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Preface

High-intensity discharge lamps (HID lamps, also high-pressure discharge lamps)
are very important light sources for visible, UV, as well as IR radiation. They have
captured a major share of the markets for automotive headlight lamps (D2 lamp),
video projection (UHP lamp), general lighting, street/industrial lighting,
commercial lighting, floodlighting, sun tanning, microscopy, endoscopy,
photochemistry, lithography, etc. This renders HID lamps an interesting and seminal
field of research. High-pressure discharge lamps are normally very small (typically
0.7 mm to some centimeters’ electrode gap), have short time scales (typical ac
frequency: 50-500 Hz or higher), and the electrical power input lies between some
tens and several thousand watts. This book is concerned with the understanding of
these lamps.

Beginning with the human eye and an explanation of light and color, the
working principle of different light sources is explained and the light sources are
compared with each other. Starting point is the incandescent lamp, then low- and
high-pressure (high-intensity) discharge lamps are discussed in detail. Furthermore,
a large part of this book deals with important subjects concerning HID lamps like
electrode and plasma physics as well as the state of the art in HID lamp diagnostics
and modeling.

The aim of this book is to give an introduction to the working principle of HID
lamps and to point out challenges and problems associated with the development
and operation of high-pressure discharge lamps. This book is directed at students
interested in high-pressure discharge lamps as well as persons already involved in
the research and development or the usage of HID lamps.

Karlsruhe, January 2006 Peter Flesch
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Introduction

This book is concerned with high-intensity discharge (HID) lamps. High-intensity
or high-pressure discharge lamps have captured a major share of the markets for
automotive headlight lamps (D2 lamp), video projection (UHP lamp), general
lighting, street/industrial lighting, commercial lighting, floodlighting, sun tanning,
microscopy, endoscopy, photochemistry, lithography, etc. This renders HID lamps
an interesting and seminal field of research. High-pressure discharge lamps are
normally very small (typically 0.7 mm to some centimeters electrode gap), have
short time scales (typical ac frequency: 50-500 Hz or higher), and the electrical
power input lies between some tens and several thousand watts.

The aim of this book is to give an introduction to the working principle of HID
lamps and to point out challenges and problems associated with the development and
operation of high-pressure discharge lamps. The fundamentals of plasma and
electrode physics as well as the current research on HID lamps will be treated. This
book is directed at students interested in high-pressure discharge lamps as well as
persons already involved in the research and development or the usage of HID lamps.

An overview of light and light sources is given in Chap. 1. This includes a short
introduction to the human eye and to photometric characteristics of light sources as
well as the discussion of different light sources, covering the sun, the incandescent
lamp, and low-pressure and high-pressure discharge lamps. The laws of physics
needed for the description and understanding of plasma and electrodes in HID lamps
are the subject of Chap. 2. The plasma generates the light and must be heated to
sufficiently high temperatures to achieve high efficiencies. The electrodes must
supply the electric current to the plasma and must therefore have a high enough
temperature, e.g., to emit electrons. On the other hand, the electrodes may cause an
early end of life of the lamp, if they get too hot, or the melting of an electrode tip
might change the electrode shape and thus alter the operating conditions of the lamp.

The current research on HID lamps is the focus of Chaps. 3 and 4. Chapter 3 is
concerned with the experimental investigations of high-pressure discharge lamps,
namely electrode and plasma diagnostics, whereas numerical simulations of high-
pressure discharge lamps are discussed in Chap. 4. The starting point of the
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numerical simulations is the modeling of the electrodes, followed by the theoretical
treatment of the plasma. However, plasma and electrodes are coupled in real lamps,
and so the numerical simulation of electrodes and plasma including the interactions
between them is a special focus of Chap. 4 and the research work of the author.
Chapters 3 and 4 not only present the state of the art of HID lamp research, but also
aim at giving a deeper insight into the working principle of high-intensity discharge
lamps and the problems and challenges associated with HID lamps. Part of this
work has already been published in [53—-65].

The generation of light matching our demands in home, office, factory, or shop
lighting, for the illumination of roads or sports stadiums, or for the usage in video
projection, or for automotive headlight lamps is not the only goal of the
development of HID lamps. Environmental issues are also important guidelines for
the usage and improvement of high-pressure discharge lamps: Today, the generation
of light by approximately 9 billion incandescent lamps, 4 billion fluorescent lamps,
and 500 million high-pressure discharge lamps consumes 25% of worldwide
electric energy production [111]. Therefore, there is a huge potential to save energy
and thus reduce environmental pollution and save energy resources. Moreover, the
replacement or reduction of mercury in high-pressure discharge lamps is also an
important current issue.

The generation of light is not the only purpose of HID lamps, but it is the most
visible application area of all lamps and has an obvious effect on our quality of life
(cf. Figure 1). Nevertheless, high-pressure discharge lamps are also used in many
other fields of application where electromagnetic radiation in the UV and IR part is
important. Photolithography, disinfection, curing, or laser excitation are only some
of the manifold possibilities offered by HID lamps.

Fig. 1. Earth at night. The Eastern USA, Europe, and Japan are brightly lit by their cities,
while the interiors of Africa, Asia, Australia, and South America remain (for now) dark [124]



Light and Light Sources

High-intensity discharge (HID) lamps are very often used for lighting purposes
(indoor and outdoor), automotive headlights, or video projection. To optimize HID
lamps and all other light sources for these applications, one has to understand the
human eye, the receptor of the light. The assessment of light sources with respect to
“light quality” or efficiency as well as the working principle of video projection is
strongly coupled to the characteristics of the human eye. Therefore, this chapter
starts with the understanding of the human eye and the meaning of “color”
(Sect. 1.1). Based on the discussion of the eye, photometric measurement units will
be introduced which help to rate light sources (Sect. 1.2). Then, an overview of
different light sources will be given: starting from the sun, over the incandescent
lamp to discharge lamps (Sect. 1.3). The discharge lamps are divided into two
classes: low-pressure and high-pressure discharge lamps, the latter being the main
subject of this book.

1.1 The Human Eye

The human eye is a very complex sense organ. A cross section is shown in Fig. 1.1.
The light enters the eye through the pupil (the circular hole in the iris), passes through
the lens and is projected on the retina at the back of the eye. The iris is a colored ring
of muscle fibres that can expand or contract over a range from 1 to 8 mm pupil
diameter in response to different lighting conditions to vary the light falling on the
retina. Muscles move the eyeball and allow us to focus the image at the macula lutea
(yellowish central portion of the retina). Light passing through the pupil is focussed
by the lens, which can change the focal length by assuming flatter or more bended
shapes with the help of the ciliary muscle. In this way, the image of an object at any
distance can be brought into focus on the retina at the back of the eye [72, 78].
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Fig. 1.1. Cross section of human eye [72]

1.1.1 Rods and Cones and More

The retina contains two types of photoreceptors: rods and cones. The rods are more
numerous, about 120 million, and are more sensitive to light than the cones. Two or
three photons can already be detected by a single rod [103]. Moreover, rods are
responsible for the very sensitive motion detection and the peripheral vision
(cf. Fig. 1.2). However, the rods are not sensitive to color. The 6—7 million cones
provide the eye’s color sensitivity and the highest acuteness of vision. Visual
examination of small details involves focusing light from these details onto the
fovea centralis, which is in the center of the macula lutea. The cones are much more
concentrated in the center of the retina as shown in Fig. 1.2 (horizontal cut through
the human eye). The center of this region is the fovea centralis, a 0.3-mm-diameter
rod-free area with very thin, densely packed cones. The maximum concentration of
cones is roughly 140,000 mm~2 in the fovea region, and this density decreases
rapidly outside the fovea. In contrast, the rods are absent from the fovea, but a few
degrees away from it their density rises up to 160,000 mm™> spread over a large area
of the retina. At the blind spot caused by the optic nerve no photoreceptors can be
found [78].

The sensitivity as a function of wavelength of light is different for rods and
cones. The rods are responsible for our dark adapted, or scotopic, vision and are
more sensitive to blue-green light with peak sensitivity at a wavelength of about
500 nm (cf. Fig. 1.3). The photopic vision (light adapted eye, normal lighting
conditions) is determined by the cones with a peak sensitivity at 555 nm. This
photopic response curve V(1) (averaged over many test persons) is the basis for the
assessment of the quantity of “light output,” the luminous flux (cf. Sect. 1.2.1),
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Fig. 1.3. The scotopic and the photopic vision curves of relative spectral luminous efficiency
as specified by the International Commission on [llumination (CIE, normalized values)

which is important for the comparison of different light sources or assessment of the
further development of a light source [127]. A third sensitivity curve is also
discussed, the so-called mesopic response curve for low light levels as, e.g., street
lighting. Up to now there is no well-defined mesopic response curve and the
sensitivity might depend strongly on the adaptation level. The photopic response
curve is valid for an illumination above 10 lux, the scotopic response curve is
applicable below 0.1 lux. In-between these boundaries, the mesopic response curve
is important [40].

