one period of 40 µs, starting with the anode phase.
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Nachtrieb et al. have also done measurements with a higher heater filament
voltage. As can be seen in figure 7.7, the filament voltage can influence the
features of the voltage characteristics. More specifically an increase in the
filament
ment voltage shifts the peak in the electrode fall voltage to a later time,
and the minimum electrode fall voltage is increased up to almost a positive
value. The
he calculated results compare better to a low filament voltage than to
a higher filament voltage since then the peak in the electrode
lectrode fall voltage
comes shortly after a negative potential difference is applied.

Figure 7.7: Electrode fall measurement over time from Nachtrieb
Nach eb et al.
[44]. An alternating current is applied over the electrodes, and a filament
heating voltage of 6 V is used for cathode heating. The filament voltage
used is 4 times larger than in figure 7.6, so in this case there
ere is more
thermal electron emission from the cathode. This has a large effect on the
electrode fall voltage.

7.4 Electron and ion fluxes
flux
The electrons and ions are affected by electric fields that are created by the
externally applied voltage. But also strong electric fields can be created by
large differences in the densities
densit of electrons and ions. In this section the net
fluxes of electrons and ions will be investigated to see if these can explain the
behavior of the potential distribution over time.
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In figure 7.8 the net axial flux is shown for the electrons and ions, at two
different instants in time. Both the electron and ion flux have been calculated
during the peak voltage of the applied voltage (700 V) and during the time
that no voltage is applied over the electrodes (0 V). The magnitudes of the
fluxes are shown, and the axial direction of the flux flow is denoted by the
color.
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Figure 7.8: The electron and ion fluxes along the axis. Left figure is at
maximum of the applied voltage pulse. Right figure is inbetween pulses,
when no voltage difference is applied. The color denotes in which direction
the charged particles are moving.

As can be seen, the fluxes are much larger when a large voltage difference is
applied over the electrodes (left) compared to when no voltage difference is
applied (right). The direction of the fluxes however remains the same for the
two cases. Both fluxes are flowing in opposite directions, since the ions and
electrons are attracted by oppositely charged electrodes. There is a large
change in the magnitude of the fluxes near the electrodes. As a result the
fluxes are roughly the same order of magnitude near the electrodes. The ion
flux changes its direction near the grounded electrode, and the electron flux
changes its direction near the powered electrode. The reason for this is that
there is a large ionization source near both electrodes, directly after the
electrode fall regions, which results in a strong field gradient away from this
source. In the electrode fall region near the grounded electrode the ions are
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again strongly attracted towards the electrode, while the electrons have a
very large flux directed away from the grounded electrode.
The average electron and ion densities in the positive column are calculated
as 1 e16 m-3 and 1.4 e16 m-3 respectively. This means that the electrons have
a directed velocity of approximately 104 m/s when no longer a voltage
difference is applied, while the ions have a velocity of approximately 50 m/s.
At a frequency of 25 kHz this means that in the time it takes for the electrode
to change from positively charged to negative, the electrons can travel
approximately 20 cm. So a large part of the electrons will be able to quickly
react to the electric field changes, while for the ions only the ions in the
sheath region will be affected. The rest will keep vibrating in the positive
column, as the electric field frequency is too high for the ions to be able to
move long distances. Since the electrons are much more mobile, they can
quickly charge up the walls negatively, leaving the plasma behind with a net
positive potential. The ions move too slow to be able to undo this positive
plasma potential, even when no voltage difference is applied over the
electrodes. Because of this it is possible that the electrode fall always has a
positive value with respect to the electrode, as was found in figure 7.5.
So what can be seen from these results is that the ions and electrons react
differently to the electric fields in the discharge. Since the electrons have a
much higher directed velocity than the ions, the electrons will be able to
cancel electric fields. The ions however move too slow and cannot transfer
enough charge to the walls to undo the large electrode fall voltages. This can
result in a positive electrode fall near both electrodes, even during the
positive phase. When this is the case, the first method described in section
7.1 cannot be reliably used.
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7.5 Conclusions
A sinusoidal voltage has been applied to one of the electrodes in a gas
discharge, and the resulting distribution of the potential has been studied.
The cathode and anode respond differently to a changing applied voltage.
With the calculated results it is shown that the electrode fall voltage does not
turn negative at all for the discharge conditions studied here. Therefore it can
be concluded that for this case the method of calibrating the voltage by taking
the positive and negative half-cycles to be of equal size, as was described
previously, is not an accurate method. In fact it will lead to an
underestimation of the electrode fall potential of 18 V. On the other hand
there is good agreement between the calculations and the results that were
obtained through the method described by Nachtrieb et al. [44]. Since the
positive and negative half-cycles were not of equal size in the case calculated
here, probably the half-cycles do not have to be the same under different
discharge conditions either. This means that care should be taken when the
method of equal positive and negative half-cycles is used to obtain an
absolute calibration.
It has been investigated if the electron and ion fluxes can explain the broken
symmetry between the positive and negative half-cycles. It is shown that the
electrons and ions react differently to a change in the applied potential.
Since the electrons move very quickly, they are able to overcome the large
potential drop near the electrodes. The ions on the other hand move much
slower, so that not enough ions can reach the electrodes to charge them up
positively. Because of this no negative phase has been found in the
calculations. As mentioned previously, this means that the method as
described by De Groot [43] cannot be used reliably for the conditions studied
in this chapter.
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Chapter 8
Analysis of the argon and mercury cross sections
Abstract. An improved method on how to model the metastable levels in a fluid
model for an argon-mercury HID will be presented. In a collisional radiative model
usually as many excitation levels as possible are taken into account, however in a
fluid model this often costs too much computation time. Therefore many authors
model the argon excited levels by using two states that represent a combination of
the resonant states and a combination of the metastable levels respectively. Another
option that has been used is to use one effective level for all excited species. In
recent years many new cross sections have become available for the excitation of
argon and mercury, and with these cross sections it has become possible to use a
more accurate description of the excitation to the different states. In this work a
collisional radiative model has been used to investigate what improvements can be
made in the description of the metastable levels for fluid models. For this the
influence of the different individual excitation levels has been investigated, and also
the effect of radiation trapping for argon and the influence of the mercury pressure
on the effective ionization rate.

