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Abstract 
 

Owing to the growing importance of LED technology, the lighting market demands more 

flexible, high-efficiency fluorescent lamp systems. In particular, the ability to regulate light 

intensity (the dimmed operation) exerts enormous stress on fluorescent lampsô electrodes, 

leading to increased electrode erosion and significantly reduced lifetimes. 

The thesis describes a new method to determine the actual erosion of fluorescent lampsô 

electrodes during operation. The method is applied to standard fluorescent 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 lamp current 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 determined by measuring the amount of evaporated emitter 

material. Therefore, the absolute density of evaporated barium is measured by laser-induced 

fluorescence while interrupting the lamp operation for a very short time (approximately 

5 ms) to suppress any interaction 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 and the 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 temperature is measured by one-dimensional pyrometry. 
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1 Introduction 

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 source [GOREN-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 generated as a by-product 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 the elements. 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 made possible through the discovery of enhanced 

fuels such as charcoal and coal. For lighting applications, torches were developed as quasi-

mobile light sources, the earliest of which consisted of 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 developed [AMIRAN  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 improvements were 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 original thermo lamp [LEBON 1799] was 

improved and developed into an advanced light source, later used in streetlights and 

factories. 

In 1800, Humphry Davy invented the first usable electric light source by generating an 

electric arc between two carbon electrodes. The arc delivers about 10,000 lm, which is 

1000 times brighter than a candle. However, the short lifetime of the electrodes 

(approximately two hours) and poor availability of electrical power prevented the productôs 

wide practical application. In 1857, Heinrich Geissler invented the first gas discharge tube 

(the GEISSLER tube), which was a glow discharge in a low-pressure 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 1879 [EDISON 1880]. In contrast to other 

engineers who tested a glowing wire, Edison used a carbon filament connected to platinum 

contact wires with lifetimes of several tens of hours. A few months later, Edison and his 

team developed a carbonized bamboo filament 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 Hewitt [1901]. Its construction was 

based on a 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 at only 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 

development of 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 

quality.  

By the end of the 1930s, the high-pressure 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 design called the metal 

halide lamp was invented. They have a filling of various compounds in an amalgam with 

mercury, whereas sodium iodide and scandium iodide 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 1990s, new designs with lower light output have been used in vehicle headlamps 

or video projectors. 

In 2010, the white LED entered the market as an alternative means of general lighting. 

There technical improvements are still in progress [ZISSIS and KITSINELIS 2009]. Today, the 

efficacy and light quality of LEDs are comparable to fluorescent lamps. The punctual light 

emission and need 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 the clock 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 of 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
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The lighting market 

The lighting market is characterized by the intensified growth of green lighting 

technologies [FROST and SULLIVAN ], where green technologies can be summarized as 

energy efficiency category A & B rated in Europe
1
 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 incandescent lamps in the 

European Union). For the year 2016 the total general lighting market is expected to 71.9 

billion Euros [MCKINSEY] wheras the market is divided into the lamp market (16.9 billion 

Euros), the control gear market (7.3 billion Euros) the fixtures market (43.6 billion Euros) 

and the market for lighting control systems (4.1 billion Euros). According to the technology 

a market share of 43 % for fluorescent lamps, 36 % for LED technology 14 % for halogen 

lamps 5 % for incandescent lamps and 2 % for HID lampes is expected [MCKINSEY]. Thus, 

even through the imens growing of LED thechnology fluorescent lamps still dominate the 

market. 

Technical 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 circulation and improved 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 gas lamp, and especially its subsequent 

improvement, led to an understanding of gas burning and the discovery of high-temperature 

gas burners as useful for melting quartz glass. 

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

the main challenge was the construction of light sources that have a sufficient lifetime. As 

an example, the first carbon arc lamps had lifetimes of two hours. In the case of 

incandescent lamps, the glowing filament is extremely stressed owing to high temperatures, 

leading to the rapid erosion of the material. Thus, the main challenge was the development 

of a durable filament, which was solved by Edison [1880]. 

After discovering the low-pressure mercury discharge [HEWITT 1901], the technical 

challenges were the efficient generation of visible light and development of durable and 

effective electrodes. The generation of visible light was solved by using phosphor, which 

                                                 
1
  A & B rated according the Commission Directive 98/11/EC of 27 January 1998 implementing Council 

Directive 92/75/EEC with regard to energy labelling of household lamps. A rated corresponds to a relative 

energy consumption less than 25% and B rated correnponds to a relative energy consumption between 25% 

and 60% in compairison to a standard incandescent 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 about 100 V, electrode losses of several 

tens of volts significantly affect the lampôs efficacy. Thus, development was and remains 

focused on efficient long-living electrodes. 

For high-pressure discharges, the main challenges were manufacturing a transparent, high-

pressure, and high-temperature-resistant discharge tube and developing suitable electrodes 

that can operate at temperatures of more than 3000 K, which occur together with aggressive 

atmospheres and gas temperatures of up to 6000 K [CHITTKA  et al. 1997]. With the 

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

Electrodes of fluorescent lamps 

For gas discharge 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 coil coated 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 transitioning into the arc mode (glow-to-arc-transition) 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 transition into the arc mode, during steady-state 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 defective lamps. 

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 1940s [LANKHORST and 

NIEMANN  2000], 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 material were made in the middle of 

the twentieth century by optical emission spectroscopy (OES) measurements
2
 in the vicinity 

                                                 
2
  OES measurements were performed on the Ba atom line at 553.5 nm, the Ba ion line at 455.4 nm, and on 

the Sr line at 460.1 nm. 
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of the electrode [HERRMANN 1958; KÜHL 1958; LAKATOS and BITO 1964]. However, the 

disadvantages
3
 of OES make the interpretation of the signals quite difficult. For improved 

investigations, advanced diagnostics are required. 

The main trends and aims of electrode research considering the relevance to lamp 

applications have been summarized by Chittka et al. [1997], who illustrated the special 

requirements during lamp ignition (glow mode) and stationary operation (arc mode). 

Erosion during ignition 

Born et al. [2000] investigated lamp ignition in a pulsed low-pressure argon discharge by 

measuring tungsten erosion directly after the instant start. They applied laser-induced 

fluorescence (LIF) to determine the absolute densities in the cathode region and compared 

the spatially and temporally resolved tungsten densities with diffusion model calculations. 

Haverlag et al. [2002] showed that coil breakage is caused by tungsten sputtering mainly 

during the glow-to-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 high-speed video observation. In contrast, Hadrath [2007] proved that the 

sputtering of tungsten is nearly constant during the glow phase by measuring the absolute 

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 significantly more efficient 

excitation of the sputtered tungsten atoms. The average emitter loss per ignition was 

quantified by Van den Hoek et al. [2002], who used the emitter material with radioactive 

Ba133 and determined its deposition on a moveable shield. 

A one-dimensional thermal model for an operating fluorescent lamp electrode was 

developed by Soules et al. [1989], who found semi-quantitative agreement of the calculated 

temperature distribution with temperature profiles measured by using an optical pyrometer. 

Another one-dimensional model of the electrode was developed by Golubovskii et al. 

[2006]. They included self-consistent heating by using the external and discharge currents 

and found very good experimental agreement with investigations of the diffuse modes, the 

spot modes, and their transition. 

Erosion during stationary operation 

Electrode erosion during stationary operation was investigated by Bhattacharya by using 

the high-sensitivity 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 a zero current 

owing to the re-ignition of the lamp. The ionization of neutral barium and collection of the 

                                                 
3
  The most important disadvantages of OES in the electrode region are that radiation can only be observed 

while the lamp is on, radiation occurs only from excited states, and excitation depends 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 

[2001]. In 1992, Moskowitz [1992] used LIF to investigate the influence of various lamp 

parameters (e.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 60 Hz operation and showed that the maximum 

barium is mainly emitted at the hot spot. 