Scotopic vision (rods) lacks completely color; a single spectral sensitivity
function is color-blind and thus scotopic vision is monochromatic. Color or photopic
vision is provided by the cones, of which there are three different types, each
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containing a different photosensitive pigment. The three pigments have maximum
absorptions at about 450, 550, and 600 nm and accordingly the cones are often
called blue, green, and red cones after the color of light to which the cones are most
sensitive. The sensitivity curves of the cones shown in Fig. 1.4 are obtained by
measuring the absorption of light of different wavelengths by the photopigment
molecules and are all normalized to the same area under the curves. Thus, the
combination of all three curves does not result in the photopic vision curve shown in
Fig. 1.3. Another reason for this is the unequal appearance of the cones on the retina:
The average percentage of the blue cones is 4%, of the green cones 32%, and of the
red cones 64% [127]. Of course, all these curves (Figs. 1.2-1.4) and all the
numerical values given here are average values. Even the two eyes of a single
individual perceive colors slightly different, and different authors deliver different
response curves or numerical values of the appearance of different cones [72, 78].
Recent publications have shown that there is a third type of photoreceptor in the
human eye [23, 25, 34]. This new type of photoreceptor does not contribute to
vision but is responsible for synchronizing mammalian circadian (daily) and
circannual (seasonal) rthythm with environmental time using the light arriving at the
eye. The sensitivity curve of this new type of retinal cells can be measured by
extracting them from the retina and measuring their voltage response as a function
of wavelength and intensity of the incident light [23]. Another possibility is the
measurement of the effect in the human body, e.g., measuring the concentration of
the hormones cortisol (“stress hormone”) or melatonin (“sleep hormone”) before
and after exposing the human eye for 90 min to a monochromatic light stimulus.!
Both measurements indicate a spectral biological response curve shifted to the blue
compared to the visual sensitivity curve of the human eye (photopic vision).

| —
>
Z A B
[%2]
c
[
(2]
G R
RI
400 500 600 700

Wavelength, 4 (nm)

Fig. 1.4. Sensitivity curves of the three different types of cones in the human eye [72]

! Cortisol levels increase in the morning, preparing the body for activity. It remains at
a sufficiently high level during the bright day, falling finally to a minimum at midnight.
The level of the “sleep” hormone melatonin drops in the morning, reducing sleepiness. It
normally rises again when it becomes dark, permitting healthy sleep.
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Fig. 1.5. Influence of monochromatic light of different wavelengths on the melatonin
suppression for 72 healthy human subjects ([34], © 2001 by the Society for Neuroscience)

Figure 1.5 shows the influence of monochromatic light of different wavelengths on
the melatonin suppression for 72 healthy human subjects. The sensitivity curve has
a maximum at 464 nm [34]. But not only the wavelength and the intensity of the
incident light are important, the direction seems to be very important as well. Light
coming from above the line of view has a far more important “biological” meaning
than light from below the line of view [76].

This new type of photoreceptor has consequences for artificial light sources.
Light should not only be judged by its influence on vision caused by the reaction of
rods and cones (e.g., luminous flux, color rendering, etc.) as described in Sect. 1.2.
Artificial light sources must be optimized also with respect to this new type of
retinal cells. This is of particular importance for applications where human beings
are exposed to artificial light for longer times. The artificial light might influence
the circadian and circannual rhythm in a positive or negative manner. One example
is the illumination in aircrafts, especially during oversea connections. It should
safeguard the pilots from getting tired and might reduce the jet lag after traveling
over several time zones. The selection of appropriate light sources for long duration
space flights might be quite important for the health and well-being of astronauts.
Shift workers (factories, police, etc.) can be assisted by artificial light sources
adjusting their circadian rhythm to their work rhythm. But also everyday life might
be influenced and improved by these new findings: Artificial light sources for
domestic lighting might enhance well-being and health if optimized to fit our
circadian and circannual rhythm. Furthermore, street lighting with low pressure
sodium lamps (monochromatic light of 589 nm, cf. Sect. 1.3.5) or with other
artificial light sources with their characteristic spectral power distribution (cf.
Sect. 1.3) might influence alertness either way. The discovery of this new type of
photoreceptors already initiated new products, e.g., the Lumilux Skywhite
fluorescent lamp described in Sect. 1.3.4.
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1.1.2 Color Space

The existence of three spectral sensitivity curves provides a basis for color vision
since light of each wavelength will result in a unique ratio of blue, green, and red
cone responses. The cones, therefore, provide us with color vision (photopic vision)
that can distinguish between many colors. The light signal is reduced by the eye to
three values (tristimulus values), representing the intensity of the response of each
of the cone types. Because of the overlap between the sensitivity ranges, not all
combinations of stimuli are possible. For example, it is not possible to stimulate
only the green cones: The other cones will be stimulated to some degree at the same
time. The set of all combinations of stimuli that are possible make up the human
color space.

Two different light spectra which have the same effect on the three color
receptors in the human eye (same ratio of stimulation of red, green, and blue cones)
will be perceived as the same color.” One example is the white light emitted
by fluorescent lamps, which typically has a spectrum consisting of a few narrow
bands, while (white) daylight has a continuous spectrum. Another example is the
“production” of white light by mixing red, green, and blue on a television screen or
with a video projector. All these light sources produce (at first sight) white light.
The human eye cannot tell the difference between such light spectra just by looking
into the light source. Nevertheless, the reflected light spectrum from objects might
be very different for different “white” light sources, i.c., the effect of a light source
on the color appearance of objects is important for the assessment of light sources
(see Sects. 1.1.3 and 1.2.5).

Since the light signal is reduced by the eye to three values (tristimulus values),
representing the intensity of the response of each of the cone types, every possible
stimulation of the eye can be mapped in a three-dimensional space. This three-
dimensional color space can be further reduced to a two dimensional color space by
considering only colors of the same intensity® (cf. Fig. 1.6). The x value in Fig. 1.6
corresponds to the stimulation of the red cones, the y value to the stimulation of the
green cones. Subtracting the sum of x and y from 1 corresponds to the stimulation of
the blue cones.* Because of the overlap between the sensitivity ranges (cf. Fig. 1.4),
a stimulation corresponding to x = 1 or y = 1 is not possible. The spectral colors are
distributed around the edge of the “color space™ as shown in Fig. 1.6 and enclose all
colors perceivable by the human eye. If we start with red light of 700 nm, the red
cones are stimulated most, represented by a value of approximately x=0.75.
Nevertheless, the green cones are stimulated as well (y = 0.25), only the blue cones

2 This phenomenon is called metamerism (cf. Sect. 1.1.3).

3 In the CIE system the parameter ¥ measures the brightness, the parameters x and y specify
the chromaticity [127].

4 0n the straight line from x=0, y =1 to x =1, y =0 the sum of x and y equals 1, i.e., the
stimulation of the blue cones is zero, whereas the stimulation of the blue cones would be at
maximum at the point x =0, y =0 (cannot be reached because of the overlap of the three
sensitivity curves). Therefore, the distance of a color from the straight line fromx =0, y =1
tox =1, y =0 is a measurement of the stimulation of the blue cones.
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Fig. 1.6. CIE chromaticity diagram or color space [140]

are not affected. Reducing the wavelength to 550 nm, the ratio of stimulation
changes continuously to y = 0.7 (green) and x = 0.3 (red). Wavelengths smaller than
550 nm stimulate the blue cones as well, i.e., the straight line from x =0, y =1 to
x=1,y=0is left for A <550 nm. If we reach the wavelength of 400 nm, the green
cones are no longer stimulated (y = 0), the red cones only a little bit (x = 0.2) due to
the small hillock between 400 and 500 nm. So the blue cones are stimulated most
for 400 nm (1 — 0.2 =0.8). The connecting line between 380 and 700 nm is the
purple line, which cannot be represented by monochromatic light [127].

