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Preface
Recently, concerns about environmental problems have received considerable attention. It
has become a serious issue in the field of lamps as well. The main driving force to move away
from mercury-containing discharge light sources is connected to the environmentally unfriendly
nature of mercury. After inhalation or direct contact, severe mercury exposure can lead to
damage to human brain cells, the kidneys, the liver and the nervous system. For this reason, the
use of mercury in products is becoming more and more restricted by different governmental
bodies. In the lighting industry, however, any products still make use of mercury, for different
reasons. The main reason is that mercury-containing products are, in most cases, more efficient
than mercury-free products. For a realistic comparison of the environmental impact, the
mercury-contamination due to electricity production must be taken into account, which depends
on the type of fuel being used. Mercury-free alternatives that use more energy than
conventional mercury based products can in fact be detrimental for the total mercury pollution
over the lifetime of the light source. For this reason, the lighting industry has concentrated on
lowering the mercury content in light sources as long as no efficient alternatives exist.
Nevertheless, new mercury-free initiatives for fluorescent light sources with more or less equal
efficiency are underway.
At the same time, new applications for radiation sources are becoming more important, and
in some of them the presence of mercury has other disadvantages besides the environmental
aspects. Since in most cases mercury is used in the form of a saturated vapor, the mercury
pressure is dependent on the ambient temperature, which means that mercury-containing light
sources often show a slow increase to the steady-state light output or a strongly reduced output
in cold environments, which is undesirable in many applications. For this reason also, different
options for light sources without mercury are being investigated.
As recent research results indicate initiatives that may offer the most promising alternative
for mercury-containing discharge light sources in respect of efficiency and production costs are
based on rare gas discharges. Many investigations on fluorescent light sources filled with rare
gases, especially xenon, have been described. A great advantage of a xenon discharge light
source its independence of peripheral temperature while a mercury discharge light source is
much more influenced by the temperature. However a serious disadvantage has been its low
luminance. Many researchers reported on characteristics of xenon radiation, however, high
luminance has not been obtained yet, by a low pressure xenon discharge light source. The
research for increasing efficiency of rare gas fluorescent light sources in recent years became
more and more important. Generating incoherent UV and VUV excimer radiation by means of
dielectric barrier discharge (further called DBD) excitation of rare gases and rare gas-halides
represents a promising concept for novel types of excimer light sources. Much research has
been devoted to develop and optimize such light sources and related processes, since they are of
great practical use. DBD excimer light sources exhibit various advantages over conventional
light source designs since they are mercury-free, easily scalable, and possess simple
construction geometry. During the past decade a large amount of scientific research has focused
on the fundamental properties of discharge processes as a basis for efficient excimer light
6

sources. A great variety of geometrical shapes, filling gases, electrode structures and operating
parameters has been evaluated with the specific goal of maximizing the ultraviolet radiation
from excimer molecules produced in DBDs. Investigations show that discharge conditions are
entirely different from those of mercury-containing light sources. Moreover, in order to obtain
emission of visible light, the generated UV or VUV excimer radiation has to undergo an
efficient wavelength conversion into the visible spectrum.
The principal objectives of this Ph.D dissertation are: (1) to create a framework of
experimental and theoretical studies towards the optimization of discharge and photo
conversion processes; (2) to determine the scientific basis of an efficient DBD excimer light
source and how its efficiency can be optimized. The optimization work covered by this work
involves the characterization and optimization of parameters of a fluorescent cylindrical DBD
light source manufactured by GE Lighting. I compare the strengths and drawbacks of different
applied voltage excitation waveforms within the context of relevant practical aspects, potential
risks and difficulties involved in the course of the research and development of a DBD excimer
source. Primary parameters such as different gas pressures and the characteristics electrical
driving waveforms are investigated. To help the process characterization and optimization, this
work gives a detailed explanation of the underlying fundamental physical processes governing
the operation of DBD discharge light sources by using a highly complex computer simulation.
In order to provide a complete description of the relevant scientific and technological
aspects, the following subjects are described in detail:
In Chapter 1 I give an overview on DBD’s history and applications, the fundamentals of the
discharge physics are discussed treating various relevant discharge phenomena, the excimer
molecules and their radiation mechanism, detailed characterization of existing light source
design concepts, characteristics and configurations.
In Chapter 2 I demonstrate a fluid-dynamical simulation model and its fundamental
equations. The model is aimed to help understand the mechanisms relating to the formation
phase of the short-lived transient plasma, the underlying kinetic processes in the plasma
responsible for the enhanced light source performance and increased efficiency. I outline the
most important physical phenomena primarily responsible for efficient generation of Xe2*
vacuum ultraviolet (VUV) radiation, and demonstrate a fast-rise time unipolar short-pulse (600
ns) excitation waveform that provides efficient operation of the DBD discharge.
In Chapter 3 further optimization of presented excitation waveform is demonstrated and is
investigated both theoretically and experimentally.
In chapter 4 a novel high frequency amplitude-modulated sinusoidal excitation voltage
waveform is demonstrated. I outline the strengths and drawbacks of the Xe DBD light source
driven by presented waveform and compare its performance to different Xe DBD
configurations published in literature.
The PhD thesis ends with a summary of my work.
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1. Overview of dielectric barrier discharges
1.1 History and applications of dielectric barrier discharges
Dielectric barrier discharges have been known under several names (silent discharge, barrier
discharge, discharge between insulated electrodes, ac- discharge, normal pressure glow
discharge, ozonizer discharge, display discharge, discharge in insulating cavities etc.). In 1839
Schönbein identified the odor rising from anode during the electrolysis of water as an attribute
of new chemical compound, which he gave the name ozone [8]. A few years later, in 1857,
Siemens [100] proposed a novel type of electrical gas discharge that could generate ozone form
atmospheric-pressure oxygen or air. This discharge was initiated in an annular gap between two
coaxial glass tubes. By using coaxial external electrodes a radial electric breakdown in the
flowing gas, some oxygen molecules in the air flowing through the discharge gap between the
glass tubes were converted to ozone. Since the electric current is forced to pass through the
glass walls acting as dielectric barriers (dielectric means an insulator layer, which prevents
current-flowing), the discharge is commonly referred to as the dielectric barrier discharge.
Clearly, this laboratory experiment was the base of today’s industrial ozone technology.
Historically it was originally called silent discharge, an expression used already by Andrew &
Tait in 1860 [9].

Figure 1. Large ozone generators producing 100kg ozone/hour [19]

Today most technical ozone generators can produce 100 kg of ozone per hour, typically
efficiencies are around 10% (defined as the ratio of the ozone produced over the oxygen input)
[10,11,12] (figure 1).
During the last he last decade powerful and efficient excimer light sources have been
developed and have found several applications in industrial UV induced processes. Researchers
realized that using DBDs operated in high-pressure rare gases or rare gas/halogen mixtures, the
discharge act as an intensive source of ultraviolet (UV) or vacuum ultraviolet (VUV) radiation
by very efficient formation of excimer molecules in the discharge volume. For large-scale
industrial applications dielectric-barrier discharges using fairly simple discharge configurations
currently represent the most mature excimer light source technology. Their main advantage is
8

simplicity, lack of internal electrodes (predicting long lifetime), high efficiency and low cost.
Recent industrial application of excimer light sources include UV curing of photoreactive
polymers, photo-deposition of large area or patterned thin metal or semiconductor films, of
high- and low-dielectric-constant insulating layers photo-assisted low-temperature oxidation of
Si, SiGe and Ge, polymer etching and microstructuring of polymer surfaces [13–18] (figure 3).

Figure 2. Osram Xeradex 20 excimer light source and Osram Planon1

DBDs big disadvantage was that the UV radiation generation was characterized by a deplorable
10-15% efficiency. However by 1993, two Osram researchers, Vollkommer and Hitzhschke
solved all the basic obstacles that stood in the way of a high efficient and mercury-free UV light
source [20, 34, 72]. The new system, which, among other things, led to a unique product called
Xeradex, achieved 40% efficiency in converting electrical energy into ultraviolet radiation
(figure 2). This application clearly demonstrates that high power excimer systems can be
achieved by using DBD configurations [see patents 21-25].
The year 1996 was characterized by major investments in production facilities for flat
television screens using ac plasma display panels (PDP). This novel application of DBDs is
expected to reach market volumes that correspond to at least 10 times the original ozone
market. As far as the future market potential of DBDs concerned one of the most important use
of DBD’s will be in ac plasma display panels used for flat, large-area, wall hanging TV sets
with 1m to 1.5m picture diagonal. These displays combine the original idea of the plasma
display proposed by Bitzer&Slottow in 1966 with more recent experience about efficient
generation of excimer radiation. In tiny addressable DBD cells filled with xenon VUV radiation
is converted to red, green or blue image points by activating internally applied phosphor layers.
Multi-billion dollar investments in production facilities for these flat televisions screens in
Japan and South Korea have recently led to a new dimension of large-scale industrial dielectricbarrier applications. In 1998 already about 50 000 PDPs were sold. The market volume
increased to 5 million sets in the year 2005.

1

Reference: Osram’s Xeradex and Planon presentation: www.osram.com
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Figure 3. Schematic diagram summarizing the major applications of the dielectric
barrier discharges [19]

Besides plasma displays there is another promising concept for using DBDs, namely light
sources. Efficient generation of VUV excimer radiation is utilized in DBDs and with the aid of
phosphors the UV radiation can be converted to visible light. The development of efficient and
spectrally very selective incoherent UV to far UV light sources opened the way to several new
and potentially also economic applications, e.g. new types of mercury free light sources for the
medical as well as the general purpose lighting market (fluorescent light sources). It is now
possible to produce mercury-free fluorescent light sources with obvious advantages for the
environment. Excimer fluorescent light sources filled with a mixture of xenon and neon are
already in use in copying machines. Also flat planar large-area excimer fluorescent light
sources have been developed for applications like back-illumination in liquid crystal displays.
At Hannover Fair 1998 OSRAM has introduced a flat Hg-free fluorescent light source for
back-lighting applications. The light source is operated on the basis of DBD’s and is able to
generate a high luminance over large areas in very homogeneous way. The OSRAM PLANON
system is well suited for a large number of different LCD back-lighting types. The specific
advantages have been demonstrated in flat panel displays for desktop monitors as well as in
industrial applications, medical technology or transportation systems (automotive, plane, train)
which require highest technological standards. It is also used as luminers and for megadisplay
applications. The OSRAM LINEX is a Xe DBD based linear excimer light source with instant
on-off switching, internal electrodes, developed for applications that need fast light switching,
e.g. digital copying machines.
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1.2. Fundamental properties of dielectric barrier discharges: basic
discharge phenomena
Dielectric barrier discharges comprise a specific class of high-voltage - driven by AC or pulsed
voltages-, gaseous discharges that typically operate in the near-atmospheric pressure range. The
main elements of a schematic DB discharge electrode configuration are shown in figure 4. A
DBD is a kind of typical non-equilibrium gas discharge. An experimental device for DBD
generally consists of two parallel electrodes, at least one of which is covered with a thin
dielectric layer. An ac voltage is applied to the electrodes at a frequency of several hundred Hz
to a few hundred kHz. Breakdown occurs in the gas gap between the two electrodes at a
sufficiently high voltage.

Figure 4. Schematic view of a typical dielectric barrier discharge
configuration. (HV means high voltage electrode)

The DBD’s are characterized by the presence of a dielectric layer disposed between at least one
electrode and the discharge gas. In most cases the dielectric layer covers both electrodes. The
purpose of the dielectric barrier is to limit the electron current between the electrodes. Typical
dielectric materials used are glass, quartz, ceramics but also thin enamel or polymer layers [26].
Normally, the electrodes of these discharges are extended over large areas. The dimension of
the discharge gap is small compared by at least one dimension of the electrode surface. Typical
discharge gap spacing range from 0.1 mm in plasma displays over about 1 mm in ozone
generators to several cm in CO2 Lasers.
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Figure 5. Microdischarge patterns obtained in 5mm discharge gap quartz cell with planar walls filled
with xenon/chlorine mixtures at different pressures (visible diameter: 8cm) [19]

The most interesting property of DBDs is, that in most gases at about atmospheric pressure,
if proper voltage is applied to the electrodes, breakdown is initiated in large number of
independent current filaments – so called microdischarges – of nanosecond duration . This
filamentation of atmospheric-pressure air breakdown in DBD configurations was first observed
by Buss [27] in 1932 and since then investigated by many authors. Roughly 10 years later
Raether and Loeb and Meek [28, 29] independently presented their concepts of the mechanism
of discharge initiation at high pressures, the streamer breakdown, which is quite different from
the mechanism Townsend had proposed for the initiation of a low pressure glow discharge. A
huge research effort has been carried out to understand the microdischarge physic: fast imaging
techniques have been used together with sophisticate two-dimensional simulations. Today the
characteristic properties of the microdischarges are well known. [11, 20, 26, 27, 31–33] (figure
5).
The physics of the DBDs can, in first approximation, be summarized in few sentences: at
high pressures the well known Townsend breakdown is replaced by the streamer breakdown
which leads to the appearance of one or multiple highly conductive channels. In practice it is
almost impossible to realize a glow discharge at atmospheric pressure between two metal
electrodes since after the breakdown all the current would flow through localized and highly
conductive channels (figure 6), whose characteristic are analogous to that of a DC plasma arc
[34] .

Figure 6. Streamer mechanism the space charge field is comparable with the applied
one. The result is a so-called spark discharge Esc = space charge field.
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Figure 7. The presence of insulating plates prevents the development of a hot
conductive channel; the charge density on the dielectric barriers generates a
field that opposes the applied one; Ecd = surface charge density

In the dielectric barrier discharge we take advantage of the fact that as soon as the gas is ionized
charge is deposited on the insulating plates, this acts in the discharge as a negative feedback,
slowing down and ultimately stopping the breakdown phenomenon (figure 7). Simply by
inserting an insulating plate in the current path of the discharge we are able to avoid the
generation of typical high pressure plasma, characterized by thermal equilibrium, and to
produce high-pressure non-equilibrium plasma. This is an ideal environment for excimer
generation.
A microdischarge is initiated once the breakdown field is reached at a certain location in the
gap. An electron flux to the barriered anode leads to an accumulation of electrons at the
dielectric surface and is generating a space charge in front of the anode. The electric field of
this space charge has the opposite direction of the external field. Within a very short time –
only a few nanoseconds after breakdown – the compensation of both field leads to a collapse of
the microdischarge at this location. Therefore, the barrier can be characterized by a very fast
intrinsic switch which suppresses the generation of sparking electron gas. If the external voltage
is rising, additional microdischarges will occur at new positions, because the presence of
residual charges on the dielectric has reduced the electric fields at positions where
microdischarges have already occurred. Due to the statistical nature of the filaments and their
short duration, there is rarely any heating of the gas molecules due to electron impact.
This built-up volume charge also significantly influences the subsequent discharge
processes. This behavior is depicted in figure 8 showing the typical temporal evolution of the
external DBD voltage VDBD , the DBD current IDBD and the resulting internal gap potential Vgap.
Upon the ignition (discharge) the internal gap potential Vgap falls from the level of the ignition
voltage to the level of the breakdown voltage. The external voltage remains during this process
nearly constant. The duration of the discharge process mainly depends on the gas composition,
on the operating pressure and on the rise time of the external voltage VDBD. Typically it lies in
the range between 10 ns and 100 ns.
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Figure 8. The Current-voltage characteristics of the
DBD (He/Xe, ca. 800 mbar) [35]

The electrical characteristics of the DBD can be in general modeled by a simple electrical
circuit (figure 9). The DBD can be represented as a serial connection of one or two capacitors
with a gap. The gap itself acts as a capacitor, and the conductivity 1/Rplasma of the generated
plasma can be displayed as a parallel connected term. The field strength within the gap will
then drop to zero when the entire external voltage VDBD falls over the dielectrics.