The electrode processes and especially the interaction of plasma and electrode for 

stationary, high-frequency operation were modeled by Garner in 2008 [Garner 2008b]. 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 Garner [2010] determined the sputtering of barium from the electrode during 

stationary operation. They observed the resonant line of barium atoms at 553 nm with a 

FabryïPerot interferometer to determine barium temperatures. Under certain discharge 

conditions, they found temperatures significantly higher than the electrode temperatures 

that could only occur because of sputtering. 

In 2009, Rosillo and Chivelet [2009] predicted the lifetime of fluorescent lamps choosing a 

more empirical approach by measuring certain lamp parameters (such as voltage and coil 

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 need for a lifetime prediction method. A method to determine the time 

averaged emitter loss by measureing the maximum heat reat (dertemination of the heat 

capacity of the electrode that corresponds to the emitter mass) has been establische by 

Wharmby [WHARMBY  2004]. With hist metode, Buso et al. [2009; 2012] found a quasi 

linear loss of emitter with the burn time. 

Finally, Kobayashi et al. [2010] modeled emitter loss 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 work 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 time-averaged erosion over several hundred operation hours [BUSO et al. 

2009; BUSO et al. 2012; KOBAYASHI et al. 2010; ROSILLO and CHIVELET 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 tens of kHz. This 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 modern fluorescent 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 
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erosion at reduced lamp currents. To ensure 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 of the 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 barium atom and barium ion 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 Chapter 4) 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 with 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 chapters. After 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 and a model 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. 





 

 

 

9 

 

2 Fluorescent lamps 

Fluorescent lamps are classical low-pressure discharges designed for converting electrical 

power into visible light. In 1901 Peter Cooper Hewitt [1901] discovered that a low-pressure 

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 electrical energy into ultraviolet 

light [WAYMOUTH  1971]. 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 resonance 2

3P6  

mercury state at 253.7 nm. With the development of a suitable fluorescent phosphor for 

converting the mercury radiation into visible light and efficient long-lived electrodes 

(developed in the late 1930s), fluorescent lamps became commercially available in the 

1940s [LANKHORST and NIEMANN  2000]. Since then, the basic configuration 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 fluorescent lamps and the need for external ballasts made 

fluorescent lamps incompatible with existing lighting systems. Therefore, the fi rst 

fluorescent lamps were used in industrial applications. In 1981, the efficacy of fluorescent 

lamps was improved significantly by the introduction of electronically controlled ballasts 

offered by OSRAM [ROZENBOOM 1983], which allowed the introduction of compact 

fluorescent lamps in the early 1980s. As these were compatible with the standard socket of 

incandescent lamps, they became a cost-effective, efficient alternative to the incandescent 

lamp [PROUD 1983]. Since then, fluorescent lamps became relevant for the consumer 

market. 

Another improvement has be achieved by the introduction of T5 lamps with smaller 

diameter (T5 = 5/8 inch compared with standard T8 = 8/8 inch) in combination with three-

band phosphors. The smaller diameter has many optical advantages for the design of high-

performance lamp systems. Today, the efficacies of such lamps can be up to 100 lmW
-1
 

compared with approximately 35 lmW
-1

 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, energy-saving solutions and on 

ensuring maximum environmental compatibility [OSRAM 2010]. 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 share of fluorescent lamps of about 43 % of the global lamp 

market with revenues of 16.9 billion Euros is expected [MCKINSEY]. 

 



 

Fluorescent lamps 

 

10 

 

2.1 Configuration , function, type, and operation mode  

Although huge variations of fluorescent lamps exist, the basic configuration is always the 

same (see Figure 2-1). The discharge vessel consists of a glass tube, where typically a non-

UV-transparent glass is chosen. Depending on the lamp type and the desired power, the 

total length is between 14 cm and 240 cm and the outer diameter is between 16 mm and 

54 mm. The outer diameter defines the typical lamp types: T5 (5/8 inch ~ 16 mm), T8 (8/8 

inch ~ 25 mm), and T12 (12/8 inch ~ 38 mm). 

The inner wall of the glass tube is covered with phosphor, responsible for converting the 

UV radiation emitted by mercury to the desired visible light. The chosen phosphors 

determine the light color and quality (expressed by the color-rendering index
4
 CRI). Today, 

primary high efficient three-band phosphors (such as Cer-Terbium-Magnesium-Aluminate 

[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 at both ends of the tube, connecting the external electrical circuit with 

the discharge, and are responsible for driving the current into the plasma. For reduction of 

electron emission losses, the electrode is coated with a work function lowering emitter. A 

detailed description of their construction and operation is given in the following section. As 

fluorescent lamps are typically driven with an AC-current, both electrodes work alternately 

as cathode and anode. 

 

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

 

The filling of a fluorescent lamp consists of mercury vapor and buffer gas. During its 

lifetime, mercury gets lost due to attachment in the phosphor coating. Therefore, more 

mercury than needed is filled in. Accordingly, the mercury vapor pressure is saturated and 

defined by the coldest point of the fluorescent lamp, the so-called cold-spot. The vapor 

pressure and therefore the cold-spot temperature significantly affect the emission of UV-

radiation. 

                                                 
4
  The color-rendering index (CRI) is used to quantify the light quality of a light source. The 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 CRI = 100 is 

acchived by black bordy radition. Typically, glourescent lamps has an CRI between 70 and 90. 
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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 buffer gas, a huge amount 

of electrons would get lost at the inner wall, due to their long free path length. With 

additional buffer gas (noble gasses) with densities 500 times higher than the density of 

mercury, the free path length is significantly reduced due to inelastic collision with gas 

atoms. As the excitation energy of noble gasses (e.g. Argon: 11.55 eV) is significant higher 

than the desired averaged electron energy (approx. 1 eV), only a small amount of energy is 

lost due to elastic collision with gas atoms and the discharge is still dominated by mercury. 

Typically, mixtures of Argon and Krypton with pressures of between 1 mbar and 5 mbar 

are used. In newer T5-36 W lamps, the mixture consists of about 30% Kr and 70% Ar at a 

pressure of 2.1 mbar. 

 

 

 
Figure 2-2:  Regions and potential from the cathode (l = 0) to the anode of fluorescent lamps. 

 

During operation of fluorescent lamps, the typical potential of a low-pressure discharge 

builds up with the characteristic regions given in Figure 2-2. The longest region is the 

positive column connected by the anode sheath to the anode and by the cathode sheath, 

negative glow, and the Faraday dark space to the cathode. 

The positive column is determined by 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 homogeneous and extends over almost 

the whole length of the discharge. In the positive column, the current is mainly transported 

by the electrons. The portion of the electron current on the lamp current is approximately 

99% [WAYMOUTH  1971]. As typical for low-pressure discharges, the positive column is a 

low-temperature plasma. In general, the kinetic energy transfer from electrons to heavy 

particles by elastic collisions is very ineffective due to their great different in mass. At the 

used pressures, the electron-heavy particle collision rate is too low to achieve the 

thermodynamic equilibrium. Therefore, the gas temperature (heavy particle temperature, 
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Tn-neutral particle temperature and Ti-ion temperature) is cold (near to ambient temperature 

eV026.0K300TT in ººº ). In contrast, the electron temperature is quite high. A typical 

value, suitable for very effective excitation of mercury, is eV1Teº . The exact value 

depends on the discharge current and the used buffer gas. In general, a reduction of gas 

pressure leads to an increase of the ambipolar diffusion coefficient resulting in higher losses 

of electrons due to recombination at the inner wall. To compensate for the losses, a higher 

production rate of electrons due to ionization is needed. Due to the lower pressures, the free 

path lengt of the electrons increses. Thus, the electrons could accelerat over longer 

distances leading to higher electron energies (electron temperatures). However, to accive a 

higer production rate of electrons per length, the field strength (the voltage along the 

positive column) has to be increased. The same effects could be observed by the use of 

different noble gases. In general, the ambipolar diffusion coefficient of gases decreases 

with an increase of mass. Thus, in the order of the noble gases He, Ne, Ar, Kr and Xe, the 

diffusion coefficient as well as the electron temperature decreases. 

