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Abstract

Owing to the growing importance of LED technology, the lighting market demands more
flexible, highefficiency fluorescent lamp systems. In particular, the ability to regulate light
intensity (the dimmed operation) exerts enormous stress ondlwoent | amps 6 el e
leading to increased electrode erosion and significantly reduced lifetimes.

The thesis describes a new method to deter|
electrodes during operation. The method is applied to standaréddtemt lamps to study

the standard and dimmed operations of modern electronic ballasts. It has been found that
erosion during standard operation occurs primarily due to the evaporation of electrode
emitter material at the hot spot that is formed. The lampent and, more importantly, an
additional applied electrode heating current during dimmed operation, significantly affect
this erosion process. In contrast, operation frequency exerts only marginal effects on
erosion.

The electrode erosion is determin®dy measuring the amount of evaporated emitter
material. Therefore, the absolute density of evaporated barium is measured-bydiased
fluorescence while interrupting the lamp operation foreay\wshort time (approximately

5ms) to suppress any inteteon between the evaporated material and the plasma in the
electrode region. The total amount of evaporated material is determined by calculating the
total flux by a transport model that uses the measured densities.

To characterize electrode operation ahd plasma in the electrode region, additional
diagnostic methods are applied. Such electron densities are measured by microwave
interferometry, the cathode fall voltage is determined by the capacitive coupled band
method, and the electrode temperaturaesisured by ordimensional pyrometry.
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11l ntroducti on

The invention of artificial light provided humanity with the opportunity to use the time after
dark for additional activities. The invention of controlled fire 790,000 years ago
simultaneously provided the first artificial light souf€@oREN-INBAR et al. 2004. While

fire was primarily used for cooking and as a heat source, it also became the social center for
meeting in the evening hours. The light gerentads a byproduct of the fire allowed small

tasks such as sewing and the manufacture of tools or weapons to be continued after dark. In
addition, fire as a light source transformed dark caves into habitable spaces, providing more
protection against theeshents. It also increased productivity.

The open fire was enhanced according to the requirement for various applications. As such,
specific fireplaces for cooking, baking, heating, and melting metal were developed.
However, the melting of metal was only deapossible through the discovery of enhanced
fuels such asharcoaland coal. For lighting applications, torches were developed as quasi
mobile light sources, the earliest of which cotesisof simple wooden staves. Later, the
ends of torches were wrapped in fabric and soaked in a flammable substance.

About 10,000 BC, the first simple oil lamps were develop®diRAN 1970, comprising

hollow stones and a wick made of plant fiber, with animal fat used as fuel. These lamps
were easier to control and they delivered continuous light for several hours. In the
following centuries, several improvementsr& made, including the use of plant oil as fuel.

In the second century C.E., the first candles were invented.

The next important step in lighting technology was the development of the gas lamp at the
beginning of the industrialization period. The originhérmo lamp[LEBON 1799 was
improved and developed into an advanced light source, later used in streetlights and
factories.

In 1800, Humphry Davyinvented the first usable electric light source by gdiregaan

electric arc between two carbon electrodes. The arc delivers about 10,000 Im, which is
1000times brighter than a candle. However, the short lifetime of the electrodes
(approximately two hours) and poor availability of electrical power prevenéeedthr oduct 6 s
wide practical application. In 1857, Heinrich Geissler invented thedastdischarge tube

(the GEIssLERtube), which was a glow discharge in a {pressue tube filled with noble
gases.

The electrical revolution of lighting began with the invention of the first commercially
practical incandescent lamp by Thomas Edison in JBB%0N 1880. In contrast to other
engineers who tested a glowing wire, Edison used a carbon filament connected to platinum
contact wies withlifetimes of several tens of hours. A few months later, Edison and his
team developed a carbonized bambaaniiént that possessed lifetimes of over 1,200 hours.
This was the fundamental cause of the commercial success of electrical lighting. Further


http://en.wikipedia.org/wiki/Charcoal
http://de.wikipedia.org/wiki/Humphry_Davy
http://en.wikipedia.org/wiki/Gas_discharge_tube
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improvements led to the classic incandescent lamp with the glowing metal wire made of a
special tungsten alloy.

The practicable application of gas discharge lamps began in 1901 with the invention of the
low-pressure mercury vapor lamp by Peter Cooper HgdA0]. Its construction was
based on &GEISSLER tube with additional mercury. After ignition, the lamp heats up
whereas mercury evaporates. The mercury vapor discharge delivered a quite higher light
output than incandescent lamps. The main disadvantage was the poor light quality because
light emission abnly a small region of the visible light spectra. However, in 1926 Edmund
Germer solved this problem by coating the inner wall of the mercury discharge tube with
phosphor converting the emitted ultraviolet radiation into visible light. With the
developmenof improved phosphors and durable electrodes, this fluorescent lamp became
commercially successful in the early 1940s. At this time, fluorescent lamps had high
efficacy in comparison with the other available light sources combined with adequate light
qudity.

By the end of the 1930s, the highessure mercury lamp had been developed. Owing to
operation at higher pressure, these lamps had a very strong light output combined with
adequate light quality. In the 1960s, a very closely related lamp desigd tadleetal

halide lampwas invented. They have a filling of various compounds iraalgamwith
mercury, whereasodium iodideand scandiumiodide are commonly in use. These lamps
have better light quality and high efficacy. Because of the strong light output, high intense
discharge lamps (HID) are used to illuminate halls, as streetlights or in movie projectors.
Since the 199§ new designs with lower light output have been used in vehicle headlamps
or video projectors.

In 2010, the white LED entered tmarketas an alternative means of general lighting.
There technical improvements are still in progfgsssisand KTsINELIS 2009. Today, the
efficacy and light quality of LEDs are comparable to fluorescent lamps. The punctual light
emission andneed for advanced heat dissipation require a complex design and this
restriction leads to a limited maximum light output. In addition, the significantly higher
prices of LEDs compared with alternative light sources (i.e. compact fluorescent lamps)
delay their commercial success.

The social importance of artificial light

Artificial light has increased human productivity. During the industrialization period, gas
lamps were used to illuminate factories, enabling the operation of expensive machines
around theclock and thus establishing shift work. As electric lighting spread out to
customers, homes could be illuminated according to individual requirements and such
lighting could be used without limitation during the hours of darkness. Moreover, the
invention d streetlights transformed the streets into an additional nocturnal living and
social environment.

In contemporary industrialized countries, nighttime has been illuminated and the dark is no
longer a limiting factor.


http://en.wikipedia.org/wiki/Metal_halide_lamp
http://en.wikipedia.org/wiki/Metal_halide_lamp
http://en.wikipedia.org/wiki/Amalgam_(chemistry)
http://en.wikipedia.org/wiki/Sodium_iodide
http://en.wikipedia.org/wiki/Scandium
http://en.wikipedia.org/wiki/Iodine
http://dict.leo.org/ende/index_de.html#/search=market&searchLoc=0&resultOrder=basic&multiwordShowSingle=on

The lighting market

The lighting marketis characterized by the intensified growth of green lighting
technologies[FROST and SLLIVAN ], where green technologies can be summarized as
energy efficiency categgrA & B rated in Europ&and equivalent in other regions. This
trend is based on increasing energy costs and environmental consciousness as well as on
legal regulations that prohibit older inefficient lamps (such as incandelseeps in the
European Union For the year 2016 thetal general lighting markas expected to 79.
billion Euros[McKINSEY] wheras he markeis divided into the lamp market §1 billion
Euros), the control gear markét3 billion Euros)the fixtures market @6 billion Euros)

and the market for lighting otrol systems (4 billion Euros) Accordingto the technology

a market sharef 43% for fluorescent lamps, 3% for LED technologyl4 % for halogen
lamps 5% for incandescent lamps and2for HID lampes is expecteldMcKINSEY]. Thus,
even through the imens growing of LED thechnoldiggrescen lampsstill dominate the
market

Technicd evolution of artificial light ing

Throughout its evolution, the development of artificial lighting has been determined by
scientific and technological progress. New inventions, especially new materials and
manufacturing techniques, allow for the improvement of established light sources or the
invention of new ones. As an early example, the discovery of liquid fuel and a wick led to
the invention of the oil lamp. Later, the understanding of air circulatidnraproved fuel
(vegetable oil) allowed for the creation of the advanced oil lamp with adjustable light
output.

However, the evolution of artificial lighting also led to additional inventions of other
technologies. For example, the invention of the gagpJaand especially its subsequent
improvement, led to an understanding of gas burning and the discovery -¢é€mgarature

gas burners as useful for melting quartz glass.

Looking at the evolution of electrical light sources, after discovering a new brasiqgl

the main challenge was the construction of light sources that have a sufficient lifetime. As
an example, the first carbon arc lanpad lifetimes of two hours. In the case of
incandescent lamps, the glowing filamenextremely stressed owing lagh temperatures,
leading to the rapid erosion of the material. Thus, the main challenge was the development
of a durable filament, which was solved bgison[1880Q.

After discovering the lowressure mercury dischargédiewiTT 1901, the technical
challenges were the efficient generation of visible light and development of durable and
effective electrodes. Thgeneration of visible light was solved by using phosphor, which

! A & B rated according th€ommission Directive 98/11/EC of 27 January 1998 implementingn€ib
Directive 92/75/EEC with regard to energy labelling of household latpated corresponds toralative
energy consumptioless thare5%and B rated correnponds toedative energy consumptidretween 25%
and60%in compairison ta standard incalescent lamps.
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converts the emitted ultraviolet radiation and led to the creation of the fluorescent lamp. As
this type of lamp possesses a discharge voltage of abo, HMectrode losses of several

tensof volts significantly affect the | ampés
focused on efficient londiving electrodes.