Figure 9. Shematic electrical diagram of the light source. Cdiel – dielectric
barrier capacitance; Cgap – gap capacitance; Rplasma – plasma resistance;
CDBD – capacitance of the other structural components(glass perimeter of
the light source, wires, voltage source); Imeasured – measured current,
Idischarge– discharge current; Iblind – displacement current;
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Figure 10. Filamentary and diffuse operation of the DBD [33]

Lately investigation revealed that besides the microdischarge / filamentary behaviour, the
discharge can also operate in homogeneous / diffuse mode (figure 10,11). It has been observed
that the spatial distribution of discharge in noble gases and in noble gas/halogen mixtures varies
strongly according to the applied voltage waveform. The discharge can form separate glow
discharge domains, symmetrical or cone-shaped blurred discharge areas [11,18,36,37]. With
increasing applied power, the non-homogeneous and patterned discharge distribution becomes
gradually more homogeneous [20, 38]. Homogeneity is necessary to keep peak current densities
low, which is believed to be an important condition of efficient electrical to radiative energy
conversion in the plasma [20].
DBD discharge physical parameters are scalable, so radiation output scales also with larger
geometries. Besides, the plasma parameters – which directly affect light conversion efficiency
and radiation intensity – can be influenced and thus optimized by external means.

Figure 11. Homogeneus Xe DBD discharge [56]
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1.3. DBD light source geometry, configurations, dielectric layer
properties
Existing DBD excimer light source designs use fairly simple discharge configurations without
internal electrodes. Sealed light sources of different planar and cylindrical geometries are
known (figure 12). Due to scalability light source designs of different forms and sizes are
achievable, such as planar light source shapes for LCD backlights or for flat panel plasma
display TV sets.

Figure 12. Common planar and cylindrical dielectric-barrier discharge configuration [19]

There are three basic configurations for generating DBDs (figure 13). The first is the ‘volume
discharge’ (VD) arrangement consisting, for example, of two parallel plates. The
microdischarge takes place in thin channels which cross the discharge gap and are generally
randomly distributed over the electrode surface. The second is the ‘surface discharge’ (SD)
arrangement, a plane dielectric with a number of surface electrodes on the dielectric layer and a
counter electrode on its reverse side. There is no clearly defined discharge gap. The
microdischarges are, in this case, rather individual discharge steps that take place in thin layer
on the dielectric surface and can be considered homogeneous over a certain distance. An
increase in the voltage now leads to en enlargement of the discharge area on the dielectric. The
‘coplanar discharge’ (CP) is a combination of these two basic configurations. It is
characterized by pairs of electrodes of opposite polarity situated within the bulk of a dielectric.
While the DBD in VD arrangements has been investigated intensively, investigations of
SDs are scarce and show that in SDs the efficiency is lower to that in VDs. [39,40]. The
extension and distribution of the accumulated charge on the dielectric surface depends on the
polarity of the applied voltage. In VD and SD arrangements long discrete discharge channels
can be detected on the dielectric resulting from an accumulation of positive ions. In contrary to
this, electrons cause homogeneous discharge patterns at reduced extension. The discharge
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patterns of CD arrangements nearby the electrodes are more similar. Their extension is limited
by the electrode gap.

Figure 13. Schematic representation of a dielectric barrier
discharge in 3 different basic configuration: a) volume
discharge (VD) b) surface discharge (SD) c) combination
of the two: coplanar discharge [39]

As summarized in the introduction, the DBD can’t exist without at least one dielectric layer.
The primary function of the layer is to prevent the current flow through the electrodes. As a
consequence charges can’t leave the discharge volume, but accumulate on the surface of the
dielectric. In respect of industrial technology the most desirable choice for dielectric barrier
would be glass. Industrial glasses have relatively high dielectric constant, usually are highly
electrically resistant and their process technology is also very well known. But there are several
other choices as well. Alumina ceramics and polyaluminasilicate ceramic (policolor) have real
potential (table 1). Dielectric permittivity and barrier thickness determine the capacitance of the
dielectric layer. Due to the voltage drop over this capacitor the active power of the discharge
grows at the same applied voltage with increasing dielectric permittivity ( ) and decreasing
layer thickness (figure 14).
According to the Paschen law (figure 15) increasing pd (pressure x electrode distance)
values require higher breakdown/ignition voltages. In case of pure rare gases in order to keep
ignition voltages relatively low (~ 2–3 kV) the distance of electrodes should be chosen within a
few millimeters at atmospheric gas pressure.
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Figure 14. Energy deposited in the gas versus the dielectric
barrier thickness for various gap values. [37]

www.mogami-wire.co.jp
/paper/physical-constants.html

Table 1. Dielectric permittivity of some dielectric materials
Material

Permittivity

GLASSES

3.7 - 14.5

Lead glass

6-9

Epoxy/glass

5.0

Mica

7.9

Mica/glass

7.9

Glass Silica

3.8

Glass Bead

3.1

Glass Granule

6-7

Flint glass

10.0

Window Glass

7.6 – 7.8

Glass Pyrex

4.6 – 5

CERAMICS
Cordierite ceramics

5.0 - 5.5

Porcelain

5.1 - 7.5

Marble

8.0

Alumina

9.5

Policolor (polyalumina-silicate)

9.9
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Figure 15. Breakdown voltage of different gases (Paschen law)

1.4. Generation of excimer emission in dielectric barrier discharge;
excimer molecules
Dielectric barrier discharges can be optimized for the generation of transient species such as
excimer molecules. Excimers (excited dimers, trimers) are weakly bound excited states of
molecules, under normal conditions they are usually short-lived and have a weakly bound or an
unstable ground state. There are very many excimers known today. The best understood
systems are the rare gas excimers He 2*, Ne2*, Ar2*, Kr2*, Xe2*, and the rare gas halide excimers
ArF*, KrF*, XeCl*, XeFl* which are used in excimer lasers [10,31,41–43]. Excimers have
attractive features for incoherent UV sources and fluorescent light sources. Due to the transition
between a weakly bound upper state to a repulsive ground state, they emit light mostly in the
form of ultraviolet radiation.
The first indication of excimer formation in gas discharges were mentioned by Goldstein
[44] and Curtis [45] in 1913. In 1955, Tanaka realized that the rare gas excimers could be
excited in silent discharges, but abandoned this idea in favor of a pulsed discharge which later
became known name as Tanaka light source [46]. More recent investigations into laboratory
excimer UV sources pointed out, that using DBDs it is a very efficient way of producing
excimer radiation [47–48].
If DBDs are operated in high-pressure rare gases or rare gas/halogens mixtures the plasma
conditions in the microdischarge channels resemble those in pulsed excimer lasers. Each
microdischarge can act as an intense source of ultraviolet (UV) or vacuum ultraviolet (VUV)
radiation. Excimer formation is favored by high collision rates at elevated pressure and efficient
excitation or ionization of precursor species, which requires nonequilibrium discharge
conditions. DBDs conveniently combine these two requirements. Thus excimer UV sources
provide high intensity narrow-band UV radiation at various specific wavelengths (figure 16).
Table 2 lists the molecular species which emit VUV and various UV wavelengths.
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Table 2: Peak wavelengths of different excited excimers
Excimer

Wavelength
[nm]

UV Range

Excimer

Wavelength
[nm]

UV Range

Ar2*

126

VUV

KrCl*

222

UV-C

Kr2*

146

VUV

KrF*

249

UV-C

VUV

*

XeI

253

UV-C

VUV

Cl2*

259

UV-C

F2*

158

ArBr

*

Xe2*
*

ArCl
*

KrI

165
172
175
190

*

VUV

XeBr

283

UV-B

VUV

Br2*

289

UV-B

*

VUV

XeCl

308

UV-B

342

UV-A

354

UV-A

ArF

193

VUV

I2*

KrBr*

207

UV-C

XeF*

*

In excimer light sources such excimer forming gas mixtures are sealed in quartz vessel
whose walls act as dielectric barriers. Transparent or perforated external electrodes are used
through which the UV radiation can exit. For large-scale industral applications dielectric barrier
discharges using fairly simple discharge configurations currently represent the most mature
excimer light source technology. Their main advantage is simplicity, lack of internal electrodes,
high reliability, scalability to large area and very high UV powers, reduced costs per UV
photon, high efficiency and low cost. Sealed light sources with different planar or cylindrical
geometries are common. These light sources are usually operated at high power densities and
operating frequencies of a few hundred kHz. A considerable fraction of the discharge power
can be converted to UV or VUV radiation.

Figure 16. Photon emission from the decay of rare-gas and rare-gas/halogen excimer molecules (eg.
Xe,2*, Kr2*, Ar2*, XeCl*, KrCl*) form the basis of an important class of incoherent ultraviolet (UV) and
vacuum ultraviolet (VUV) sources covering the range 80nm-350nm.
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Among the rare gas and rare gas-halogenid excimers detailed investigations from
several authors show, that the Xe 2* excimer formation has the highly best attributes, in respect
of efficiencies [14,49–51]. Using sinusoidal AC voltage waveforms Xe2* excimer VUV
conversion efficiencies are reported typically in the range of 10–30% [29, 44, 45]. However
with novel excitation waveforms, dramatic increase in Xe DBD efficiencies up to 60 % can be
achieved [20, 34, 72].

1.5. The conversion of Xe excimers
Excited dimers of xenon emit narrow-band VUV radiation between 125 nm and 172 nm. Pure
Xe gas excimers are efficient fluorescers, converting about 10 – 60% of the electron energy into
VUV radiation. Molecular xenon has a slightly bound Xe* (1s5) excited state at about 8 eV
[Figure 17].

Figure 17. Simplified reaction scheme of a silent discharge in xenon [11]

Into this bound state, a large population of states converges via bi-atomic collisions:
Xe* + Xe

Xe2* (upper dimer)

(1)

The spontaneous emission of photons resulting from a transition from this level to the repulsive
ground state peaks provides photons around 7.2 eV or 172 nm. In the microdischarges the
electron energy has to be optimized for efficient excitation of the atomic Xe * level which can
react with neutral Xe atoms to form the Xe2* excimer.
Since excimer formation is usually a three body reaction, higher pressures favor excimer
formation with corresponding decrease in Xe * densities. For this reason non-equilibrium
discharges at pressures above 65 mbar are required [18]. In addition to the direct path of
reactions that form Xe2 upper states, we also have Xe 2* state formation by all reactions starting
from higher lying excited and ionic atomic and molecular states (Xe**, Xe2**). (Extended
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kinetic models treating the interaction of high-energy electron beams with xenon are based on
the assumption that the various excited states of the xenon atom and molecule can be
represented by two (fictitious) excited atomic and molecular states: Xe *, Xe **, Xe2*, Xe2**)
Silent discharges in xenon can be sources of VUV radiation peaking at 172 nm (figure 18),
having a half-width of 12 - 14 nm and emitting practically no other intensive radiation in the
wavelength region between 180 and 800nm. Thus, for the purposes of photochemistry, this is a
VUV source of high spectral purity [52–54].

Figure 18. Xenon emission spectra at different pressures [70]
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1.6. Existing DBD excimer UV light sources and excitation methods
In the past decade much research has been devoted to design a mercury-free fluorescent light
source that would be as efficient as anything currently on the market. However, besides DBD
excimer light sources various advantages over conventional light source designs, the most
significant disadvantage was the relatively low radiation efficiencies of DBD light sources.
The conventional DBDs using an ac high voltage has a relatively low instantaneous energy
input, where only dispersed spike-like currents imposed on the sinusoidal current waveform can
enter into the reacting plasma field as (figure 19(a)) the discharge consists of multiple
filamented microdischarges which appear stochastically over the dielectric surface, or form
regularly spaced filaments depending on the discharge gap, the pressure and the applied voltage
[19]. Typically, using sinusoidal ac voltage waveforms at a gas pressure range of 100 mbar to a
few bars, the DBD discharge produces Xe2* excimer radiation at 172 nm with an electrical to
VUV conversion efficiency reported typically in the range of 10–20% [18, 54, 59].
Stockwald et al [54] demonstrated a flat panel type Xe DBD UV light source (figure 19)
with two dielectric quartz barriers and external metal electrodes. Operating parameters were 1 20 kV AC sinusoidal voltage, 1 - 100 kHz operating frequency, 0.1 - 1.5 bar Xenon gas
pressure and 1 - 10 mm gap spacing. The discharge consisted of transient discharge filaments.
External efficiency at high specific UV emission was close to 10%. Higher efficiencies close to
15% were possible at lower frequencies of a few kHz, but at reduced specific UV flux .

Figure 19. (a) Xe DBD UV light source configuration used by Stockwald [54]; (b) voltage-current
waveforms: sinusoidal AC 80kHz (c) time averaged photograph of the xenon light source; (d) UV
radiation efficiencies
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Figure 20. (a) Vollkommer and Hitzschke [34] Xe DBD UV light source configuration [20]; (b)
voltage-current-power waveforms

Fortunately – as recent investigations show – dielectric barrier discharges can be operated in a
more efficient way. First introduced by Vollkommer and Hitzschke [20, 34, 72] a well defined
excitation procedure, using high voltage pulses makes it possible to achieve radiation
efficiencies of more than 60% in xenon.
By examining conventional DBD light sources it can be noted that all the UV radiation
is generated randomly in space and time – an intrinsically inefficient state. Randomness is
associated with a high level of electron density and low efficiency. In order to reach higher
efficiencies out of such a system, Vollkommer and Hitzschke realized that it would be
necessary to produce regular starting conditions for the electrons – in short, to pulse them. If
the formation of Xe2* molecules is controlled efficiently, in principle, only the energy needed to
create this excited states is used. This concept is called pulsed excitation, short excitation pulses
followed by idle times that are exactly long enough to allow the ionized gas (plasma) to return
to the state it was in prior to excitation.
For cylindrical light source (figure 20(a)) (cylindrical geometry, xenon filling, discharge
gap 1.2 cm), efficiencies >40% (i.e. two- or three-fold higher than observed previously using
sinusoidal excitation) were obtained by Vollkommer and Hitzschke using unipolar voltage
pulses ~750 ns FWHM (full width half maximum) separated by idle periods (~40 s) (figure
20(b)) [20, 34]. The discharge consisted of a periodic pattern of micro-discharges of triangular
cross-section which were notably more diffuse than the filament micro-discharges observed by
others when using ac excitation.
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Figure 21. (a) Xe DBD UV light source configuration by Mildren and Carman [56] (b) voltagecurrent waveforms (b) VUV output of pressure for pulsed (solid symbols) and ac sinusoidal (open
symbols) excitation and (c) efficiency as a function of pressure for for pulsed (solid symbols) and ac
sinusoidal (open symbols) excitation.