The uv-radiation, later converted by the phosphor to the desired visible light, is produced in 

the positive column. Due to inelastic collisions with mercury atoms, the electron energy is 

transferred to excitation processes of mercury, primary emitting uv-radiation at the resonant 

lines at 253.7 nm and also at 185 nm. Thus, the electron temperature and the efficacy for 

converting electrical power into uv-radiation significantly depend on the density (the vapor 

pressure of mercury), defined by the cold-spot temperature. If the mercury density is too 

low, there would not be enough mercury atoms for excitation processes and the electron 

energy would be transferred in excitation processes of the buffer gas. Vice versa, a very 

high density would lead to intensified self-absorption. An emitted uv-photon is absorbed by 

a mercury atom in ground state and then again emitted. If these processes dominate (due to 

too high mercury densities), the probability of radiation-less de-excitation increases and the 

energy is converted into heat, lowering the uv-emission efficacy. According to the designed 

power and buffer gas, an optimum vapor pressure could be achieved at a cold spot 

temperature of about 40°C [RUTSCHER and DEUTSCH 1984] (this corresponds to vapor 

pressure of approx. 1 Pa). 

The positive column is connected via the cathode region, including negative glow and the 

Faraday dark space to the cathode. At the cathode surface, about 10% of the lamp current 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 ion currents are balanced. The ionization rate in the negative glow has 

to be much higher than in the positive column to produce the needed ion current. To 

provide the energy necessary for such higher ionization rates, a potential drop between 

cathode and negative glow builds up. This potential drop is concentrated in a very thin 

sheath at the electrode surface (cathode sheath). The so-called cathode fall has a typical 

potential drop of between 5 and 15 V and the cathode sheath size is less than 0.1 mm. In 

contrast, the negative glow has a typical size of between 1 and 3 cm. Between the negative 

glow and the positive column, an approximately 1 cm long region with less ionization 

appears. Analogous to the glow discharge, this darker region is called FARADAY -dark-space 

[WAYMOUTH  1971]. 
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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 

electrons collected by the anode. The concrete anode sheath and its anode fall depend on 

the ratio of discharge current and thermionic emission of electrons. The size of the sheath is 

approximately 1 mm, whereas the anode fall is between 0 and 2 V. For electrodes with a 

large surface, the cathode fall could also be negative [WAYMOUTH  1971]. The anode fall 

builds up during the anode phase. After the cathode phase, there exists a huge amount of 

electrons (due to high ionization in the negative glow) in the anode region. First, the lamp 

current (anode current) could be sustained by collecting these electrons without an 

additional potential drop. However, a low potential drop may occur to recollect 

thermionically emitted electrons. After a certain time, the electron density in the anode 

region decreases. Now the anode fall voltage has to build up to collect the electrons 

necessary to sustain the lamp current. If the anode phase is sufficient short, there is no need 

for an additional anode fall and the anode losses could be reduced. This effect could be 

observed for anode phases shorter than 200 µs and is the motivation for the kHz operation 

mode, commonly used in modern lightening systems. 

Types of fluorescent lamps and operation mode 

Today, there exists a huge amount of different commercial available fluorescent lamp 

types; a short overview is given in Figure 2-3. One example is the classical tubular lamp, as 

well as modifications such as the U-shaped and the circular (no closed loop) lamp. The 

newer compact lamps, with integrated electronic ballasts, are compatible to the standard 

socket of incandescent lamps.  

 

 
Figure 2-3:  Selection of different commercial available fluorescent lamps (FL) such as tubular FL, U-shaped FL, 

compact FL, compact FL with integrated ballast, and circular FL. 

 



 

Fluorescent lamps 

 

14 

 

In principal, a fluorescent lamp could be driven by a DC current. As the lamps have a 

negative differential resistance (at the working point, the voltage will decrease with 

increasing current) the current has to be limited. Therefore, in DC mode an additional 

resistance is required which would produce substantial losses. The easiest method to 

overcome this problem is the use of a choke as inductive ballast, limiting the current. This 

would allow using the normal net voltage for operation. The European standard circuit for 

operation with net frequency (see Figure 2-4, left) also includes a starting mechanism. 

Before ignition of the lamp, the starting switch is closed and the current will flow through 

the choke and the electrodes. This will heat up the electrodes, which will limit electrode 

erosion during ignition, a method known as warm start 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 with a very high voltage, which ignites the lamp. Typical 

ignition voltages are between 600 and 800 V. The polarity of the discharge changes with 

every half period. The ambipolar diffusion time is in the region of 1 ms. 

 

 
Figure 2-4:  Standard circuits for operation of fluorescent lamps with net frequency (left) and with an electronic ballast 

(right) at a few kHz. 

 

At net frequencies of 50 Hz (Europe) and 60 Hz (US), the discharge regions disappear 

during change of polarity and have to be built up again in the next half cycle, causing 

additional losses. By increasing the operational frequency to a value where the period is 

smaller than the ambipolar diffusion time, these repolarization losses could be avoided. 

This leads to the invention of electronic ballasts (see Figure 2-4, right) working at 

frequencies between 5 kHz and 100 kHz. Modern electronic ballasts provide additional 

advantages such as lower losses in the ballast, reduction of flicker, controlled electrode 

heating, dimming and the reduction of ballast size and mass [LU et al. 2005; ZISSIS and 

KITSINELIS 2009]. Very small electronic ballasts allow integration in a standard lamp socket 

and make compact lamps available. Today, electronic ballasts are state of the art and 

commonly used. 

Therefore, in this work the kHz operation mode of fluorescent lamps is primarily 

investigated as it allows the results be applied to classic tubular lamps as well as to compact 

lamps. 
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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 AC-mode, half the time the electrode works as 

cathode, emitting electrons, and half the time as anode, collecting electrons. The cathode 

phase is the technologically challenging half of the cycle, because a high electron emission 

at high temperatures causing low losses is desirable. Thus, the development of electrodes is 

a compromise of an effective emittance 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 of its electrodes, where typical values between 10,000 and 

20,000 hours could be reached. 

2.2.1 Basic configuration 

For electrodes, the effective electron emission of alkaline earth oxides such as BaO, SrO 

and CaO is used. The electrode construction has to hold the oxide mixture, especially at the 

start when the electrode is heated to about 1200 K in a few seconds. Therefore, a tungsten 

coil, also suitable for additional ohmic heating, is used as a basket. 

 

 
Figure 2-5:  Standard electrodes of fluorescent lamps. Left: double-wounded stick coil used for T12 and T08 lamps, 

right: triple coil used for T05 and compact fluorescent lamps, and; middle: SEM of emitter structure (SEM 

picture is taken from [VAN DEN HOEK 2003]). 
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In Figure 2-5 the two standard electrodes for fluorescent lamps are shown. The so-called 

stick coil (Figure 2-5, left) is used for T12
5
 and 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 to form 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. 10 mm, and the typical diameter is 1 mm. The electrode is coated with 

approximately 10 mg of emitter, whereas the region 1 mm from the post is free of emitter. 

For smaller lamp diameters, a stick coil is wrapped again to form a triple coil (see Figure 

2-5 right), and these electrodes are primarily used for T05 and compact lamps (T04). 

2.2.2 Emitter coating 

The pre-fabricated electrode system includes the electrode post melted in a glass holder, the 

tungsten electrode, and the emitter coating. Due to the chemical instability of alkali oxides 

in air, electrodes are coated with an emission paste that usually contains alkali carbonates, 

as these are capable of being decomposed by heat to the desired oxides. The emitter 

mixture consists of barium carbonate with additional alkali carbonate, such as strontium- 

and calcium-carbonate. The typical particle sizes in the emission paste is about 1 to 5 µm 

[RUTSCHER and DEUTSCH 1984]. There exist quite a lot of different mixtures, depending on 

the application and especially on the manufacture, whereas barium carbonate is the main 

component and is responsible for an efficient emission of electrons. The other carbonates 

are used to optimize the long-term instant start stability and to increase lifetime. Therefore, 

the following discussion is focused on barium carbonate, whereas the general processes are 

similar for the other alkali carbonates. 