For highpressure discharges, the main challenges were manufacturing a transparent, high
pressure, and higtemperaturgesisant discharge tube and developing suitable electrodes

that can operate &&mperatures of more than 30RPwhich occur together with aggressive
atmospheres and gas temperatures of up to KOPOHITTKA et al. 1997. With the

invention of metal halide lamps, the optimization of light quality gained importance.

Electrodes of fluorescent lamps

For gas dischage lamps, the electrodes, as the route by which the electric current passes
into and out of the plasma, are an essential component that defines the efficacy and lifetime
of the lamp. Therefore, research on electrodes for gas discharge lamps and their
optimization is of special interest.

As the thesis focuses on fluorescent lamps, they and especially research on electrode
erosion should be introduced in more detail. In general, a commercial electrode system for
fluorescent lamps consists of a tungsten codted with a work function reducing emitter

mix of alkali oxides such as BaO, SrO, and CaO. During lamp life, an electrode is damaged
by two essential processes. In the case of instant start ballast, the electrode is heated by ion
bombardment before tratisning into the arc mode (glowo-arctransition) where so

called hot spot builds up. During this time, electrode material such as the emitter material
and tungsten is eroded by sputtering. This process limits the number of switching cycles.
After transtion into the arc mode, during steastate operation, the emitter material
(primarily barium) erodes from the hot spot. In the case of a good adaption of the electrode
to the discharge conditions, this erosion is generally in the form of evaporation.

Today, electrode durability is the primary reason for the limited lifetime of fluorescent
lamps. In general lighting applications, the maintenance costs of lighting systems are very
important and are significantly determined by the replacement of defectives.lam
Therefore, there is still an attempt to improve the lifetime and especially the spread in
lifetime of such electrode systems.

Research on electrode erosion in fluorescent lamps

Since fluorescent lamps became commercially available in the J848&HORST and
NIEMANN 2004, their development and research on them have often been affected by
industry. Thus, applied oriented and pragmatic approaches have been of particular concern.
The first attempts to determine the loss of the emitter materi@ made in the middle of

the twentieth century by optical emission spectroscopy (OES) measurémehésvicinity

2 OESmeasurementwere performed othe Ba atomline at553.5nm, the Baion line at455.4nm, andon
the Srline at460.1nm.



of the electrod¢§HERRMANN 1958 KUHL 1958 LAKATOS and BTo 1964. However, the
disadvantagésof OES make the interpretation of the signals quite difficult. For improved
investigations, advanced diagnostics are required.

The main trends and asnof electrode research considering the relevance to lamp
applications have been summarized by Chittka ef1897, who illustratedthe special
requirements during lamp ignition (glow mode) and stationary operation (arc mode).

Erosion during ignition

Born et al.[200Q investigated lamp ignition in a pulsed lgwessure argon discharge by
measuring tungsten erosion directly after the instant start. They appliedntsesd
fluorescence (LIF) to dermine the absolute densities in the cathode region and compared
the spatially and temporally resolved tungsten densities with diffusion model calculations.
Haverlag et al[2003 showed that coibreakage is caused by tungsten sputtering mainly
during the glowto-arc transition. This assumption was proved by the investigations of
Hilscher et al[2004 on both linear and compact fluorescent lamps by using fast emission
spectroscopy and higgpeed video observation. In contrast, Hadfa@07 proved that the
sputtering of tungsten is nearly constant during the glow phase by measuraizpthate
tungsten density in the vicinity of the electrode using LIF. The high signal during the
glow-to-arc transition, observed by emission spectroscopy, occurs because of an increase of
electron temperature and electron density, resulting in a sigmifyc more efficient
excitation of the sputtered tungsten atoms. The average emitter loss per ignition was
quantified byVan den Hoek et a[2003, who used the emitter material withdioactive
Bal33 and determined its deposition on a moveable shield.

A onedimensional thermal model for an operating fluorescent lamp electrode was
developed by Soules et §1.989, who found semguantitative agreement of the calculated
temperature distribution with temperature profiles measured by using an optical pyrometer.
Another onedimensional model ofhe electrodewas developed by Golubovskii et al.
[2004. They included sel€onsistent heating by using the external and discharge currents
and found very good experimental agreement with investigations of the diffuse modes, the
spot modes, and thid@ransition.

Erosion during stationary operation

Electrode erosion during stationary operation was investigated by Bhattacharya by using
the highsensitivity method of LIF[BHATTACHARYA 1989a b]. He measured barium
density in the electrode region to investigate the loss of barium from the electrode for a
fluorescent lamp operating at 60 Hz. High peaks in barium densities occur at@zent

owing to the ragnition of the lamp. The ionization of neutral barium and collection of the

® The most important disadvantages of OES$he electrode regioare thatradiation can only be observed
while the lamp is on, radiation occurs only from excited sfaadexcitationdepends on the cathode fall
which dominates the plasma processes in the electrode region
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produced ions by the cathode at low frequency operation were also discussed by Michael
[200]. In 1992, Moskowit41999 used LIF to investigate the influence of various lamp
parameters (g. different lamp ballasts) on the lifetime of lamp electrodes. Additionally,
Samir et al.[2007] measured the temporal and spatial distribution of barium atoms in
fluorescent lamps by using LIF under 18@ operation and showed that the maximum
barium is mainly emitted at the hot spot.

The electrode processes and especially the interaction asinpl and electrode for
stationary, higirequency operation were modeled by Ganne2008[Garner 2008p He
concentrated on the characterization of the plasma in the electrode region, which allows for
a more detailed representation of the coupling between electrode and plasma. In 2010,
Hadrath and Garnd201Q determine the sputtering of barium from the electrode during
stationary operation. They observed the resonant line of barium atoms @amn5&8h a

Fabryi Perot interferometer to determine barium temperatures. Under certain discharge
conditions, they found tempeuaes significantly higher than the electrode temperatures
that could only occur because of sputtering.

In 2009, Rosillo and Chivel¢2009 predicted the lifetime of fluorescent lamps choosing a
more empirical approach by m@&uring certain lamp parameters (such as voltage and coill
resistance) during lifetime and correlating these with the achieved lifetime of the lamps.
Although this study may seem to be less significant as they used only 34 lamps, it
demonstrates the needr fa lifetime prediction methodA method to determine the time
averagedemitter loss by measureing the maximum heat reat (dertemination of the heat
capacity of the electrode that corresponds to the emitter mas$)ebasestablische by
Wharmby [WHARMBY 2004. With hist metode, Buso et dl2009 20173 found a quasi

linear loss of emittewith the burn time.

Finally, Kobayashi et a[201(J modeled emitterdss during lamp life. They focused on an
electrode model that predicts temperature profiles during lamp life, illustrating that the
proportion of the loss in total barium from the cathode is almost linear with the burn time.

Main goals of this work

This wak expands upon the presented related work and it should thus complement the
existing knowledge. The main goal is to examine absolute electrode erosion during the
stationary operation of commonly used fluorescent lamps. In contrast with other works that
determined a timeaveraged erosion over several hundred operation H8wso et al.

2009 Busoet al. 2012 KoBAYASHI et al. 2010 RosiLLo and GHIVELET 2009 WHARMBY

2004, instantaneous erosion and its dependence on operation parameters is determined.
The work focuses on commercial T8 lamps at the operating mode of commonly used
electronic ballasts with frequencies at several ten$laf Khis operation regime allows the
results to be applied to classic tubular lamps as well as to compact lamps.

Initially, erosion under standard conditions at the nominal lamp current is determined. With
a view to continuously raising requirements of mwdfluorescent lamp systems, dimmed
operation (reducing the light output through a reduced lamp current) is investigated. In
particular, the focus is on the benefit of an additional heat current for reducing electrode



erosion at reduced lamp currents. ®asure comparability with related works and
adaptability to older lamp systems, dependence on operation frequency is also examined.

Methodology

Electrode erosion during stationary operation is characterized by the erosion of barium as
the main compound dhe electrode. Thus, LIF is used for the sensitive determination of
the absolute ground state densities of the released barium in the electrode region. As the
determined released barium is affected by the plasma in the electrode region, the
determined badm atomandbariumion ground state densities do not represent the absolute
loss and thus barium erosion. To overcome this limitation, a new method based on a barium
diffusion model (see€Chapter4) is developed in order to determine the absolute barium
evaporation from the measured densities.

To characterize the electrode operation for the investigated operation parameters and ensure
comparability wih related works, additional diagnostics are applied. Electrode temperature
as a basic parameter that determines barium evaporation is determined by using pyrometry.
The cathode fall voltage as the parameter for electrode operation is estimated by using the
commonly used band method. The plasma in the electrode region is then characterized by
using microwave interferometry, allowing the determination of electron densities and
ionization rates.

Structure of the thesis

The thesis is structured into six chapteifter this introduction, an overview of fluorescent
lamps with a focus on electrode processes and erosion is given. The third chapter describes
the applied experimental methods and their experimental arrangement. In the fourth
chapter, a new method amdmodel for determining absolute emitter evaporation during
lamp operation are presented. The detailed investigation of emitter erosion and its
dependence on the operation conditions are presented in Chapter 5. Finally, the thesis ends
with a conclusion.






2Fl uorescent | amps

Fluorescent lamps areasisical lowpressure discharges designed for converting electrical
power into visible lightin 1901 Peter Cooper Hent [190] discovered that a loypressure
discharge through a mixture of mercury vapor at a precise optimum and a rare gas at a
somewhat higher pressure was very efficient in converting elacanergy into ultraviolet

light [WAaymouTH 19717. Up to 70% of the electrical power applied to a discharge with a
sufficient long positive column could be converted to a single line of the resoBaRgce
mercury state at 253rifn. With the development of a suitable fluorescent phosyor
converting the mercury radiation into visible light and efficient lingd electrodes
(developed in the late 1930s), fluorescent lamps became commercially available in the
1940s [LANKHORST and NEMANN 200Q. Since then, the basic configumat has not
changed. During the next decades, further developments were coupled with the
technological improvement of phosphor (enhancement of efficacy) and the improvement of
electrodes (enhancement of lifetime).