R P Mildren and R J Carman [56] revealed that in addition to a three-fold increase in light
source efficiency, pulse excitation (figure 21(b)) also leads to similar increases in the average
intensity (2.6x), peak intensity (6x) and spectral purity. They compared the AC and pulsed
excitation performance for the same light source, using planar geometry, 8kV (peak to peak)
excitation voltage at the cycle frequency of 3.2 kHz (i.e. the interpulse period for pulsed
excitation and the period of the ac sinusoid were 310 s) in Xe pressures 50mbar up to the
threshold at which discharge breakdown is no longer achieved (i.e. ~987mbar).
The light source consisted of two flat, approx. 4 cm diameter silica windows 2 mm thick
and spaced to create 3 mm discharge gap (figure 21(a)). A gold grid electrode (0.5 mm
orthogonal strips spaced by 2 mm) was evaporated to the external surface of the Suprasil
window and Cu wire mesh electrode (approx. 3.0 x 1.2 cm) was pressed onto other external
window surface. Single-shot images of the plasma in the visible and VUV indicated that the
short-pulse excited DBD plasma was homogeneous across the dielectric surfaces [13, 14].
For pulsed excitation, the VUV output intensity increased monotonically with pressures up
to 723–789 mbar (Figure 21(c)). The maximum VUV output obtained when using pulsed
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excitation was 2.6 times that obtained using ac. It was also found that efficiency increases
monotonically with pressures (Figure 21(d)). The maximum efficiency obtained using pulsed
excitation is 3.2 times the maximum obtained using ac excitation.
Figure 22 shows images recorded by Mildren, Carman and Falconer [57, 66] using short
pulsed and sinusoidal excitation. The results show that the VUV and visible emission
originating from the short pulsed excitation is essentially homogeneous over the active
electrode area. The enhanced performance of the pulsed light source is derived from a discharge
at near atmospheric pressures which is notably more diffuse than that achieved at the same
pressures using ac excitation.
Higher pressures are favored for Xe2* production due to the increased rate of Xe*
metastable by collisions with ground state Xe atoms. This pressure effect is consistent with the
monotonic increase in efficiency and the shortened VUV pulse duration observed with
increasing pressure.

Figure 22. Short-exposure images of the DBD light source for short pulsed and sinusoidal
excitation in the visible and the VUV as a function of pressure (as indicated in mbar). (A false color
scale indicates intensity, with images in each column sharing a same absolute scale. Each
photographed area is 4 cm x 4 cm) [57].
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Figure 23. (a) Xe DBD UV light source configuration by Mildren and Carman [84] (b) voltagecurrent waveforms (c) VUV pulse energy and efficiency as a function of pressure (d) efficiency and
total VUV output as a function of pressure.

Figure 24. Coaxial Xe DBD light source [84]
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Carman et al also revealed [84] that large increases in electrical input power densities and VUV
peak power are available from short pulse-excited (~200 ns) DBD light sources when scaling to
high pressures (i.e. up to 2.5 bar). The light source under study was made from two concentric
fused silica (Suprasil) tubes of outer diameter 7.2 and 3mm that were fused together at each
end, as shown in figure 23(a) and in figure 24. The dielectric wall thickness was ~0.5 mm, the
discharge gap was approximately 1.6mm and the discharge length was 55 mm. The active
volume of the discharge was 1.27 cm3. The outer electrode consisted of fine Cu wire wrapped
tightly on the light source outer surface. The inner electrode was a 2mm diameter finely
stranded copper wire.
The discharge appeared diffuse and volumetric. High intrinsic electrical-to-VUV conversion
efficiencies in the plasma of the order of ~ 60% were suggested, however due to geometry
losses of radiation, the overall efficiency of the light source was estimated to be ~10.5% at 10
kHz and 1 bar Xe. The total irradiance at the light source surface was 14mWcm 2.
A comparison of different Xe DBD UV light sources mentioned above and their performance
properties (i.e. total output VUV power density, irradiance and efficiency) are listed in table 3.
As the UV sources possess different configurations (gas pressure, geometry, driving waveform,
etc.), comparison of performances were carried out by comparing input and output power
densities instead of absolute power values. Intrinsic discharge efficiencies inside the plasma are
presented, which are not altered by the discharge vessel material absorption and the partial
transmission of the electrodes of different geometries. As the partial 172 nm discharge
efficiency depends dominantly on the gas pressure, therefore both total VUV and 172 nm
efficiencies are presented.
Table 3. Comparison of parameters and performance of different Xe DBD light source configurations
#

Reference

Geometry

1

Stockwald et al [54]

Planar

2

Stockwald et al [54]

Planar

Pressure

Freq.

Gap [mm]

Excitation

FWHM [ns]

300

10

AC

-

10

300

10

AC

-

48

[mbar]

[kHz]

3

Vollkommer et al [20]

Cylindr.

133

<20

Pulse

~1000

~20

4

Mildren et al [56]

Planar

500

3

Pulse

150

3.2

5

Carman et al [74]

Cylindr.

1000

1.6

Pulse

200

10

Input

Total VUV

Intrinsic

Intrinsic 172

Exp.

power

power

VUV

nm

external

efficiency

efficiency

VUV eff.

[%]

[%]

[%]

#

Reference

irradiance

a

density

density
3

VUV

3

[mW/cm ]

[mW/cm ]

[mW/cm2]

1

Stockwald et al [54]

118

~16.4

17.7

NA

~13.9

10.3

2

Stockwald et al [54]

393

~64.8

32.4

NA

~16.5

12.2

40

3

Vollkommer et al [20]

NA

NA

> 35

4

Mildren et al [56]

250

152.5

13.2b

61

5

Carman et al [74]

1000

600

14

~60c

a
b

c

NA

40

52.4c

NA

~60

10.5

Calculated from input power density and intrinsic VUV efficiency
Estimated from total VUV power and light source surface size, c Simulation result
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It was found [75], that the use of fast voltage rise-times (<200ns) assist synchronizing
discharge development along the electrode surface, and produce more homogeneous spatial
distribution of the discharge. Homogeneous distribution of the discharge keeps current densities
and ionization rates low simultaneously compared to the filamentary operation and it is
considered to be an important factor in respect of efficient electrical to radiative energy
conversion in the plasma. Highest input power densities (~ 1000 mW/cm3) and high intrinsic
discharge efficiencies were achieved ~ 60% by Carman with a cylindrical DBD UV light source
at 1 bar pressure [74]. However experimentally determined VUV efficiency remained low
(~10.5%). Highest experimentally determined VUV efficiency of ~ 40% was achived by
Vollkommer and Hitschke [20].
On the grounds of these findings a wide field of additional applications has been opened
up. Due to the high efficiency, for the first time it became possible to take the chance for
commercializing DBDs with the target of visible light generation.

.
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2. Dielectric barrier discharge simulation –
theoretical and experimental investigations of a Xe
DBD fluorescent light source
Main finding 1.
A computer simulation of a Xe dielectric barrier discharge fluorescent light source was
developed. The simulation is based on a detailed one-dimensional fluid dynamical model of the
discharge plasma. A comprehensive reaction-kinetic analysis of the plasma processes (~ 100
chemical reactions) and a luminous efficacy calculation associated with the phosphor lightconversion process are integrated into the model. The simulation is capable for investigating the
principal processes inside the plasma, and also makes the optimization and further development
of a fluorescent light source possible.
The model allows detailed examination of the transfer of input electrical power into radiated
emission and losses and hereby the calculation of partial discharge efficiencies on specific
wavelengths can be performed.
Detailed comparison of the calculated and measured emission, electrical and spectral properties
of a fluorescent Xe dielectric barrier discharge light source was performed. Precise verification
of the calculated discharge efficiency and luminous efficacy represents a novelty compared to
previous evaluations of DBD light sources and models presented in the literature.
Using the proposed light source and fast rise-time short (~ 600 ns) unipolar square pulses of the
driving voltage, an intrinsic discharge efficiency around 56% was predicted by the simulation.
Overall discharge efficiency of 50 %, which corresponds to more than 60 lmW-1 luminous
efficacy (for radiation converted into visible green light by phosphor coating) was demonstrated
experimentally.
Corresponding publications: [1], [6], [7]
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2.1. Dielectric Barrier Discharge Simulation: description of the model
Although experiments using pulsed excitation techniques to excite DBD excimer light sources
have yielded promising results, the underlying kinetic processes in the plasma responsible for
the enhanced light source performance and increased efficiency were not well understood.
Furthermore, very few detailed computer modelling studies of the plasma kinetics in pulseexcited DBDs have been reported. Simulation studies are useful to help understand the
mechanisms relating to the formation phase of the short-lived transient plasma, and as a tool to
correctly interpret experimental data. A theoretical model of a pulsed DBD Xe light source was
briefly described in [34] based on the assumption that the plasma could be modeled as a glow
discharge rather than one initiated by streamers [93]. A more detailed one-dimensional model
has been used to compare sinusoidal and pulsed (trapezoid) voltage waveforms as applied to a
Xe DBD light source [95–96]. In [74] Carman et al reported a detailed set of results from
computer modeling of the discharge kinetics in a short-pulse excited Xe light source with
planar geometry for operating conditions where the plasma structure is homogeneous.
In this chapter is a self-consistent fluid model is presented, based on the model published in
[74], and complemented with a more comprehensive reaction kinetics scheme and light efficacy
calculation. The model gives a complete description of a discharge, accounting for all its major
physical aspects. The physical equations and data that define the fluid model and outline the
basic system of equations and the relations between all important physical quantities are
described. Surface processes are incorporated as boundary conditions for the basic equations.
The purpose of the model is to attempt to understand the working conditions of an efficient
operation of a cylindrical Xe DBD light source (figure 25) by examining the transfer of input
electrical power into radiated emission. By investigating the parameter dependencies of
discharge efficiency my aim is to optimize the light source construction for the use as a
fluorescent visible light source.

Dielectric Barrier
Grounded
Electrode

x

Dielectric Barrier
Simulation Axis

Powered
Electrode

Discharge Gap

Figure 25. Schematic cross-sectional view of the simulated DBD light source.
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Table 4. Xenon species used in the simulation.
Species

Multiplicity

Xe
Xe*(1s5)
Xe*(1s4)
Xe*(1s3)
Xe*(1s2)
Xe**(2p5-10)
Xe**(3d1-6)
Xe**(2p1-4)
Xe+
Xe2+
Xe3+
Xe2*(3 u+)
Xe2*(1 u+)
Xe2*Ou+

1
5
3
1
3
24
40
12
3

Energy level[eV]

0
8.315
8.437
9.447
9.570
9.734
10.068
11.043
12.13
11.10
10.828
7.919
8.051
8.315

The model gives a complete description of spatial- and time evolution of the discharge plasma,
including the following major physical quantities: transport, production and loss mechanisms of
14 individual xenon species (table 4), electron particle and electron energy densities; transport
of momentum, space and surface charge-induced electric fields, chemical reactions in the
plasma and spectrally-resolved emission of radiation ranging from VUV to low IR.

2.2. Basic equations
The discharge plasma is assumed to be homogeneous in the direction parallel to the dielectric
surfaces, therefore simplifying the problem to one spatial dimension. The key assumption of the
model is that the system can be approximated as depending only on axial position between the
electrodes. This effectively means that the effects at the plasma boundaries are neglected.
The modeled discharge is a capacitively coupled discharge. Two parallel electrodes are driven
by an external excitation voltage waveform. The electric field between the electrodes transfers
kinetic energy to electrons and ions in the plasma. The drift movement of particles results in
collisions and in particle generation and loss processes, with energy exchange between species.
The particle dynamics within the bulk plasma may be described by the Boltzmann equation.
The Boltzmann equation holds for any particle species with distribution function f (r, v, t) in the
phasor space (r, v) of particle positions and velocities, and may be given as
f
+v
t

rf

+a

vf

=

f
t

(2)
collision

where a is acceleration, and m is the mass of the particle. The term on the right-hand side of
equation (2) denotes inter-particle collisions.
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An important assumption is that the interaction between particles is by short-range forces only
and in random two-body or three-body collisions. The complexity of the dynamical equations is
reduced by taking velocity moments of equation (2), and thus obtaining averaged quantities
dependent on spatial coordinates and time only. Macroscopic conservation equations for
particle, momentum and energy are obtained from the first three moments of the Boltzmann
equation, describing the average species density, mean velocity and energy density,
respectively. The space and time variation of these quantities is described by fluid equations,
that is the reason why it is called a fluid-dynamical model.
In the weakly ionized low-temperature plasma, the electron temperature can be quite high. The
ion temperature in the plasma generally does not vary substantially from the neutral gas
temperature. The electron temperature governs most of the inelastic processes and this fact
necessitates the consideration of all three conservation equations for electrons: the continuity
equation, the momentum balance equation, and the energy balance equation. For the ion species
only the particle and momentum conservation equations are considered. The momentum
balance is replaced by the drift diffusion approximation of the particle flux. Surface processes
are accounted for in the boundary conditions of the fluid equations. The fluid equations are
coupled to macroscopic Maxwell equations, such as Poisson’s equation, which describes the
effect of space charge on the electric field.
The model includes a detailed set of kinetic processes between 14 atomic, ionic and
molecular states of xenon and electrons. Xenon species used in the kinetic scheme are shown in
table 5. The reaction kinetic model takes approximately 100 processes into account: electron
collisions (momentum transfer, excitation, ionization, electron-ion recombination, and electronmolecule collisions), heavy-body collisions (conversion to excimers, collisional de-excitation,
ion conversion, penning ionization, interstate mixing) and radiative processes (VUV 125 nm,
129.6 nm, 147 nm, 150 nm and 172 nm, visible 450–491 nm, and infrared 764–893 nm
radiation). All these processes are listed in the Appendix with their respective rate coefficients.
Table 5: Xe excimer conversion – main reaction pathways
Excitation / de-excitation, Stepwise excitation / de-excitation
02-09 e + Xe
10-15 e + Xe

e + Xe*
e + Xe**

RATE

REF.

Boltzmann eq.
Boltzmann eq.

[119, 120]
[119, 120]

Boltzmann eq.
Boltzmann eq.

[121]
[122]

7.03 x 10-44 m6s-1
5.30 x 10-44 m6s-1

[108]
[108]

1.01 x 107
2.174 x 10 8
4.76 x 108

[108]
[108]
[108]

Ionization / stepwise ionization
24
e + Xe 2e + Xe+
25-28 e + Xe* 2e + Xe+
Conversion to excimers
84
85

Xe*(1s5) + 2Xe
Xe*(1s4) + 2Xe

Xe2*(3 u+) + Xe
Xe2*Ou+ + Xe

Excimer VUV radiation
97
98
99

Xe2*(3 u+) 2Xe + h (172 nm)
Xe2*(1 u+) 2Xe + h (172 nm)
Xe2*Ou+ 2Xe + h (150 nm)
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In the numerical modeling of the plasma kinetics it is assumed that the electron energies rapidly
(<1 ns) attain equilibrium with the local electric field in the high-pressure plasma (p ~ 50–1000
mbar) [1–3]. The electron energy distribution function (EEDF) is determined by solving the
zero-dimensional homogeneous steady-state Boltzmann equation using BOLSIG [77], taking
into account all the major elastic and inelastic electronic collision processes from the atomic or
molecular ground state of the gas. BOLSIG solver is complemented with a more recent electron
collision cross section data (figure 26) (see details in Appendix). Electron collision rate
coefficients and transport coefficients – calculated from collision cross section data and the
EEDFs – depend directly on the mean electron energy rather than on the reduced electric field
known as local field approximation (LFA). This allows us to solve the energy balance equation
for the electron energy during plasma evolution and to model electron-induced kinetics more
rigorously by taking into account secondary processes like stepwise excitation and stepwise
ionization in more detail.
In this way, a complete, self-consistent description of the discharge is obtained (figure 27).
Since there is a considerable body of literature dealing with the study of rf discharges based on
a fluid representation of the charged particles [94–98, 59, 74], only a brief outline of the used
equations is given.

Figure 26. Collision cross sections of different Xe species [85].
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Figure 27. The relationship between the principal components of the simulation: input
parameters, calculated variables and equations that connect the variables together

I. – Electric field calculation: Poisson equation
The time- and space-dependent electric field is calculated by solving Poisson equation:
0 rE

e ni

x

where
r = 1.