Taking two “color points” in the color space shown in Fig. 1.6, we can mix every
color on the line in-between these two points by mixing the given two colors with
the right proportion. Nevertheless, no mixture of colors can produce a color
completely identical to a spectral color (one can get quite close for the longer
wavelengths, where the chromaticity diagram has a nearly straight edge).
Accordingly, the colors which can be mixed by combining a given set of three
primary colors® (such as the blue, green, and red of a color television screen or

3 Any set of three colors which will yield white when mixed in an appropriate combination
can be considered to be primary colors.
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video projector) are represented on the chromaticity diagram by a triangle joining
the coordinates for these three colors. This range of colors that can be reproduced
with a given color reproduction system (photography, printing, television, video
projection) is called the gamut. The CIE chromaticity diagram can be used to
describe the gamut. The art of developing a video projector or television set is now
to reproduce a color gamut including as many colors as possible. In the case of a
video projector, this means finding a projection lamp which offers three appropriate
primary colors with sufficiently high intensity.

So, understanding the human eye and the different sensitivity curves for the rods
and the three types of cones is necessary to define quantity (Sect. 1.2.1) and quality
judgements (Sect. 1.2.5) for lamps and to understand the working principle of color
reproduction systems.

1.1.3 Mixing Colors

The mixing of colors introduced in Sect. 1.1.2 is the so-called additive color mixing,
involving light in a direct way, whereas the world we are normally looking at is
dominated by subtractive color mixing involving substances. Additive color mixing
describes how the eye interprets wavelengths of light with the help of the three types
of cones and can be described in the chromaticity diagram or with a color gamut.
The colors of our surrounding world, however, are created by absorbing and
reflecting defined parts of the (white) light shining on them. A tomato, for example,
absorbs nearly all the light with wavelengths below 600 nm, reflecting (partially)
only light with wavelength above 600 nm. The resulting color is red. Cabbage, on
the other hand, (partially) reflects wavelengths between 500 and 600 nm and
absorbs the rest of the light. The result is the green color of cabbage. White paper
reflects about 80% of the (white) light shining on it independent of the wavelength,®
whereas black paper absorbs approximately 95% of the light shining on it
independent of the wavelength [78].

The best choice of primary colors for additive color mixing are spectral colors
(monochromatic light, e.g., blue (460 nm), green (530 nm), and red (660 nm)),
because they lie on the border of the color space perceivable by the human eye (cf.
Fig. 1.6). The resulting color gamut thus includes as many colors as possible. In
contrast, the dyes for subtractive color mixing must remove a band of wavelengths. A
good choice for the three primary colors for subtractive color mixing’ are cyan (a
bluish green, result of additive color mixing of green and blue), magenta (a pinkish
purple, result of additive color mixing of blue and red), and yellow (result of additive
color mixing of red and green). Cyan absorbs orange and red at wavelengths above
580 nm (cyan = white — red), magenta dye absorbs green and yellow light in a band
of wavelengths between 490 and 580 nm (magenta = white — green), and yellow dye
absorbs blue and violet light at wavelengths below about 490 nm (yellow = white —

6 Depending on the whiteness of the paper, this value can vary.
7 As for example in printers.
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blue). Mixing now cyan and magenta, all wavelengths above 490 nm will be
absorbed, resulting in blue? reflected light and so on.

So, light sources start with additive color mixing (spectral distribution of the
light emitted by the light source), but the quality of the light source must be rated by
looking at the reflected light from defined color samples, because the reflected light
spectrum from these color samples might be very different for different “white”
light sources. In this way, one can learn more about the light source and the light
emitted from it by regarding the reflected light than by looking directly in the light
source. Instead of defined color samples, one could also use colored filters for the
assessment of a light source, but the method with defined color samples is easier
(cf. Sect. 1.2.5).

If two colors have the same visual appearance (i.e., the same tristimulus value and
therefore the same position in the CIE chromaticity diagram, cf. Fig. 1.6), but
different spectral compositions, they are called metameric. They will have the same
effect on the three color receptors (cones) in the human eye (same ratio of stimulation
of red, green, and blue cones) and will be perceived as the same color. The light color
emitted by different light sources with the same correlated color temperature (cf.
Sect. 1.2.6) will usually be metameric, but they may still be distinguishable by
looking at their color rendering index (cf. Sect. 1.2.5). Metameric colors will share
the same location on the CIE chromaticity diagram. It might be that a pair of color
samples match under one illuminant but not when viewed under another.

1.2 Photometric Characteristics of Light Sources

The assessment of light sources with respect to the quantity and quality of light
output is not as easy as measuring just the spectral power distribution of different
light sources. The human eye with its characteristic sensitivity curves especially of
the three types of cones must be incorporated in the assessment of light sources
yielding photometric characteristics of light sources like luminous flux and color
rendering index. It should be kept in mind that these photometric characteristics are
only important in the case of the production of visible light for human beings. These
photometric characteristics do not make sense for judging, for example, discharge
lamps for producing UV radiation or for the illumination of an aquariurn.9
Moreover, taking into account the additional photoreceptors responsible for the
setting of our biological clock (cf. Sect. 1.1.1), the photometric characteristics do
not include all important aspects of the human eye.

8 cyan + magenta = white — red — green = blue.

% Of course, for the human beings looking at the fish, the photometric characteristics of the
illuminating light source are important, but the fish themselves have different sensitivity
curves for their photoreceptors and need maybe a certain light distribution for a healthy
growing.
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Table 1.1. Some typical light sources, their wattage, luminous flux, and luminous efficacy
[54, 71,118, 170]

light source wattage luminous flux ~ luminous efficacy
(W) (Im) (Imw™h

candle 5-15

LED Luxeon white 5 W 5 150 30
compact fluorescent lamp 11 660 60
incandescent lamp 60 730 12
halogen incandescent lamp 100 1,250 13
automotive headlight lamp?® H7 55 1,500 27
fluorescent lamp 36 2,850 79
automotive headlight lampb D2 35 3,200 91
high-pressure mercury lamp 80 3,450 43
low-pressure sodium lamp 35 4,800 137
UHP 120 120 7,000 58
High-pressure sodium lamp 100 10,000 100

2 Halogen incandescent lamp

b Metal halide (high-pressure) discharge lamp

1.2.1 Luminous Flux

The quantity of light or radiation of a light source can be measured with a
spectrophotometer resulting in the spectral power distribution of the light source, i.e.,
the radiated power of a light source depending on wavelength A (cf. Sect. 1.3). But to
rate the quantity of light from a light source, it is not enough just to measure how
much power is emitted between 380 (violet) and 780 nm (red). This spectral power
distribution must be weighted with the photopic sensitivity curve of the human eye
(daylight sensitivity or sensitivity of the light adapted eye, Fig. 1.3) to give the so-
called luminous flux. So, the biological response of our eye to the incoming light must
be included in the definition of the luminous flux which is measured in lumen (Im).
Thus, the luminous flux is the energy per unit time (dQ/df) radiated from a light
source over visible wavelengths weighted with the sensitivity of the human eye.

The maximum luminous flux can be reached with a light source emitting only at
the wavelength where maximum photopic sensitivity is given, i.e., 555 nm with
V(555 nm) = 1. 1 W radiated power at the wavelength of 555 nm is (historically)
defined as 683 Im. The luminous flux @ in the general case is given by the folding
or weighting of the spectral power distribution @(A) with the normalized photopic
response curve!? V(A) and the constant factor K, = 683 Im w!

@y = K, [ @A)V (D)dA (1.1)
The maximum value of 683 1m for 1 W of radiation can only be reached for

monochromatic light at the wavelength of 555 nm. As soon as we take “white” light, the

19 Maximum photopic response at 555 nm normalized to 1.
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Fig. 1.7. Evolution of luminous efficacy of discharge lamps compared to the incandescent
lamp [70]

luminous flux must be smaller due to the decline of V(1) for larger or smaller
wavelength than 555 nm. Monochromatic light with wavelengths unequal to 555 nm has
a lower luminous flux as well: 1 W monochromatic red light (700 nm, ¥{A = 700 nm) =
0.4%, [104]) produces a luminous flux of 2.7 Im, 1 W monochromatic blue light
(450 nm, V(A =450 nm) = 3.8%, [104]) produces a luminous flux of 26 Im. Typical
light sources and their luminous flux are given in Table 1.1.

1.2.2 Luminous Efficacy

The luminous flux related to the electrical power input to a light source gives the
luminous efficacy 1 (Im W), The luminous efficacy may help to judge the
efficiency of different lamps. Nevertheless, as the luminous flux, the luminous
efficacy is only a measure related to the “quantity” of light, not to the “quality”.
Table 1.1 gives some examples of luminous efficacies of different light sources.
A graphical representation of the evolution of the luminous efficacy of different
discharge lamps compared to an incandescent lamp is given in Fig. 1.7.