8.1 Introduction
In order to model an argon-mercury discharge, a proper description of the
Ar* metastables is needed. In an argon-mercury mixture most of the
ionization of mercury takes place through Penning ionization reactions with
the argon metastables. Therefore the mercury ion density depends strongly
on the argon metastable density. Thus, the processes that lead to the
production or destruction of Ar* metastables should be investigated further.
The transport data and reaction rate coefficients that are needed as input for
the fluid model are calculated by BOLSIG+. For this BOLSIG+ needs cross
sections as input. In order to obtain more accurate results with the fluid
model, the cross sections will be analyzed. This will be done by comparing
the cross sections that were used in the previous chapters to a different set of
cross sections.
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In the models that were discussed in the previous chapters, the effective
excitation cross section by Phelps [51] was used. There the argon excited
states were all grouped into one effective level. This one level was then
treated as being a metastable level with the assumption that all excited states
would eventually decay back to the 4s metastable levels. De-excitation and
ionization processes from the metastable levels were then calculated using
the total excited argon density. However this approximation overestimates
the actual metastable density, since not every excited state has to decay back
to the metastable level.
A different set of cross sections is available from Yanguas-Gil et al. [52], that
consists of cross sections to the individual excited argon levels. These cross
sections will be analyzed and compared to the cross section by Phelps. Then
it will be investigated if these cross sections can be used to obtain a more
accurate description of the argon metastable density.
This chapter is organized as follows. In section 8.2 the cross sections will be
analyzed. Then in section 8.3 the effect of radiation trapping will be studied
with a collisional radiative model, since radiation trapping can also have a
large influence on the density of metastable atoms. Sections 8.2.2, 8.3.3 and
8.3.4 will focus on mercury. Here a collisional radiative model will be used to
study the pressure dependence of the ionization source term.

8.2 Input data
A lot of effort has been going on in recent years to generate and collect
electronic collision cross sections that can be used for fluid models. An
accurate and complete collection of cross sections allows for a much better
calculation of the lookup tables, which are of crucial importance for the
accurateness of fluid models. Therefore the argon and mercury cross sections
will be discussed in this section.

8.2.1 Argon cross sections
For this analysis the argon electronic cross sections of Yanguas-Gil et al. and
of Phelps are used. The cross sections from Yanguas-Gil et al. comprise of a
set of 37 cross sections to different excitation levels up to an energy of 14.967
eV, and the cross section for direct ionization (15.76 eV). Ionization from the
4s levels has been taken from Hyman [53], and excitation from the
metastable levels to the resonance levels is taken from Bartschat et al. [54].
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The argon partial energy level diagram for these levels is shown in figure 8.1.
The transitions that are taken into account are displayed by the black arrows.
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Figure 8.1: Partial energy level diagram for argon. Levels shown are the
levels that are included in [52]. Electronic transitions are indicated by the
black arrows. Higher excited states can decay back to the 4s levels
according to the radiative processes that are indicated by the red arrows
[55].

In figure 8.2 a comparison is shown between the sum of the individual
excitation cross sections from Yanguas-Gil et al. and the effective excitation
cross section from Phelps. The sum of the cross sections from Yanguas-Gil et
al. is smaller than the cross section for the effective level from Phelps. This
could be because excitations to even higher levels have a large contribution.
Specifically, according to Hayashi [56] the cross section for excitation to the
6p levels, which are not in the data set of Yanguas-Gil et al., already leads to a
contribution of approximately 20%. However some of the other data from
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Hayashi does not correspond well to the cross sections in Gargioni et al. [57].
Gargioni et al. have investigated the data consistency of the argon cross
sections available in literature. They have reported which argon total
excitation cross section is most consistent with experiments. Their cross
section is also plotted in figure 8.2, and as can be seen this is in good
agreement with the sum of the individual cross sections from Yanguas-Gil et
al. It can also be seen in this figure that the effective cross section by Phelps
overestimates the total cross section by approximately a factor of two. Based
on this analysis the cross sections from Yanguas-Gil et al. will be used for the
fluid model that will be presented in the next chapter.
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Figure 8.2: Total effective cross sections from Phelps [51] (red curve) and
Yanguas-Gil [52] (blue curve) are compared to cross section from [57]
(black data set).