0

ne

,

is vacuum permittivity,

(3)

r

is relative permittivity of the dielectrics, in the plasma

II. – Mass and energy conservation: Continuity equations
The conservation of particle- and energy-densities regarding electron density n e, ion density ni,
neutral density nn, mean electron energy e and ion heating Wion_heating are calculated by
continuity equations:
ne
t

e

x

Se ,

(4)
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Si ,

x

nn
t

n

x

ne

e

(5)

Sn ,

(6)

We

t

e

x

Wion _ heating
t

e

i

e

E

E

S We ,

(7)

(8)

where Se Si Sn SWe represent the inter-particle collision source term for electrons, ions, neutrals
and mean electron energy density, respectively. e is the elementary charge.
The e * * E terms represent heating by the electric field. The source terms Se Si Sn are
determined by the reactions occurring in the discharge. It consists of positive contributions
from the reactions in which a particle of species p is created and negative contributions from
those in which such a particle is lost:

Sn

c p ,r Rr

(9)

r

The index r refers to a reaction; cp,r is the net number of particles of species p created in one
reaction of type r, and it can be negative as well as positive. The reaction rate R is proportional
to the densities of the reacting particles:

R

(10)

k n n

for two-body reactions, and
R

k n n

n3

(11)

for three-body reactions. The proportionality constant k is the reaction rate coefficient.
Similarly, the rate of spontaneous decay processes is

R

k n

(12)

where k is the decay frequency.
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The source term for electron energy is given by
S We

2me
ne
Mg

m

3
k B Tg
2

e

ne

r

k r nr

(13)

r

where the two terms represent the elastic collision energy loss and the energy loss in inelastic
collisions, respectively. m is the momentum transfer collision rate, me and MXe are the electron
and Xe atomic mass respectively, kB is the Boltzmann constant and Tg is the bulk gas
temperature. The summation in the inelastic collision loss term is only over the electron impact
reactions, with n r the density of the target particles and r the threshold energy.

III. – Momentum conservation: Transport equations
The fluxes of electrons
diffusion equation:

e

i

We

e,

ne
,
x
n
Di i ,
i Eni
x
5
5
Di
e Ene
e
3
3
e

Ene

ions

i,

and electron energy

W

are approximated by the drift-

(14)

De

(15)
ne

e

x

.

(16)

The electron transport coefficient mobility e is calculated from the momentum transfer
collision frequency
e/me ). The mobility of Xe+ Xe2+ and Xe3+ ions are constants and
taken from [74]. Electron De and ion Di diffusion coefficients are calculated from the Einstein
relation. The n flux of excited neutral atoms Xe* Xe** and molecules Xe2* are assumed to be
zero, due to their relative short life-times with respect to typical diffusion times. The drift
energy is negligible compared to the thermal energy.

IV. – Calculation of transport and rate coefficients: Steady-state Boltzmann-equation
The electron transport coefficients and the rate coefficients of electron impact reactions are the
functions of the electron mean energy:
De (

e

),

e

(

e

), k (

e

)
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The collision rate for each process is defined as follows [98]:

k

f1 v1

f 2 v2

v r v r dv1 dv2

(17)

0

where f1 and f2 are the velocity distributions for the two interacting, and vr

v1

v2 . Since in

the case of electronic collisions, the velocity of the target particles, namely the neutrals, is much
less than the incident particles, Equation (17) is reduced to

k

f e ve

ve ve dve

(18)

0

Because the collision frequency is such larger than the rf frequency, a quasi-steady state
approximation is taken and the electron distribution function is calculated from steady state
Boltzmann equation using BOLSIG [77] (figure 28) complemented with more recent electron
collision cross section data [85].

Figure 28. Electron energy distribution functions for different mean
electron energy values, calculated from the steady state Boltzmann
equation (BOLSIG [77])
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It is reasonable for calculations the distribution functions to be characterized uniquely by the
average electron energy e. By using the electron energy distribution functions the rate
coefficients for excitation, ionization and other processes were calculated in terms of e [97]:

2
me

k

Where

f

e

f

e

e

d

e

(19)

e

0

is the experimental, energy-dependent cross section and the normalization

d

e

1 has been assumed.

(20)

0

In a similar way the electron transport coefficients were also determined (figure 29). [94, 97,
98]:
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e

1
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2
me
2
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1
e
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e

(21)

e

e

0

0

df
d

e

1
e

e

d

e

(22)

e

, where ng is the neutral Xe gas particle density.

Figure 29. Electron mobility and diffusion coefficient as a function of
mean electron energy (N = ng is the neutral Xe gas particle denisty).
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2.3. Boundary conditions
Boundary conditions for the electron and ion fluxes toward the dielectric barriers are:
i

a

i Eni

e

a

e Ene

1
ni vth ,i ,
4
1
ne vth ,e
4

(23)
i

,

(24)

where a = 1, if drift velocity vdr
E points toward the dielectric barrier, a = 0 otherwise.
i
+
+
+
is the sum of the Xe Xe2 and Xe3 ion particle fluxes. th is the average thermal velocity in xdirection:
2k B Te,i

vth ,e,i

me ,i

.

(25)

The electron temperature is approximated by the formula Te

(2 / 3k B )

, mi and me are the ion-

and electron masses.
The secondary electron coefficient is assumed to be 2 x 10-3, representing experimental
data of for MgO covered dielectrics in xenon gas. The evolution of surface charge density
on the dielectric barrier is calculated by integrating fluxes of charged particles directed to the
barriers:

t

e (

i

e).

(26)

It is assumed, that charges remain on the barrier until recombination with charges of opposite
signs. In case of electrons, secondary electron emission is also decreasing the charge density on
the surface. The external current can be expressed from the fact that the sum of the conductive
and displacement current is continuous in the direction perpendicular to the electrode surfaces.
Inside the dielectric only the displacement current exists:
I ext

I disp

0 r

E
A,
t

(27)

where A is the electrode surface area.

2.4. Luminous efficacy calculation
Luminous efficacy calculation of the DBD light source coated with a phosphor layer is an
important addition to the fluid model, in respect of the optimization of the light source as an
efficient visible light source.
The emitted UV energy from Xe 2* excimers is absorbed by the phosphor material and visible
photons are generated. One absorbed UV photon induces the emission of QE number of visible
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photons on average. QE is a number between 0 and 1; it is called the quantum efficiency of the
phosphor material.
The visible power of emission depends on the emitted UV wavelengths, the absorbed UV
power and the quantum efficiency of the phosphor. The light source luminous efficacy can be
estimated from equation 28:
V( )
LE[lm / W ]

DE
i

i

QE

i

i

I( ) d

I( ) d

,

(28)

where:
LE – Luminous efficacy
DE i – Discharge efficiency at wavelength i
QE i – Quantum efficiency of phosphor at excitation wavelength i
V( ) – Luminosity function (eye sensitivity)
i/ – Stoke shift
I( ) – Emitted spectral intensity of the light source.
The excitation of the phosphor was investigated at the 147 nm 150 nm and 172 nm
wavelengths. Quantum efficiencies of the LAPO4:CeTb phosphor used on these specific
wavelengths are based on the measurement data published in [82].
For the calculation luminous efficacy the following assumptions were taken:
It is assumed that the normalized spectral intensity distribution emitted by the phosphor
does not depend on different UV excitation wavelengths. (This means that different
excitation UV wavelengths produce the same “shape” of visible emission spectrum, but
emission spectra differ in a scale factor.) The verification of this statement was
performed by G Dolgos [99] by investigating the visible spectrum of Thiogallate
phosphor at different UV excitation wavelengths while keeping the excitation power
constant (figure 30). It was found that the normalized intensity distributions match at the
wavelengths that belong to the characteristic peaks of the phosphor emission, while
deviations can occur at other wavelengths (the contribution of these wavelengths to the
total luminous efficacy is not significant). This is a general principle, holds not only for
LAPO4:CeTb, but for all the phosphor used in the industry.

41

Figure 30. Emission spectra of a thiogallate phosphor at different UV excitation
wavelengths. Excitation power is constant. [99]

The self-absorption of reflected UV light is assumed to be zero in the plasma. This
statement is true for 150nm and 172 nm radiation originating from short lived Xe2*
excimer states, however the 147 nm radiation is partially self-absorbed in the plasma by
the Xe(1s4) resonant states. The characteristic relative error resulted by this assumption
is not significant as in Xe DBDs the proportion of the 147 nm radiation flux to the total
UV flux is typically a few percent depending on the gas pressure (~ 3 % at 250 mbar Xe
gas pressure according to calculations).
Self absorption in the phosphor is assumed to be zero, that is the coating weight or layer
thickness is not treated in the model.
The structure of the phosphor layer is not treated in the model; the particle size
distribution is not the same for all types of green phosphors, the same holds for red and
blue emitting phosphors.
This model is only for a single phosphor, but in a real light source there are three
phosphors, a blend of blue, green and red emitting ones.
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2.5. Numerical methods
The model is based on the method of finite differences. The temporal and spatial development
of the plasma components are computed along the simulation axis using two uniform staggered
meshes of 1000 mesh-points, one mesh for zone centers, and one for zone edges (figure 25).
Vector components such as fluxes and electric field are discretized at the zone edges, scalar
values such as particle and energy densities and potential at the zone centers. For calculating
fluxes, concentration densities at the edges are estimated by Scharfetter-Gummel approximation
[78].
For solving the set of coupled ordinary differential equations the forward Euler method was
found to be very efficient. As each integration time step requires relative complex calculations,
minimization of the time needed for the calculation of the gradients is essential. Using the Euler
method we can satisfy this condition, by calculating gradients only once before a time-step.
However to maintain stability, short time-steps are required. Multi-step methods can also be
beneficial, such as backward differentiation methods e.g. the Gear method, as used in [74],
however, they resulted no gain in speed. Time-steps are varied dynamically in order to keep
relative errors of electron density and energy below 1 x 10-4. The typical value of the time-step
is about 3-4 ps during ignition and 50-100 ps in the after-glow period. Proper initial conditions
are very important in respect of the discharge plasma evolution, therefore several period cycles
have to be computed to reach a self-consistent set of initial values. The computational time of a
single voltage period requires ~ 15 h on a Pentium 4 3.2 GHz PC.

2.6. Validation of the model with a Xe fluorescent dielectric barrier
discharge light source
In order to validate the model a fluorescent Xe dielectric barrier discharge light source was
developed. The discharge takes place in a glass tube made of highly electrically resistant lead
glass (containing 28 % PbO) with 9.65 mm outer diameter, 0.7 mm wall thickness and 11 cm
length. Stripes of silver electrodes with 1.5 mm width and 10 cm length are applied along
diametrically opposite parts of the outer surface (figure 31 (a)). A similar geometry was
proposed earlier in [64]. The tube is filled with pure xenon gas at 100 mbar pressure. In order to
produce light emission in the visible spectral range, the inner wall of the tube is coated with
LAP (LaPO4:Ce,Tb) phosphor converting VUV radiation into visible green light. Single-shot
images of the plasma in the visible indicate that the DBD plasma is homogeneous across the
dielectric surfaces (figure 31 (b,c)).
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Figure 31. (a) Schematic cross-sectional view of our DBD light source configuration; (b) side view
of the light source during operation (no phosphor layer is present, the visible blue light originates
from the discharge); (c) surface irradiance along the light source axis when phosphor layer is present
(indicates that VUV radiation is also homogeneous).

The light source and applied voltage parameters are shown in table 6. To produce the excitation
voltage pulses, a fast rise-time square voltage waveform generator is used. The AC sinusoidal
voltage is transformed through a rectifier into the kV range and applied to the electrodes using a
special, fast high voltage transistor switch (HTS 81-06-GSM, Behlke), capable of switching a
maximum of 8 kV voltage. The switching rise-times are 130 ns. The duty ratio (1.2 %) of the
square waveform and the corresponding pulse-width (600 ns) can be set by programming the
high-voltage switch (figure 32).

Figure 32. Schematic diagram of the pulsed excitation circuit
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Table 6. Light source parameters and operating conditions.
Xenon gas pressure
100 mbar
Electrode distance
9.65 mm
Discharge gap
8.27 mm
Dielectric barrier thickness (dglass)
0.69 mm
Electrode surface area (A)
1.5 cm2
Applied voltage maximum (V)
3000 V
Applied voltage frequency
20 kHz
Voltage rise-time (10-90%)( )
130 ns
Pulse width (t width)
600 ns
Dielectric relative permittivity ( r)
6.6
Phosphor (green)
LaPO4:Ce,Tb

Electrical parameters are measured by a special measurement unit connected between the
voltage source and discharge electrode lead-outs. It measures the applied voltage, current,
frequency and input electrical power – traced back to analog multiplying of applied voltage and
measured current –. Voltage and current waveforms are displayed on a 500 MHz oscilloscope.
Emitted luminous flux was measured using a photo-detector mounted to the opening of an
integrating sphere having a diameter of 1.25m. Luminous efficacy was calculated from the ratio
of the luminous flux and the input electrical power.
The simplified electrical circuit diagram of the light source and its connection to the voltage
source is shown in figure 33. The circuit consists of two parallel branches, one containing the
simplified electrical model of the discharge plasma and the capacitances Cdiel of dielectric
barriers covering the electrodes. The varying plasma conductivity is represented by the
resistance Rplasma. The capacitance of the plasma Cplasma does not change considerably during
breakdown, as the degree of ionization is low. This branch is modeled by the one dimensional
simulation. In the other branch the capacitance CDBD includes the capacitance of other structural
components (glass perimeter of the light source, wires, voltage source etc.) .

Figure 33. Shematic electrical diagram of the light source. Cdiel – dielectric barrier capacitance; Cgap –
gap capacitance; Rplasma – plasma resistance; CDBD – capacitance of the other structural
components(glass perimeter of the light source, wires, voltage source); Imeasured – measured current,
Idischarge– discharge current; Iblind – displacement current;
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In the interest of being able to compare measured and simulated values of discharge plasma
current, I have to separate the discharge and capacitive currents originating from the two
branches. The discharge current Idischarge can be calculated by subtracting the displacement
current through the CDBD capacitance from the measured current Imeasured using equation 16:
I disch arg e

I measured

I blind .

(29)

Plasma discharge current Idischarge and gap voltage Ugap estimation can be performed using a
slightly altered form of the equations (4) and (9) published in [58], by taking experimental data
of voltage and current and by substituting an estimated value of 3.5 pF as the total additional
capacitance of the DBD configuration (CDBD).
I disch arg e

U gap

(1

C gap
2C diel

) I measured

(C gap

C DBD )

dU applied

(30)

dt

U applied U diel

U applied

dU applied
1 t
( I measured C DBD
) dt
2C diel 0
dt

Q diel (0)
2C diel

(31)

The capacitance of dielectric layers Cdiel and the gap capacitace Cgap were estimated using the
dielectric constant and thickness of the glass and gas gap. Initial charge on the dielectrics Qdiel
(0) was assumed to be zero.

2.7. Voltage-current characteristics
The measured current and voltage waveforms of the DBD light source compared with
simulation values are shown in figure 34. The discharge current was deduced from the
measured current by equation 30. In the calculation I estimated the displacement current term
by the product of the derivative of applied voltage and an estimated 3.5 pF CDBD residual
capacitance. CDBD was found from the assumption that the first current peak of the measured
current is purely capacitive, and is proportional to the slope of the voltage.
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Figure 34. Voltage and current waveforms from measurement
and simulation: (a) applied voltage [1], voltage fit used by
simulation [2], potential drop on plasma (simulation) [3] (b)
measured current [4], discharge current [5], simulated discharge
current [6].