1.2.3 Luminous Intensity

The luminous intensity (of a point-like light source'!) is the luminous flux per
unit solid angle and expresses the directionality of the radiated light. The
luminous intensity is used to describe how bright a beam of light is. It is expressed

1 For an extended light source, the luminous flux per unit area per unit solid angle is
measured in Im m~2 steradian”! = candela m~2 = nt (nit). This quantity is also called
luminance.
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in lumen per steradian = candela (cd). The candela is the foundation unit for the
measurement of visible light. It is one of the seven foundation SI units. Its formal
definition is:

The candela is the luminous intensity in a given direction of a source that emits
monochromatic radiation of frequency 540x10"° Hz (555 nm) and that has a
radiant intensity in that direction of 1/683 W per steradian.

The candela is then used to define the lumen and other quantities used in the
measurement of visible light. If the luminous intensity of a light source is the same
in all directions, it is called isotropic. For an isotropic light source, the relationship
between the candela and lumen is 1 cd =4n Im. Otherwise, for a flat radiating
surface, known as a lambertian, the intensity falls off as the cosine of the
observation angle with respect to the surface normal.

1.2.4 llluminance

The illuminance or illumination (lux) measures the brightness of an illuminated
surface. One lux is 1 Im m™2. The difference between the lux and the lumen is that
the lux takes the area into account over which the luminous flux is spread, i.e., it
depends not only on the light source but also on the position (distance) of the
illuminated surface. The illumination from the sun on an average summer day on
the Earth’s surface ranges from 32,000 to 100,000 lux and from 3,000 to 4,000 lux
on a winter day with cloudy sky. A bright office has up to 400 lux, domestic lighting
ranges from 40 to 150 lux, street lighting produces 3 to 30 lux, a full moon at the
zenith on a clear night about 0.1-0.3 lux [107, 170].

1.2.5 Color Rendering Index

As shown in the preceding Sects. 1.2.1-1.2.4, the quantity or the efficacy of light
can be assessed, but up to now the “color” of the light source was not accounted for.
What could be meant by the “color” or the quality of a light source? Since we are
often not interested in the direct light from the light source but the reflected light
from the illuminated surfaces, the quality of the light source depends on what is
illuminated or what is looked on. The spectral power distribution of light from an
illuminated surface is the product of the reflectance of the surface and the spectral
power distribution of the light which falls on the surface (cf. Sects. 1.1.2 and 1.1.3).
Thus, we can rate the quality of light by comparing the color impression of a
defined color sample under illumination by the light source under consideration and
some sort of standard light source. The result is a “color rendering index”.

The general color rendering index (CRI) measures the ability of a light source to
accurately display color as compared to a standard illuminant. The CRI is a scale
from 0 to 100 which rates a light source by comparing the color appearance of eight
different colors viewed under the light source to the color appearance of these eight
colors viewed under a standard illuminant.'? These eight colors are defined by the

12 The description of the exact procedure can be found at CIE publication no. 13.2-1974.
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International Commission on Illumination (CIE). The higher the CRI, the better the
color rendering. A CRI value of 100 means the source is identical to the standard
illuminant. A CRI of more than 90 gives a very good color rendering, a CRI
between 80 and 90 is good, a CRI between 60 and 80 gives a sufficient color
rendering [118]. A light source for office space may have a CRI in the 60s, but in
areas where color appearance is very critical, a light source with a CRI in the 90s
would be more appropriate. Typical light sources and their color rendering index are
given in Table 1.2.

The color rendering index is coupled to a particular reference light source,
which should have the same correlated color temperature (cf. Sect. 1.2.6) as the
light source under consideration. Two standard light sources for different color
temperatures can show considerable differences in the color rendering. That means
that two light sources with the same color rendering index CRI but different
correlated color temperatures may show considerable differences in the color
rendering as well. But even two light sources with the same color rendering index
CRI and the same correlated color temperature can show differences in the
appearance of colors. This is caused by the definition of the (general) color
rendering index, which is the average of eight special color rendering indices (one
for each of the eight standard colors, see earlier). One of the light sources might
render color 1 most, the other color 2. The averaging does not keep track of these
details. Nevertheless, for high CRI above 90 experience shows that none of the eight
special color rendering indices is shifted considerably more than the others. But the
lower the CRI, the more different the color rendering of two light sources with equal
CRI and equal correlated color temperature.

1.2.6 Correlated Color Temperature

The correlated color temperature (K) is a simple way to characterize the color of a
light source. While in reality the color of light is determined by the spectral power
distribution, the color can still be summarized on a linear scale, the correlated color

Table 1.2. Some light sources and their typical color rendering index (CRI) [92, 118]

light source general color rendering index CRI
low-pressure sodium lamp 0-18
high-pressure sodium lamp 25-82
high-pressure mercury lamp 16-58
warm white fluorescent lamp 55
cool white fluorescent lamp 65
LED Luxeon white 5 W 70
deluxe warm white fluorescent lamp 73
daylight fluorescent lamp 79
metal halide lamp (4,200 K) 85
deluxe cool white fluorescent lamp 86

incandescent lamp (100 W) 100
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temperature (CCT). This value is useful, e.g., for classifying light sources for
different fields of application (home, office, sports, etc.) or for specifying the right
light source types in architectural lighting design. Nevertheless, light sources of
the same CCT may vary widely in the quality of light emitted, i.e., in their color
rendering (CRI, cf. Sect. 1.2.5). One light source may have a continuous spectrum,
while the other just emits light in a few narrow bands of the spectrum, both having
the same CCT. A low CCT implies warmer light (more red) while a high correlated
color temperature implies a colder light (more blue). Daylight has a rather low CCT
near dawn, and a higher one during the day. Nevertheless, a high CCT does not
imply that the light source is actually at that temperature. Fluorescent lamps have,
for example, a high CCT, but actually they are quite cool during operation compared
to high-pressure discharge lamps (cf. Sect. 1.3.4).

The correlated color temperature is obtained by comparing the light source
under consideration to a black body radiator (Planckian radiator) of a given
temperature and characterizing the light source by the temperature of the black body
radiator which has the same chromaticity, i.e., which is closest!? to it on the CIE
chromaticity diagram (cf. Fig. 1.6). That is, the CCT refers to the temperature to
which one would have to heat a Planckian radiator to produce light of the same
visual color. Since the (continuous) spectral power distribution of a Planckian
radiator depends only on its temperature, the CCT reduces the color to a single
value (cf. Sect. 2.4.3). The preferred CCT are between 2,500 and 7,500 K. Warm
white light lies between 2,500 and 3,300 K, neutral white between 3,300 and
5,000 K, and daylight white between 5,000 and 7,500 K [104]. Table 1.3 gives some
examples of correlated color temperatures of different light sources.

1.3 Light Sources

To understand high-pressure or high-intensity discharge (HID) lamps, it is helpful
to know more about other artificial light sources. The characteristics of HID lamps
can easier be classified with knowledge about other types of light sources at the
back of our minds. The working principle of high-pressure discharge lamps, the
photometric characteristics, or the advantages and disadvantages of HID lamps in
general can be better understood and rated against the background of other light
sources.

Moreover, many principles hold for several types of lamps: Comparing, for
example, an incandescent lamp with a HID lamp, the black body radiation plays an
important role in both cases. In incandescent lamps, the visible light is “produced”

13 Strictly speaking, not the closest point on the Planckian locus (line in the CIE chromaticity
diagram of Planckian radiators of different temperatures) is taken for reference, but iso
temperature lines or Judd lines are used [118].
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Table 1.3. Some light sources and their typical correlated color temperature (CCT) [92, 118,
133]

light source correlated color temperature (CCT) (K)
sunrise/sunset 3,200

1 h before/after dusk/dawn 3,400

sunny daylight around noon 5,800
candlelight 1,500
high-pressure sodium lamp 2,000-2,500
incandescent lamp (40 W) 2,680
incandescent lamp (200 W) 3,000

LED Luxeon white 5 W 5,500
fluorescent lamp 2,700-8,000
high-pressure mercury lamp 3,300-7,600

by black body radiation. In HID lamps, the electrodes are normally very hot,
producing black body radiation as well. This black body radiation contributes in
fact only a little bit to the light output of the HID lamp,14 but it can be used to
measure the electrode temperature by means of pyrometry (cf. Sects. 3.1.1-3.1.7).
Moreover, the tungsten—halogen cycle in halogen (incandescent) lamps and some
types of high-pressure discharge lamps is similar [45]. Low-pressure discharge lamps
(e.g., fluorescent lamp, low-pressure sodium lamp) and HID lamps have, for
example, the electron emission mechanism at the cathode and the starting
mechanism in common.