The tubular construction of fluorescentmips and the neetbr external ballass made
fluorescent lamps incompatiblevith existing lighting systems. Thereforghe first
fluorescent lamps were usedindustrial applicationsin 1981 the efficacy of fluorescent
lamps was improved significantly by the introduction of electrahiccontrolled ballast
offered by OSRAM[RozensooM 1983, which allowedthe introduction of compact
fluorescent lamps in the early 1®8As these wereompatiblewith the standard socket of
incandescentamps,they became a costffective, efficient alternative to the incandescent
lamp [PrRouD 1983. Since the, fluorescent lampsdecamerelevant for the consumer
market.

Another mprovementhas be achieved by the introduction of T5 lamps with smaller
diameter (T5 = 5/8 inch comparedth standard T& 8/8 inch in combination with three

band phosphors. The smaller diameter has many optical advantagesdesitm®f high-
performance lamp system&oday, he efficacies of such lamps cée up to 100mw™
comparedvith approximately35 ImwW™ in 1940[ABEYWICKRAMA 1997.

All times, discharge lamps have been continuously improved with innovative approaches
and the availability of new materials and techniques, whereas the research in the last few
years were mainly focused on developing more economical, eeawyyg solutios and on
ensuring maximum environmental compatibilftpsram 201J. Along with the reduction

of energy consumption, the increase of lamp lifetime can improve the environmental
compatibility of fluorescent lamps.

For the year 2016, a market sharelobrescent lampsf about 43% of the global lamp
market with revenues o6 billion Eurosis expeted[ MCKINSEY].



Fluorescent lamps

2.1 Configuration, function, type, and operation mode

Although huge variations of fluorescent lamps exisie basic configuration slways the
same (se&igure2-1). The dischargeressel consistsf a glass tube, where typitala non-
UV-transparent glass is chosen. Depending on the lamp type and the gesiexdthe
total length is between Jein and 24@m andthe outer diameteis betweenl6 mm and

54 mm. The outediameter defines the typicEmptypes: T5 (5/8 inch~ 16 mm), T8 (8/8
inch~25mm), and T12 (12/8 inck 38 mm).

The inner wall of the glass tube is cosgwith phosphor, responsible for converting the
UV radiation emitted by mercury to the desired ibie light. The chosen phosphors
determine the light color and quality (expressed byctier-renderingindex' CRI). Today,
primary high efficientthreeband phosphors (such as darbiumMagnesiummAluminate
[RuTscHER and DeuTscH 1984) are used, combining high conversion efficacy and good
color rendering. As most of them consist of noble earths, the phosphors are an expensive
part of fluorescent lamps.

Electrodes are placed lavth end of thetube,connectinghe external electrical circuitith

the dischargeandareresponsible fodriving the current into the plasma. For reduction of
electron emission losses, thkectrode iscoated with a workunction lowering emitter. A
detailed description dheir construction and operation is given in the following section. As
fluorescent lamps are typitaldriven with anAC-current, both electrodesork alternately
ascathode and anode.

electrode post

/ glass tube

buffer gas and mercury vapor

-

socket \ electrode \ phosphor

Figure 2-1:  Schemat of a tubular fluorescent lamp with stick electrodes

The filling of a fluorescent lamp conssvf mercury vapor and buffer gaBuring its
lifetime, mercury gets lost due to attachment in the phosphor codtmegefore, more
mercury than needed isl&d in. Accordingly, the mercury vapor pressure is saturated and
defined by the coldest point of the fluorescent lamp, theafled coldspot. The vapor
pressure and therefore the cglabt temperature significantly aftethe emission of UV
radiation.

The colorrendering indeXCRI) is used to quantify the light quality of a light souréée ability of the

light source to reval colors is related to an ideal natural light source. The higher the value, the better the
color of an illuminated object correspond to its natural color. Numerically the highest TR is
acchived by black bordsadition. Typically, glourescent lamps has an CRI between 70 and 90.

10



Configuration, function, type, and operation mode

The buffer gas is necessary for reduction of the ignition voltage and especially for reduction
of diffusion losses of charged particles to the inner wall. Without bg#sja huge amount

of electrons would get lost at the inner wall, due to their loeg fpath length. With
additional buffer gas(noble gassesyith densities 500 times higher than the density of
mercury, the free path length significantly reduceddue to inelastic collision with gas
atoms As the excitation energy of noble gasses (ergoA: 11.5%V) is significanthigher

than the desired averaged electron energy (appreX),lonly a small amount of energy is

lost due to elastic collision with gas atoms and the discharge is still dominated by mercury.
Typicaly, mixtures of Argm andKrypton with pressures dietweenl mbarand5 mbar

are usedln newer T536 W lamps the mixture consistof about 30% Kr and 70% Ar at a
pressure of 2.inbar.

U A
positive column | 1 anode
. - /[ fall
negative
glow
- > anode
Faraday sheath voltage
cathode T dak space [ positive column
sheath
cathode J
fall ‘
L >
0 1

Figure 2-2:  Regiors and potential from the cathode<D) to the anode of fluorescent lamps

During operationof fluorescent lampsthe typical potential of a lowpressure discharge
builds up with the characteristic regions givenHgure 2-2. The longestregionis the
positive column connected by the anode sheath t@tloele and by the cathode sheath,
negative glowand the Faraday dark space to thihade.

The positive column is determididoy an equilibrium of charge carrier production in the
plasma and the loss of charge carriers due to ambipolar diffusion to the inner wall where
they recombine. Thus, the positive column is very homogeneousx@edls overalmost

the whole length of the discharda.the positivecolumn,the current is maly transported

by the electrons. The portion of the electron current on the lamp current is apprbximate
99% [WAYMOUTH 1971]]. As typical for lowpressure discharges, the positive column is a
low-temperature plasmdn general the kinetic energy transferoin electronsto heavy
particles by elastic collisions is very ineffective due to their great different in mass. At the
used pressures, the electioeavy particle collision rate is dolow to achieve the
thermodynamic equilibriumTherefore, the gas temperatutesavy particle temperature,

11



Fluorescent lamps

Tn-neutral particle temperature andidn temperatureis cold(near to ambient temperature
T,° T °30K° 0.026V). In contrast, the electron temperature is quite hfghypical

value, suitable for very effective excitation of mercury, Tis°® 1eV. The exact value
depends on the discharge current and the used buffefnggeneral, a reduction of gas
pressure leads to an increase of the ambipolar diffusiefficient resulting in higher losses

of electrors due torecombination athe innerwall. To compensatéor the losses, a higher
production rate of electrons due to ionization is neeDed.to the lower pressiwgdhe free

path lengt of the electronsidreses. Thus, the electrons could accelerat over longer
distancedeading to higher electron energies (electron temperatures). However, to accive a
higer production rate of electrons per lendtfe field strength(the voltage along the
positive columi) has to be increasedhe sameeffects could be observed by the ausf
different noble gases. In general, the ambipolar diffusion coefficient of gases decreases
with an increase of mass. Thus,the order of the noble gases He, Ne, Ar, Kr andtkXe
diffusion coefficientas well aghe electron temperature decreases.

Theuv-radiation later converted by the phosphor to the desired visible light, is produced in
the positive columnDue to inelastic collisions with mercury atoms, the electron energy is
transferred to excitation processes of mercury, primary emittingdiation at the resonant
lines at253.7nm and also at 18dm. Thus, the electron temperature anddfiieacy for
converting electrical power into tnadiation significantly depend onetldensity(the vapor
pressure of mercuyydefined by the col$pot temperature. If the mercury density is too
low, there wouldnot be enough mercury atoms fexcitation processes and the electron
energy would be transferred in excitation processes obtiffer gas. Vice versa, a very
high density would lead to intensified salbsorption. An emitted ughoton is absorbed by

a mercury atom in ground state andnthgain emitted. Ithese processes dominétieie to

too high mercury densitigghe probabity of radiationless deexcitation increases and the
energy is converted into heat, lowering theamission efficacyAccording to the designed
power and buffer gasan optimum vapor pressure could be achieved at a cold spot
temperature of about 40°(0RUTSCHER and DEUTSCH 1984 (this corresponds t@apor
pressure of approx.Ra)

The positive column is connected via the cathode region, including negative glow and the
Faraday dark space to the cathodliethe cathode surfacabout 10% of théampcurrent is
transported by positive ions, 90% by electrons. Thus the negative glow is the transition
region between electrode surface and positive column (electron current is about 99%),
where the different iocurrents are balancedheionization rate in the negative glow has

to be much higher than in the positive column to producentexledion current.To
provide theenergynecessary for such higher ionization rates, a potential drop between
cathode and negative glow builds up.isThotential drop is concentrated invary thin
sheath at the electrode surface (cathode sheatk)sdatalled cathoddall has a typical
potental drop ofbetween5 and15V and thecathode sheathkizeis less than 0.inm. In
contrast, the negative glow has aital size ofbetweenl and3 cm. Between the negative
glow and the positive columran approxmately 1 cm long region with less ionizato
appearsAnalogousto the glow dischargethis darker region is callg8ARADAY -dark-space
[WAYMOUTH 1971].
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Configuration, function, type, and operation mode

At the anode,the positive column is connected via the anode sheath to the electrode
surface. As the electrode would not emit ions, the anode current is only transported via the
electronscollected by the anod&he concrete anode sheath d@isdanode falldependon
theratio ofdischarge current and thermionic emission of electrbins.size of the sheath is
approxmately 1 mm, whereas the anode fall is between 0 aMd Bor electrodes with a
large surfacethe cathode fall could also be negatfWAaymouTH 1971]. The anode fall
builds upduring the anode phase. After the cathode phase, ¢lests ahuge amounof
electrors (due to high ionization in the negative glow) in the anode regimst, the lamp
current (anode current) could be sustained by collecting these electrons without an
additional potential drop.However, a low potential drop may @o to recollect
thermionially emitted electronsAfter a certaintime, the ekctron density in the anode
region decreaseNow the anode fallvoltage has to build upto collect the electrons
necessaryo sustain the lamp currert.the anode phase sifficient short, there is no need

for an additional anode fall and the anode losses could be reduced. Thisetiecbe
observed for anode phases shorter thanu@0@nd is the motivation for tHdHz operation

mode commotty used in modern lighteninystems

Typesof fluorescent lampsand operation mode

Today, there exists a huge amourtdf different commercial availabldluorescent lamp
types ashort overview is given ifigure 2-3. One example ithe classical tubular lamp, as
well as modifications such as theddaped and the circular (no closed loop) lamp. The
newer compact lampsvith integrated electronic ballastare compatible to the standard
socket of ncandescent lamps.