As can be seen from figure 8.1, the four 4s states are the excited levels that
have the lowest energy. They lay at approximately 11.5 eV above the ground
state. These 4s states consist of two metastable levels (4s5 and 4s3) and two
resonance levels (4s4 and 4s2). Only around the threshold energy are the
direct excitation cross sections for the metastables of approximately the
same magnitude as the direct excitation cross sections for the resonance
levels. The direct excitation cross sections for the metastable levels are very
small compared to the total excitation cross section [58]. However since
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many high-energy excited states decay back to the low energy 4s states, the
effective cross section for the 4s states is quite large.
Radiative decay coefficients for higher levels have been reported by Wiese et
al. [55]. Investigating all radiative transitions between the argon excited
levels is beyond the scope of this work. However a quick investigation reveals
that all four 4s states can be accessed through radiative decay processes. No
single 4s state has an outstandingly larger probability of being the final decay
product. Each state is more dominant in some transitions while almost
negligible in other transitions. Therefore the following assumption is made
for the model: all excited p-levels decay back to the 4s states, and have an
equal chance of populating each individual 4s state. This means that half of
these excitations decay back to the metastable levels, and the other half
decays back to the resonance levels. This leads to an effective metastable
excitation cross section that is much larger than the direct excitation cross
section. When this is compared to experimental measurements [58] there is
good agreement, as is shown in figure 8.3. Here it can be seen that the
effective metastable excitation cross section that is derived from the
previously stated assumption (red dots) is very similar to experimental
measurements of the effective metastable excitation cross section (black
dots). This strengthens the assumption that the 4p and 5p levels decay back
to each of the 4s levels.
It is important to differentiate between the metastable states and the other
excited states. Since the other excited states are short-lived, they are unable
to participate in electronic or Penning collisions. Based on the analysis
presented in this section, the effective metastable excitation rate coefficient
can be calculated more accurately than was done in the previous chapters.
In the remainder of this chapter and in the next chapter the effective
metastable excitation rate will be derived with BOLSIG+ by using the
individual cross sections from Yanguas-Gil et al. The sum of the following
individual rates will be used for this: the 4s levels, 25% of the 4p levels for
each metastable state represented in the model, and 25% of the 5p levels for
each metastable state represented. This will lead to an effective rate that can
be used in the fluid model.
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Figure 8.3: Red curve shows the effective metastable excitation cross
section according to the assumption described in the text. The blue data
shows the effective metastable excitation cross section that was used in
the previous chapters. The black data is from Mityureva [58], and here the
connected line is from a numerical calculation while the dots are from
experiments.

8.2.2 Mercury cross sections
Calculations have been made with a collisional radiative model that is
described in chapter 3. Here the 63P0, 63P1, 63P2, 61P1 and 71S0 excited states
of mercury are included, together with the ionized state of mercury. The
cross sections for excitation are taken from Bostock et al. [59]. The cross
section for direct ionization is taken from Sakai et al. [60], and the cross
section for ionization from the excited levels is taken from Hyman [53]. The
rates used for radiative decay processes and for ionization through
metastable-metastable collisions are taken from Lay et al. [61]. According to
Vriens [62] the first four of these states have been recognized to be the
dominant states, and according to Rockwood [63] higher states account for
less than 5 percent of the total excitation energy.
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8.3 Results and discussion
The partial contribution of each excited state to the total excitation and
ionization rate has been studied for both argon and mercury, in order to see
which individual level is dominant at a certain value of the reduced electric
field. The influence of radiation trapping has been studied for the argon
resonant states. For mercury the influence of the gas pressure on the ion
source term has been investigated, to better understand the difficulty of hot
re-ignition.

8.3.1 Contribution of argon excited states

Relative contribution to total excitation

The relative contribution of each 4s state to the total excitation has been
calculated with BOLSIG+ as a function of the reduced electric field. For this
the cross sections that were discussed in section 8.2.1 were used. The result
is shown in figure 8.4. It can be seen that for high values of the reduced
electric field the metastable levels do not contribute much to the total excited
density anymore.
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Figure 8.4: Relative population of the individual argon levels, namely the
4s5 and 4s3 metastable states, the 4s4 and 4s2 resonant states, and the
other states which have all been grouped together. Cross sections are
taken from Yanguas-Gil et al. [52].
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8.3.2 Argon radiation trapping
The influence of radiation trapping has been investigated by changing the
influence of the resonant 4s levels. This has been done with a collisional
radiative model, as was presented in chapter 3.3. The density of the excited
species has been calculated by assuming that the particles are in local
chemical equilibrium. In the case where the radiation is fully trapped, the
resonance levels are considered as long-lived states, and therefore are able to
participate in electronic collisions. In the case where the radiation is not
trapped, the populated resonance levels will decay back to the ground state
in a few nanoseconds, and therefore will not participate in electronic
collisions. The collisional transitions from the metastable levels to the
resonance levels are also included in the collisional radiative model since this
provides an extra loss term for the metastables.
In figure 8.5 the results are shown for the comparison between full radiation
trapping and no radiation trapping. As can be seen, the difference between
the metastable density with full radiation trapping and the metastable
density without radiation trapping is small. This means that not many
metastable states are excited to resonant states. When the radiation is not
trapped, the resonant states are short-lived and therefore have a much lower
density than when the radiation is fully trapped. When the radiation is fully
trapped, the density of the resonant states is of the same order as the
metastable density. This means that the resonant states and the metastable
states are almost equally important in the discharge chemistry.
At the gas pressure that will be used in the fluid model in the next chapter
(150 mbar), it is expected that the radiation is fully trapped [61]. Since the
metastable density is not influenced much by radiation trapping, the
resonant states densities will just be summed up with the metastable
densities to obtain the total density of the long-lived states. These will then
be able to participate in electronic collisions.
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Figure 8.5: Density of the 4s states when the radiation is trapped in the
discharge and when the radiation is not trapped. The sum of the two
metastables are shown on the left, while the sum of the two resonant
states are shown on the right.