So, Sects. 1.3.1-1.3.9 will give an overview over light sources, starting with the
sun (Sect. 1.3.1). The sun sets the benchmark for all artificial light sources since the
human eye is adapted to its spectral power distribution. Then, the oldest artificial
light source (after fire), the incandescent lamp, will be considered (Sect. 1.3.2),
followed by low-pressure discharge lamps (Sects. 1.3.4 and 1.3.5) and finally
arriving at high-pressure discharge lamps (Sects. 1.3.6—1.3.9).

1.3.1 Sun

The human eye is adapted to the sunlight (inside our atmosphere, i.e., at sea level),
so generating light with a similar spectral power distribution as the sun will be
perceived as “good light.” Nevertheless, even a spectral power distribution quite
dissimilar to that of the sun can produce good light with respect to color rendering,
if the characteristics of the cones in the human eye are matched.

The sun is a hot body. Its core can reach 20x10° K, the surface temperature is
about 6,000 K. The outer atmosphere of the sun (which is visible during a solar
eclipse) is extremely hot again, about 10° K. At the center of big sunspots, the
temperature can be as low as 4,300 K (dark spots on a bright background).

4 I the first electric arc discharges (carbon arc between carbon electrodes, 1802), the
incandescent of the electrodes created the light output [70, 111].



18 1 Light and Light Sources

The radiation emitted by the sun is discrete, however, the emission lines are
broadened by the pressure of the gases comprising the sun (cf. Sect. 2.2.3) and the
numerous emission lines are so close together that the spectral power distribution in
the visible can be regarded as continuous radiation. There are hundreds of
absorption lines in the solar spectrum due to the absorption of specific wavelengths
in the sun’s atmosphere, the so-called Fraunhofer lines. The elements in the sun’s
atmosphere can be determined by studying these lines. Moreover, the atmosphere of
the earth absorbs and scatters electromagnetic radiation!> [143].

Despite all this, we can compare the spectrum of the sun with the radiation
coming from a black body, calculated with the Planck radiation formula (cf.
Sect. 2.4.3). Black body radiation of approximately 5,800 K matches the solar
spectrum best, but it goes without saying that this temperature depends strongly on
the position of the observer on the earth surface, the height above sea level, the
position of the sun (time of day), the season, and the weather conditions (cf.
Table 1.3 and Fig. 1.8).

1.3.2 Incandescent Lamp

If we want to match the solar spectrum of the sun, we could use an artificial light
source consisting of a black body radiator of approximately 5,800 K. A good choice
would be carbon with a melting point higher than 4,100 K. The carbon, in the form of
a filament in a vacuum bulb, can be brought to very high temperatures
(=incandescence). But the evaporation rate of hot carbon is very high. This would
result in a fast blackening of the bulb containing the carbon filament. Alternatively,
one could reduce the temperature of the carbon filament, resulting in a lower
evaporation rate but a much lower efficacy as well. Around 1854, Heinrich Gobel, a
German emigrant in the USA, built the first practical incandescent lamps: Carbonized
bamboo filaments enclosed in evacuated bottles to prevent oxidation. They were
intended to illuminate the shop window of his watch shop in New York City [70].

It turned out that tungsten is the best choice for the filament. The melting
temperature of tungsten lies at about 3,680 K and the tungsten vapor pressure is
about 5,000 times smaller than the carbon vapor pressure at temperatures used
in incandescent lamps. Moreover, the emissivity £(A) of tungsten (cf. Sect. 2.4.3,
especially Fig. 2.30) is high in the visible part of the spectral power distribution
(about 0.4-0.5), but low in the infrared part of the spectral power distribution
(0.15-0.4). This enhances the efficacy in comparison to a theoretical black body
radiator of the same temperature.'® Nevertheless, even if radiation is the only loss
mechanism, the theoretical efficacy is limited. Figure 1.9 depicts the percentage of

15 Absorption causes gaps in the solar spectrum, scattering reduces the spectral power
distribution in general.

16 Carbon is practically grey, i.e., the emission coefficient £(4) is nearly independent of the
wavelength A.
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Fig. 1.8. Comparison of smoothed solar radiation curve and black body radiation for three
different temperatures [143]

radiation emitted between 400 to 700 nm (visible light) for a theoretical black body
radiator as a function of temperature (curve 1, right scale). The same type of curve
for a tungsten filament reaches higher values, due to the enhanced emissivity in the
visible part of the spectrum (curve 2). Assuming that there are no other loss
mechanisms apart from radiation, the resulting efficacies are given in Fig. 1.9
by curve 3 (black body radiator) and curve 4 (tungsten). Thus, the maximum
efficacy at 3,000 K is 28 Im w! fora tungsten filament [48].

The filament of an incandescent lamp is a resistor. The electrical power applied
to it is converted into heat. Its temperature rises until the power loss of the filament
is as high as the heat being generated in the filament. Ideally, the power loss is
dominated by radiation, but thermal conduction can also be a loss mechanism. The
advantage of vacuum incandescent lamps is that nearly 100% of the electrical power
put in the tungsten filament is converted into radiation. Nevertheless, the
temperature of the tungsten coil must be relatively cold (2,000-2,500 K say) to
prevent considerable evaporation of tungsten. The evaporation of tungsten would
shorten the lifetime because of narrowing of the tungsten filament. Where the
filament is narrower, electrical resistance is higher (due to the smaller cross section)
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(curve 1) and by tungsten (curve 2). The resulting efficacies are curve 3 (black body radiator)
and curve 4 (tungsten). Radiation has been assumed to be the only loss mechanism for the
calculation of the efficacy [48]

and less surface is available to radiate heat away. The filament heats up more,
increasing the rate of evaporation even further at that point until finally the filament
either melts or becomes weak and breaks. Moreover, the evaporated tungsten
blackens the walls of the bulb, reducing the light output.

Filling the bulb with an inert, noble, or rare gas, such as argon, xenon, or
krypton, slows down evaporation of the filament. Tungsten atoms evaporated from
the tungsten filament will be bounced back to the filament by the gas atoms. The
heavier the noble gas atoms, the better this effect works, giving preference to xenon
(131.3u) or krypton (83.8 u). Xenon and krypton also have a smaller thermal
conductivity than argon, i.e., the energy loss by heat conduction is lower for xenon
and krypton compared to argon, but argon is much cheaper. The filament can be
operated at a higher temperature with a fill gas compared to operation in a
vacuum.'” This results in more efficient radiation of visible light (cf. Fig. 1.9).

17 Some incandescent light sources are still operated with a vacuum inside. The reason is that
in low-wattage incandescent lamps with thin filaments and lower currents the thermal heat
conduction is too high, resulting in low efficacies despite higher filament temperatures.
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In spite of the gas filling of the lamp, there is still evaporated tungsten
blackening the bulb, a problem which is also known in HID lamps.18 This reduces
light output over the lifetime of the lamp and prevents, for example, scaling down of
incandescent lamps (narrow tubes blacken faster, because the same amount of
tungsten condenses on a smaller area). A solution used in incandescent lamps as
well as in HID lamps (e.g., UHP lamp, cf. [45] and Sect. 1.3.6) is the so-called
tungsten—halogen cycle.

Traces of a halogen, e.g., iodine or bromine, are added to the gas filling of the
lamp. As tungsten evaporates from the tungsten filament, it usually condenses on
the inner surface of the bulb. But the halogen, being chemically reactive, combines
with this tungsten deposited on the wall and forms tungsten halide, which
evaporates more easily, i.e., tungsten halide is more volatile than pure tungsten.
When the tungsten halide gets near the filament, the high temperature of the
filament causes the halide to dissociate. Thus, the tungsten concentration near the
hot filament is higher than without a tungsten—halogen cycle, increasing the back
diffusion of tungsten.