ﬂ L40W /20 3000 ml 75 Im/W

I L36W/21 3450 ml 96 lIm/W

L40W /21U 3000ml 75 1m/W D

DULUX L SP
e 18W 1105ml 61 Im/W L 40W/21C
2900ml 73 /W
DULUX PRO STICK
. ——] w 1230ml 61 Im/'W

DULUX PRO MINI TWIST
13 W/825 8350 ml 64 Im/W

I 1m :

Figure 2-3:  Selection of different commercial available fluorescent lamps (FL) such as tubular-$taped FL,
compact FL, compact FL witimtegrated ballasand circular FL.

13



Fluorescent lamps

In principal, a fluorescent lamp could be drivieyma DC current.As the lamps hava
negative differential resistance (at the working point, the voltage will decrease with
increasing current) the current has to beited. Therefore, in DC modan additional
resistanceis required which would produce substantial losses. The easiethod to
overcome this problem is the use of a chok@dsctive ballast, limiting the current. This
would allowusingthe nomal net vitage for operationThe European standard circuit for
operation with net frequencfsee Figure 2-4, left) also include a starting mechanism.
Before ignition of the lampthe stating switch is closed and the current will flow through
the choke and the electrodes. This will heat up ehectrodes, whiclwill limit electrode
erosion during ignibn, amethodknown aswarm gart in contrast to instant ignition where
electrodes are not heated. After a certain time the starting switch is opened and the current
is blocked.The choke will react witha very highvoltage, whichignites the lamp. Typical
ignition voltages are betwres00 and 80W. The polarity of the discharge changeghw
every halfperiod Theambipolar diffusiortimeis in the region of Ins

50/ 60 Hz operation kHz operation with electronic ballast

A

U starting switch
-

L || 1

electronic ballast

- o

Figure 2-4:  Standard circuits for operation of fluorescent lamps wihfrequency (left) and with an electronic ball:
(right) at a few kHz.

choke

At net frequencies of 58z (Europ@ ard 60Hz (US), the discharge regions disappear
during change of polarity andave tobe built up againin the next half cyclecausing
additional lossesBy increasing the operatiahfrequency to a value where the period is
smaller than the ambipolar diffusidime, these repolarization lossesutd be avoided
This lead to the invention of electronic ballasts (s€mgure 2-4, right) working at
frequencies between &z and 10kHz. Modern electronic ballestprovide adlitional
advantages such dswer losss in the ballast, reducin of flicker, controlled electrode
heating, dimmingand the reduction of ballast size and mdss et al. 2005 Zissis and
KITSINELIS 2009. Very small electroniballastsallow integration ina standardamp socket
and m&e compact lamps availabl@oday electronic ballasts are state of the art and
commonly used.

Therefore, in this work the kHz operation mode of fluorescent lampprimarily
investigatedasit allowstheresultsbe appliedo classic tubular lampss well ago compact
lamps.
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Electrodes for fluorescent lamps

2.2 Electrodes for fluorescent lamps

The electrodes of fluorescent lamps, as connections between plasma and the outer
electronic circuit, are responsible for driving the current into and out of the plasma. As
typical fluorescent lamps are driven in A@bde, half the time the electrode works a
cathode, emitting electrons, and half the time as anode, collecting eledthensathode

phase is the technologitalkhallenging halbf thecycle, becausa high electron emission

at high temperatures causing low lossaseisirable Thus, the devefament of electrodes is

a compromise of an effective enaitte of electrons with low losses and reaching a certain
durability, allowing acceptable lifetimes. Up to now, the lifetime of a fluorescent lamp is
determined by the lifetime ots eledrodes, where typical valudsetween10,000 and

20,000 hours could be reaahe

2.2.1 Basicconfiguration

For electrodesthe effective electron emission of alkaline earth oxisigshas BaO, SrO
and CaO is used. The electrode construction has to hold the oxileenespeciallyat the
start wha the electrode is heated to about 1R0h a few seconds. Therefore, a tungsten
coil, also suitable for additi@hohmicheating, is usedsabasket

stick coil triple coil
(double twisted) (triple twisted)

Gre s

=7
f——1 100pm
L EA ST

Figure 2-5:  Stardard electrodes of fluorescent lampeft: doublewounded stick coil used for T12 and TO8 lam|
right: triple coil used for TO5 and compact fluorescent lanapsl;middle SEM of emitter structureSEM
pictureis taken from[vaN DEN HOEK 2003).
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In Figure2-5 the two standard electrodes for fluorescent lamps are shown. Jdadlesh

stick coil (Figue 2-5, left) is used for T12and T08 lamps. The primary spiral consists of a
thin tungsten wire wrapped around a thick wire, known as the primary core, which is
needed for mechanical stabilization of the unstable primary spiral. This primary
construction is again wrapped tightly torin the stick coil. At both ends, the electrode is
connected to the electrode posts by crimp connection. The typical length of the electrode is
approx. 10mm, and the typical diameter isnmim. The electrode is coated with
approximately 10ng of emitter, wikreas the regionrhm from the post is free of emitter.

For smaller lamp diameters, a stick coil is wrapped again to form a triple coil (see Figure
2-5right), and these electrodes are primarily used for TO5 and compact lamps (T04).

2.2.2 Emitter coating

Theprefabricatedelectrode system includéhe electrode post melted in a gldssider, the
tungsten electrodendthe emitter coatingDue tothe chemical instability of alkali oxides
in air, electrodes areoated with an emissigmaste thatisually containsalkali carbonates,
as these are capable of being decomposed by heat to the desired Blalesmnitter
mixture consistof barium carbonatewith additional alkali carbonate, such sieontium
and calcium-carbonate. The typical particle sizes in the emissiorefmstbout 1 to fum
[RuTscHERand DEUTSCH1984. Thereexist quite a lot bdifferent mixtures depending on
the application and especially on the manufacture, whdya@sm carbonate is the main
componentand is responsible for an efficiergmission of electrons. The other carbonates
are used to optimize tHeng-terminstantstart stability and to increase lifetime. Therefore,
the following discussion is focused bariumcarbonate, whereas tigeneralprocesses are
similar for the other alkali carbonates.

Activation of emitter

The decompositiorof barium carbonateby heat tothe desiredbarium oxides isachieved
during lamp productiounder absence of oxygen at high temperatures. For thialledl
activation,the electrodeareheated up tabout BOOK andthegases produced apgimped
out. The two most significant reactions are the wanted thermal decompositizariom
carbonate to the desirbéadriumoxide by production of C®

3BaCQy(s) - 3Bad(s)+3CO,(g) (2-1)

and the unwanted oxidation of tungsten by carbon oxigeproduction of CO at the
boundary layer of tungsten abdriumcarbonate

3BaCQ,(s)+W(s) - Ba,WO,(s)+3cO(g). (2-2)

®The them T lt@hulatdamswith dn bizmeterdp-eighths of an inch.
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Figure 2-6 (left) illustratesthese main processest typical activation temperaturealfout
1300K), the unwantedeaction(2-2) is thermodynamically highljavored[RUTLEDGE and
RITTNER 1957. Thus, barium carbonate is wasted by production of;®&s forming a
layer between tungsten abdriumcarbonateFurther production of BAWOg is limited by

the diffusion ofbariumcarbonate through this layer.

To reducethe loss ofbarium according to reactiol2-2), a specialtemporal temperature
profile is usedduring activationoptimizing he amount obariumoxide. In general, a high
temperature of the electrode should be reached very quickly and kept constant for a certain
time. The process could be controlled by measuring the gases produced.

The produced Ba@orms aporousstructureas irdicated inFigure 2-5 (bottom, middl|é,

and Figure2-6 (right) illustrates a scanninglectron microscope (SEM) image of the cross
section of an activated electrodiround the small tungsten wires a more or less irregular
layer of BaWOg is formed All bariumcarbonate is converted porous BaO.

processes during SEM of electrode cross section
activation at 1300 K after activation

#—— BaO

AL BaCO, -3 BaO+C0,

Ba, WO,

3BaCO+W —3 Ba, WO, +CO /

Figure 2-6:  Left: processesdluring activation converting BaG@o the desired BaO. A B&/Og layer is formed at the
boundary layer of tungsten and BagRight: scanninglectron microscope (SEM) image of cross seci
of an electrode after activation. TB&EM picture is taken fronivan DEN HoEk 2003.

2.2.3 Work function and generation of electrons at the cathode

The key feature of the cathode is the efficient emission of electiorsder to leavea

solid body, the energy of an electron has to be at least as high as the potential barrier
keeping it in the sad. For metalsthe electron energy distribution (EED) is given by the
FermiDirac-distribution

1

E-E; ’
e kT + 1

W(E) = (2-3)

WhereW(E) denoteshe average number efectronin the state with the energly, E;
the Fermi energyk, theBoltzmann constapand T the temperaturéAt a temperature of
absolute zero, there is no electron at energigisehnithan the Fermi energyhe potential
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differencebetween this Fermi energy and the outer surface is defined as the work function
F, (seeFigure 2-7a) [JENKINS 1969. The work function depends on the material, the
surface structure and the surface coating. Therefore, it is strongly influenced by impurities
and additional surface layesuch as oxide coating tsariumtungstate For pure tungsten

the work function is about 4&V [CHITTKA et al. 1997, whereas for tungsn with an
atomic layer ofbariumit is less than 2V [MISHRA et al. 2004 A further lower work
function of 1.36eV is reached byarium layer onbarium oxide [MISHRA et al. 2004.