Activation of emitter 

The decomposition of barium carbonate by heat to the desired barium oxides is achieved 

during lamp production under absence of oxygen at high temperatures. For this so-called 

activation, the electrodes are heated up to about 1300 K and the gases produced are pumped 

out. The two most significant reactions are the wanted thermal decomposition of barium 

carbonate to the desired barium oxide by production of CO2: 

 () () ()g
2

CO3sBaO3s
3

3BaCO +  (2-1) 

and the unwanted oxidation of tungsten by carbon oxide by production of CO at the 

boundary layer of tungsten and barium carbonate: 

 () () () ()gCO3sWOBasWs3BaCO 633 ++ . (2-2) 

                                                 
5
  The them ñT12ò describes a turbulat lamp with an diameter of 12-eighths of an inch. 
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Figure 2-6 (left) illustrates these main processes. At typical activation temperatures (about 

1300 K), the unwanted reaction (2-2) is thermodynamically highly favored [RUTLEDGE and 

RITTNER 1957]. Thus, barium carbonate is wasted by production of Ba3WO6 forming a 

layer between tungsten and barium carbonate. Further production of Ba3WO6 is limited by 

the diffusion of barium carbonate through this layer. 

To reduce the loss of barium according to reaction (2-2), a special temporal temperature 

profile is used during activation, optimizing the amount of barium oxide. 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 BaO forms a porous structure as indicated in Figure 2-5 (bottom, middle), 

and Figure 2-6 (right) illustrates a scanning electron microscope (SEM) image of the cross 

section of an activated electrode. Around the small tungsten wires a more or less irregular 

layer of Ba3WO6 is formed. All  barium carbonate is converted to porous BaO. 

 

 
Figure 2-6:  Left: processes during activation converting BaCO3 to the desired BaO. A Ba3WO6 layer is formed at the 

boundary layer of tungsten and BaCO3. Right: scanning electron microscope (SEM) image of cross section 

of an electrode after activation. The SEM picture is taken from [VAN 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 electrons. In order to leave a 

solid body, the energy of an electron has to be at least as high as the potential barrier 

keeping it in the solid. For metals, the electron energy distribution (EED) is given by the 

Fermi-Dirac-distribution: 

 ()

1

1

+

=
-

Tk

EE

B

F

e

EW , (2-3) 

where ()EW  denotes the average number of electron in the state with the energy E , FE  

the Fermi energy, Bk  the Boltzmann constant, and T  the temperature. At a temperature of 

absolute zero, there is no electron at energies higher than the Fermi energy. The potential 
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difference between this Fermi energy and the outer surface is defined as the work function 

0F  (see Figure 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 layers such as oxide coating or barium tungstate. For pure tungsten 

the work function is about 4.5 eV [CHITTKA  et al. 1997], whereas for tungsten with an 

atomic layer of barium it is less than 2 eV [M ISHRA et al. 2004]. A further lower work 

function of 1.36 eV is reached by barium layer on barium oxide [MISHRA et al. 2004]. 

Thus, the used barium oxide emitter is well suited to lower the work function significantly. 

However, every electron that leaves the electrode has to overcome the work function. 

Depending on the operation mode of a fluorescent lamp, two different mechanisms 

dominate. 

During the glow phase (approx. the first second) of instant start circuits, the electron 

emission is due to secondary emission by bombardment of positive ions. For this so-called 

g-process, a high cathode fall voltage is needed to provide enough energy for the ions. Due 

to this high energy, the ions also destroy the electrode by sputtering [HADRATH 2007]. 

During the glow phase, the electrode is heated up until a certain temperature is reached and 

transits to the arc mode (glow-to-arc transition). 

Thermionic emission of electrons 

During steady-state operation the electrode works in the so called arc-mode (arc discharge 

[RAIZER 1991]), characterized by the thermionic emission of electrons from a hot electrode. 

The formation of a hot-spot occurs, having a typical temperature of between 1100 and 

1400 K and a typical width of 0.5 mm. 

At such high temperatures, the electron energy distribution function (2-3) of the electrons in 

the metal has a significant amount of electrons above the work function that are able to 

leave the solid body. Accordingly, electrons are emitted at the hot surface. The number of 

electrons emitted per time and surface area, also written as current density J , is described 

by the RICHARDSON-equation [RICHARDSON 1965]: 

 
TkBeTAJ

F
-

ÖÖ= 2 , (2-4) 

where T  is the temperature of the metal, F the work function, Bk  the Boltzmann constant, 

and A  the RICHARDSON constant [MELISSINOS 1966]. As could been seen easily from the 

equation, the current density strongly depends on 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 emission. The main heating mechanisms are the heating due to the collected 

electron in the anode phase (electron heating), heating by ions accelerated in the cathode 

fall during the cathode phase (ion heating), and ohmic heating by the discharge current in 

the thin tungsten wire. The main cooling mechanisms are the emission of electrons during 

the cathode phase (providing the work function), heat radiation and heat conductance along 

the electrode and through the buffer gas [RUTSCHER and DEUTSCH 1984]. 
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Reduction of work function by electric fields 

In the presence of an electric field at the surface, as it is 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 oxide electrodes used in fluorescent lamps, two 

effects that must be considered are the SCHOTTKY- and the patch-effect [GARNER 2008b]. 

Both are lowering the work function in presence of an electric field and allowing a fast 

temporal modulation of the electrode emission. This is needed for AC driven fluorescent 

lamps, as the temperature stays more or less constant during one period. 

The SCHOTTKY-effect is also known as enhanced thermionic emission. An electron, 

escaping from the surface (r = 0) of a conductor, induces a mirror charge and therefore sees 

a potential in the form: 

 ()
2

0

2

4 r

e
rE

pe
-= , (2-5) 

( e electron charge, 0e vacuum permittivity) outside the surface. Together with the 

potential produced by the outer electric field eEr- , the effective potential barrier, and 

therefore the work function, is lowered (see Figure 2-7). The resulting effective work 

function F could be written as the difference of the original work function 0F  and the 

drop of the potential barrier DF depending on the electric field:  

 

0

3

0

4pe

Ee
=DF

DF-F=F

. (2-6) 

( e electron charge , E  electric field, 0e vacuum permittivity). 

The patch-effect 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 crystals [WAYMOUTH  1971]. Assume neighbored surfaces with 

different work functions 1F  and 2F  have the same size. For an infinity checkerboard 

pattern of these two surfaces, it has been shown [BECKER 1935; NOTTINGHAM 1936] that in 

the absence of an electric field the effective work function is given by the averaged work 

function 2)( 12 F+F=F , as illustrated in Figure 2-7b. In the presence of a moderate 

electric field, the effective work function is reduced to a value below F<F
~

 (see Figure 

2-7c). For an even stronger electric field, the effective work function is equal to the lower 

work function 1F  (see Figure 2-7d). Thus, the electric field allows the effective work 

function to be varied by an amount of ( )221 F-F=DF . To give an example, a difference 

between work functions of about 1 eV at an electric field in the range of 10,000 V/cm leads 

to an increase of the thermionic emission by a factor of 1005ºe  [WAYMOUTH  1971]. 
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Figure 2-7:  Reduction of work function by electric fields in case of the SCHOTTKY-effect (left) and the path-effect 

(right). 

 

Need to lower the work  function with presence of free barium 

As mentioned before, a low work function due to the presence of free barium is essential 

for this kind of high efficient electrode. The need to lower the work function could be 

illustrated by two calculations according equation (2-4). To reach the same electron 

emission of pure tungsten (work function 4.5 eV [CHITTKA  et al. 1997]) at 2500 K, tungsten 

with an atomic layer of barium (work function 2 eV [MISHRA et al. 2004]) would only need 

a temperature of 1196 K. Thus, the presence of barium reduces the energy needed for 

electron emission (electrical electrode loss) and significantly lowers the electrode 

temperature to a level that allows for the long-term operation of tungsten filaments. 