Nevertheless, this process extends the lifetime of the filament only somewhat,
because problems with uneven filament evaporation and uneven deposition of
tungsten onto the filament by the tungsten—halogen cycle do occur. This limits the
ability of the tungsten—halogen cycle to prolong the life of the bulb. However, the
tungsten—halogen cycle keeps the inner surface of the bulb clean. This lets halogen
bulbs stay close to full brightness during lifetime, i.e., the efficacy is constant over
lifetime. Moreover, smaller envelopes around the filament can be chosen, which is
not possible without a tungsten—halogen cycle (due to the increased blackening of
the smaller inner wall area without a tungsten—halogen cycle). The resulting smaller
volume of the lamps permits the use of expensive rare gases like xenon or krypton
with a higher pressure. This reduces even more the evaporation of tungsten,
resulting in longer lifetimes or higher filament temperatures with higher efficacy
(see earlier). In order for the tungsten—halogen cycle to work, the bulb surface must
be very hot, generally over 500 K. The halogen may not adequately vaporize or fail
to adequately react with condensed tungsten if the bulb is too cool. This means that
the bulb must be small (which is desired anyway, see earlier) and made of either
quartz glass, vycor, or very hard glass [48].

One failure mode of halogen incandescent lamps is filament notching or
necking. Since the ends of the filament are somewhat cooler where the filament is
attached to the lead wires, the halogen attacks the filament at these points, forming
tungsten halogen which evaporates. This effect, which makes the coldest tungsten
filament parts thinner, can also be observed in HID lamps using a tungsten—halogen
cycle (cold end attack, cf. [75]).

The incandescent light bulb is still widely used in domestic applications and
many portable lighting devices are equipped with incandescent lamps (for instance
electric torches, car interior lighting, etc.). A typical spectral power distribution of

8 HID lamps are normally operated with tungsten electrodes.
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an incandescent lamp compared to the V(1) curve of the light adapted human eye is
shown in Fig. 1.10. Halogen incandescent lamps have become more common in
automotive headlights (replaced more and more by HID lamps, cf. Sect. 1.3.8) and
domestic situations, particularly where light is to be concentrated on a particular
point.

1.3.3 Gas Discharge Lamps

The electromagnetic radiation emitted by an incandescent lamp is produced by a hot
solid, namely a tungsten filament. The physical process behind this way of
generating light is the black body radiation (cf. Sect. 2.4.3). The fluorescent lamp,
the low-pressure sodium lamp, the high-pressure mercury, sodium, or metal halide
lamp are in contrast gas discharge lamps, i.e., the radiation originates from a gas
(plasma) instead of a solid state. The gas is located in general in a discharge tube
with two electrodes. During operation, the filling consists of an inert gas and often a
metal vapor. The electrons emitted by one of the electrodes (the cathode) gain
energy in the electric field between the electrodes. This energy is transformed
insome way or other in excitation, ionization, or dissociation of gas atoms
or molecules and heat. The excitation energy obtained by an atom can be
transmitted after a while as electromagnetic radiation (radiative de—excitationlg).
The wavelength A of this radiation is coupled to the excitation energy E via the
relation A = ch/E, where c is the velocity of light and % is Planck’s constant. In the

Wiy
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Fig. 1.10. Typical spectral power distribution of tungsten filament (incandescent lamp [118])
superimposed by the sensitivity curve V(1) of the light adapted human eye

19 There are other possibilities of de-excitation like the so-called quenching collisions, where
the excitation energy of an atom is transferred to an electron as kinetic energy. These
quenching collisions and inelastic collisions of atoms outnumber the radiative de-excitations
in HID lamps.
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same way the recombination of an ion and an electron can lead to continuous
electromagnetic radiation with a lower wavelength limit corresponding to the
ionization energy of the atom. Thus, in contrast to the continuous spectral power
distribution of a black body radiator (solid state), the electromagnetic radiation
originating from a gas discharge consists of a discrete spectral power distribution?”
(corresponding to the possible (discrete) excitation states of the gas atoms or
molecules), i.e., the spectral power distribution consists of a number of more or less
separated spectral lines which may be broadened by certain mechanisms (cf.
Sect. 2.2.3).

Starting of Discharge Lamps

Many gas discharge lamps have a filling consisting of an inert, noble, or rare gas
plus a metal vapor. In the first place, the inert gas is needed to start the lamp,
because at room or ambient temperature the metal is not vaporized, i.e., the vapor
pressure of the metal is too low. In the UHP lamp for example, the starting gas is
argon with a pressure of about 10% Pa = 0.1 bar. To heat up the discharge tube and
therefore to get the solid or liquid metal vaporized, a noble gas discharge is started.
The so-called breakdown of the (initially insulating) gas is necessary to create a
plasma. By applying a high starting voltage (ignition voltage), up to some tens of
kV, single electrons in the discharge or from the preheated cathode are accelerated
and thus create new electron—ion pairs by ionizing gas atoms during inelastic
collisions.! If the accelerating voltage is high enough, this process produces
sufficient electrons resulting in a self-sustained discharge.

The starting voltage depends strongly on gas composition, gas pressure, and
electrode gap. The lower this voltage, the easier the discharge can be started. The
best choice is a so-called penning mixture: Taking neon or argon alone as the
starting or auxiliary gas, the starting voltage is considerably higher than for a
mixture of both of them in a ratio of 99:1 (neon/argon). In this mixture, the electrons
might excite neon to a metastable state (16.6 eV), whereupon neon passes this
energy to ground-state argon atoms, which become ionized (15.7 eV). This
produces an additional electron, which can be accelerated in the electric field,
yielding more electrons: The discharge has been started.

Besides the gas composition, the gas pressure is an important factor. In general,
the starting voltage decreases for increasing pressure, reaches a minimum value and
rises again with further increasing pressure. This can be explained with the mean

20 There are also physical processes within the discharge producing continuous spectral
power distributions which may be important for certain types of lamps. This will be discussed
in the following and in Chap. 2.

21 Elastic collisions preserve the kinetic energy of the participating partners (exchange of
kinetic energy), inelastic collisions convert the kinetic energy or parts of it in excitation
energy of the atoms or molecules or the energy is used to ionize or dissociate atoms or
molecules, etc.
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free path of the electrons in the gas (cf. Sect. 2.1.6). If the pressure of the gas is too
low, the mean free path is too large, i.e., the electrons might not even hit one gas
atom at their way through the discharge or their energy gain between two collision is
much higher than the ionization energy, reducing the efficiency of ion and electron
production. Increasing the pressure leads to a smaller mean free path, increasing the
efficiency of the ionization process. However, if the mean free path of the electrons
gets too small, the electrons might not gain enough energy between two collisions,
decreasing the efficiency of electron and ion production again (Paschen’s law).

The electrons gain energy in the electric field between the two electrodes and
either produce new electrons (inelastic collisions) or heat up the inert gas by elastic
collisions. As a result, the temperature in the discharge rises, so that the metal
filling starts to evaporate. The coldest spot at the inside wall of the discharge tube
determines the vapor pressure of the filling, since there (at the so-called cold spot)
the gaseous metals will condense. Depending on the desired pressure of the filling,
this cold spot temperature might be as low as, e.g., 310 K (low-pressure discharge)
or higher than 1,100 K for certain high-pressure discharge lamps (e.g., UHP lamp,
cf. Sects. 1.3.6 and 4.3).

Starting a discharge lamp requires free electrons which are accelerated in the
electric field produced by the applied starting voltage. To provide as many electrons
as possible, the electrodes (usually made of tungsten with small additives) can be
preheated before starting the lamp. The electron emission current due to thermal
electron emission from the cathode is thus increased (cf. Sect. 2.4.4). The heating of
the electrodes can be switched off after starting or the electrodes can be heated
continuously during operation. A second possibility to increase the number of free
electrons is the usage of so-called emitters at the electrode surface (e.g., barium
oxide or thorium oxide, cf. Sect.2.4.4). They reduce the work function of the
electrodes and enhance therefore the electron emission, i.e., they enhance the
number of emitted electrons.

Auxiliary Gas

In low-pressure discharge lamps the inert, auxiliary, or buffer gas has a second duty
during lamp operation. Without an inert, noble, or rare gas, the density of metal
atoms in the discharge is so low that electrons have a mean free path length
comparable to the order of the tube radius.?? Thus, a lot of energy gained by
the electrons in the electric field between the two electrodes is “wasted” and
transformed to heat when the electrons hit the discharge wall. To prevent this,
the pressure of the inert gas might be much higher than the pressure of the metal
(e.g., 200—1,000 Pa), leading to frequent elastic collisions between electrons and

2 Typical pressures of metal vapor in low-pressure discharge lamps are below 1 Pa during
operation, the mean free path of electrons in a mercury vapor at room temperature is about
50 mm.
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inert gas. This reduces the mean free path length considerably to the order of about
0.1 mm [48]. The electrons then follow a zigzag path through the discharge which
enhances the probability of collisions with metal atoms. The energy loss by the
elastic collisions with the rare gas atoms does not prevent the electrons from gaining
enough energy for the excitation of the metal atoms. Since excitation and ionization
potential of the inert gas is in general much higher than the excitation potential of
the metal, the electrons do not excite or ionize excessively the inert gas during
operation. Nevertheless, the rare gas pressure should not be too high to prevent too
much energy loss by elastic collisions.