Thus, the usebariumoxide emitter is well suited to lower the work function significantly.
However, every electron that leaves the ele&rbds to overcome the work function.
Depending on the operation mode of a fluoresdamp, two different mechanisms
dominate

During the glow phase (approx. the first second)instant start circuits, the electron
emission is due tsecondary emission lyombardment opositive ions. Fothis so-called
g-process, a high cathode fall voltage is needed to provide enough energy for the ions. Due
to this high energy, the ionsalso destroy the electrode by sputter[ipDRATH 2007.

During the glow phase, the electrode is heatednip a certain temperature reacheand
transits to the arc mode (gleta-arc transition).

Thermionic emission of electrons

During steadystate operation the electrode works in the so calledgnade (arc discharge
[RAIZER 1991]), characterized by the thermior@mission of electrons fromhot electrode.
The formation of ahot-spot occurs,having a typical temperaturef between 1100 and
1400K and a typical width of 0.5nm.

At such high temperatures, the electron energy distribution fun@i8pof the electrons in
the metal has a significant amount of electrons above the work furibabrareable to
leave the solid bodyAccordingly, electrons are emitted at the hot acefThe number of
electrons emiti@ per time and surface area, also writksrturrent densityJ , is described
by theRICHARDSON-equation RICHARDSON 1969:

F

J=AG2GR (2-4)

whereT is the temperature of the met#l, the work function k; the Boltzmann constant,

and A the RICHARDSON constanfMELISSINOS19664. As could been seen easilprn the
eqguation, the current density strongly depsema the surface temperature as well as on the
work function. Due to balancing heating and cooling mechanisms, a temperature of the
hot-spot will arise so that the discharge current during the cathode phase could be delivered
by thermionic emissiorifThe main heating mechanisms are the heating due to the collected
electron in the anode phase (electron heatingating byions acceleratedth the cathode

fall during the cathode phase (ion hea}ljrajpnd ohmic heating by the discharge current in
the thin tungsten wire. The maaooling mechanismare the emission of electrons during
the cathode phase (providing the work functidr@at radiatio andheat conductancaong

the electrode and through the buffer fasTscHERand DEUTSCH1984.
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Reduction of work function by electric fields

In the presence of an electric field at the surfacet & produced by the cathode fall
voltage, the thermionic emission could be increased by the reduction of the work function
in equation(2-3). In case of the alkali adte electrodes used in fluorescent lamipgo
effectsthat mustbe consideredrethe ScHOTTKY- and thepatcheffect [ GARNER 20084.

Both are lowering the work function in presence of an electric field and allowing a fast
temporal modulation of the elieode emissionThis is needed for AC driven fluorescent
lamps, as the temperature stays more or less constant duripgrate

The ScHoTTKY-effect is also known as enhanced thermionic emissiAn electron,
escaping from the surface<10) of aconducobr, induces anirror chargeandthereforesees
apotential in the form:

2
Er)=- 4, = (2-5)
(e electron charge,e, vacuum permittivity) outside the surface. Together with the
potential produced by the outer electric fielceEr, the effective potential barrier, and
therefore the work function, is lowered (sEgure 2-7). The resulting effective work
function F could be written as the difference of the original work functtoy and the
drop of the potential weer D F dependingn the electric field

F=F,-DF
3 . 2-6

D F= e’E (2-6)
4o ¢

(e electron charge E electric field, g, vacuum permittivity.

The patckeffect depends on local variations of the work function. As the work function of
alkali oxide electrodes depends on the density of free barium, it could vary strongly
between neighbored crysta[@vaymouTtH 1971. Assume neighbored surfaces with
different work functionsF, and F, have the same size. For an infinity checkerboard
pattern of these two surfaces, it has been s{®r0aKER 1935 NOTTINGHAM 1934 that in

the absence of an electfield the effective work function is given by the averaged work
function F =(F,+F,)/2, as illustrated in Figur@-7b. In the presence of moderate
electric field, the effective work function is reduced to a value bdlowF (see Figure
2-7c¢). For an even stronger electfield, the effective work function is equal to the lower
work function F, (see Figure2-7d). Thus, the electric field allows the effective work
function to be varied by an amount BfF=(F, - F,)/2. To give an example, a difference
between work functions of abouiY at an electric field in the range of 10,00@m leads

to an increase of the thermionic emission by a fact@ 8f100 [WAYMOUTH 1971].
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Schottky-effect path-effect
b)
a)
W(]’) A metal vacuum El.
0 — c)
!/_\.tb S
(bu I(D ‘;"‘
E_
- — — - F
d)
> E
0 r F

Figure 2-7:  Reduction of work function by electric fields in case of BwmioTTky-effect (left) and the patbffect
(right).

Needto lower the work function with presenceof free barium

As mentioned before, a low work functicilue to the presee of free bariumis essential
for this kind of highefficient electrode The needto lower the work functioncould be
illustrated by two calculatiors accordig equation (2-4). To reachthe same electron
emission of pure tungsten (work function é\8[CHITTKA et al. 1997) at 2500K, tungsten
with an atomic layer dbarium(work function 2eV [MISHRA et al. 2004) would only need
a temperature of 1196. Thus, the presencef barium reducesthe energy needed for
electron emigsn (electrical electrode loss) ansignificantly lowers the electrode
temperature to a levéhat allows for théong-term operation oftungsten filamerst

The sensitive coupling of work function and {spiot temperature should Beistratedby
anothercalculation.It can be assumed thatypical hot-spottemperaturas 1250K and a
work functionis 2 eV for bariumon tungsteriMISHRA et al. 2004. An increase of the work
function of 0.1eV, e.g. by the reduced production rium would thereforelead to an
increase of the hetpot temperate of 56K to 1306K. Thus,even a minoincrease othe
work functionleads to a significant increase of the electrode temperature and therefore to
increased electrode erosion.

Production of barium during operation

The freebariumis continuously produceduring operationAfter activation,the emitter
consistsof barium oxide. In hot-spot operation modethe barium is provided from
reduction of the oxide by tungsten:

6BaO(9+W(s) - Ba,WO,(s)+3Bag), (2-7)
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whereasthe correspondingapor pressuref free bariumis given,according toRutledge
and Rittne[1957, by.

, 1640K

Peag =1333Pa10 T . (2-8)

The reactionappearsonly at the tungsten surface and is limitedtbg temperature (see
equation(2-8)), the loss of the producdshriumandthe presece of bariumoxide at the
surface The producedarium tungstate Ba,WO, forms a layer at the tungsten surface
limiting further transport obariumoxide to the surface as well as the diffusion of the free
bariumproduced (se€igure 2-8). However,Rutledge and Rittngr1957 have shown that
reaction (2-7) does not represent the end point in the reductiobasium oxide. The
produced tungstatBa,WO is capable of further reduction with tungsten:

2Ba,WO,(s)+W(s) - 3Bawo,(s)+3Bag). (2-9)
For this reactionhe correspondingapor pressuref freebariumis given by

, 186K

.. 8
Peag =1333Pa0 T . (2-10)

material &
Barium transport

gas gas
gas diffusion
Ba Ba Ba Ba ]
BaO
! porousBaO
diffusion through pore:
BaO “k
[~ : Ba.WO, } Ba,WO,

solid diffusion
tungsten
W//////////////// %

6BaO(s)+ W(s) £ Ba,WO,(s)+ 3Ba(Q)

Figure 2-8:  Production of frebariumat the surface of tungsten wires during operation in spot mode at temper
of about 125KK. The loss of the producdgariumis determined by the diffusion through the;B&Dg
layer (solid diffusion), diffusion through the porous emitter (primary Ba@d diffusion through the
buffer gas to the inner wall.

As the vapor pressure of free barium produced by reai@hat 1250K is about half of

the pressure produced by reacti@i7), it could be concluded that reactid8-7) is
dominant. Through experimental studies, Rutledge and Riftt@@%7 determined that
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normal electron emission occurs as long as barium is generated by ré2&amd that
emission fails when reactiq2-9) takes over as the source of free barium, causing the end
of the electrodebds | ife.

2.3 Electrode erosion

The lifetime of a fluorescent lamp determineé by the lifetime of its electrags. Thus,long
living, robust electrodes are essential for dledhuorescent lamp<uring live time,the
eledrode and its emitter are consumed Thus, the investigation and understanding of the
erosionprocess is of special interest.

The dectrode operation stngly depends on the presenof free barium produced by
reduction ofbarium oxide. If the amount of freebariumis not sufficientto reach the
thermionic emissiomecessarythe lamp would not ignite or would stay in the glow mode
causing rapid destructioof the electrodeFinally, the electrode sfetime depends on the
remaining reservoir othe emitter, primaky barium oxide Considering thisthe term
electrode erosion is equivalent to the term emitter erodiora broader efinition, all
processes lowering the lifetime of the electrollging operation could benderstoodas
electrode erosionThere are three essential processesputtering (removing electrode
materia), chemical reactior{consumingbarium or reducing furthe barium production,
and theevapration ofbarium(consuming thdariumemitter), which will be discusseth
more detail.

2.3.1 Sputtering

If ions with a certain amount of kinetic energy hit the electrode surfaeemitter material

is releasediy sputtering In case of the alkali oxidelectrode,sputtering occurs for ion
energies above 1&V [GARNER 2008h WAYMoOuUTH 1971. The amount of sputtering
increases exponentially as tkieetic energy of the incident ion increases above shigter
threshold STUART and WEHNER 1967. As thekineticion energy at the electrode surface is
determned by the cathode fall voltagéhé potential drop of théapprox.)0.1mm thin
cathode sheath at the surfgaceven a small increase of thettuade fall can drastically
increase sputtering.