8.3.3 Contribution of mercury excited states
The relative contribution of each 6p state and one of the 7s states to the total
excitation has been calculated with BOLSIG+ as a function of the reduced
electric field. For this the cross sections that were discussed in section 8.2.2
were used. The result is shown in figure 8.6. Each excited state has a
maximum relative contribution at a certain value of the reduced electric field.
As the applied reduced electric field increases, the higher excited levels
become gradually more important. The 71S0 state has only a small
contribution at the field values within the range studied here. This is in
accordance with Rockwood [63] in which the higher excitation states only
have a small contribution to the total excitation rate.
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Relative contribution to total excitation
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Figure 8.6: Relative population of the individual mercury levels, namely
the 63P0 and 63P2 metastable states, the 63P1 and 61P1 resonant states, and
the 71S0 state. Higher levels have not been included here. Cross sections are
taken from Bostock et al. [59].

8.3.4 Mercury pressure dependence
The ion source term has been calculated for different pressures, as a function
of the electric field. This has been done with a collisional radiative model, as
was presented in chapter 3.3. The density of the excited species has been
calculated by assuming that the particles are in local chemical equilibrium.
Figure 8.7 shows the ion source term at a temperature of 300 K and an
ionization degree of 1 e-5.
It can be seen that the electric field strength that is required to produce a
substantial ion source term increases significantly as the pressure is
increased. At low electric field strengths the source term drops over multiple
orders of magnitude as the pressure is increased by a factor of 10. At stronger
electric fields the pressure dependence of the ion source becomes smaller,
although still the threshold value for the ion source is shifted to higher
energies as the pressure is increased. This is because the ion source depends
on the reduced electric field E/N. Therefore as the pressure is increased the
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reduced electric field will decrease if the electric field strength E is kept
constant. Only an increase of E can then increase the value of the reduced
electric field up to the threshold required to create a large ion source. From
the results it is predicted that at 1 Torr the electric field strengths that are
required to ionize the atoms in a mercury gas are several tens of V/m, while
at 100 Torr an electric field strength of several thousand V/m is needed.

Ion source term ( m - 3 s - 1 )

1E30

1E20
0.001 Torr
0.01 Torr
0.1 Torr
1 Torr
10 Torr
100 Torr
1 kTorr
10 kTorr

1E10

0

-1

10

0

10

1

10

2

10

3

10

4

10

5

10

6

10

7

10

8

10

9

10

Electric field strength (V/m)

Figure 8.7: Ion source term for different pressures, as a function of the
electric field. The result has been calculated at a gas temperature of 300 K
and an ionization degree of 1 e-5. The excited argon atoms are assumed to
be in local chemical equilibrium. Radiative decay and metastablemetastable collisions have been taken into account in the model.

87

Chapter 8.

8.4 Conclusions
The total excitation cross section derived from the compilation from
Yanguas-Gil et al. [52] compares better to measured results than the cross
sections from Phelps [51]. It has been shown that the incorporation of the
individual levels instead of using the one effective level from Phelps allows
for a much better description of the metastable density, since not all
excitation levels will decay back to the metastable levels, and since the cross
section by Phelps overestimated the total excitation cross section.
When radiation is fully trapped the resonance levels can be treated as longlived states. It has been shown that there is not much difference between the
calculated steady state densities of the metastable species when radiation is
trapped or not.
The dependence of the mercury ion source term on the gas pressure has been
calculated. At a gas pressure of 100 Torr, which is approximately the value of
gas pressure that will be used in the next section, the minimum required
electric field strength to have a non-zero source term has been found to be
several kV/m.
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Chapter 9
Breakdown process in high intensity discharges
Abstract. The breakdown process in an argon-mercury high intensity discharge
(HID) has been studied with a fluid model, namely a sub-module of PLASIMO. The
modeling results are compared to experimentally measured breakdown voltages
and to results from other authors. During a cold start the mercury gas pressure in
such a discharge is low, and because of this the lamp is relatively easy to ignite. The
hot-restrike is much more difficult. This work focuses on the cold breakdown
process, and it has been calculated that the breakdown voltage of 1850 ± 50 V, can
be decreased to 850 ± 50 V by using a thinner electrode, and further to 450 ± 50 V
through the use of an antenna. The breakdown voltage during the re-ignition
process has been calculated and it was found that for this a much higher breakdown
voltage is needed, namely 27.5 ± 2.5 kV at a discharge temperature of 1000 K.