The current is characterized by two pulses, one on the rising and the other on the falling
edge of the voltage. The current peaks are near to the end of the rising and falling slopes of the
voltage, implying that the applied voltage amplitude is near to the breakdown threshold, which
is favorable for high efficiencies [76]. As described in detail in [58], one part of the energy
input injected from the external circuit directly supports the formation of the first current peak,
while the rest of the energy is stored in the form of charge separation and accumulation on the
dielectrics (figure 35). The first current peak appears at 155 ns after the beginning of voltagerise with a maximum value of 107 mA. Accumulated charges decrease the voltage drop over
the plasma, and the applied voltage begins to drop steeply. At the falling slope of the voltage
the stored energy is almost completely released, the memory voltage of the deposited charges
produces a second current peak. The second current peak tops at 680 ns, with a maximum of
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102 mA and ceases continuously, as the stored energy is consumed. The presence of the
secondary current peak is an important factor in respect of discharge efficiencies, as it produces
significant radiation – in the order of magnitude of radiation produced during the first current
peak – without simultaneously consuming energy from the external circuit.

Figure 35. Calculated time evolution of the surface charge
deposited on the grounded-side [1] and powered-side of the
barrier [2]. (Calculated from equation 26)

The simulated discharge current shows reasonably good correspondence with measured
values, however, notable differences exist. According to the calculations, the first current peak
occurs later than the measured one, and tops at 176 ns with a slightly higher peak maximum of
123 mA. The secondary current pulse reaches maximum value at 653 ns with a lower 71 mA
absolute maximum. Simulated current pulses have shorter pulse width, and the secondary
breakdown is less intense than the measured one.
The differences between measured and simulated current values result from the deficiency
of the one-dimensional model to describe the light source behaviour properly. One explanation
for the temporal shift between the measured and simulated current maxima is that the ionization
rate of the plasma during breakdown is higher than predicted by the simulation. Thus plasma
ignition occurs earlier in the measurement and more space-charge is generated during
breakdown. More power is deposited in form of charge accumulation and as a consequence the
secondary current pulse becomes more intense. In the model a homogeneous discharge is
assumed. However, as the electrodes are thin stripes – with a length approx. 70 times greater
than the width –, assuming homogeneous distribution of the discharge in the spatial dimension
across the electrode width is a simplified realization of the model and the effects of plasma
boundaries are not fully taken into account. For more accurate calculations a two-dimensional
approach would be necessary. The extension of the plasma-chemical reaction model
incorporating the two-dimensional spatial electrode configuration would probably improve the
agreement between theoretical and experimental values.
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2.8. Temporal and spatial evolution of discharge plasma during
breakdown
With the aid of the simulation it is possible to follow the temporal evolution of the main plasma
parameters across the discharge gap during the period of electrical breakdown. Detailed set of
results are shown in figures 36(a)–(j). Before breakdown t = 0–110 ns, the electrons slowly drift
across the gap from the cathode towards the anode, while no significant ionization takes place.
As the electric field steadily rises, simultaneously the electron density (figure 36(a)) grows
through e- impact ionizing collisions. Due to the increase in electron density in this region the
plasma becomes partially-conducting on the anode side (t = 100–110 ns) (figure 36(b)). The
magnitude of the electric field begins to fall in this region (figure 36(c)) and begins to contract
towards the cathode. The steadily increasing electric field produces electrons by ionization and
breakdown begins as successive avalanches of electrons propagate in the high E-field region
towards the anode (figure 36(g)). The electron density grows to a critical density in a spatially
localized region marked by intense ionization (figure 36(d)), and steep spatial gradients of the
E-field (figure 36(c)) and the VUV and visible emission rate (figure 36(e) and 36(f)).
During breakdown, simultaneously with the increased electric field an ionization\excitation
wavefront develops (figure 36(c)). The fast-moving ionization/excitation wavefront begins near
the anode dielectric and moves towards the cathode at ~ 7 x 104 ms 1. As this ionization wave
approaches the cathode (t > 170 ns, x < 0.45 mm), the ionization rate decreases, and a wellresolved cathode sheath is established as a region with a high (homogeneous) electric field (E ~
4.6x106 Vm 1). During breakdown, the mean electron energy in the bulk plasma falls in the
range 3.7–4.5 eV which is considered to be close to optimum for preferential excitation of the
Xe (1s4,5) states that feed the VUV emitting Xe 2 excimer states (figure 36(i)). Plasma
conditions around the sheath region of high electric field where the plasma is only weakly
ionized are less ideal for efficient excitation of the Xe (1s4,5) states due to an above optimum
mean electron energy (>6 eV) and energy losses associated with ion heating (figure 36(j)).
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Figure 36. Calculated spatial-temporal dependence of the key plasma parameters during the period of
electrical breakdown: (a) electrons density during the pre-breakdown period t = 0–110 ns; (b) electron
density; (c) total electric field; (d) ionization rate; (e) VUV emission rate; (f) visible emission rate; (g)
electron particle flux; (h) ion flux; (i) mean electron energy; (j) ion heating. (Equations: 5–8, 13, 14–16)
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2.9. Power deposition and emission
The calculated spatial variation of the absorbed electrical power and the VUV light emission
across the discharge gap integrated over a period time are shown in figure 37. Most power is
deposited in the high-field region of the plasma, in the vicinity of the dielectric barriers. DBDs
successfully extinguish the electric field over the plasma by depositing charges on the
dielectrics, only a thin region of high electric field establishes around the cathode. Ions are
accelerated towards the dielectric, characterized by significant ion heating in front of the
cathode. During voltage rise the electrode at x = 0 (grounded electrode) acts as cathode. As ion
mobilities are small – typically four orders of magnitude smaller than electron mobilities –, thus
the ion wave front is not able to reach the electrode barrier until the end of the first current
pulse (600 ns).
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Figure 37. Calculated spatial variation of absorbed and emitted power: (a) input energy into
electrons [1], ions [2], overall efficiency of VUV production [3]; (b) distribution of emitted
147nm [1], 150 nm [2], 172 nm [3] VUV radiation. (Calculated from equations 7–8 and 13 by
integrating in time for the entire excitation period)
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As the applied voltage begins to decrease, the powered electrode behaves as cathode.
Secondary discharge is less intense; less power is dissipated by electrons. By comparing the
absorbed ion energy at the two sides of the figure 37(a), it is evident, that the ion heating is less
intense at x = 0 mm, while at x = 8.27 mm the ion wave front can reach the barrier, and
dissipate more electrical power during the secondary discharge. The ions recombine with
surface electrons, therefore the surface charge and gap voltage approach zero.
The distribution of power input and radiation output is almost homogeneous in the central
area of the light source. This region is characterized by a high ~ 78 % conversion efficiency,
although absorbed power is relatively low (figure 37(b)). Emitted radiation intensity at all VUV
wavelengths has its maximums in the vicinity of the barriers. As the 147 nm radiation would be
self-absorbed over longer paths in the discharge, it is advantageous, that the phosphor layer –
coated on the barrier – is close to the radiation intensity maximum.
Figure 38 shows the calculated temporal variation of the electrical power dissipated by the
ions and the fractional electron energy deposition classified by the type of energy utilization:
excitation from Xe ground state to various electronic states of Xe, ionization, energy dissipation
by elastic collision between electrons and heavy gas particles. Excitation and ionization are the
dominant processes during the first and second breakdown phases; elastic collision and ion
heating prevail in the after-ignition period. The continuously increasing ion heating powerdissipation is rapidly quenched at the applied voltage falling edge. Simultaneously, the plasma
voltage changes polarity, the thin region of high electric field around the cathode ceases and
begins to newly develop in front of the opposite electrode. At the beginning of the after-pulse
period the ion heating dissipation increases again, and after reaching a maximum, decays
continuously along with the simultaneous decrease of the plasma voltage and the charge
accumulation rate at the dielectrics.
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Figure 38. Calculated temporal variation of fractional electron energy deposition and ion heating:
Excitation to Xe*, Xe** levels [1] Ionization to Xe+ (stepwise ionization included) [2] Power absorbed
in e-Xe elastic collision x 10 [3] Ion heating x 10 [4]. (Calculated from equations 7–8, 13 by integrating
in space for the entire discharge gap)
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2.10. Energy balance
Figure 39(a) shows the fractional electrical energy deposition into the discharge integrated for
the entire excitation period time. The advantageous property of DBDs is – as the bars of the
figure indicate –, that most of the energy is spent for the excitation processes of ground state of
Xe atoms (66.8 %), while ionization takes small energy compared to excitation (7.7 %). Energy
lost by elastic collision is low compared to atmospheric-pressure plasmas (3.7 %), due to the
low e-Xe momentum transfer collision frequencies at 100 mbar. However, the energy used for
ion heating is significant (21.7 %). This energy – along with the energy dissipated in elastic
collision events – is used for direct heating of the plasma; it is completely useless in respect of
producing radiation. To achieve better discharge efficiencies, minimizing ion heating is
inevitable. Ions react to the applied electric field slowly, usually after that the most important
plasma processes favoring efficient VUV radiation emission have taken place. By choosing
600ns short pulse width, we terminate applied voltage right after ignition, so thus ion energy
dissipation is decreased.
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Figure 39. Calculated fractional electrical energy deposition (a) and radiation efficiency for
different wavelengths (b) (Calculated from equations 7–8 and 13 by integrating in time for the
entire excitation period and in space for the entire discharge gap)
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Considerable energy (24.5 %) is spent for exciting Xe(1s5) and Xe(1s4), the first two lowest lying
energy levels of xenon. These two states are responsible for Xe 2* dimer production. Although,
the amount of energy used for exciting higher lying levels Xe *(1s3) – Xe**(2p1-4) is relatively large
(42.3 %), many of the excited atoms at these levels, colliding with ground state xenon atoms,
drop back to the first two energy levels, taking part effectively at the VUV light generation
process. This phenomenon can be deduced also from the high value (56.4 %) of the integrated
overall VUV radiation efficiency shown in Figure 39(b). Most of the radiation leaves the
plasma at the wavelengths of 147 nm 150 nm and 172 nm, with discharge efficiencies of 10.7
%, 13.1 % and 32.6 % respectively. The ratio of infrared radiation relative to the total radiative
output is 0.6 %, while the proportion of 125 nm, 129.6 nm and visible radiation is negligible
(below 0.1 %).

2.11. Light source efficacy
An important application of the DBD discharge tube is its use as an efficient visible light
source. For this purpose, an efficient conversion of input electrical power into visible light is
critical. The light source luminous efficacy can be estimated from equation 28. The measured
emission spectral intensity of the LaPO4:CeTb phosphor is shown in figure 40. Its largest peak
tops around 543 nm, near to the luminosity function maximum at 550 nm.
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Figure 40. Spectral intensity of the DBD light source using LaPO4:CeTb phosphor.
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Table 7. Light source luminous efficacy calculation and measurement values.
Phosphor
LaPO4:CeTb
Light source efficacy calculation
UV wavelength
Discharge efficiency [Wout/Win]
Quantum efficiency
Partial luminous efficacy LPW [lm/W]
Overall luminous efficacy LPW [lm/W]
Comparison of values
Power input [W]
Luminous flux [lm]
Overall luminous efficacy LPW [lm/W]

147 nm
10.7%
0.71
10.1
69.75
Simulation
0.41
28.60
69.75

150 nm
13.0%
0.71
12.8

172 nm
32.6%
0.92
46.9

Measurement
0.56
36.06
62

The results of the luminous efficacy calculation and the corresponding measured data values are
presented in table 7. The measured input electrical power is 27 % higher than calculated by the
model. The difference is assumed to be mainly originating from the less intense secondary
discharge power deposition in the model. Calculated and measured discharge efficacies show
good agreement. The difference between the calculated efficacy (69.75 lm/W) and the
measured value (~ 62 lm/W) is as small as 10 %.

2.12. Conclusions
A computer simulation of a Xe dielectric barrier discharge fluorescent light source was
developed. Spatio-temporal development of the plasma is described by continuity equations and
drift-diffusion equations for plasma particle species, a balance equation for the electron energy,
and Poisson’s equation for the electric potential. Comprehensive rate-equation analysis of 14
different Xe species and electrons was developed by taking approximately 100 reaction kinetic
processes into account. The model gives a complete description of a discharge, accounting for
all its major physical aspects: transport of particles, transport of momentum, transport of
energy, plasma chemistry, space and surface charge induced electric fields, spectral emission of
radiation. The model allows detailed examination of the transfer of input electrical power into
radiated emission and losses and hereby the calculation of partial discharge efficiencies on
specific wavelengths can be performed.
Furthermore, the simulation includes the calculation of the light source luminous efficacy,
comprising a model of the phosphor which is responsible for the conversion process of the
ultraviolet light into visible. By means of integration the reaction kinetic model with the
phosphor conversion calculation the simulation capabilities were significantly expanded: it is
not only suitable for investigating the principal processes inside the plasma, but also makes the
optimization and further development of a fluorescent light source possible.
In order to validate the model a fluorescent Xe dielectric barrier discharge light source was
developed. Detailed comparison of the calculated and measured emission, electrical and
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spectral properties of the light source was performed. Precise verification of the calculated
discharge efficiency and luminous was demonstrated
The light source exhibits high conversion efficiency for producing VUV radiation.
Using fast rise-time, short-pulsed excitation in xenon gas, homogeneous discharge plasma was
produced. Dynamical properties of the discharge process implying electrical and radiative
properties were characterized. I compared the results obtained from the simulation model with
experimental values. I attempted to understand the working conditions of an efficient operation
by examining the transfer of input electrical power into radiated emission. Additionally, I
estimated the light source efficacy from the simulation results and compare it with the
measured efficacy.
Despite the simplified one-dimensional simulation geometry, the principal processes
involved in the operation of the light source can be well described. The discharge is
characterized by two current pulses called primary and secondary discharge. Current pulse
shapes are similar in the model and the measurement; however, the secondary discharge
computed from the model is less intense than in the measurement. Limitations of the onedimensional model e.g. assuming homogeneous distribution of the discharge in the spatial
dimension across the electrode width may cause the deviation of the simulation results from the
measured values.
The spatial and temporal distribution of electrical power deposited into the plasma was
investigated. Most power deposition and radiation emission occurs in the high-field region of
the plasma near to the dielectric barriers. It has been shown that power deposition and radiation
output are almost homogeneous in the central area of the light source. This region is
characterized by a high ~ 78 % conversion efficiency, although the absorbed electrical power is
relatively low. The presence of the phosphor layer in the vicinity of the electrodes allows an
efficient utilization of the 147 nm UV radiation that would be self-absorbed over longer paths
in the discharge. The obtained overall VUV radiation efficiency is 56.4 %. Most of the
radiation is emitted at the wavelengths of 147 nm, 150 nm, and 172 nm, with corresponding
efficiencies of 10.7 %, 13.1 % and 32.6 % respectively.
The temporal evolution of the discharge plasma indicates that most important plasma
processes favoring efficient VUV radiation emission take place during ignition period. Despite
the short pulse width of the applied voltage, significant ion heating (21.7 % of total input
power) is produced in the after-ignition period. Light source efficacy was estimated using
phosphor data and calculated discharge efficiencies. The estimated 69.75 lm/W corresponds
well to the measured value, 62 lm/W.
The model describes the plasma processes and output parameters well. Calculated values
and experimental data are in good agreement. Optimization of the light source properties using
the model; investigating the effect of different light source parameters such as voltage
waveform characteristics and pressure are subject of further research.
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3. Improving the efficiency of a fluorescent Xe
dielectric barrier light source using short pulse
excitation
Main finding 2.
The performance of the light source presented in main finding 1 was improved by shortening
the unipolar voltage pulses (~ 200 ns) at different gas pressures ranging from 100 mbar up to
300 mbar. In this case according to the calculations most of the power deposited into the plasma
efficiently produces Xe2* excimers, while other energy dissipation processes (ion heating, e-Xe
elastic collision) are kept at a low rate.
The overall VUV radiation efficiencies monotonically increase with pressures and with
shortened pulse-widths. Highest published intrinsic discharge efficiency theoretically (~ 67%)
and experimentally (~ 62%) was demonstrated. Highest extrinsic luminous efficacy (~ 80 lmW 1
) presented in the literature up to date was achieved at 890 mW/cm3 input electrical power
density.
Corresponding publications: [2], [5]
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In the previous chapter I have successfully demonstrated a Xe-based DBD fluorescent light
source operated by short unipolar voltage pulses, with duration of 600 ns and rise-time of 130
ns, production of high-efficiency homogeneous plasma at 100 mbar gas pressure [1]. Intrinsic
discharge efficiency around 56% was predicted by simulation and more than 60 lm/W light
source efficacy was demonstrated experimentally (for converting radiation into green visible
light by phosphor coating). In this chapter I report further performance optimizations for the
same light source geometry using even shorter pulse width) and higher Xe gas pressures. Short
unipolar voltage pulses with a shortest width of 200 ns are applied to the electrodes.
Applied voltage maxima are set near to the breakdown threshold, to provide optimal
conditions of efficient plasma excitation of the plasma [84]. The driving voltage waveform
provides a homogeneous discharge appearance; however, when Xe pressures exceed 300 mbar,
the discharge gradually loses homogeneity and finally collapses into one filament channel at a
fixed position of the tube. This is an unwanted and inefficient operating condition of the light
source; therefore pressures higher than 300 mbar are not investigated. Simulation results are
used to estimate the light source efficacy and are compared with the measured efficacy values.