In the D2 automotive headlight lamp the starting gas (7 bar xenon in the cold
lamp, 50 bar in the operating lamp) has a further function: It is responsible for the so-
called “Xenon-Instant-Light” at the cold start of the lamp, to provide the required
minimum output of 800 Im one second after switch on (cf. Sect. 1.3.8). In general, the
run-up phase of a discharge lamp, during which the metal is vaporized, can take a
couple of seconds up to a couple of minutes, depending on the desired vapor pressure
of the metals and the geometry and extent of the discharge. This warm-up time can
often be observed when street lights (high-pressure sodium or high-pressure mercury)
are turned on and luminous flux and light color change over time [92, 118].

Negative Voltage—Current Characteristic

In a metallic conductor, the current is transported by a given number of electrons.
Doubling the current means doubling the voltage and with this the velocity of the
electrons. The result is Ohm’s law (U = RI). In a gas discharge lamp, however, the
number of electrons carrying the current is not fixed. The higher the lamp current,
the higher the number of free electrons. In fact, the number of free electrons
generally increases more than linearly with the lamp current, resulting in a negative
voltage—current characteristic. The consequence of this is the following: A dis-
charge connected directly to the mains voltage ¥, will carry the lamp current /. If
the lamp current is increased by a small amount A/, a smaller lamp voltage V, — AV
is needed. But since the mains voltage V|, is still applied to the discharge, the
voltage drop over the discharge is AV higher than necessary, the electron velocity
will increase and with this, the lamp current 7 will even further increase. This leads
to an unstable situation until the fuse blows.

To prevent this unstable situation, an impedance can be included in the electrical
circuit, usually an inductive ballast in the ac case or a series resistance in the dc
case, which limits the current. Instead of these conventional ballasts, modern
discharge lamps are often operated with so-called electronic ballasts. An electronic
ballast usually uses high frequency switching controlled by active components
(transistor, thyristor, etc.) and is responsible for both the starting and the stable and
efficient steady-state operation of the lamp. The advantage of high frequencies
(typically between 18 and 50 kHz, cf. [118]) compared to the normal mains supply
frequency of 50 or 60 Hz is the higher efficiency of the discharge: At 50 or 60 Hz
most electrons and ions will be lost during current reversal by recombination of
electrons and ions. The lamp must consequently reignited after each half cycle.
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A solution of this problem is the operation of the discharge lamp with rectangular
shaped lamp currents or high frequency operation with sinusoidal lamp current.

Low-Pressure Discharge Lamps

The electrons emitted by one of the electrodes (the cathode) gain energy in the
electric field between the electrodes. This energy is transformed in some way or
other in excitation, ionization, or dissociation of gas atoms or molecules and heat.
This transformation of energy is different in low-pressure and high-pressure
discharge lamps.

In low-pressure discharge lamps, the mean free path of electrons is so large (cf.
Sect. 2.1.6), that the electrons are able to gain enough energy in the applied electric
field between two collisions to excite the metal atoms in the discharge (mercury or
sodium). The most probable excitations are excitations from the ground state (which
is most probable for the metal atoms in the discharge) to the first excited states. The
excited atoms emit resonance lines or resonance radiation.? If the pressure is too
low, the mean free path is too large, i.e., the electrons might not even hit one gas
atom at their way through the discharge or their energy gain between two collision is
much higher than the excitation energy, reducing the efficiency of the excitation
process (cf. “Auxiliary Gas” in this section). However, if the pressure is too high
and the mean free path of the electrons gets too small, the electrons might not gain
enough energy between two collisions for the excitation of the metal atoms,
decreasing the efficiency again. Moreover, the resonance radiation is reabsorbed
with a higher probability by a metal atom?* if the vapor pressure and thus the
density of metal atoms gets higher. The optimum pressure of metal vapor is below
1 Pa in low-pressure discharge lamps (mercury or sodium).

Typical low-pressure discharge lamps contain either mercury (low-pressure
mercury lamps or fluorescent lamps, cf. Sect. 1.3.4) or sodium (low-pressure
sodium lamps, cf. Sect. 1.3.5). The advantage of mercury is the sufficiently high
vapor pressure at relatively low temperatures, the advantage of sodium is the
wavelength of the resonance lines (589.0 and 589.6 nm), which are very close to the
maximum of the sensitivity curve of the human eye. The typical spectral power
distribution of low-pressure discharge lamps is a spectrum with very few, sharp
spectral lines due to the resonance radiation. In the case of low-pressure mercury
discharge lamps UV radiation is produced and transformed into visible light with
the help of fluorescent powder. In the case of low-pressure sodium discharge lamps,
the wavelength of the resonance radiation is already very close to the maximum
of the sensitivity curve of the human eye.

23 Lines produced by transitions involving the ground state of an atom are referred to as
resonance lines.

24 Since resonance radiation originates from an excited atom de-excitating to the ground
state, an atom in the ground state can be easily excited by this radiation (corresponding to the
energy difference between ground state and excited state).
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The low pressure combined with low current densities leads to large discharge
dimensions to ensure sufficient electrical power input. Typical electric field
strengths in a low-pressure discharge are around 1-2 V cm™!. Thus, increasing the
wattage of a lamp correlates with increasing the size of the lamp, i.e., the discharge
tube dimension is the limiting factor for this type of discharge.

A typical characteristic of low-pressure discharge lamps is a considerably higher
electron temperature compared to the heavy particle temperature25 (temperature of
atoms and ions). This is caused by the more effective energy gain of electrons
compared to heavy particles in the discharge. The electric field accelerates ions and
electrons, but the ions lose a substantial part of this kinetic energy at each elastic
collision with another heavy particle due to the equal mass of the collision partners.
The electrons lose only a very small percentage of their kinetic energy during elastic
collisions with heavy particles due to the tremendous mass difference between
electrons and atoms/ions. Moreover, the electrons quite probably excite atoms
during inelastic collisions. If these excited atoms emitted the energy as radiation, the
kinetic energy of the atom does not increase, i.e., the heavy particle temperature
stays low. Typical heavy particle or gas temperatures in fluorescent lamps (low-
pressure mercury lamps) are between 300 and 700 K, the electron temperature
normally exceeds 10,000 K. In low-pressure sodium lamps, the gas temperature is
about 500 K, electron temperature about 10,000 K [48, 80, 111, 118].

High-Pressure Discharge Lamps

Increasing the pressure from below 107 bar (1 Pa) to pressures around 1 bar
(10° Pa) and up to 200 bar (20 MPa) changes the energy transformation process
compared to low-pressure lamps. The mean free path of electrons decreases with
increasing pressure, increasing as well the number of elastic collisions. Although
the electron passes only a small percentage of its kinetic energy to heavy particles
during elastic collisions, the huge number of collisions ensures a considerable
energy transfer from electrons to heavy particles. This results in an increasing heavy
particle or gas temperature with a simultaneously decreasing electron temperature
(cf. Fig. 1.11). In high-pressure discharge lamps, the electrons and the heavy
particles have approximately temperatures between 1,000 and 11,000 K. At these
temperatures, the thermal excitation of atoms is sufficiently high, resulting in
radiation from transitions from excited states to the ground state and from excited
states to other excited states (cf. Sect. 2.2.3). The temperature profile normally
shows a hot columnar temperature area between the electrodes (plasma column)
with distinct temperature maxima near the electrode tips (hot plasma spots) as
shown in Fig. 1.35.

The resulting spectral power distribution of high-pressure discharge lamps
consists therefore not only of resonance lines but also of spectral lines due to

25 The temperature concept in discharge lamps correlates strongly with the mean kinetic
energy of the particles (cf. Sect. 2.1.4).
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Fig. 1.11. Schematic of electron (7;,) and heavy particle (7) temperature in a mercury
discharge as a function of pressure p (from 1073 torr = 0.13 Pa to 10* torr = 1.3x10 Pa =
13 bar) at constant current / [48]

transitions between excited states. In fact, the resonance lines are even missing in
high-pressure discharge lamps of sufficiently high pressure, because they are most
probably reabsorbed in the outer (and colder) part of the plasma in the discharge
tube. This is caused by the high density of metal atoms in high-pressure discharge
lamps, which is even higher in the colder plasma regions. Since these atoms are
normally in the ground state, the absorption of resonance radiation is very probable.
Moreover, the spectral lines in a high-pressure discharge lamp are no longer sharp
spectral lines with a line width according to the natural line width. Due to the high
pressure, the line width is broadened by different mechanisms including pressure
broadening, collision broadening, and Doppler broadening (cf. Sect. 2.2.3).