9.1 Introduction
The breakdown process during the cold start of a high intensity discharge
(HID) lamp has been previously studied [64] [65]. Lay et al. [64] have studied
the breakdown process in an argon-mercury filled HID lamp during cold start
and during hot re-ignition. It was shown that the discharge ignites along the
walls of the tube, and that both streamer-like propagation of the avalanches
and Townsend-like avalanches occur. A. Sobota et al. [65] have modeled HID
lamps filled with pure argon at different alternating current (AC) frequencies.
The focus was on the breakdown voltage at different frequencies and at
different values for the electron secondary emission coefficient. The ignition
process of mercury and xenon filled HID lamps was studied experimentally. It
was found that the usage of an antenna can greatly lower the required
breakdown voltage.
In recent years research into the hot re-ignition process of HID lamps has
resurfaced. When the gas inside the HID is still hot, ignition becomes much
more difficult because of the high mercury vapor pressures. The pressure can
increase over several orders of magnitude when the temperature is increased
above room temperature, as can be seen in table 9.1. The operating
temperature of an HID lamp is typically in the range of 1400-8000 K.
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Electronegative particles can bind the free electrons, which also makes it
more difficult to start electron avalanches. Consequently a higher voltage is
needed to re-ignite the discharge. This is typically in the kV range. If the reignition voltage of HIDs can be decreased below the kV range, the cost of
these lamps can decrease considerably.

Table 9.1: The vapor pressure of argon and mercury at different
temperatures [66].

P (Pa)
at T (K)

Argon vapor pressure
1
10
100
47
53

1k
61

10 k
71

100 k
87

P (Pa)
at T (K)

Mercury vapor pressure
1
10
100
315
350
393

1k
449

10 k
523

100 k
629

The argon chemistry has already been investigated in the previous chapters
of this work. In this chapter mercury will be added to the model.
The model that is used here is 2-dimensional. With this it is possible to
describe processes that are cylindrically symmetrical in 3 dimensions. It has
been shown that the re-ignition process in an HID lamp is not cylindrically
symmetric. Therefore to accurately model the re-ignition process a 3dimensional model is needed. This is not possible in the current version of
PLASIMO’s fluid model.
Because of this limitation the focus of this work will be on the breakdown
process during a cold start of the discharge. Also the breakdown process at
an intermediate temperature of 1000 K will be considered. The chemistry
will be investigated, and the required breakdown voltage will be studied for
different discharge conditions.
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Argon-mercury
mercury HID
HI lamp

9.2 Working conditions
A high-pressure high--frequency driven HID lamp has been modeled.
modeled The
geometry used is shown in figure 9.1.

0.71 cm
1 cm

0.4 cm

0.2 mm

Figure 9.1: Three different geometries used in the model. The electrodes
are shown on the left (dark grey) and right (red). The discharge is
surrounded by a dielectric tube (black). For the third geometry a
grounded metal strip (red) is added around the dielectric tube. For the
computational domain cylindrical symmetry was used, with the axis of
symmetry shown at the bottom. The squares shown here are not
representative of the grid size
si used in the calculations.
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The HID lamp has a length of 1 cm, a diameter of 0.8 cm, and an electrode gap
distance of 0.71 cm. Several geometry configurations are used during the
calculations. For the first case thick electrodes are used, with a thickness
equal to the inner diameter of the tube, as is shown in figure 9.1 (a). These
are then replaced by thin electrodes which have a diameter of 0.4 mm (b). In
the next step a grounded metal strip, or an antenna, is attached to the outer
surface of the dielectric (c).
The HID lamp is filled with an argon-mercury mixture. A background gas
temperature of 300 K is used, and an argon partial gas pressure of 150 mbar
and a mercury partial gas pressure of 6 mbar. A sinusoidal voltage is applied
to one of the electrodes at a frequency of 100 kHz. The amplitude is changed
until the voltage is reached at which breakdown occurs.
The species and their transport coefficients that have been included in the
model are listed in table 9.2. At these high pressures and relatively low
temperature the radiation is almost fully trapped [64]. Therefore the excited
species Ar* represents a combination of both the argon 4s metastable levels
and the argon 4s resonance levels, as was discussed in chapter 8. The excited
species Hg* represents a combination of the mercury 6p levels.
In table 9.3 the reactions together with the rate coefficients are shown. The
argon ionic and excited species are created through electronic reactions
(reactions 1, 2 and 4). The mercury ionic and excited species are created
through electronic reactions (reactions 16, 17 and 19) and through Penning
ionization reactions (reactions 24, 25, 26 and 27). Generally these kind of
Penning reactions are very fast, proceeding at every collision if there is
sufficient energy [67]. Ionization from the excited state has also been
included for both argon (reactions 4, 5, 9, 11 and 13) and for mercury
(reactions 19 and 20). From these the non-electronic reactions are very fast
and generally occur at every collision. The molecular argon species are
formed through three-body recombination reactions (reactions 7 and 8). The
argon molecular species can dissociate through electronic reactions (reaction
10 and 15) and through reactions with the mercury atoms (reactions 28, 29,
30 and 31). These are also generally very fast [67].
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Table 9.2: The transport coefficients used in the model. The mobility
coefficient for the electrons is specified as a function of the mean electron
energy f(ε), while the mobility coefficients of the ionic species are specified
as a function of the reduced electric field f(E/N). The diffusion coefficients
for the ionic species are deduced from the Einstein relation.

Species
e
Ar+
Ar2+
Hg+
Ar*
Ar2*
Hg*

μ × N (cm-1 V-1 s-1)
f (ε)
f (E/N)
f(E/N)
f(E/N)
-

D × N (m-1 s-1)
Einstein relation
Einstein relation
Einstein relation
Einstein relation
2 e20
2 e20
5 e17

References
[68]
[69]
[69]
[69]
[70]
[*]
[71]

*Approximation, since the mobility of Ar+ and Ar2+ are almost the same [69].