In particular, sputtering occurs during instant start (cold start). The lamp ignites in
glow-mode (glow discharge) where cathode fall voltages up tov1IDFWAYMOUTH 1977

may appear, causing a significant amount of sputtering. It has been projiddd®RaTH
2007, that the kinetic energy of the ions is sufficient enough to sputter the emiterahat
and also the tungsten. After a certain time in the glow nbeeelectrode is heated by ion
bombardmentand transits into the armode (glowto-arctransition) In the a&c-mode,
thermionic emissionlominatesand the cathode fall voltage is below #paitter threshold

The instant startimits the number of switching cycles and reduceseteetrodelifetime.

To reduce sputtering during ignitiothe electrode could be heated before ignition, the so
called warrsstart [GouDp and DoRLEIIN 2003. This delayed ignitionis the standard
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procedure of modern electronic ballastsd leads to a significantly increased electrode
ignition durability.

During operation, puttering always appesif thermionic emission is nogufficient The
electrode is designed for one optimal discharge current by using a tungsten filament
producing enough ohmic heating for reaching the desiregsguit temperature. During
dimmed operation, a lower discharge current is applied and a sufficient-spot
temperature could not be reached. This will result in a higher work function causing higher
cathode fall voltages and therefore causing sputtering. To reduce sputtering in dimmed
operation, the electrode could be heated by an additi@at current througthe electrode
[Goubp and DoRLEIIN2003.

Finally, sputtering will occur before end of life. If the emitter is consumed or chemical
reactions makingt ineffective, the work function will increase agndccordingly the
cathode fl voltage will exceedthe sputter thresholdlhus, atits end of life the electrode is
destroyed by sputtering.

2.3.2 Chemicalreactions

Electrode erosion due to chemical reacs summarizeall chemical reactionthat lower
electrode life. There arevb main categories of possible reactions, reacioconsuming
emitter materialespeciallybariumor bariumoxide) and reactions reducing or preventing
the production of fredarium resulting in insufficient thermionic emission and therefore
increasing the cathedfall voltage above thgputter thresholdUsually, these reactionare
causeé by impurities during the lami production such as water. Another typical process
is the sputtering itself. During instastart,a certain amount of tungsten is sputtered an
attached inordinabg on the cold electrode. This codlshd to an increase of work function,
resulting in lower thermionic emission leading to higher electrode temperatures
[WAaYMoOuTH 197]. After 10 to 60minutes,the effect will disappear and the electrode
returns to normal operation.

2.3.3 Barium evaporation

During steadystate operation, the electrode operatdepends on the pressnof free
bariumon the electrodie surface. Due to the high hepot temperatures, the freéarium
inevitably evaporatesSuchloss has to be compensated dpntinuouslydelivering free
barium by reduction ofthe barium oxide accordig to reaction(2-7). As the amount of
barium oxide is limited, i consumptiondue to barium evaporation determines the
electrodé difetime. To illustrate theconsumption in Figure 2-9 SEM images of a new
electrode (left) and an electrode at about 75% of its lifetime (right) are presentedhEirst
hot-spot is attached at the right side of the electrode at the intersection of coated and
uncoated electrode. During lamp life, the-Bpbt moves along the electrode (to the left),
consuming the locddariumoxide and producing a rough surface ohsemed emitter and
bariumtungstateBa,WO, [VAN DEN HOEK 2003.

23



Fluorescent lamps

4 mm

Figure 2-9:  SEM imageof triple coils: a new electrodgleft), andan electrodeat about 75%of its lifetime (right).
During lifetime the hotspotmovesfrom the right side along the electrode and consithe BaOemitter
by production of free Ba and BAOg remaining as porous coating at the electrode. Pictures are
from van derHoek[2003.

If the supply of barium oxide is not limitedat the hotspot reaction (2-7) is in
thermodynamic equilibrium anéree barium with a density according to thieotspot
tempeature (see equatid@-8)) is producedat the tungsten surface. In that case, the overall
bariumproduction ratés equal taheloss rate obarium as losbariumwill be deliveedin
addition by the reactiorto sustain the vapor pressure at thegstensurface.Thus, the
emitter consurption is proportionato the loss ratef the freebarium

The loss rate is determined the diffusion of bariumfrom the tungste surface through the
barium tungstate Ba,WO, (solid diffusion), through the porous emitteKNUDSEN
diffusion [RUTLEDGE and RTTNER 1957 STECKELMACHER 1986 WAYMOUTH 2003), and
finally through the buffer gas (gas diffusiciwvards the inner wall, as illustratedfigure

2-8. The soliddiffusion through thébariumtungstateBa,WO, depends on the thickness
and permeability of théayer thatmay change during time and is charactetibgy the
history of the electrode. The diffusion through the emitter depends on its porosity
determined by the patrticle size, the emitter mixtiaed the activation proces3he
diffusion through the buffer ga®ueld be described the diffusion equation:

&nBa(t’Ih) = _B@Ba :Bc‘éDBaBnBa(t’P))’ (21D

where nBa(t,P) is the temporal and space dependentumdensity, G, is the bariumflux

and Dg, the bariumdiffusion coefficient in the buffer gas. As tiariumflux G,,, and
accordingly the barium loss directly depend on the diffusion coefficient, thevious
approach for reducing the losses is to keep the diffusion coefficient as small as possible.
This could be done by either increasing the buffer gas pressure or choosing a noble gas with
higher mass. It has been shown\Waymouth[197]], tha anincrease of argon pressure

from 1 Torr up to 2.5 Torr would reduce thariumloss by the same factor of about 2.5.
However, the range ofhoosing a buffer gato reducebarium losses is smallas the
efficacy of UV emission strongly depends on it and has a higher priority in lamp design.
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Not all of the evaporatedariumis directly lost since amninor amount is transported back
to a cold region of the electrode, eitherb@siumatoms or abariumions. In contrast to
production by reduction of BaQthe vapor pressure of putearium is quite higher
[RITTNER et al. 195F:

973K

.. 183 ——
Peag =1333Pa0 T, (2-12)

For typical hotspot temperéures (at 1250K, pg,,, =148Pa), back transportedarium
would completely evaporate as the -sBpvt would beformed close by.Thus, back
transportedbariumis not available for lowering the work function in the preseof the
hot-spot ands effectively lost folfurtherelectrodeoperation.

Beside higher gas pressure and the usage ofrhags noble gases, thariumloss could
be reduced by the addition 8&CQO, and CaCQ, to the basic emitter mixture. litas been
shown byRutledge and Rittngr1957 thata mixture ofbariumandstrontium oxide could
significantly reduce thbariumvapor pressure accordingequation(2-8).

However, the totabariumevaporation is very difficulto calculate. Whereas the diffusion
through the buffer gas is more or less well defined, the diffusidraofim oxide andthe
producedbarium through thebarium tungstate Ba,WO, layer at the tungsten surface
depends of several aspects as the structure of the layer and the electrode lhistory.
addition,consideration must be given ttee KNUDSEN diffusion through the porous emitter
Accordingly, researclor determiningevaporatn focuseson diffusion through the buffer
gas. At typical electrode life times of 20.000 hoting evaporation rate and the densities of
the evaporatetariumare quie low and very difficult to determinélhus the research on
barium evaporation was lited by the actual technical capabilitiesshereas the
evaporatiorhas been determidendirectly and not during operatiod herefore, there are
still attempts to determine the rebarium evaporation directly and during operation.

25






SExperi ment al met hods

In this study the absolutelensities of the erodelrium are measured by lasenduced
fluorescence (LIF; and tounderstand the electrode operation in degaltitional methods
are applied. The electrode temperature as a key parameter for evaporateasisan by
an optimized pyrometric measurement systemThe electrode operation itself is
characterized by its local work function determining the electrode sheath plasma. Thus, the
cathode fall voltage is determined by the capacitive coupled band metthaldeaelectron
densities in the electrode region are measured by microwave interferometry.

To increase readability of the thesin the followingan overview of the applied methods is
given. A more detailed description including the characterization efapplied setup,
optimization techniquesand error discussionan be found inAppendix A, in orderto
provide readers focused on the results and discussiotisan overview and t@rovide
readergnterested irexperimental methods with detailfterwards, the investigated lamps
and precondition parameters are described

3.1 Resistive method for determination of average electrode temperature

For investigations of eléode material evaporation of a heated electrode and for
calibration of the pyrometric electrode temperatmeasurement, the resistive method for
determination of average electrode temperature is applied. In getiezaklectrode
resistance during heag) by a constant D&urrent is related to its cold resistance measured

at known temperature and allang the determination of an average electrode temperature.
Due to its practicable application it has been established as a standard method for
commercial fluorescent lampdoRLEIIN and Gub 2002 Libe 2001 MyoJo 201Q
WHARMBY 2004.

The electrodes of fluorescent lamps consist of a coiled construction of tungsten wire filled
with an emitter, whereas the relati amount of emitter may vary according to the
manufacture and the lamp typPoRLEIIN and Goub 2007. By applying aDC current
through the electrode, the current is transported only by the tungsten wire. At high
temperatures and without impurities, the electric resistance of such a tungsten wire depends
only on its temperature. This effect can bedito derive the temperatun®rh the atio of

the resistance at higemperatureRR, divided by the resistance at room temperature (cold)
R.. For the temperature range, interesting for fluorescent lamp electrodes (up 1§)1400
the following relationshg has been establishéoRrLEIIN and Goub 2002 LipE 2001
My0J0201Q WHARMBY 2004:

n=né%g , (3-1)
che
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where T, is the unknown high temperature durihgating andT_ is the known cold
reference temperature (normally room temperature at 22@3.15K) at which R, has

been measured.