3.1. Voltage-current characteristics
The applied voltage Uapplied and measured external current Imeasured waveforms are presented in
figure 41. Since the light source behaves as a capacitor, the plasma discharge current pulse
appers superimposed on the displacement current waveform (peak amplitude 260 mA)
proportional to the capacitance of the DBD configuration.

Figure 41. Measured voltage and current waveforms at 300 mbar
gas pressure and 200 ns pulse width. Gap voltage and discharge
current estimated values are calculated from equations published in
[23].
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The voltage maximum is chosen to fulfill terms of high peak power and high efficiency
working condition [84]: the discharge current peak of 340 mA reaches its maximum at the end
of the rising slope at 130 ns. Most power is deposited during the first breakdown period. Energy
input injected from the external circuit directly supports the formation of the first discharge
current peak, resulting space charge separation and accumulation of surface charges on the
dielectrics. Accumulated charges decrease the voltage drop over the plasma, and after the gap
voltage changes polarity, energy stored in form of memory charges is completely released and a
second breakdown pulse (discharge current peak: -173 mA) takes place around 275 ns.

3.2. Partial radiation efficiencies and energy balance

Figure 42. (a) Calculated fractional electrical energy deposition; (b) partial radiation efficiencies
for different wavelengths integrated for a period time. (Operating conditions: 300 mbar gas
pressure, 200 ns pulse width of applied voltage) (Calculated from equations 7–8 and 13 by
integrating in time for the entire excitation period and in space for the entire discharge gap)

From the model calculations it is possible to estimate the dissipation of the electrical energy by
electrons and ions. Figure 42(a) shows the calculated fractional energy deposition into the
discharge integrated for the entire excitation period in case of 300 mbar gas pressure. It appears
that most part of the energy is spent for the excitation processes of Xe atoms (85.4 %). From
the point of view of efficient operation of the discharge the formation of the first two lowest
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lying energy levels of xenon Xe(1s5) and Xe(1s4) is critical, as these two states are responsible for
the Xe2* excimer production. Energy used for the production of these levels is about 32.6%.
Large part of excitation processes generate Xe atoms excited to higher lying levels Xe *(1s3) –
Xe**(2p1-4) (52.8 %). However most of these excited atoms relax back to the first two energy
levels via collisional de-activation with inert Xe buffer gas and take part efficiently in the
conversion process of excimers. As the bars indicate energy losses due to ionization, electronheavy body elastic collisions and ion heating are kept at a low value (14.6%). As expected from
previous considerations [1, 74] ion heating (7.2%) is successfully minimized by the immediate
cut-off of applied voltage right after ignition.

Figure 43. Calculated partial radiation efficiencies for the
dominant VUV wavelengths and overall VUV efficiency values for
different pressures at 200 ns pulse width of applied voltage.

The partial radiation efficiencies are calculated for different wavelength ranges of the spectrum
(figure 42 (b)). The overall VUV output efficiency (i.e. the integrated VUV radiation energy
divided by the input electrical power) reaches a value of 66.8 %. Most of the radiation leaves
the plasma at the wavelengths of 147 nm 150 nm and 172 nm, with partial radiation efficiencies
of 2.4 %, 17.2 % and 47.2 %, respectively. The ratio of infrared radiation relative to the total
radiative output is 0.2 %, while the proportion of 125 nm, 129.6 nm and visible radiation is
negligible (below 0.1 %).

60

Table 8. Light source luminous efficacy calculation and measurement values.
Light source parameters
Gas pressure [mbar]
300
Applied voltage pulse width [ns]
200
Phosphor
LaPO4:CeTb
Light source efficacy calculation
UV wavelength
Partial radiation efficiency [Wout/Win]
Quantum efficiency
Partial luminous efficacy LPW [lmW-1]
Overall luminous efficacy LPW [lmW -1]
Comparison of values
Power input [W]
Luminous flux [lm]
Overall luminous efficacy LPW [lmW -1]

147 nm
2.4%
0.71
2.3
87
Simulation
1.05
91
87

150 nm
17.2%
0.71
16.8

172 nm
47.2%
0.92
67.9

Measurement
1.3
103.9
80

By taking into consideration the whole experimentally investigated pressure range we
calculated the evolution of the partial radiation efficiencies associated with the main VUV
wavelengths (147 nm, 150 nm, 172 nm). Simulated values are presented in figure 43. The
fraction of the dominant 172 nm VUV line compared to the total VUV output gradually
increases with higher pressures, as expected from the increased collisional rate of Xe*
conversion into Xe2*. For the same reason the radiation at 150 nm produced by the
vibrationally excited Xe2*Ou+ excimer population also increases, however exceeding
pressures around 200 mbar Xe2*Ou+ conversion to Xe2*(1 u+) singlet excimer state through
the Xe(1s5) metastable state becomes dominant and the ratio of the radiation emitted at this
wavelength compared to the other VUV lines begins to decrease. Simultaneously with the
increased production rate of excimers, the fractional Xe(1s4) resonant atom population
decreases resulting in monotonically decaying discharge efficiency at 147 nm. The overall
VUV efficiency at all pressures exceeds 60%, and reaches its maximum value at 300 mbar
pressure.

3.3. Light source efficacy
The results of the luminous efficacy calculation and the corresponding measured data values
for a 300 mbar pressure light source are presented in table 8. Calculated and measured
values show reasonably good agreement. The measured input electrical power is 23 %
higher than calculated by the model. The discrepancy may result from the model assumption
regarding one dimensional discharge geometry different from the cylindrical one used in the
experiments. The calculation assumes a light source geometry of an ideal capacitor with
homogeneous electrical fields before ignition. As the experimental tube possesses electrode
stripes with a length approx. 70 times greater than the width –, assuming homogeneous
distribution of the discharge in the direction parallel to the light source axis is only a
simplified realization of the model. As a result discharge evolution may differ due to the
different electric field distributions and measured current densities and input power values
are slightly higher compared to the corresponding simulation data. Despite the onedimensional approach the model is suitable to successfully predict light source efficacy with

good precision. The difference between the calculated efficacy (87 lmW-1) and the measured
value (80 lmW-1) is less than 10 %.

Figure 44. Measured and calculated luminous efficacy values
for increasing pressures between 100 – 300 mbar at 200 ns
pulse width of applied voltage.

Figure 45. Measured and calculated luminous efficacy values
for decreasing pulse widths between 5 s and 200 ns at 300
mbar gas pressure.
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The measured light source efficacies for the whole pressure range between 100
mbar and 300 mbar and corresponding simulation values calculated using the model are
shown for comparison in figure 44. As concluded earlier in this chapter, higher pressures
favor higher overall VUV radiation efficiencies, and accordingly to this finding, a
monotonic increase can be observed both in experimental and in theoretical values of light
source efficacies for increasing pressures.
The evolution of measured and calculated light source efficacy values as a function
of the applied voltage pulse width at 300 mbar gas pressure are presented in figure 45. In
correspondence with the conclusions presented earlier in the literature [76], a marked
increase in efficacies can be observed in the direction of decreasing pulse widths. The
increase can be explained by the effect that by gradually shortening the duration of the
applied voltage pulse we simultaneously shorten the lifetime of the cathode sheath potential
and hereby prevent Xe +, Xe2+, Xe3+ ion current flow from dissipating energy from the
electrical field present in the sheath.
Experiment and theory exhibit a parallel monotonic function on both figures above
with nearly identical slopes in efficacies. Tendencies are well predicted by the model,
besides there is a slight shift (about 10 % of relative error) between the measured and
calculated values, which is thought to result from some loss mechanisms not considered in
the model.

3.4. Performance comparison of different Xe ecimer DBD light
sources published in literature with different driving waveforms
In order to better understand how the performance of present light source and its excitation
method relates to the performance of other published high efficiency short wavelength Xe
light source sources and excitation waves, I made a comparison of light source performance
properties (i.e. total output VUV power density, irradiance and efficiency) between different
Xe DBD configurations published in literature in table 9. As the light sources possess
different configurations (gas pressure, geometry, driving waveform, etc.), comparison of
light source performances were carried out by comparing input and output power densities
instead of absolute power values. In addition I compared estimated intrinsic discharge
efficiencies inside the plasma which are not altered by the discharge vessel material
absorption and the partial transmission of the electrodes of different geometries. Note that
the partial 172 nm discharge efficiency depends dominantly on the gas pressure, therefore
for the reader’s better understanding both total VUV and 172 nm efficiencies are presented.
The presented light source produces the highest total intrinsic discharge efficiency (~
67%) at high input power density (896 mW/cm3) and VUV irradiance (28.6 mW/cm2). The
experimentally determined VUV efficiency calculated from the measured luminous efficacy
and phosphor efficiency is around 61.4%.
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Table 9. Comparison of parameters and performance of different Xe excimer DBD light source
configurations
Reference

1

Beleznai et al: Pulse200

Cylindr.

[mbar]
300

2

Beleznai et al: Pulse600

Cylindr.

100

3

Stockwald et al [54]

Planar

4

Stockwald et al [54]

5

Freq.

Gap [mm]

Excitation

FWHM [ns]

9.65

Pulse

200

[kHz]
20

9.65

Pulse

600

20

300

10

AC

-

10

Planar

300

10

AC

-

48

Vollkommer et al [20]

Cylindr.

133

<20

Pulse

~1000

~20

6

Mildren et al [56]

Planar

500

3

Pulse

150

3.2

7

Carman et al [74]

Cylindr.

1000

1.6

Pulse

200

10

Input

Total VUV

Intrinsic

Intrinsic 172

Exp.

power

power

VUV

nm

determ.

efficiency

efficiency

VUV eff.

#

Reference

Geometry

Pressure

#

irradiance

a

density

density
3

VUV

3

[mW/cm2]

1

Beleznai et al: Pulse200

[mW/cm ]
896

[mW/cm ]
599

28.6b

[%]
66.8c

[%]
47.2c

[%]
61.6d

2

Beleznai et al: Pulse600

386

217

10.4b

56.4c

32.6c

50d

3

Stockwald et al [54]

118

~16.4

17.7

NA

~13.9

10.3

4

Stockwald et al [54]

393

~64.8

32.4

NA

~16.5

12.2

5

Vollkommer et al [20]

NA

NA

> 35

40

NA

40

6

Mildren et al [56]

7

Carman et al [74]

250
1000

152.5
600

b

13.2
14

c

61

~60

52.4
c

~60

c

NA
10.5

a

Calculated from input power density and intrinsic VUV efficiency
Estimated from total VUV power and light source surface size
c
Simulation result
d
Calculated from measured luminous efficacy and phosphor quantum efficiency
b

3.5. Concusions
In this chapter I examined the operating conditions of a high efficiency Xe dielectric barrier
discharge light source excited by a short pulse (~200ns pulse width) unipolar driving
waveform both theoretically and experimentally. I examined the transfer of input electrical
power into radiated emission. Despite the simplified one-dimensional approach of the
simulation, the principal processes involved in the operation of the light source can be well
described.
Due to the short pulse width of the applied voltage, ion heating (7.2 % of total input
power) can be significantly decreased. Most power deposited in the plasma is used for the
excitation of the ground state Xe atoms to produce – via direct excitation or via collisional
deactivation of higher lying Xe levels – the Xe(1s4) and Xe(1s5) populations responsible for
the Xe2* excimer production.
The calculated overall VUV radiation efficiencies are above 60% and monotonically
increase with pressures. Highest published intrinsic discharge efficiency theoretically (~
67%) and experimentally (~ 62%) was demonstrated. Highest extrinsic luminous efficacy (~
80 lmW-1) presented in the literature up to date was achieved at 890 mW/cm3 input
electrical power density.
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4. High frequency excitation waveform for
efficient operation of a xenon excimer dielectric
barrier discharge light source
Main finding 3.
In order to simultaneously achieve high efficiency and high input power I have proposed a
novel amplitude modulated sinusoidal excitation waveform (burst wave) for driving Xe
dielectric barrier discharges. I found that the burst excitation method provides an enhanced
light source performance compared to the pulsed wave. A nearly two-fold increase in input
electrical power densities and VUV luminous flux was demonstrated while maintaining high
discharge efficiencies.
The overall VUV radiation efficiencies monotonically increase with pressures, reaching
61.4 % calculated discharge efficiency at 250 mbar gas pressure. The experimentally
measured overall discharge efficiency was around 58 % which corresponds to ~ 74 lmW-1
luminous efficacy at 1520 mW/cm3 input electrical power density.
Corresponding publications: [3], [4]
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In this chapter I introduce a unique modulated sinusoidal waveform generated by a resonant
LC circuit, which similarly to the pulsed wave, provides a stable, homogeneous Xe
discharge. In addition the waveform deposits significantly more energy into the plasma
during an excitation period while maintaining the same discharge efficiency as experienced
for the short pulsed excitation. The waveform is called hereafter burst wave. I analyze the
performance of the burst wave compared to the pulsed waveform by evaluating the energy
transfer into radiated emission and loss mechanisms, and also compare results obtained from
experiments and simulation regarding light source efficacies.

4.1. Description of the burst wave excitation
The burst wave can be considered as an intermediary type of waveform between sinusoidal
and pulsed wave. It is an amplitude-modulated high frequency (~few MHz) sinusoidal wave
shown in figure 46. The wave is generated by a sinusoidal waveform generator and provides
optimized plasma conditions for Xe2* excimer conversion similar to the pulsed wave.
In order to understand how the burst wave contributes for an enhancement both of
energy deposition and VUV radiation output, I briefly summarize the main physical
processes taking place in the plasma during breakdown, required for obtaining filamentaryfree homogenous high efficiency discharge.
Before breakdown homogeneous distribution of initial surface charge densities along the
dielectric barrier surfaces are required to prevent the formation of filaments in the discharge.
Because of the so called “memory effect”, subsequent high frequency ignitions of the
discharge tend to reignite the microdischarge channels at same location due to the charge
accumulation on the dielectrics. Hereby inhomogeneous surface charge densities result in
inhomogeneous discharge development. Therefore Vollkommer and Hitzschke [20, 34, 72]
emphasized the importance of zero voltage idle periods between subsequent ignition pulses.
During these periods charge inhomogenities on the barrier surface continuously decrease
due to the recombination with ions flowing to the barrier surface from the discharge plasma.
Additionally charge drift movement in lateral electric fields (parallel to the electrode
surface) and diffusion caused by inhomogeneous surface charge distribution also tend to
distribute charges uniformly on the surface.
Moreover Akashi et al [75] confirmed by computer simulations, that fast excitation
voltage rise-times synchronize discharge ignition across the electrode barrier surface and
produce more homogeneous spatial distribution of the discharge plasma.
Lately it was also revealed [76] that it is desirable to cease applied electric field right after
ignition as the ionization wavefront has reached the barriers and the cathode fall region has
established. This way the rate of ion energy dissipation taking place in the cathode sheath
potential can be significantly decreased.
Because of the “memory voltage”, which is attributed to the build up of wall charges
remaining from the primary ignition, the electric field cannot be fully removed from the
plasma by terminating external applied voltage. In the electric field of “memory charges” a
secondary discharge occurs and the drift movement of Xe+ ions continues even in afterpulse period [58]. The energy dissipated by the ions is used for direct heating of the plasma;
it is completely useless in respect of producing radiating Xe2* species. To achieve high
discharge efficiencies, keeping ion heating loss at a low level is required.
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Figure 46. (a) Periodic, amplitude-modulated burst wave
with carrier frequency of 2.5 MHz; (b) enlarged view of
selected part.