The sensitive coupling of work function and hot-spot temperature should be illustrated by 

another calculation. It can be assumed that a typical hot-spot temperature is 1250 K and a 

work function is 2 eV for barium on tungsten [MISHRA et al. 2004]. An increase of the work 

function of 0.1 eV, e.g. by the reduced production of barium would therefore lead to an 

increase of the hot-spot temperature of 56 K to 1306 K. Thus, even a minor increase of the 

work function leads to a significant increase of the electrode temperature and therefore to 

increased electrode erosion. 

Production of barium during operation 

The free barium is continuously produced during operation. After activation, the emitter 

consists of barium oxide. In hot-spot operation mode, the barium is provided from 

reduction of the oxide by tungsten: 

 () ()g3BasWOBa)W(s)BaO(s6 63 ++ , (2-7) 
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whereas, the corresponding vapor pressure of free barium is given, according to Rutledge 

and Rittner [1957], by: 

 T
gBap

K40016
02.8

)( 10Pa3.133
-

Ö= . (2-8) 

The reaction appears only at the tungsten surface and is limited by the temperature (see 

equation (2-8)), the loss of the produced barium and the presence of barium oxide at the 

surface. The produced barium tungstate 63WOBa  forms a layer at the tungsten surface 

limiting further transport of barium oxide to the surface as well as the diffusion of the free 

barium produced (see Figure 2-8). However, Rutledge and Rittner [1957] have shown that 

reaction (2-7) does not represent the end point in the reduction of barium oxide. The 

produced tungstate 63WOBa  is capable of further reduction with tungsten: 

 () () () ()g3Bas3BaWOsWsWO2Ba 463 ++ . (2-9) 

For this reaction the corresponding vapor pressure of free barium is given by: 

 T
gBap

K86116
02.8

)( 10Pa3.133
-

Ö= . (2-10) 

 

 
Figure 2-8:  Production of free barium at the surface of tungsten wires during operation in spot mode at temperatures 

of about 1250 K. The loss of the produced barium is determined by the diffusion through the Ba3WO6 

layer (solid diffusion), diffusion through the porous emitter (primary BaO), and diffusion through the 

buffer gas to the inner wall. 

 

As the vapor pressure of free barium produced by reaction (2-9) at 1250 K is about half of 

the pressure produced by reaction (2-7), it could be concluded that reaction (2-7) is 

dominant. Through experimental studies, Rutledge and Rittner [1957] determined that 
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normal electron emission occurs as long as barium is generated by reaction (2-7) and that 

emission fails when reaction (2-9) takes over as the source of free barium, causing the end 

of the electrodeôs life. 

2.3 Electrode erosion 

The lifetime of a fluorescent lamp is determined by the lifetime of its electrodes. Thus, long 

living, robust electrodes are essential for durable fluorescent lamps. During live time, the 

electrode and its emitter are consumed. Thus, the investigation and understanding of the 

erosion process is of special interest. 

The electrode operation strongly depends on the presence of free barium, produced by 

reduction of barium oxide. If the amount of free barium is not sufficient to reach the 

thermionic emission necessary, the lamp would not ignite or would stay in the glow mode, 

causing rapid destruction of the electrode. Finally, the electrodeôs lifetime depends on the 

remaining reservoir of the emitter, primaril y barium oxide. Considering this, the term 

electrode erosion is equivalent to the term emitter erosion. In a broader definition, all 

processes lowering the lifetime of the electrode during operation could be understood as 

electrode erosion. There are three essential processes: sputtering (removing electrode 

material), chemical reaction (consuming barium or reducing further barium production), 

and the evaporation of barium (consuming the barium emitter), which will be discussed in 

more detail. 

2.3.1 Sputtering 

If ions with a certain amount of kinetic energy hit the electrode surface, the emitter material 

is released by sputtering. In case of the alkali oxide electrode, sputtering occurs for ion 

energies above 15 eV [GARNER 2008b; WAYMOUTH  1971]. The amount of sputtering 

increases exponentially as the kinetic energy of the incident ion increases above this sputter 

threshold [STUART and WEHNER 1962]. As the kinetic ion energy at the electrode surface is 

determined by the cathode fall voltage (the potential drop of the (approx.) 0.1 mm thin 

cathode sheath at the surface), even a small increase of the cathode 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 to 100 V [WAYMOUTH  1971] 

may appear, causing a significant amount of sputtering. It has been proved by [HADRATH 

2007], that the kinetic energy of the ions is sufficient enough to sputter the emitter material 

and also the tungsten. After a certain time in the glow mode, the electrode is heated by ion 

bombardment and transits into the arc-mode (glow-to-arc-transition). In the arc-mode, 

thermionic emission dominates and the cathode fall voltage is below the sputter threshold.  

The instant start limits the number of switching cycles and reduces the electrode lifetime. 

To reduce sputtering during ignition, the electrode could be heated before ignition, the so 

called warm-start [GOUD and DORLEIJN 2002]. This delayed ignition is the standard 
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procedure of modern electronic ballasts and leads to a significantly increased electrode 

ignition durability. 

During operation, sputtering always appears if thermionic emission is not sufficient. The 

electrode is designed for one optimal discharge current by using a tungsten filament 

producing enough ohmic heating for reaching the desired hot-spot temperature. During 

dimmed operation, a lower discharge current is applied and a sufficient hot-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 additional heat current through the electrode 

[GOUD and DORLEIJN 2002]. 

Finally, sputtering will occur before end of life. If the emitter is consumed or chemical 

reactions making it ineffective, the work function will increase and, accordingly, the 

cathode fall voltage will exceed the sputter threshold. Thus, at its end of life the electrode is 

destroyed by sputtering. 

2.3.2 Chemical reactions 

Electrode erosion due to chemical reactions summarizes all chemical reactions that lower 

electrode life. There are two main categories of possible reactions, reactions consuming 

emitter material (especially barium or barium oxide) and reactions reducing or preventing 

the production of free barium, resulting in insufficient thermionic emission and therefore 

increasing the cathode fall voltage above the sputter threshold. Usually, these reactions are 

caused by impurities during the lampôs production, such as water. Another typical process 

is the sputtering itself. During instant start, a certain amount of tungsten is sputtered and 

attached inordinately on the cold electrode. This could lead to an increase of work function, 

resulting in lower thermionic emission leading to higher electrode temperatures 

[WAYMOUTH  1971]. After 10 to 60 minutes, the effect will disappear and the electrode 

returns to normal operation. 

2.3.3 Barium evaporation 

During steady-state operation, the electrode operation depends on the presence of free 

barium on the electrodeôs surface. Due to the high hot-spot temperatures, the free barium 

inevitably evaporates. Such loss has to be compensated by continuously delivering free 

barium by reduction of the barium oxide according to reaction (2-7). As the amount of 

barium oxide is limited, its consumption due to barium evaporation determines the 

electrodeôs lifetime. To illustrate the consumption, in Figure 2-9 SEM images of a new 

electrode (left) and an electrode at about 75% of its lifetime (right) are presented. First, the 

hot-spot is attached at the right side of the electrode at the intersection of coated and 

uncoated electrode. During lamp life, the hot-spot moves along the electrode (to the left), 

consuming the local barium oxide and producing a rough surface of consumed emitter and 

barium tungstate 63WOBa  [VAN DEN HOEK 2003]. 
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Figure 2-9:  SEM image of triple coils: a new electrode (left), and an electrode at about 75% of its lifetime (right). 

During lifetime, the hot-spot moves from the right side along the electrode and consumes the BaO emitter 

by production of free Ba and Ba3WO6 remaining as porous coating at the electrode. Pictures are taken 

from van den Hoek [2003]. 

 

If the supply of barium oxide is not limited at the hot-spot, reaction (2-7) is in 

thermodynamic equilibrium and free barium with a density according to the hot-spot 

temperature (see equation (2-8)) is produced at the tungsten surface. In that case, the overall 

barium production rate is equal to the loss rate of barium, as lost barium will be delivered in 

addition by the reaction to sustain the vapor pressure at the tungsten surface. Thus, the 

emitter consumption is proportional to the loss rate of the free barium. 