Table 9.3: Reactions and rate coefficients used in the model. Rate
coefficients have units of (cm3 s−1) unless mentioned otherwise. The
electron related reaction rate coefficients are specified as a function of the
mean electron energy D; (ε), or as a function of the electron temperature
1 in eV.

Nr.
1
2
3
4
5
6
7
8
9
10
11
12
13

Reaction
Ar + e → Ar+ + 2e
Ar + e → Ar* + e
Ar* + e → Ar + e
Ar* + e → Ar+ + 2e
Ar* + Ar* → Ar+ + Ar + e
Ar* → Ar + hv
Ar+ + 2Ar → Ar2+ + Ar
Ar* + 2Ar → Ar2* + Ar
Ar2* + e → Ar2+ + 2e
Ar2* + e → 2Ar + e
2Ar2* → Ar2+ + 2Ar + e
Ar2* → 2Ar + hv
Ar2* + Ar* → Ar2+ + Ar + e

Rate coefficient D; (cm3 s−1)
D; (ε)
D; (ε)
D; (ε)
D; (ε)
6.4 e-10
1 e1 s-1
2.5 e-31 cm6 s-1
1.14 e-32 cm6 s-1
9 e-8 1 0.7 exp( -3.66 / 1 )
1 e-7
5 e-10
6 e7 s-1
5 e-10

References
[68]
[68]
[68]
[72]
[70]
[64]
[64]
[64]
[64]
[64]
[64]
[64]
[67]
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14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

e + e + Ar+ → Ar* + e
e + Ar2+ → Ar* + Ar
Hg + e → Hg+ + 2e
Hg + e → Hg* + e
Hg* + e → Hg + e
Hg* + e → Hg+ + 2e
Hg* + Hg* → Hg+ + Hg + e
Hg* → Hg + hv
Hg+ + e → Hg*
Hg+ + 2e → Hg* + e
Ar* + Hg → Ar + Hg+ + e
Ar* + Hg* → Ar + Hg+ + e
Ar+ + Hg → Ar + Hg+
Ar+ + Hg* → Ar + Hg+
Ar2* + Hg → 2Ar + Hg+ + e
Ar2* + Hg* → 2Ar + Hg+ + e
Ar2+ + Hg → 2Ar + Hg+
Ar2+ + Hg* → 2Ar + Hg+

5 e-27 1 -4.5 cm6 s-1
5.38 e-8 1 -0.66
D; (ε)
D; (ε)
D; (ε)
D; (ε)
4 e-10
1 e6 s-1
4 e-13 1 -0.5
5 e-27 1 -4.5 cm6 s-1
5 e-10
5 e-10
1.5 e-11
1.5 e-11
1 e-10
1 e-10
1 e-12
1 e-12

[64]
[64]
[73]
[73]
[73]
[72]
[64]
[64]
[64]
[64]
[64]
[64]
[64]
[64]
[64]
[64]
[64]
[64]

Secondary electron emission from the cathode has been modeled by using a
constant secondary emission coefficient. For atomic argon ions a value of 0.1
has been used [71], and for the atomic mercury ions a value of 0.02 has been
used [74]. For the molecular argon ions a value of 0.05 has been used, by
assuming that the secondary emission coefficient scales inversely with the
mass of the species [65]. For the excited argon atoms a value of 0.01 has been
used, and for the excited mercury atoms a value of 0.002 has been used by
considering that the metastables contribute a fraction of 0.1 to the total
secondary emission [75].

The model used in this section can be found at the PLASIMO CVS as
Argon Mercury Filled HID Lamp
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9.3 Results and discussion
The breakdown voltage in an HID lamp has been calculated for several
geometries. In the first case thick electrodes have been used, with a thickness
equal to the inner diameter of the tube (8 mm). For the second case thin
electrodes have been used. In the third case an antenna has been added on
the outside of the dielectric. After this the temperature in the discharge is
increased to 1000 K and the hot re-ignition is studied.

9.3.1 Thick electrodes
The breakdown process has been studied for an HID lamp with thick
electrodes. The calculated breakdown voltage is 1850 ± 50 V. The spatial
distributions of the electron density and the mercury ion density are shown
in figure 9.2, at different instants in time. The time interval between each
instant shown is 2.5 µs. This corresponds to a quarter of one period of the
applied potential. In each time-block a cross section of the discharge is
shown, that is cylindrically symmetric around the axis. The axis is shown at
the bottom of each block. The argon ion density is not shown here, since it is
relatively small compared to the calculated mercury ion density. The mercury
ion density is approximately equal to the total ion density.
As can be seen, with each stroke of the applied potential the charge front
moves further towards the negatively charged electrode. This continues until
the gap is crossed and a path is made with an electron density of at least
1 e12 m-3. After the time of almost four periods, or 37.5 µs, the electron and
ion densities quickly increase to 1 e20 m-3 in less than 2.5 µs (not shown in
the figure), and the discharge is fully ignited.
It is interesting to note that over the entire volume the ion density is much
larger than the electron density, which leaves the plasma positively charged
compared to the surrounding walls. Also the forward moving charge front is
relatively homogenous except at the axis, where the charge front is delayed
compared to the rest of the free charges.
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Figure 9.2: The mercury ion density (top) and the electron density
(bottom) at different instants in time. The geometry used here is
cylindrically symmetric around the axis, where the axis is shown on the
bottom of each individual time instant. The electrodes have a thickness of
8 mm.
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The chemistry during the breakdown process is studied in more detail. The
model results show that during the breakdown process the electrons are
created mainly through direct ionization (reactions 16 and 1 in table 9.3) and
through Penning ionization (reaction 24), with 49%, 1% and 49%
respectively. The production of mercury ions is an order of magnitude larger
than the production of argon ions, and the production of excited mercury
atoms is another order of magnitude larger. However the mercury excited
atoms are lost quickly through radiative decay and therefore do not
contribute much in ionizing reactions. Even though the mercury ions make
up for most of the total ionic population, relatively few mercury ions are lost
in recombination reactions. On the other hand the argon molecular ions
easily recombine with the electrons, and these from 98% of the total
electronic recombination reactions.