The coldelectroderesistant K, is in the range of 1 to 3 Ohm) is measured at a low DC
current of about InA to prevent heating during resistance measuring. To ensure a precise
measurement and minimizing effects of the contact resistance, thevifeusensing
according to Figure 3-1b is applied. The voltage is measured WEITHLEY
200:Multimeter and the current is provided and measured by the high precision current
sourceKEITHLEY 238-Current.

For increasedaccuracy, the contact surfacaf inner electrode posts and outer contaet
soldered Before eacimeasurementhe setups calibrated with a reference that consists of

an original lamp socket with shortened élede(seeFigure 3-1).

[~ connected posts

Ne—"
Y
i
0

soldered connection
to the posts

Figure 3-1:  Setup for heating and determination of theerageelectrode temperature by the resistive meth
Electrical setup for heating the electrod& &rgh precision electrode resistameasurement by fotwire
sensing(right), and originalamp socket with shortened electrode used as calibration meédteft). The
contact surfaceof inner electrode posts and outer contaetsoldeed.

With this setup and the applied calibration, an absolute accuracy of the aVecgale
temperature of aboutd has been achieved at the interesting temperedngeof 1000K
to 1400K. The systematic error due to variation in contactuit resistance of different
lampsdetermines the main err(geeAppendixB.4 for detailg.

3.2 Pyrometric electrode temperature determination

To measure the electrode temperature during operatiarkey parameter characterizing
thermionic emission and emitter evaporatiapyrometric systenfGARNER 199§ provided

by theOsrAM AG, is used.

In general,the electrode is imaged on an infrared detection array and the intensity is
measuredseeFigure 3-2). Accordingto PLANCK's law (see equatioifA-1)), the infrared
intensity could be used to calculate the temperafmeha onedimensional temperature
profile along the electrode could betermined The applied systerdepictsthe electrode

via an infrared transparent lens on an InGaAs detector, asttaigh has 128 pixels and a
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Pyrometric electrode tempéuae determination

spectral response range between ®®0and 1700im. To avoid unwanted emission of
plasma in the electrode region, aptical bandpass filter (maximum transmission at
1500nm) is placel in front of the detector array.

IR detector array

\W\( 128 pixel

“-\ optical bandpass filter

(@ 1500 nm)

_— lens

fluorescent lamp

electrode

Figure 3-2:  Basic configuratiorof thespatialy resolved electrode temperature measuring system.

In principal, PLANCK's law allows the calculation of the temperature from the measured
infrared intensity by a proper calibration of the systé&wr. calculation the emissivity of

the electrodesurface whichis defined by the surface material and strugthias to been
known. In contrast to other materials, alkali earth oxides show a huge variation of the
emissivityaccording to the temperature. In addition, ¢neissivityis affected by impurity

of the surface and disposal lmdiriumandtungsten Therefoe, theemissivityof the emitter
material variesvidely with the temperature and during lifetime. To overcome this problem,
a special calibration methdths been developed

For every measuremerglignment of the electrode takes pldicst. Next the eletrode is
heated by several DC currents (also called heat current) while the lamp is off and the
intensities of the detector array are stored. Simultamgotise electrode resistance is
measurement and the average electrode temperature is determinethgtodne resistive
method geeSection3.1). As such for each pixel theneasuredntensities could be assigned

to a certain temperatunesed as calibration. Foneasurements during operation, for each
pixel the actual intensity is ad to interpolate the temperaturerh the intensityi
temperatee calibration for the correspondipgel. Such a calibrated electrode temperature
profile could be determimewith a temporal resolutionf@bout5 ms The method allows

the determination oflectrode temperatures for nearly every type of electrode and electrode
material without knowledge of its emissivity. Mainly, the accuracy is determined by the
calibration which lead to an error of about 1.7%.

Details on the method, setugnd calibration are given hppendixA.1
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3.3 Cathode fall estimation with band method

The band method is applied to estim#te cathode fall voltage that charactesizke
electrode operatiorlhe cathode fall voltage depends on the formeeshot, the resulting
effective work function, the discharge current, the buffer ayjas the amount of mercury
vapor. t directly deterrmes the plasma in the electrode region. For optimal electrode
operation the cathode fall voltage has to be below a certain level (typid&V) to
prevent electrode erosion due to sputterseg(Sectio2.3.1). Thus, measuring the cathode

fall voltage provides essential information about electrode operation and plasma conditions.
The Band diagnostic method, illustrated Rigure 3-3, is based on placing metallic foil
around the outer surface of the glass tube at the electrode region and measuring the
potential between electrode and foil. The metallic foil is capacitive coupléde inner

wall sheath. Therefore, the method can only be appliefiCalriven lamps. Due to its
simplicity, the band diagnostic has been establishis a standard methotbr fluorescent

lamps [HAMMER 1989 1995 NACHTRIEB et al. 2005%. Other methods such as an internal
probe[CHEN and LABORATORY 1964, a movable electrode\RNDT 1976 MISONO 1997,

or actinometr§ [HADRATH et al. 2007 need a modified lamp or deliver much less
information

per-heating switch

J

current controlled power supply
working at 25 kHz

electrode o
copper band electrode

| | —

fluorescent lamp i ‘__“__

oscilloscope

Figure 3-3:  Experimental setup for thband diagnostic method. A metallic foil is placed around the outer surfa
the glass tube and the potential between electrode and foil is measured.

The simplicity of the setup is accompanied by several limitations on the in&dipnedf

the measured potentighlthough the measured signal is related to cathode fall voltage, it
involves effects by the discharge, e.g. the plagmath sheath at the inner surface, and
effects of the external measurement circuit. The potential differbetween the inner wall

sheath and the boundary between bulk plasma and electrode sheath produces an additional
unknown shift. Nevertheless Rich Garner [2008G significantly improved the
understanding of the method and interpretation of the sigaaisletailed understanding of

® Actinometry a noninvasive method, determines if the cathode fall voltage exceeds certaimottiseeby
observing certain emission lines of Argon.
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Electron density measurement by microwave interferometry

the method, an equivalent circuit representation of the band diagmsliscussed in
Appendix A.2. It includes the electrode sheath potential (the quantity of interest), the
potential between the electrode shegaidsma boundary and inner wall shepthsma
boundary, lhe potential drop through the inner wall sheathd the potential across the
glass.

For the measurements in this work, the applied band probe consists ofnan® thick and

24 mm wide copper foil. The band is wounded completely around the outer suffénee o
glass tube and is cemntl to the electrode. The band is connected to the voltage probe
LeCroy PPOO5 (voltage divider 10:1, 10MOhm, 1} pkhich is connected to the digital
storage oscilloscope LeCroy WavePro 7300. For measurement, the signal ged\da
times, whereas the oscilloscope is triggered by zero crossing of the discharge current.

To allow comparison of different lamps and discharge condiiod especially to open the
opportunity to comparethe results with other worka new calibrationmethod for the
external circuit (including the formed capacit@; between inner wall sheath and outer
band probe, the voltage probe and the oscilloscope) has been appisgstased oma
comparison of the potential along the positive column with the potential measitineal
second band probe at the other electrode. With the calibration, a scaling factor of about
Co.ng® 1.145 has been determined for the applied setupariesfor different lamps in a
smaller range of about 5%.

However, a detailed discussion of the method of the equivalent circuit representation and
the calibration method is given AppendixA.2.

3.4 Electron density measurement by microwave interferometry

In order to characterizéne plasma in the electrode regiow its electron densitythe non
invasive method of microwave interferometry is appliéd.cortrast to other invasive
methods such as internal probeneasurements or th8rark broadening ofH, - line®,
microwaveinterferometry isest suited for application on commercial fluorescent lamps.
Microwave interferometrymeasuresthe phase shiftof electromagnetic wavedy
propagation through a plasméinder the investigated conditipthe wave numberk
describing the propagation of electromagnetic waves depends on the electronmensit

For internal probe measurements, a thin electric conductor is inserted in the active plasma and its
voltagecurrent characteristic is measurgtHEN and LABORATORY 1964 MOTT-SMITH and LANGMUIR

1924. The method requires a modification of the dischargénbgrtingthe internal probe, which also
disturbs the discharge itself.

To determineelectron densities by badening of H-lines[TORRESet al. 2007, the STARK broadening due

to the electric fields, depending on the electron denistyneasured. This method could be applied for
electron densities above 20° and needs thpresencef hydrogen For application in fluorescent lamps,
hydrogenhas to be added to the gas filling.
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2

k=2 J1- D
C n,
with (3-2)
n, = eorzne %
e

where w is the angular frequency; is the speed of lightn, is critical electron density,
m, is the electron massg, is the vacuum permittivity ane is the electron charge. The
detailed discussion as well as tencludedassumptions are given AppendixA.3.1

For electron densities smaller than the critical density n_, the phase oélectromagnetic
wave is shiftedRAckow et al. 201]. By measuring these phase shithe path average
electron densitgould be determined o ensureapplicability of the methodthe frequency
of the electromagnetic wave has todmmsen carefully. On the emand it should beery
high to achievea suffident spatial resolution (determideby the resulting wavelength
whilst on the other hand ¢hincreasing frequencyesults in a smallephaseshift, and as
such the detection lirhis lower.

As acompromisea customzed 150GHz system from Millitech Inchas been applied he
interferometer operates as a heterodyne detector, whereas the opkrfatigunency
f,e =150GHz is mixed with a second frequendy, =1501GHz of a local oscillator to
an intermediate frequencf,. =100MHz used for phase detectiofhe resulting 15GHz
beam is focussed via a dielectric lens madR{oLITE to the region of interest. A second
lense and corrugated horn antenage used for detectiorBy measuring the beapath it
has been proven thaspatial resolutionfoabout 4mm could be realized.