The concept behind the burst wave excitation is that I attempt to slow down or completely
stop the ion drift movement towards the electrodes in the cathode sheath potential field by
changing the polarity of the applied voltage at a rate that is comparable to the time needed
for the ionization wavefront to bridge the gap and form the cathode sheath (about 100
nanoseconds for a 1 cm gap and pd value of 300 mbar·cm [2]). However, as charging of the
barriers cannot be completely avoided, after a few voltage polarity changes I install zero
voltage idle periods to obtain homogeneous initial charge distributions on the dielectric
surfaces before the subsequent voltage burst ignites the discharge again. Hereby I prevent
the formation of non-homogeneous surface charge distribution and of high-conductive
ionization channels – microdischarges – in the plasma. Additionally, due to the higher duty
cycle of the burst wave compared to the short-pulse excitation, higher input electrical power
densities and more VUV emission can be realized.
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4.2. Experimental setup
The experimental setup and the fluorescent light source construction were already described
in Chapter 3 (see also table 10). The light source is driven by a high voltage burst wave
generator, which consists of a tuned resonant LC circuit driven by a balanced power
amplifier (figure 47). The analytic fit of the applied time dependent voltage waveform is:
Vappl
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rise
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Applied voltage maxima are set slightly above the breakdown threshold, in order to realize
both optimal conditions for efficient excitation of the plasma [84] and also considerable
electrical power deposition. The discharge appearance is homogeneous; however, when
pressures exceed 250 mbar, the discharge collapses into one filament channel at a fixed
position of the tube (usually near the electrode contact points), resulting in localized
overheating of the glass tube and an inefficient operation of the light source; therefore
pressures higher than 250 mbar are not investigated.
Table 10. Light source parameters and operating conditions.
Xenon gas pressure
Electrode distance
Discharge gap
Dielectric barrier thickness
Electrode surface area
Applied voltage maximum (V)
Period frequency (1/T)
Modulation frequency (fmod)
Amplitude envelope parameter
Voltage rise-time ( rise)
Voltage fall-time ( fall)
Dielectric relative permittivity
Phosphor (green)

100 – 250 mbar
9.65 mm
8.27 mm
0.69 mm
1.5 cm2
1700 – 3000 V
25 kHz
2.5 MHz
1.6 s
250 ns
2080 ns
6.6
LaPO4:Ce,Tb

Figure 47. Schematic diagram of the burst excitation circuit
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4.3. Voltage–current characteristics, power deposition and emission
Calculated voltage and current waveforms of a 250 mbar pressure light source and the
temporal evolution of the surface charge deposition are shown in figure 48.
The FWHM (full width at half maximum) of one sinusoidal half-cycle (~100ns)
corresponds to the characteristic duration of the ignition/ionization wavefront travel-time
between the two barriers. Discharge breakdown occurs in the second excitation cycle just
before the envelope of the applied voltage reaches its maximum value of 3 kV at 1.3 s. The
current continuously increases further to its peak (67 mA at 2.47 s) in the decreasing period
of the voltage envelope. The remarkable 1.17 s delay between voltage and current peak is a
result of the successive applied voltage polarity changes that slow down the rate of
ionization processes responsible for the generation of space-charges.

Figure 48. (a) Voltage-current waveforms from measurement
and simulation at 250 mbar gas pressure; (b) surface charge
density on the dielectrics (simulation).

Fluctuations in the charge deposition on the surface are connected with the discharge current
development (figure 48(b)). During ignition electrons possessing high mobility values
dominate the breakdown processes and continuously charge alternatively both barrier
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surfaces negatively, while ions with a much lower drift velocity (typically four orders of
magnitude smaller than electron velocity) can not react to the rapid variation of the applied
voltage and reach the barriers only at a negligible rate. Later in the after ignition period,
when already considerable ion densities are present in front of the barriers, ions reach and
deposit on the barriers at a more significant rate, resulting the quantity of surface electrons
to diminish continuously through recombination with positive charges.

4.4. Power deposition and emission
Figure 49(a) shows the calculated temporal variation of VUV emission and the development
of power deposition by excitation and ionization processes.

Figure 49. (a) Calculated temporal variation of fractional electron energy deposition: excitation
to Xe*, Xe** levels, ionization – stepwise ionization included –, VUV emission; (b) e-Xe
elastic collision, ion heating and VUV emission (250 mbar gas pressure). (Calculated from
equations 7–8 and 13 by integrating in space for the entire discharge gap)
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In case of burst excitation electrons are continuously accelerated in the alternating electric
field, collide with Xe atoms and lose kinetic energy. Excitation to Xe*, Xe** levels are the
dominant processes during the breakdown phase of the discharge. The degree of ionization
is kept at a low rate, controlled by the applied voltage amplitude as ionization is only
significant in high electric fields during periods when applied voltage approaches its
maximum.
Dissipation processes, i.e. elastic collision and ion heating take place in the after-ignition
period (figure 49(b)). Elastic collision loss is usually not important in DBDs. However in
case of burst wave as rapid voltage polarity changes force electrons to travel consecutively
through the plasma volume, electrons continuously heat the bulk gas and dissipate energy.
Ion heating occurs at the end of each sinusoidal half-cycle, when the applied electric field
moves the ions – present in close proximity of the barriers – through the cathode fall region
towards the dielectric. As the envelope of the voltage begins to decay, both ion heating and
elastic collision power dissipation continuously decreases along with the simultaneous
decrease of the plasma voltage, electric field and charge accumulation rate on the
dielectrics.

Figure 50. Calculated spatial variation of absorbed electrical power and VUV
output: input energy into electrons, ions, VUV emission, and efficiency of overall
VUV production (250 mbar gas pressure). (Calculated from equations 7–8, 13 by
integrating in time for the entire excitation period)

The calculated spatial variation of the absorbed electrical power and the VUV emission
across the discharge gap integrated over a period time are shown in figure 50. The
distribution of the power input and radiation output is almost homogeneous in the central
volume of the light source. This region is characterized by a remarkable ~ 74 % conversion
efficiency, and the absorbed energy by the electrons ~ 74 Jm-3 is also relatively high
indicating that most power is deposited in the central volume of the gap. According to exact
calculations 78 % of the input electrical energy for an excitation period (96 J) is absorbed
in the central volume. (For the calculation the central region is considered to be bounded by
the two local minima of the absorbed electrical energy function.)
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The absorbed energy by electrons peaks around 178 Jm-3 at 150 m in front of the barriers.
For comparison, corresponding values for a 1 s FWHM pulsed wave – possessing similar
overall input power – are 56 Jm-3 average energy density deposition in the central volume,
445 Jm-3 maximum at the barriers and about 50% of the overall electrical energy is
deposited in the central gap (see also figure 37 for similar trends). These results reveal the
advantageous property of the burst wave, namely to successfully confine most of the energy
deposition and VUV production into the central volume of the bulk plasma and hereby to
minimize parasitic processes (i.e. ion heating, electron adsorption, recombination, etc.)
occurring in the vicinity of the barriers.

4.5. Energy balance
In order to better understand the differences between burst and pulsed excitation, I compare
the distribution of fractional electrical energy deposition into the discharge integrated for the
entire excitation period for three different excitation waveforms: burst wave and two
unipolar pulsed waves with corresponding 250 ns and 1 s pulse widths. The distributions of
the deposited electrical energy for processes as excitation, ionization, ion heating and elastic
collision losses are shown in figure 51(a).

Figure 51. (a) Calculated fractional electrical energy deposition (b) and partial
radiation efficiency for different wavelengths integrated for a period time (250 mbar
gas pressure). (Calculated from equations 7–8, 13 by integrating in time for the entire
excitation period and in space for the entire discharge gap)
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As the bars indicate, for each waveform most of the energy is utilized for excitation. Burst
wave excites dominantly the Xe(1s5) and Xe(1s4), the first two lowest lying energy levels of
xenon, which are directly responsible for Xe2* dimer production. On the contrary, pulsed
excitation uses more energy for exciting higher lying levels Xe *(1s3) – Xe **(2p1-4) which can
be assigned to slight over-voltage during the breakdown phase. Despite the relatively large
(31.3 % for burst and 48.7 %, 35.9% for pulsed waves) portion of Xe ** excitation, many of
these excited atoms at these levels, colliding with ground state xenon atoms, drop back to
the first two energy levels, taking part effectively at the VUV light generation process.
To achieve high discharge efficiencies, keeping ion heating and elastic collision loss at a
low level is necessary. Energy lost by elastic collision by burst wave is about three times
higher than in the pulsed case (7.8 % vs 2.7 %), due to the frequent high-electric field
variations. However, the energy used for ion heating (13.2 %) is much lower than in the
case of the 1 s width pulse wave (30.3%) and is comparable with the dissipation of the
short pulsed 250 ns wave (12.1 %).
Most of the radiation leaves the plasma at the wavelengths of 147 nm 150 nm and 172
nm, with discharge efficiencies of 3.2 %, 17.5 % and 40.7 % respectively and overall
efficiency of 61.4 % in the burst case (figure 51(b)). The ratio of infrared radiation relative
to the total radiative output is less than 0.2 %, while the proportion of 125 nm, 129.6 nm and
visible radiation is insignificant. The VUV efficiencies of pulsed excitations are 63.8 % and
56.4 % respectively.

4.6. Light source efficacy
The results of the luminous efficacy calculation and the corresponding measured data values
for the three different excitation waveforms are presented in table 11. The measurement data
reveal that short pulsed 250 ns FWHM wave and burst wave posses the highest efficacy
values (78.1 lmW-1 and 74 lmW-1), however pulsed wave is accompanied by only moderate
input power (1.29 W). At the same time both burst and 1 s FWHM pulse wave realize
significant power depositions (2.2 W and 1.63 W). Despite the one-dimensional approach,
the model is suitable to successfully predict light source efficacies and input powers with
reasonable precision.
By taking into consideration the whole experimentally investigated pressure range we
calculated the evolution of the partial radiation efficiencies associated with the main VUV
wavelengths (147 nm, 150 nm, 172 nm) for the burst wave. Simulation values are presented
in figure 52.
The fraction of the dominant 172 and 150 nm VUV line compared to the total VUV
output gradually increases with higher pressures, as expected from the increased collisional
rate of Xe * conversion into Xe2*. Simultaneously with the increased production rate of
excimers, the fractional Xe(1s4) resonant atom population decreases resulting in a
monotonically decaying discharge efficiency at 147 nm. The overall VUV efficiency
reaches 61.4 % at 250 mbar pressure. Theoretically the efficiency would further increase at
300 mbar pressure, however in the experiments I could not produce a stable discharge at this
pressure range.

73

Table 11. Light source luminous efficacy calculation and measurement values.
Light source parameters
Gas pressure [mbar]
Phosphor
Excitation voltage waveform
Envelope / pulse width (FWHM)
Period frequency [kHz]
Modulation frequency [MHz]
Applied voltage max. peak to peak [kV]

250
LaPO4:CeTb
Burst
2.86 s
25
2.5
6

Light source efficacy calculations
UV wavelength [nm]
UV radiation efficiency
Luminous efficacy LPW [lmW-1]

125 – 172 nm
61.4%
63.8%
78.7
82.4

Comparison of values: Simulation / Measurement
Power input [W]
Simulation
2.4
Experiment
2.2
Luminous flux [lm]
Simulation
188.9
Experiment
163
-1
Luminous efficacy LPW [lmW ]
Simulation
78.7
Experiment
74

Pulse
250 ns
25
–
5

Pulse
1 s
25
–
5

56.4%
72.8

1.19
1.29

2.32
1.63

106.7
100.7

168.9
110.4

82.4
78

72.8
68

Figure 52. Calculated partial radiation efficiencies for the dominant VUV
wavelengths and overall VUV efficiency values for different pressures (burst
wave excitation at 250 mbar gas pressure).
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Figure 53. Measured and calculated luminous efficacy values for
increasing pressures between 100 – 300 mbar (burst wave
excitation).

The measured light source efficacies and corresponding simulation values calculated by the
model for burst wave are shown for comparison in figure 53. Higher pressures favor higher
overall VUV radiation efficiencies, and a monotonic increase can be observed both in
experimental and in theoretical values of light source efficacies for increasing pressures.
Experiment and theory exhibit a parallel monotonic function on both curves with nearly
identical slopes in efficacies. Tendencies are well predicted by the model, however there is a
slight shift (about 10 % of relative error) between the measured and calculated values,
which is thought to result from some loss mechanisms not considered in the model. The
efficacy values of the burst and pulsed waveforms as a function of pressure are shown in
figure 54.

Figure 54. Calculated luminous efficacies for different excitation
waveforms for increasing pressures between 100 – 300 mbar.
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4.7. Performance comparison of different Xe ecimer DBD light
sources published in literature with different driving waveforms
It is well known that increasing power into the discharge can incur an efficiency drop
(see model results presented in figure 55: increased power densities result a significant drop
in discharge efficiencies for all waveforms). This statement is not valid for light source in
[54] with AC sinusoidal excitation, as the discharge is filamentary and the efficiency of the
light source depends principally on the random behavior of the filaments.

Figure 55. Calculated discharge efficiencies at input power
densities of 0.1 – 3.6 W/cm3 at 250 mbar gas pressure (increasing
power densities were obtained by increasing the voltage maximum
of each waveform).

By comparing the input and output power densities and efficiencies with other
published high efficiency short wavelength Xe light source sources and excitation waves
(table 12), the results highlight the unique properties of the burst wave. The presented
excitation method can generate high VUV luminous flux even at large power densities with
maintained high efficiency. Despite of absorbing the most electrical power into the
discharge the burst wave produces the highest value of emitted VUV radiation density at
nearly the highest experimentally determined discharge efficiency. Pulsed excitation can be
slightly more efficient, however at significantly lower electrical input power densities. The
present light source geometry produces high VUV irradiance (44.7 mW/cm2) on its surface
and also high total VUV efficiency even at high input power density (1518 mW/cm3). The
experimentally determined VUV efficiency calculated from the measured luminous efficacy
and phosphor efficiency is around 58%.

76

Table 12. Comparison of parameters and performance of different Xe excimer DBD light source
configurations
#

Reference

1

Beleznai et al: Burst

2

Beleznai et al: Pulse200

3

Geometry

Pressure

Gap [mm]

Excitation

FWHM [ns]

Freq.

Cylindr.

[mbar]
250

9.65

Burst

2860

[kHz]
25

Cylindr.

300

9.65

Pulse

200

20

Beleznai et al: Pulse600

Cylindr.

100

9.65

Pulse

600

20

4

Stockwald et al [54]

Planar

300

10

AC

-

10

5

Stockwald et al [54]

Planar

300

10

AC

-

48

6

Vollkommer et al [20]

Cylindr.