The loss rate is determined by the diffusion of barium from the tungsten surface through the 

barium tungstate 63WOBa  (solid diffusion), through the porous emitter (KNUDSEN 

diffusion [RUTLEDGE and RITTNER 1957; STECKELMACHER 1986; WAYMOUTH  2003]), and 

finally through the buffer gas (gas diffusion) towards the inner wall, as illustrated in Figure 

2-8. The solid diffusion through the barium tungstate 63WOBa  depends on the thickness 

and permeability of the layer that may change during time and is characterized by the 

history of the electrode. The diffusion through the emitter depends on its porosity 

determined by the particle size, the emitter mixture, and the activation process. The 

diffusion through the buffer gas could be described by the diffusion equation: 

 ( ) ( )( )rtnDrtn
t

hhhhh
,, BaBaBaBa ÐÖÐ=GÖÐ-=

µ

µ
, (2-11) 

where ( )rtn
h

,Ba  is the temporal and space dependent barium density, BaG  is the barium flux 

and BaD  the barium diffusion coefficient in the buffer gas. As the barium flux BaG , and, 

accordingly, the barium loss directly depend on the diffusion coefficient, the obvious 

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 by Waymouth [1971], that an increase of argon pressure 

from 1 Torr up to 2.5 Torr would reduce the barium loss by the same factor of about 2.5. 

However, the range of choosing a buffer gas to reduce barium losses is small, as 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 evaporated barium is directly lost, since a minor amount is transported back 

to a cold region of the electrode, either as barium atoms or as barium ions. In contrast to 

production by reduction of BaO, the vapor pressure of pure barium, is quite higher 

[RITTNER et al. 1957]: 

 T
gBap

K7309
83.7

)( 10Pa3.133
-

Ö= , (2-12) 

For typical hot-spot temperatures (at 1250 K, Pa148)( =gBap ), back transported barium 

would completely evaporate as the hot-spot would be formed close by. Thus, back 

transported barium is not available for lowering the work function in the presence of the 

hot-spot and is effectively lost for further electrode operation. 

Beside higher gas pressure and the usage of high-mass noble gases, the barium loss could 

be reduced by the addition of 3SrCO  and 3CaCO  to the basic emitter mixture. It has been 

shown by Rutledge and Rittner [1957] that a mixture of barium and strontium oxide could 

significantly reduce the barium vapor pressure according to equation (2-8). 

However, the total barium evaporation is very difficult to calculate. Whereas the diffusion 

through the buffer gas is more or less well defined, the diffusion of barium oxide and the 

produced barium through the barium tungstate 63WOBa  layer at the tungsten surface 

depends of several aspects as the structure of the layer and the electrode history. In 

addition, consideration must be given to the KNUDSEN diffusion through the porous emitter. 

Accordingly, research for determining evaporation focuses on diffusion through the buffer 

gas. At typical electrode life times of 20.000 hours, the evaporation rate and the densities of 

the evaporated barium are quite low and very difficult to determine. Thus, the research on 

barium evaporation was limited by the actual technical capabilities, whereas the 

evaporation has been determined indirectly and not during operation. Therefore, there are 

still attempts to determine the real barium evaporation directly and during operation.
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3 Experimental methods 

In this study, the absolute densities of the eroded barium are measured by laser-induced 

fluorescence (LIF), and to understand the electrode operation in detail, additional methods 

are applied. The electrode temperature as a key parameter for evaporation is measured by 

an optimized pyrometric measurement system. The 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 method and the electron 

densities in the electrode region are measured by microwave interferometry. 

To increase readability of the thesis, in the following an overview of the applied methods is 

given. A more detailed description including the characterization of the applied setup, 

optimization techniques, and error discussion can be found in Appendix A, in order to 

provide readers focused on the results and discussions with an overview and to provide 

readers interested in experimental methods with details. Afterwards, the investigated lamps 

and precondition parameters are described. 

3.1 Resistive method for determination of average electrode temperature 

For investigations of electrode material evaporation of a heated electrode and for 

calibration of the pyrometric electrode temperature measurement, the resistive method for 

determination of average electrode temperature is applied. In general, the electrode 

resistance during heating by a constant DC-current is related to its cold resistance measured 

at known temperature and allowing the determination of an average electrode temperature. 

Due to its practicable application it has been established as a standard method for 

commercial fluorescent lamps [DORLEIJN and GOUD 2002; LIDE 2001; MYOJO 2010; 

WHARMBY  2004]. 

The electrodes of fluorescent lamps consist of a coiled construction of tungsten wire filled 

with an emitter, whereas the relative amount of emitter may vary according to the 

manufacture and the lamp type [DORLEIJN and GOUD 2002]. By applying a DC 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 be used to derive the temperature from the ratio of 

the resistance at high temperatures hR  divided by the resistance at room temperature (cold) 

cR . For the temperature range, interesting for fluorescent lamp electrodes (up to 1400 K), 

the following relationship has been established [DORLEIJN and GOUD 2002; LIDE 2001; 

MYOJO 2010; WHARMBY  2004]: 
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where hT  is the unknown high temperature during heating and cT  is the known cold 

reference temperature (normally room temperature at 25°C = 298.15 K) at which cR  has 

been measured. 

The cold electrode resistant ( cR  is in the range of 1 to 3 Ohm) is measured at a low DC 

current of about 1 mA to prevent heating during resistance measuring. To ensure a precise 

measurement and minimizing effects of the contact resistance, the four-wire sensing 

according to Figure 3-1b is applied. The voltage is measured by KEITHLEY 

2001-Multimeter and the current is provided and measured by the high precision current 

source KEITHLEY 238-Current. 

For increased accuracy, the contact surfaces of inner electrode posts and outer contact are 

soldered. Before each measurement, the setup is calibrated with a reference that consists of 

an original lamp socket with shortened electrode (see Figure 3-1). 

 

 

With this setup and the applied calibration, an absolute accuracy of the average electrode 

temperature of about 1% has been achieved at the interesting temperature range of 1000 K 

to 1400 K. The systematic error due to variation in contact-circuit resistance of different 

lamps determines the main error (see Appendix B.4 for details). 

3.2 Pyrometric electrode temperature determination 

To measure the electrode temperature during operation as a key parameter characterizing 

thermionic emission and emitter evaporation, a pyrometric system [GARNER 1998] provided 

by the OSRAM AG, is used. 

In general, the electrode is imaged on an infrared detection array and the intensity is 

measured (see Figure 3-2). According to PLANCK 's law (see equation (A-1)), the infrared 

intensity could be used to calculate the temperature. Such a one-dimensional temperature 

profile along the electrode could be determined. The applied system depicts the electrode 

via an infrared transparent lens on an InGaAs detector array, which has 128 pixels and a 

 
Figure 3-1:  Setup for heating and determination of the average electrode temperature by the resistive method. 

Electrical setup for heating the electrode and high precision electrode resistance measurement by four-wire 

sensing (right), and original lamp socket with shortened electrode used as calibration reference (left). The 

contact surfaces of inner electrode posts and outer contact are soldered. 
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spectral response range between 900 nm and 1700 nm. To avoid unwanted emission of 

plasma in the electrode region, an optical bandpass filter (maximum transmission at 

1500 nm) is placed in front of the detector array. 

 

 

In principal, PLANCK 's law allows the calculation of the temperature from the measured 

infrared intensity by a proper calibration of the system. For calculation, the emissivity of 

the electrode surface, which is defined by the surface material and structure, has to been 

known. In contrast to other materials, alkali earth oxides show a huge variation of the 

emissivity according to the temperature. In addition, the emissivity is affected by impurity 

of the surface and disposal of barium and tungsten. Therefore, the emissivity of the emitter 

material varies widely with the temperature and during lifetime. To overcome this problem, 

a special calibration method has been developed. 