9.3.2 Thin electrodes
The second case that has been studied is an HID lamp with thin electrodes,
with a diameter of 0.4 mm. The calculated breakdown voltage is 850 ± 50 V.
When this value is compared to the experimental breakdown voltage of an
HID lamp with thin electrodes, a value of 700 ± 50 V is measured [76]. This is
in reasonable agreement with the calculated value, considering that no
curved geometry was used in the calculations.
In figure 9.3 the spatial distributions of the electron and mercury ion density
are shown during the breakdown process, up to the moment when
breakdown occurs. This is shown at different instants in time, with a time
interval of 2.5 µs. This corresponds to a quarter of one period of the applied
potential. In each time-block a cross section of the discharge is shown, that is
cylindrically symmetric around the axis. The axis is shown at the bottom of
each block.
As can be seen, the breakdown process is different compared to the case in
section 9.3.1. The mercury ions stay much more closely around the
electrodes. The electrons diffuse much faster than the ions, and are able to
cross the gap each time a large voltage difference is applied over the
electrodes.
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Figure 9.3: The mercury ion density (top) and the electron density
(bottom) at different instants in time. The geometry used here is
cylindrically symmetric around the axis, where the axis is shown on the
bottom of each individual time instant. The electrodes have a diameter of
0.4 mm.
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When the chemistry is studied in more detail, it is found that initially Penning
ionization (reaction 24) is the dominant path and accounts for 59% of the
total electron production through ionizing reactions. Direct ionization of
argon (11%) and mercury (30%) are also important. The chemistry is very
similar to the previous case in which thick electrodes were used.

9.3.3 Antenna
In the third case that is investigated here an antenna has been added to the
outer side of the dielectric. The antenna is connected to the grounded
electrode. This is called an active antenna. More information on antennas can
be found in the PhD thesis of Sobota [65]. Since in our model cylindrical
symmetry is assumed, the antenna used in this work is not a metal strip.
Instead it is a complete shell that is added around the dielectric.
The breakdown voltage is calculated to be 450 ± 50 V, which is 400 V lower
than the breakdown voltage when no antenna is used. Experimental
measurements of an HID with antenna show a breakdown voltage of 400 ±
50 V [76]. This is in good agreement with the value calculated here.
In figure 9.4 the breakdown process is shown. Near the powered electrode
the discharges ignites along the surface of the dielectric. After a conducting
channel is formed, the discharge fully ignites.
In the model by Lay et al. [64] and in the experiments performed by Sobota et
al. [65] the discharge was also ignited along the surface of the dielectric,
when a metal antenna was present. This is in agreement with the results
calculated here.
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Figure 9.4: The mercury ion density (top) and the electron density
(bottom) at different instants in time. The geometry used here is
cylindrically symmetric around the axis, where the axis is shown on the
bottom of each individual time instant. The electrodes have a diameter of
0.4 mm. A grounded antenna surrounds the dielectric tube.
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9.3.4 Hot re-ignition
For the hot re-ignition the same species and reactions are considered as are
displayed in table 9.2 and in table 9.3, but the transport coefficients and the
reaction rates are calculated at a temperature of 1000 K. An increase of the
temperature has a large influence on the EEDF for low values of the reduced
electric field. Besides a change in the background gas temperature, the
pressure will also be changed. For the hot re-ignition an argon partial gas
pressure of 750 mbar will be used, and a mercury partial gas pressure of 10
bar. The ionic and excited species transport coefficients are kept the same. No
salts are included at this intermediate temperature, since the boiling point of
most salts lies above 1000 K [77].
The same geometry is used as in section 9.3.2, i.e. thin electrodes without an
antenna.
The hot re-ignition has been studied at an intermediate stage. The
breakdown voltage is calculated to be 27.5 ± 2.5 kV, at a heavy gas
temperature of 1000 K. This is much higher than the breakdown voltage
during a cold start.
As can be seen in figure 9.5 the breakdown process is similar to the cold start
process. The ion density is highest close to the electrodes. The electrons
spread out from cathode to anode until a conducting channel is formed
between the electrodes, with an electron density of approximately 1 e12 m-3.
After this the discharge quickly ignites and the electron density rises to
1 e20 m-3 in less than 2.5 µs (not shown in the figure). The discharge is fully
ignited.

103

Chapter 9.