For phase detection, the meassignal and the referensggnal at 100MHz are sampled
with PGAD-card (Gage Cobra GS21G8) adbMS/sand analyed via an optimized
algorithm.The algorithm for analging the sampled signal allovisr the adaptation ahe
temporal resolution whereas a higher temporal resolution results in a-pbase
resolution. For typical measuremgnt tempoal resolution of 25@s is applied. The
resultingerror in the determined path average electron de(wsgl} is 2400°m for a
single shot measuremeantd 2.4Q0°m® for a 100 time averaged standard measurement.
In order to overcome the restrictions of these method a new technique was developed to
determine the phase shift caused by the plaflueng measwment, the lamp is rapidly
switched of by an IGBT®-shorting circuit and thushe phase whethe plasma ison and
the reference phasehenthe plasma is offaredetermined during anmeasurement with a
duration of about 1fns.

A detaileddiscussion of the method, the applied setup, the phase detection algarithm
the resulting erroaregiven inAppendixA.3.

° A insulatedgate bipolar transistor(IGBT) is a threeterminal power semiconductor deviaesedfor fast
switching It consistof anisolated gatdield-effect transistofor the control inpuand of a bipolar power
transistorfor switchthe load.
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3.5 Determination of absolute particle densities by using LIF

For determination of eroddaariumandbariumionsin the electrode region (during lamp
operation, LIF is applied In contrast to other nemvasive methosl such as laser
absorption,LIF is more sensitive andllows a betterspatial resolution necessary for
measurements of thew densities ath strong gradients that occur

The method based iexciting astate of an atom (or a molecule) of interest by laser and
observing fluorescent emission due to the natural decay of the excitedTsmtemitted
fluorescent radiation is proportional to the density of the state ex€ivedmethod could be
described by system of rate equatiotigatinclude the absorption of the laser photon and
the decay of the excited state by emission of fluorescent photons. The absorgtion an
emission of photons are wavelength selective and characteiastieach atomand
molecule Thus, by choosing proper laseavelength and observing the fluorescent
wavelength the density of aselectedstate of the species of interest could be measured.
Typicaly, a state system with different excitation and fluorescent wavelengths is chosen to
separate laser and fluorescent photonkhe theoretical fundamentals of the
LIF-spectroscopy are discussed in detail in several texmah aJDEMTRODER 2007,

as well as in a few theses such[ldgAMES 2000 NIEMI 2003 SCHNABEL 1999. A short
summary of the fundamentals necessary for this work is presenggbandixA.4.

For the applied setup, a pulsed sdtdte Nd:YAG laseQUANTA RAY PrR0O-230 (from
SPECTRAPHYSICS) is used to pump the dye ladereCISIONSCAN - D1800 (fromSIRAH)
[SrRAH-GMBH 1998 with a double grating resonator (each with 1800 grooves/mm) in
LITTMANN configuration. In case of exciting thHmriumground state, the laser frequency is
double by a KD crystal. The typical line width is 1.3#n (value given for 358m). For

beam quality optimisation, a spatial filter is used resulting@assIiAN beam préile with

a full wide at half maximum EWHM) of approxmately 0.72mm. Antireflectivecoated
prisms are used to direct the laser beam through the electrode region of a fluorescent lamp.
The fluorescent radiation is observed perpendicular to the laser(beafigure 3-4a).

The region of interest is imaged by a system of two lenses to the entrance slit o a 0.5
monochromatorACTON RESEARCHI SPECTRAPR0O-500) used as a wavelength separator
suppress scattering laser light as well as background light emitted by the plasma in the
lamp. The resulting observation volume has a size of 0.67 x 0.67 &44mm?".

For light detection, agatedphotomultiplier (PMT,HAMAMATSU D1477-06) is mounted
behind the exit slitThe signal of the multiplier is detected byigital storage oscilloscope
(LeCroy WavePro 7300iggered by a synchraration signal of the Nd:YAG laseF.or
further analyses, the waveforms are tramsf#io a personal computer (.C

To improve sensitivity, the temporal shape of the fluorescent signal is analyzed. The
detected fluorescent pulse has a length of abouts]1@hich corresponds to the natural

1% potassiumbDihydrogenPhosphatgKDP) is atetragonalnegative uniaxial crystahat could be used for
freuquency douling of lasergor successful frequency doubling, the optical axis of the crystal must be
orientedin the rightangle(depending on the wave length) to the incident light.
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lifetime of the excited state. For background corrections, the signal befdrafter the
pulse is used (see Appendi4.3). In case of measuring barium atom ground state, a
detection limit ofn © 1.540"°m ® has been realized.

Ba,lowerlimit

a) fluorescent lamp —_

electrode

Nd:YAG . dye
laser 532 nm laser 350.1 nm

observation volu

lens 1
b) Barium atom ©
lens 2
5d6pP
! g} Barium ion
2
u
6p°P,, monochromator PMT
582.6 nm
s10.2nm
350.1 nm 655D,
455.4 nm
5¢D,,
6s'S —_— 65'S

0 12

Figure 3-4:  Absolute particle densities determination of eroded barium by LIF
a) Experimental arrangement of the LIF experiment. The beam of a Ndpthtped dye laser is used
excite barium or barium ions in front of the electrode of a fluorescent lamp. The fluorescent ra
is imaged to a monochromator and detected by a photomultiplier (PMT).
b) Part of the barium atom level diagram with tréinsis used for the experiment
c) Part of the barium ion level diagram with tsitions used for the experiment

For absolute density measurements khger beam excitation crosection the exact
observation volumand the observation systemviedo becalibrated. Thus, for this work a
Rayleighscattering calibration is applied (s&ppendixA.4.4).

In order to measuréarium atorrs, the ground state is excited (35@uh) to thebarium
level Ba(5d6pPy) and the fluorescent radiation at 582.6 is meas(sed Figure 3-4b).
When measuringbarium ions, the ground state is excited (456m) to the level
Ba'(6p°Ps2) and the fluorescent radiation at 614.2 is meas{s®eFigure 3-4c).

According to the applied laser power approximately8 pJ, the excitedstatesshould be
saturated i@ equilibrium according to their statistical weigh&nd there shoulde no
dependenceof the fluorescent radiatioron the laser powerHowever, a nonlinear
increasing fluorescent signal by increasing laser power has been foursblvEothis
problem, a model solving the temporal and spatial rate equations system has been
developed geeAppendix A.5). It has been found that the increasing fluorescent radiation
results from spatial power broadening. By increasing laser pdhermregionwhere the
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excited system is saturated erfds. Thusthe dfective laser excitation crosgection also
expands and has to be considered for absolute density calibration. In the experiment, the
obtained saturation characteristic is used for correction bsdlwdge calibration. It is also
used for correction of laser power fluctuations during measurements.

Further details on the method, the setup, characterization of the setup, the calianation
the saturation correction model are givel\ppendixA.4.4andA.4.5.

3.6 Investigated lamps andoperation conditions

For investigation, fluorescent lamps identical to commercial368V (L36W/765) lamps
are used. The tube diameter is 2% and the nominal length is 12M. The lamp
contains mercury and a mixture of 7%#gon and 25%rypton at a pessure p of
2.10mbar.

Figure 3-5:  Photos of the electrode region of the investigatedah@s. In contrast to commercial lamps, the el
have been cleared of phosphor to allow LIF and temperature diagnos

As electrode, saalled stick coils with a nominal rms lamp current of 32Q are used.

The electrode is carried by two holders (posts) positioned at a distance of abaut 20

total of 10mg of standar@@sram emitter (about 70% BaGand 30% SrCg) are used.

To enable transmission for LIF and temperature diagnostics, the ends have been cleared of
phosphor. Photos of the electrode region with the typical visual observation of the electrode
region are shown in Figuf®5.

To be as close as possible to commercial lamps, the lamps have been produced on the
original assemblyline of OSRAM-AUGSBURG To clear phosphdirom the endsthe glass
tubeshave been taken from thassemblyline, the phosphor at the ends have been wiped

out, and the lamps have been plddeack on the assemblyline. The emitter has been
activatedaccording the origindDsrRAM standard
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Experimantal methods

Before investigation, the lamps are burmedor 100 hours. This preconditioning leads to
an activation of the electrode processes and builds up a stafsipdtot

Lamp operation

For lamp operation, a spektiaurrentcontrolled power supply provided by tRsrAM AG
has been usedt is quartzoscillator stabilized and operates atk®f. The frequency
stabilization is necessary for synchronization of the laser sy#snis typical inother
experimental setig) a combination of power amplifier and transformer are used. These
setups produce a disturbed current curve during zero crossiligh the appliedbower
supply the effect could be eliminatedvhich is important for investigati@nrelated to
commercial bbast systems.

Figure3-6 depicts theelectrical setupwhere eaclelectrode is connected with two wires to
the power supply. The second wire used for préeating the electrode before lamp
ignition (warm staif, after whichthe current flows priméry to one of the two wires (full
lines in Figure 3-6). To ensure stability and reproducibility of the formed-sot, the
primary current wire is always connected to the same connection pin (marked).

Figure 3-6:  Standard Electrical setup.

The lamp voltage is measured with the high voltage differential probe LeCroy ADP300
(bandwidth DC up to 28Hz) connected to the oscilloscope LeCroy WavePro 7300. For
current measuring, the high frequency AC/DC current probe EHR80 (bandwidth DC up

to 50MHz) is used and connected to the oscilloscope. The current signals is also used for
triggering the delay generat@TANDFORD RESAERCH DG535 synchronizing the laser

™ In general, the aobination of power amplifier and transformer leads to a voltage controlled power supply.
Thus, the applied voltage determines the current through the lamp. During zero crossing the polarity of the
lamp changes whereas, the operation mode of the electbdeges form cathode to anodevime versa
For the cathode phase, the cathode fall has to build up. Before reaching the cathode fall voltage, no lamp
current will flow. Thus, after each zero crossing of the lamp current a short period of zero cuioesst fol
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