For every measurement, alignment of the electrode takes place first. Next, the electrode is 

heated by several DC currents (also called heat current) while the lamp is off and the 

intensities of the detector array are stored. Simultaneously, the electrode resistance is 

measurement and the average electrode temperature is determined according to the resistive 

method (see Section 3.1). As such, for each pixel the measured intensities could be assigned 

to a certain temperature used as calibration. For measurements during operation, for each 

pixel the actual intensity is used to interpolate the temperature from the intensity ï 

temperature calibration for the corresponding pixel. Such a calibrated electrode temperature 

profile could be determined with a temporal resolution of about 5 ms. The method allows 

the determination of electrode temperatures for nearly every type of electrode and electrode 

material without knowledge of its emissivity. Mainly, the accuracy is determined by the 

calibration, which leads to an error of about 1.7%. 

Details on the method, setup, and calibration are given in Appendix A.1 

 
Figure 3-2:  Basic configuration of the spatially resolved electrode temperature measuring system.  
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3.3 Cathode fall estimation with band method 

The band method is applied to estimate the cathode fall voltage that characterizes the 

electrode operation. The cathode fall voltage depends on the formed hot-spot, the resulting 

effective work function, the discharge current, the buffer gas and the amount of mercury 

vapor. It directly determines the plasma in the electrode region. For optimal electrode 

operation, the cathode fall voltage has to be below a certain level (typically 15 V) to 

prevent electrode erosion due to sputtering (see Section 2.3.1). Thus, measuring the cathode 

fall voltage provides essential information about electrode operation and plasma conditions. 

The Band diagnostic method, illustrated in Figure 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 coupled to the inner 

wall sheath. Therefore, the method can only be applied to AC driven lamps. Due to its 

simplicity, the band diagnostic has been established as a standard method for fluorescent 

lamps [HAMMER 1989, 1995; NACHTRIEB et al. 2005]. Other methods such as an internal 

probe [CHEN and LABORATORY 1964], a movable electrode [ARNDT 1976; M ISONO 1992], 

or actinometry
6
 [HADRATH et al. 2007] need a modified lamp or deliver much less 

information. 

 

 
Figure 3-3:  Experimental setup for the band diagnostic method. A metallic foil is placed around the outer surface of 

the glass tube and the potential between electrode and foil is measured. 

 

The simplicity of the setup is accompanied by several limitations on the interpretation of 

the measured potential. Although the measured signal is related to cathode fall voltage, it 

involves effects by the discharge, e.g. the plasma-wall sheath at the inner surface, and 

effects of the external measurement circuit. The potential difference between the inner wall 

sheath and the boundary between bulk plasma and electrode sheath produces an additional 

unknown shift. Nevertheless, Rich Garner [2008c] significantly improved the 

understanding of the method and interpretation of the signals. For detailed understanding of 

                                                 
6
  Actinometry, a non-invasive method, determines if the cathode fall voltage exceeds certain thresholds by 

observing certain emission lines of Argon. 
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the method, an equivalent circuit representation of the band diagnostic is discussed in 

Appendix A.2. It includes the electrode sheath potential (the quantity of interest), the 

potential between the electrode sheath-plasma boundary and inner wall sheath-plasma 

boundary, the potential drop through the inner wall sheath, and the potential across the 

glass. 

For the measurements in this work, the applied band probe consists of a 0.15 mm thick and 

24 mm wide copper foil. The band is wounded completely around the outer surface of the 

glass tube and is centerd to the electrode. The band is connected to the voltage probe 

LeCroy PP005 (voltage divider 10:1, 10MOhm, 11pF), which is connected to the digital 

storage oscilloscope LeCroy WavePro 7300. For measurement, the signal is averaged 100 

times, whereas the oscilloscope is triggered by zero crossing of the discharge current. 

To allow comparison of different lamps and discharge conditions and especially to open the 

opportunity to compare the results with other work, a new calibration method for the 

external circuit (including the formed capacitor bC  between inner wall sheath and outer 

band probe, the voltage probe and the oscilloscope) has been applied. It is based on a 

comparison of the potential along the positive column with the potential measured with a 

second band probe at the other electrode. With the calibration, a scaling factor of about 

145.1bandºc  has been determined for the applied setup. It varies for 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 in Appendix A.2. 

3.4 Electron density measurement by microwave interferometry 

In order to characterize the plasma in the electrode region by its electron density, the non-

invasive method of microwave interferometry is applied. In contrast to other invasive 

methods, such as internal probe
7
 measurements or the STARK broadening of bH - line

8
, 

microwave interferometry is best suited for application on commercial fluorescent lamps. 

Microwave interferometry measures the phase shift of electromagnetic waves by 

propagation through a plasma. Under the investigated condition, the wave number k  

describing the propagation of electromagnetic waves depends on the electron density en : 

                                                 
7
  For internal probe measurements, a thin electric conductor is inserted in the active plasma and its 

voltage-current characteristic is measured [CHEN and LABORATORY 1964; MOTT-SMITH  and LANGMUIR 

1926]. The method requires a modification of the discharge by inserting the internal probe, which also 

disturbs the discharge itself. 
8
  To determine electron densities by broadening of Hɓ-lines [TORRES et al. 2007], the STARK broadening due 

to the electric fields, depending on the electron density, is measured. This method could be applied for 

electron densities above 10
20

m
-3
 and needs the presence of hydrogen. For application in fluorescent lamps, 

hydrogen has to be added to the gas filling. 
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where w is the angular frequency, c  is the speed of light, cn  is critical electron density, 

em  is the electron mass, 0e is the vacuum permittivity and e is the electron charge. The 

detailed discussion as well as the concluded assumptions are given in Appendix A.3.1. 

For electron densities smaller than the critical density ce nn < , the phase of electromagnetic 

wave is shifted [RACKOW et al. 2011]. By measuring these phase shifts, the path average 

electron density could be determined. To ensure applicability of the method, the frequency 

of the electromagnetic wave has to be chosen carefully. On the one hand it should be very 

high to achieve a sufficient spatial resolution (determined by the resulting wavelength), 

whilst on the other hand the increasing frequency results in a smaller phase shift, and as 

such the detection limit is lower. 

As a compromise, a customized 150 GHz system from Millitech Inc. has been applied. The 

interferometer operates as a heterodyne detector, whereas the operational frequency 

GHz150HF=f  is mixed with a second frequency GHz1.150LO =f  of a local oscillator to 

an intermediate frequency MHz100ZF=f  used for phase detection. The resulting 150 GHz 

beam is focussed via a dielectric lens made of REXOLITE to the region of interest. A second 

lense and corrugated horn antenna are used for detection. By measuring the beam path, it 

has been proven that a spatial resolution of about 4 mm could be realized. 

For phase detection, the measure-signal and the reference-signal at 100 MHz are sampled 

with PC-AD-card (Gage Cobra GS21G8) at 500 MS/s and analyzed via an optimized 

algorithm. The algorithm for analyzing the sampled signal allows for the adaptation of the 

temporal resolution whereas a higher temporal resolution results in a lower-phase 

resolution. For typical measurements, a temporal resolution of 256 ns is applied. The 

resulting error in the determined path average electron density 
pathen  is 

316m104.2 -Ö  for a 

single shot measurement and 
315m104.2 -Ö  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 plasma. During measurement, the lamp is rapidly 

switched off by an IGBT
9
-shorting circuit, and thus the phase when the plasma is on and 

the reference phase when the plasma is off are determined during one measurement with a 

duration of about 10 ms.  

A detailed discussion of the method, the applied setup, the phase detection algorithm, and 

the resulting error are given in Appendix A.3. 

                                                 
9
  A insulated gate bipolar transistor (IGBT) is a three-terminal power semiconductor device, used for fast 

switching. It consist of an isolated gate field-effect transistor for the control input and of a bipolar power 

transistor for switch the load. 
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3.5 Determination of absolute particle densities by using LIF 

For determination of eroded barium and barium ions in the electrode region (during lamp 

operation), LIF is applied. In contrast to other non-invasive methods such as laser 

absorption, LIF is more sensitive and allows a better spatial resolution necessary for 

measurements of the low densities and strong gradients that occur. 