133

<20

Pulse

~1000

~20

7

Mildren et al [56]

Planar

500

3

Pulse

150

3.2

8

Carman et al [74]

Cylindr.

1000

1.6

Pulse

200

10

Input

Total VUV

Intrinsic

Intrinsic 172

Exp.

power

power

VUV

nm

determ.

efficiency

efficiency

VUV eff.

[%]
61.4c

[%]
42.4c

[%]
58d

#

Reference

irradiance

a

density

density
3

VUV

3

[mW/cm2]

1

Beleznai et al: Burst

[mW/cm ]
1518

[mW/cm ]
932

44.7

2

Beleznai et al: Pulse200

896

599

28.6b

66.8c

47.2c

61.6d

3

Beleznai et al: Pulse600

386

217

10.4b

56.4c

32.6c

50d

4

Stockwald et al [54]

118

~16.4

17.7

NA

~13.9

10.3

5

Stockwald et al [54]

393

~64.8

32.4

NA

~16.5

12.2

6

Vollkommer et al [20]

NA

NA

> 35

40

NA

40

7

Mildren et al [56]

8

Carman et al [74]

250
1000

152.5
600

b

b

13.2
14

c

61

~60

52.4
c

~60

c

NA
10.5

a

Calculated from input power density and intrinsic VUV efficiency
Estimated from total VUV power and light source surface size
c
Simulation result
d
Calculated from measured luminous efficacy and phosphor quantum efficiency
b

4.8. Conclusions
In this chapter I investigated the operating conditions of a high efficiency Xe dielectric
barrier discharge light source excited by an amplitude-modulated high frequency (2.5MHz)
sinusoidal burst driving waveform both theoretically and experimentally. I examined the
transfer of the input electrical power into radiated emission and losses in detail (figure 51).
Due to the advantageous properties of the applied voltage waveform, ion heating is kept
at a low rate (12.1 % of total input power), while 78% of the total power is deposited into
the central plasma volume and used for the excitation of the ground state Xe atoms to
produce – via direct excitation or via collisional deactivation of higher lying Xe levels – the
Xe(1s4) and Xe(1s5) populations responsible for the Xe2* excimer production.
The comparison between the different excitation waveforms reveal that the burst
excitation method provides an enhanced light source performance compared to the pulsed
wave: it generates higher VUV luminous flux at maintained high efficiencies even at high
input electrical power densities. The calculated overall VUV radiation efficiencies
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monotonically increase with pressures, reaching 61.4 % discharge efficiency at 250 mbar
gas pressure. The experimentally measured overall light source efficiency is around 58 %,
which corresponds to ~ 74 lmW-1 light source efficacy.
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Summary
In my Ph.D work I examined the feasibility of an efficient mercury-free fluorescent
dielectric barrier (DBD) discharge light source driven by different excitation waveforms
both theoretically and experimentally.
The thesis includes the history, fundamentals and properties of the DBD technology and
gives a description of existing DBD light sources.
A computer simulation of the Xe DBD plasma was developed. The model gives a
complete description of a discharge, accounting for all its major physical aspects: transport
of particles, transport of momentum, transport of energy, plasma chemistry, space and
surface charge induced electric fields, spectral emission of radiation.
Detailed explanation how different excitation waveforms influence the performance of
the light source was shown, by analyzing the underlying kinetic processes in the plasma
responsible for the enhanced light source performance and increased efficiency. Highest
published intrinsic discharge efficiency (~ 67%) and extrinsic light source efficacy (~
80lmW-1) presented in the literature up to date using short pulse 200 ns waveform were
demonstrated.
A novel excitation waveform was introduced. The excitation waveform deposits
significantly more (nearly two-fold increase) electrical energy into the plasma during an
excitation period while maintaining the same discharge efficiency as experienced for the
short pulsed excitation.
Presented research results show significant improvements in DBD performances. Based
on these foundations the realization of efficient compact fluorescent light source founded on
the DBD technology seems reasonable and feasible. I proved the outstanding effectiveness
of presented light source and the driving waveforms by comparing the light source technical
parameters to the other published short pulsed driven DBD light sources.

New scientific results:
1. A computer simulation of a Xe dielectric barrier discharge fluorescent light source was
developed. The simulation is based on a detailed one-dimensional fluid dynamical
model of the discharge plasma. A comprehensive reaction-kinetic analysis of the plasma
processes (~ 100 chemical reactions) and a luminous efficacy calculation associated
with the phosphor light-conversion process are integrated into the model. The simulation
is capable for investigating the principal processes inside the plasma, and also makes the
optimization and further development of a fluorescent light source possible.
The model allows detailed examination of the transfer of input electrical power into
radiated emission and losses and hereby the calculation of partial discharge efficiencies
on specific wavelengths can be performed.
Detailed comparison of the calculated and measured emission, electrical and spectral
properties of a fluorescent Xe dielectric barrier discharge light source was performed.
Precise verification of the calculated discharge efficiency and luminous efficacy
represents a novelty compared to previous evaluations of DBD light sources and models
presented in the literature.
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Using the proposed light source and fast rise-time short (~ 600 ns) unipolar square
pulses of the driving voltage, an intrinsic discharge efficiency around 56% was predicted
by the simulation. Overall discharge efficiency of 50 %, which corresponds to more than
60 lmW-1 luminous efficacy (for radiation converted into visible green light by phosphor
coating) was demonstrated experimentally.
Corresponding publications: [1], [6], [7]
2. The performance of the light source presented in main finding 1 was improved by
shortening the unipolar voltage pulses (~ 200 ns) at different gas pressures ranging from
100 mbar up to 300 mbar. In this case according to the calculations most of the power
deposited into the plasma efficiently produces Xe2* excimers, while other energy
dissipation processes (ion heating, e-Xe elastic collision) are kept at a low rate.
The overall VUV radiation efficiencies monotonically increase with pressures and with
shortened pulse-widths. Highest published intrinsic discharge efficiency theoretically (~
67%) and experimentally (~ 62%) was demonstrated. Highest extrinsic luminous
efficacy (~ 80 lmW-1) presented in the literature up to date was achieved at 890 mW/cm3
input electrical power density.
Corresponding publications: [2], [5]
3. In order to simultaneously achieve high efficiency and high input power I have proposed
a novel amplitude modulated sinusoidal excitation waveform (burst wave) for driving
Xe dielectric barrier discharges. I found that the burst excitation method provides an
enhanced light source performance compared to the pulsed wave. A nearly two-fold
increase in input electrical power densities and VUV luminous flux was demonstrated,
while maintaining high discharge efficiencies.
The overall VUV radiation efficiencies monotonically increase with pressures, reaching
61.4 % calculated discharge efficiency at 250 mbar gas pressure. The experimentally
measured overall discharge efficiency was around 58 % which corresponds to ~ 74
lmW-1 luminous effiacy at 1520 mW/cm3 input electrical power density.
Corresponding publications: [3], [4]

80

Appendix
Reaction kinetic scheme
The basis of the plasma-chemical reaction scheme is taken from [74], complemented with
further reaction kinetic processes, including penning ionization of Xe* states presented in
table 2 of [83]. An additional reaction pathway relating Xe2* conversion has been added
with its rate coefficient proposed in [84]. For the reader’s convenience, we list the processes
and their rate coefficients in table A1-A3.
Table A1. Electron-heavy body collisions.
#

Process

Rate coefficient

Ref.

Boltzmann eq.

[85]

Momentum transfer
01

e + Xe

e + Xe

Excitation / de-excitation, Stepwise excitation / de-excitation
02-09

e + Xe

e + Xe*

Boltzmann eq.

[85, 86]

10-15

e + Xe

e + Xe**

Boltzmann eq.

[85, 86]

16-23

e + Xe*

Boltzmann eq.

[74, 86]

Boltzmann eq.

[87]

Boltzmann eq.

[88]

Boltzmann eq.

[88]

Boltzmann eq.

[90]

e + Xe**

Ionization / stepwise ionization
24
25-28
29-31

2e + Xe+

e + Xe

+

e + Xe*

2e + Xe

+

e + Xe**

2e + Xe

Ion Conversion
e + Xe2+ e + Xe+ + Xe
Recombination / dissociative recombination
32

33

2e + Xe+

34

+

e + Xe2

4.0 x 10-19 x Te-5 m6s-1

e + Xe**
Xe2*2u

Xe** + Xe

9.5 x 10 x (Te/300)

Xe** + Xe
35
e + Xe3
Electron/molecule collisions
e + Xe2*(3

37

e+

39

e+

40-41

+
u )

Xe2*( u+)
Xe2*(3 u+)

e + Xe2*(

1,3

3

+
u )

e + 2Xe
2e +

2.66 x 10 x (Te/300)
-11

+

36

-12

Xe2+

e + Xe*(1s5) + e
e + Xe2*(

1

+
u )

[74]
-0.6

-0.5

3 -1

ms

[74]

3 -1

[74]

ms

Boltzmann eq.

[90]

Boltzmann eq.

[91]

Boltzmann eq.

[90]

Boltzmann eq.

[90]

The set of electron-heavy body collision cross sections has been selected from the literature.
Momentum transfer collision cross sections and excitation cross sections from from xenon
ground state (with the exception of 1s2 and 2p1-4 states) were taken from NIFS database
compiled by Hayashi [85]. For the calculation of the excitation c/s of 1s2 and 2p1-4 states
the semi-empirical formula of Puech [86] was used. The same formula was used for
obtaining stepwise excitation c/s between Xe* and Xe** states with parameters needed for
calculation taken from [74]. De-excitation collision rates are deduced from the principle of
detailed balance. The c/s for direct ionization from xenon is taken from Wetzel et al [87].
Stepwise ionization cross sections are calculated using Deutsch-Mark formalism [88], and
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enlarged by a factor of 1.88 in order to obtain better agreement with experimental data, as
suggested in [89].
Table A2. Heavy-body collisions.
#

Process

Rate coefficient

Ref.

Collisional de-excitation
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

Xe**(3d1-6) + Xe

Xe**(2p5-10) + Xe

Xe**(2p5-10) + Xe

Xe*(1s2) + Xe

Xe**(2p5-10) + Xe

Xe*(1s3) + Xe

Xe**(2p5-10) + Xe

Xe*(1s4) + Xe

Xe**(2p5-10) + Xe
Xe*(1s2) + Xe

Xe*(1s3) + Xe

Xe*(1s2) + Xe

Xe*(1s4) + Xe

Xe*(1s2) + Xe

Xe*(1s5) + Xe

Xe*(1s2) + Xe

Xe**(2p5-10) + Xe

Xe*(1s3) + Xe

Xe*(1s4) + Xe

Xe*(1s3) + Xe

Xe*(1s5) + Xe

Xe**(2p1-4) + Xe
Xe*(1s4) + Xe
Xe2*(

+
u )

Xe**(2p5-10) + Xe
2Xe

Xe*(1s5) + Xe
3

Xe*(1s5) + Xe

2Xe

+ Xe

3Xe

1.0 x 10-16 m3s-1
1.0 x 10

-16

6.0 x 10

-17

3.8 x 10

-19

3.8 x 10

-19

2.5 x 10

-17

3.8 x 10

-19

3.8 x 10

-19

6.7 x 10

-17

3.8 x 10

-19

3.8 x 10

-19

1.0 x 10

-18

3.5 x 10

-21

3.5 x 10

-21

1.0 x 10

-19

[74]

3 -1

[74]

3 -1

[74]

3 -1

[74]

3 -1

[74]

3 -1

[74]

3 -1

[74]

3 -1

[74]

3 -1

[74]

3 -1

[74]

3 -1

[74]

3 -1

[74]

3 -1

[74]

3 -1

[74]

3 -1

[74]

1.8 x 10-43 m6s-1

[74]

ms
ms
ms
ms
ms
ms
ms
ms
ms
ms
ms
ms
ms
ms

Ion conversion
57

Xe+ + 2Xe

58

Xe2+

59

Xe3+

Xe2+ + Xe
+

Xe3 + Xe

+ 2Xe

+

Xe2 + 2Xe

+ Xe

9.0 x 10

-44

6 -1

2.7 x 10

-19

[74]

3 -1

[74]

5.0 x 10-16 m3s-1

[83]

ms
ms

Penning ionization
60-69
70-77
78
79

e + Xe+ + Xe

Xe* + Xe*
Xe* + Xe2*(
Xe2*(

3

+
u )

Xe2*(

1

+
u )

1,3

+
u )

+

e + Xe + 2Xe

+ Xe2*(

3

+
u )

+ Xe2*(

1

+
u )

e+

Xe2+

e+

Xe2+

+ 2Xe
+ 2Xe

5.0 x 10

-16

3.5 x 10

-16

3.5 x 10

-16

3 -1

[83]

3 -1

[74]

3 -1

[74]

ms
ms
ms

Interstate mixing
80

Xe*(1s5) + Xe

81

Xe*(1s4) + Xe

82

Xe2*( u+)
Xe2*(1 u+)

83

3

+ Xe
+ Xe

Xe*(1s4) + Xe
Xe*(1s5) + Xe
Xe2*( u+)
Xe2*(3 u+)
+
u )

1

1.06 x 10-22 m3s-1
1.98 x 10

-20

3 -1

ms

[74]

3 -1

[74]

3 -1

[74]

4.6 x 10

-21

+ Xe

1.3 x 10

-19

+ Xe

7.03 x 10-44 m6s-1

+ Xe

[74]

ms
ms

Conversion to excimers
Xe*(1s5) + 2Xe

Xe2*(3

85

Xe*(1s4) + 2Xe

Xe2*Ou+

86

Xe2*Ou+ +
Xe2*Ou+ +

84

87

Xe
Xe

1

+
u )

+ Xe

+ Xe
Xe2*(
Xe2*2u + Xe

5.30 x 10

-44

1.54 x 10

-17

5.46 x 10

-17

[74]

6 -1

[74]

3 -1

[84]

3 -1

[84]

ms
ms
ms
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Table A3. Radiative collisions.
#

Process

Rate coefficient

Ref.

Resonance level VUV radiation
88

Xe*(1s4)

Xe + h (147 nm)

89

Xe*(1s2)

Xe + h (129.6nm)

90

Xe**(3d1-6)

Xe + h (125 nm)

2.67 x 108

[84]

8

[84]

9.0 x 106

[84]

2.5 x 10

Radiation to lower level (visible and infrared)
91
92
93
94
95
96

Xe**(2p5-10)
Xe**(2p5-10)
Xe**(2p1-4)
Xe**(2p1-4)
Xe**(2p1-4)
Xe**(2p1-4)

Xe*(1s5) + h (823 – 980 nm)

1.569 x 107

[84]

Xe*(1s4) + h (828– 1083nm)

7

[84]

Xe*(1s5) + h 450 – 469 nm)
Xe*(1s4) + h (458 – 491 nm)
Xe*(1s3) + h (764 – 820 nm)
Xe*(1s2) + h (788 – 893 nm)

1.013 x 10
3.92 x 10

5

[84]

6.61 x 10

5

[84]

4.85 x 10

6

1.491 x 10

[84]
7

[84]

Excimer VUV radiation
97

Xe2*(3

+
u )

98

Xe2*(

1

+
u )

99

Xe2*Ou+

2Xe + h (172 nm)
2Xe + h (172 nm)
2Xe + h (150 nm)

1.01 x 107
2.174 x 10
4.76 x 108

[84]
8

[84]
[84]

Effective lifetimes of radiative decay from Xe*(1s4), Xe*(1s2) and Xe**(3d1-6) energy
levels with natural lifetimes of 3.75 ns, 4 ns and 111.11 ns respectively were determined
from the Holstein theory of radiation trapping for planar geometry [92]. Absorption of the
visible and infrared radiation in the plasma was not considered.
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