1e14
1,000E+14
+27.5 k V

0V

0V

0V

-27.5 k V

0V

0V

0V

+27.5 k V

0V

9,182E+12

1e12

1,000E+10
1e10

1e12
1,000E+12
+27.5 k V

0V

0V

0V

1,000E+11
1,000E+10
1,000E+09

-27.5 k V

0V

0V

0V

1,000E+08
1e8
1,000E+07
1,000E+06

+27.5 k V

0V

1,000E+05
1e5

Figure 9.5: The mercury ion density (top) and the electron density
(bottom) at different instants in time during the hot re-ignition process.
For this a gas temperature of 1000 K is used.
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9.4 Conclusions
The breakdown voltage in an HID has been studied. It has been calculated
that the breakdown voltage of 1850 ± 50 V, can be decreased to 850 ± 50 V by
using a thinner electrode, and further to 450 ± 50 V through the use of an
antenna. Up to date cross sections have been used for this, and the results are
found to be in good agreement with experimentally measured breakdown
voltages.
Mercury is found to be the main ionic species. The direct ionization process
of mercury and Penning ionization between the excited argon atoms and
mercury have been found to be the dominant ionizing processes in the argonmercury chemistry. The spatially resolved breakdown process is found to be
very different for each of the cases studied here. When thick electrodes are
used, the discharge ignites relatively uniformly. With thin electrodes the ionic
species stay close to the electrodes until the discharge is fully ignited. When
an antenna is used, the discharge is ignited along the surface of the dielectric.
The breakdown voltage during the hot re-ignition process has also been
calculated. It was found that for this a much higher breakdown voltage is
needed, namely 27.5 ± 2.5 kV at a re-ignition temperature of 1000 K.
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General conclusions
In this work the discharge behavior has been studied in two types of lamps,
namely the fluorescent lamp and the HID lamp. This has been done by means
of numerical modeling. The model that is used for this is PLASIMO’s fluid
model. Special attention has been paid to the input data for the model. To that
end BOLSIG+ has been used extensively. In order to investigate certain
aspects of the input data a collisional radiative model was constructed and
used in conjunction with BOLSIG+.
Both the fluid model and the collisional radiative model have been presented
in chapter 3.
In chapter 4 the structure of the discharge in a fluorescent lamp has been
studied. The cathode fall region, negative glow, Faraday dark space, positive
column, anode fall region and cathode fall voltage were investigated. It was
observed that indeed the scaling laws apply.
In chapter 5 the collisional radiative model was used with a non-thermal
EEDF obtained from BOLSIG+. A comparison was made between the resulting
EEDF and Maxwellian. The influence of superelastic collisions and electronelectron collisions was studied. Also the influence of ionization through
collisions between two metastable atoms, and the influence of radiation was
investigated. The contribution of different ionization processes to the total
ionization was calculated at different E/N values. Based on this data we were
able to find more accurate input data for the fluid model.
In chapter 6 the breakdown voltage was calculated for an argon gas in a
parallel plate reactor, as a function of the product of the pressure and the
distance between the electrodes. The dependence, known as the Paschen
curve, was compared to experimental data. Good agreement was found.
Various electrode materials were modeled by manipulating the secondary
emission coefficient, and its influence on the Paschen curve was studied. The
results show that the minimum breakdown voltage is shifted upwards when
the cathode is a worse emitter of electrons. The same trend was observed as
in experiments.
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Outlook.

The breakdown voltage in a fluorescent lamp was studied, and also the
influence of the molecular argon ions on the breakdown process. It was found
that with increasing pressure the role of argon molecules becomes more
important in igniting the discharge.
The cathode fall voltage in fluorescent lamps was studied in chapter 7. The
results from the fluid model were compared to two experimental methods.
Both are used for many years. Agreement was found with the measurements
by Nachtrieb et al. The model result showed that the interpretation of the
measurements as described by J.J. de Groot led to an underestimation of the
cathode fall voltage. A possible explanation for this was given by
investigating the ion and electron fluxes.
In chapter 8 the input data for the argon-mercury filled HID lamp model was
discussed. The argon and mercury cross sections were analyzed. These were
used in a collisional radiative model to study the influence of radiation
trapping and the influence of the mercury pressure on the ignition process.
Chapter 9 presents fluid modeling results of an argon-mercury HID lamp
using the input data discussed in chapter 8. The breakdown process was
studied in more detail and for different geometries of the HID lamp. In the
first case thick electrodes were used, with a diameter equal to the inner tube
radius. In the second case thin electrodes were used, which considerably
decreases the required breakdown voltage. As a third case an antenna was
added around the dielectric tube. This led to a further decrease of the
breakdown voltage. The breakdown voltage for the second and third case
were compared to experimental data, and good agreement was found. The
collisional processes during ignition were investigated. Also the breakdown
voltage for the re-ignition process was calculated. For this a much higher
voltage is needed.
Additional remarks
In reality the HID lamp is filled with a more complex mixture. Therefore the
model that is presented in this work can be further expanded with the
addition of salts to the mixture. With this the hot re-ignition process of the
HID lamp can be studied more accurately.
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General conclusions

The geometry used in this work did not always accurately represent the
geometry of the lamps that were investigated. Specifically for the HID lamp it
would be better if curved geometry could be used, and when an antenna is
added a 3-dimensional grid is needed. For this the modeling toolbox should
be improved.
As a final note, it has been studied how many students it takes to bolt in a
light bulb. The answer is this: it only takes one, as long as he has a full year to
complete the assignment.
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