The method based in exciting a state of an atom (or a molecule) of interest by laser and 

observing fluorescent emission due to the natural decay of the excited state. The emitted 

fluorescent radiation is proportional to the density of the state excited. The method could be 

described by a system of rate equations that include the absorption of the laser photon and 

the decay of the excited state by emission of fluorescent photons. The absorption and 

emission of photons are wavelength selective and characteristic for each atom and 

molecule. Thus, by choosing proper laser-wavelength and observing the fluorescent 

wavelength, the density of a selected state of the species of interest could be measured. 

Typically, a state system with different excitation and fluorescent wavelengths is chosen to 

separate laser and fluorescent photons. The theoretical fundamentals of the 

LIF-spectroscopy are discussed in detail in several textbooks such as [DEMTRÖDER 2007], 

as well as in a few theses such as [KRAMES 2000; NIEMI 2003; SCHNABEL 1999]. A short 

summary of the fundamentals necessary for this work is presented in Appendix A.4. 

For the applied setup, a pulsed solid-state Nd:YAG laser QUANTA  RAY  PRO-230 (from 

SPECTRA PHYSICS) is used to pump the dye laser PRECISIONSCAN - D1800 (from SIRAH) 

[SIRAH-GMBH 1998] with a double grating resonator (each with 1800 grooves/mm) in 

LITTMANN  configuration. In case of exciting the barium ground state, the laser frequency is 

double by a KDP
10

 crystal. The typical line width is 1.34 pm (value given for 350 nm). For 

beam quality optimisation, a spatial filter is used resulting in a GAUSSIAN beam profile with 

a full wide at half maximum (FWHM) of approximately 0.72 mm. Antireflective-coated 

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 beam (see Figure 3-4a). 

The region of interest is imaged by a system of two lenses to the entrance slit of a 0.5 m 

monochromator (ACTON RESEARCH ï SPECTRA PRO-500I) used as a wavelength separator to 

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 x 1 = 0.44 mm
3
. 

For light detection, a gated photomultiplier (PMT, HAMAMATSU D1477-06) is mounted 

behind the exit slit. The signal of the multiplier is detected by a digital storage oscilloscope 

(LeCroy WavePro 7300) triggered by a synchronization signal of the Nd:YAG laser. For 

further analyses, the waveforms are transferred to a personal computer (PC).  

To improve sensitivity, the temporal shape of the fluorescent signal is analyzed. The 

detected fluorescent pulse has a length of about 10 ns, which corresponds to the natural 

                                                 
10

 Potassium Dihydrogen Phosphate (KDP) is a tetragonal, negative uniaxial crystal that could be used for 

freuquency douling of lasers. For successful frequency doubling, the optical axis of the crystal must be 

oriented in the right angle (depending on the wave length) to the incident light. 
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lifetime of the excited state. For background corrections, the signal before and after the 

pulse is used (see Appendix A.4.3). In case of measuring barium atom ground state, a 

detection limit of 313

limitlower Ba, m105.1 -Öºn  has been realized. 

 

 
Figure 3-4:  Absolute particle densities determination of eroded barium by LIF 

a)  Experimental arrangement of the LIF experiment. The beam of a Nd:YAG pumped dye laser is used to 

excite barium or barium ions in front of the electrode of a fluorescent lamp. The fluorescent radiation 

is imaged to a monochromator and detected by a photomultiplier (PMT). 

b)  Part of the barium atom level diagram with transitions used for the experiment 

c)  Part of the barium ion level diagram with transitions used for the experiment 

 

For absolute density measurements the laser beam excitation cross section, the exact 

observation volume and the observation system have to be calibrated. Thus, for this work a 

Rayleigh-scattering calibration is applied (see Appendix A.4.4). 

In order to measure barium atoms, the ground state is excited (350.1 nm) to the barium 

level Ba(5d6p
1
P1) and the fluorescent radiation at 582.6 is measured (see Figure 3-4b). 

When measuring barium ions, the ground state is excited (455.4 nm) to the level 

Ba
+
(6p

2
P3/2) and the fluorescent radiation at 614.2 is measured (see Figure 3-4c). 

According to the applied laser power of approximately 8 µJ, the excited states should be 

saturated (in equilibrium according to their statistical weights) and there should be no 

dependence of the fluorescent radiation on the laser power. However, a nonlinear 

increasing fluorescent signal by increasing laser power has been found. To solve this 

problem, a model solving the temporal and spatial rate equations system has been 

developed (see Appendix A.5). It has been found that the increasing fluorescent radiation 

results from spatial power broadening. By increasing laser power, the region where the 
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excited system is saturated expands. Thus, the effective laser excitation cross section also 

expands and has to be considered for absolute density calibration. In the experiment, the 

obtained saturation characteristic is used for correction and absolute 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 calibration, and 

the saturation correction model are given in Appendix A.4.4 and A.4.5. 

3.6 Investigated lamps and operation conditions 

For investigation, fluorescent lamps identical to commercial T8ï36 W (L36W/765) lamps 

are used. The tube diameter is 25.4 mm and the nominal length is 120 cm. The lamp 

contains mercury and a mixture of 75% argon and 25% krypton at a pressure p of 

2.10 mbar. 

 

 
Figure 3-5:  Photos of the electrode region of the investigated T8-lamps. In contrast to commercial lamps, the ends 

have been cleared of phosphor to allow LIF and temperature diagnostics. 

 

As electrode, so-called stick coils with a nominal rms lamp current of 320 mA are used. 

The electrode is carried by two holders (posts) positioned at a distance of about 10 mm. A 

total of 10 mg of standard OSRAM emitter (about 70% BaCO3 and 30% SrCO3) 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 Figure 3-5. 

To be as close as possible to commercial lamps, the lamps have been produced on the 

original assembly line of OSRAM-AUGSBURG. To clear phosphor from the ends, the glass 

tubes have been taken from the assembly line, the phosphor at the ends have been wiped 

out, and the lamps have been placed back on the assembly line. The emitter has been 

activated according the original OSRAM standard. 

http://dict.leo.org/ende/index_de.html#/search=assembly&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
http://dict.leo.org/ende/index_de.html#/search=line&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
http://dict.leo.org/ende/index_de.html#/search=assembly&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
http://dict.leo.org/ende/index_de.html#/search=line&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
http://dict.leo.org/ende/index_de.html#/search=assembly&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
http://dict.leo.org/ende/index_de.html#/search=line&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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Before investigation, the lamps are burned-in for 100 hours. This preconditioning leads to 

an activation of the electrode processes and builds up a stable hot-spot. 

Lamp operation 

For lamp operation, a special current-controlled power supply provided by the OSRAM AG 

has been used. It is quartz-oscillator stabilized and operates at 25 kHz. The frequency 

stabilization is necessary for synchronization of the laser system. As is typical in other 

experimental setups, a combination of power amplifier and transformer are used. These 

setups produce a disturbed current curve during zero crossing
11

. With the applied power 

supply the effect could be eliminated, which is important for investigations related to 

commercial ballast systems. 

Figure 3-6 depicts the electrical setup, where each electrode is connected with two wires to 

the power supply. The second wire is used for pre-heating the electrode before lamp 

ignition (warm start), after which the current flows primaril y to one of the two wires (full 

lines in Figure 3-6). To ensure stability and reproducibility of the formed hot-spot, the 

primary current wire is always connected to the same connection pin (marked). 

 

 

The lamp voltage is measured with the high voltage differential probe LeCroy ADP300 

(bandwidth DC up to 20 MHz) connected to the oscilloscope LeCroy WavePro 7300. For 

current measuring, the high frequency AC/DC current probe LEM-PR50 (bandwidth DC up 

to 50 MHz) is used and connected to the oscilloscope. The current signals is also used for 

triggering the delay generator STANDFORD RESAERCH DG535 synchronizing the laser 

                                                 
11

 In general, the combination 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 electrodes changes form cathode to anode or vice 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 current follows. 

 
Figure 3-6:  Standard Electrical setup. 




































































































































































































































