Typical high-pressure discharge lamps contain either mercury (high-pressure
mercury lamp, Sect. 1.3.6, or metal halide lamp, Sect. 1.3.8) or sodium (high-
pressure sodium lamp, cf. Sect. 1.3.7). The advantages of mercury are the high
vapor pressure, i.e., mercury is very volatile, and the high resistance of a mercury
plasma due to the large cross section for collisions between electrons and heavy
particles. The latter makes it possible to operate the lamps at low currents and high
voltages, which is desirable with respect to low strain and long lifetime of the
electrodes and which enables the production of very small light sources, i.e., high
power input into small volumes (high-intensity discharge lamps, point like light
sources). The advantage of sodium is, as in the low-pressure discharge lamps, the
wavelength of the resonance lines, which lie very close to the maximum of
the sensitivity curve of the human eye. In contrast to the sharp resonance lines in the
low-pressure discharge lamp at 589.0 and 589.6 nm, the high sodium pressure
results in a considerable widening and an accompanying self-reversal of the sodium
resonance lines (cf. Sect. 1.3.7).
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Fig. 1.12. Relative luminous efficacies of sodium and mercury discharge lamps depending
on vapor pressure of sodium and mercury, respectively. In the case of the mercury discharge,
the use of a fluorescent powder to convert UV radiation into visible light is assumed [118]

The high pressure leads to large electric field strengths up to 600 V cm™!. Thus,
high electrical power input into small discharge volumes is possible, e.g., 120 W for
the UHP 120 super high-pressure mercury discharge lamp with an electrode gap of
only 1 mm. This is an important feature for light sources for, e.g., projection
applications or automotive headlight lamps (high-intensity discharge lamps, point
like light sources).

The change of discharge efficiency with respect to luminous efficacy as a function
of vapor pressure is shown in Fig. 1.12. Mercury vapor pressure around 0.8 Pa leads to
efficient discharge lamps (low-pressure mercury discharge or fluorescent lamps), where
the UV radiation of the discharge is transformed into visible light with the help of a
fluorescent powder. Increasing the mercury pressure above 10° Pa (1 bar) enables
efficient discharge lamps as well (high-pressure mercury discharge lamps). In the case
of sodium, the optimum vapor pressure for a low-pressure sodium lamp lies around
0.4 Pa, the optimum vapor pressure for a high-pressure sodium lamp lies around 10* Pa.

1.3.4 Fluorescent Lamp

The fluorescent lamp is a low-pressure mercury discharge lamp (Fig. 1.13). The two
resonance lines of mercury (185.0 and 253.7nm) in the UV part of the
electromagnetic spectrum are converted into visible light with the help of
fluorescent material?® (cf. Fig. 1.14). The fluorescent material is coated on the
inside of the discharge tube and should have an absorption maximum at 185.0 and
253.7 nm. The emission band of the fluorescent powder should be a wide one in the

26 There are two types of luminescence: the fluorescence (light emission as long as material is
irradiated) and phosphorescence (light emission some time after irradiation). The fluorescent
materials used in fluorescent lamps have both properties (fluorescence and
phosphorescence), which is favorable to “bridge” the darker periods in the case of 50 or
60 Hz sinus operation.
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Fig. 1.13. Fluorescent lamp (FL): 80 W, n =61 Im W_l, CCT 4,080 K, CRI 62, 1,500 mm
overall length ([92], the spectral power distribution is from a comparable fluorescent lamp)
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Fig. 1.14. Working principle of fluorescent lamp [118]. The mercury atoms are excited by
accelerated electrons emitting UV radiation. The UV radiation is converted into visible light
by a fluorescent powder

visible part of the electromagnetic spectrum if the lamp is used for lighting purpose.
With up to 70% conversion of electrical power input into UV radiation, the
generation of UV radiation is very efficient. Nevertheless, the transformation of
a UV photon of 185.0 nm (6.7 eV) or 253.7 nm (4.9 ¢V) into a photon in the visible
part of the electromagnetic spectrum (1.5-3 eV) is a great loss mechanism,
resulting in a total conversion efficiency of electrical power to visible light of
20-30%.

The spectral power distribution of a fluorescent lamp can be adjusted to the
specific demand of the consumer by the proper choice of the fluorescent powder.
There is a wide range of available fluorescent materials, which may be used in
combination or in layers to provide the desired color temperature, color rendering
index, or spectral power distribution. Thus, the disadvantage of the use of
fluorescent powder (loss of energy which ends up as heat in the fluorescent
material) is also an advantage due to the flexible adjustment of the spectral power
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Fig. 1.15. Typical spectral power distribution of a fluorescent lamp with so-called three-band
phosphors [118] superimposed by the sensitivity curve V(1) of the light adapted human eye

distribution with the help of the fluorescent powder. A typical spectral power
distribution of a fluorescent lamp with a so-called three-band phosphor is shown in
Fig. 1.15. This distribution approximates the color rendering of incandescent light
sources. Without a fluorescent powder, the low-pressure discharge lamp is a very
efficient UV source,?’ emitting 85% of the radiation at 253.7 nm and 15% at a
wavelength of 185.0 nm.

A new product in the field of fluorescent lamps is the Lumilux Skywhite
fluorescent lamp from Osram (cf. Fig. 1.16). The radiation in the blue part of the
visible spectrum (410-460 nm) has been increased to match the sensitivity curve of
the new discovered third type of photoreceptor described in Sect. 1.1.1. This
demonstrates the advantage of fluorescent lamps: The spectral power distribution
can be adjusted by the proper choice of fluorescent material.

The optimum vapor pressure of low-pressure mercury discharge lamps is about
0.8 Pa (cf. Fig. 1.12). This pressure is determined by the coldest temperature at the
inner wall of the discharge tube, the so-called cold spot temperature. The mercury
will condense?® at this coldest spot and the pressure in the discharge corresponds to
the vapor pressure of mercury at the cold spot temperature (cf. Fig. 1.17).
At approximately 40°C, the optimum vapor pressure is reached. The discharge in a
fluorescent lamp is, under normal operating conditions, able to generate this
temperature. A change in the ambient temperature might change the cold spot

27 UV sources are used, e.g., for industrial applications like lithography, disinfection,
sterilization, curing, or surface cleaning [152].

28 During operation, only around 50 g of the approximately 8 mg mercury in the discharge
is in the vapor phase [111].
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Fig. 1.17. Saturated mercury vapor pressure as a function of cold spot temperature [118]

temperature and thus the vapor pressure. Since efficiency is strongly coupled to the
vapor pressure (cf. Fig. 1.12), the lumen output is very temperature dependent.

Using fluorescent lamps as outdoor lighting in the winter, the fluorescent lamp
should be operated in a closed luminaire to reduce heat transfer from the fluorescent
lamp to the environment with low ambient temperatures. Operating a fluorescent lamp
in a hot environment, the vapor pressure of mercury might rise above the optimum
vapor pressure of 0.8 Pa. The usage of a mercury amalgam instead of pure mercury is
a possibility to reduce the mercury pressure, because the mercury vapor pressure
above an amalgam is lower than the vapor pressure of pure mercury. Moreover, there
are amalgams with much less temperature dependent mercury vapor pressures in the
temperature region interesting for fluorescent lamp operation [118].
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Besides the mercury, the auxiliary gas is important for starting and operating a
fluorescent lamp (cf. “Auxiliary Gas” in Sect. 1.3.3). The optimum working
pressure of the auxiliary gas is between 200 and 300 Pa [118]. The higher the
atomic weight of the auxiliary gas atoms, the smaller the energy transfer during
elastic collisions between electrons and atoms. This would make xenon to the
perfect auxiliary gas. But since the first excitation energy of xenon is relatively low
(8.43 eV, 147 nm), the excitation of xenon is relatively frequent but does not
contribute to the desired radiation. Moreover, xenon is a very expensive gas.
A better choice is krypton with a higher excitation energy of 10.0 eV (123.6 nm).
Krypton is cheaper but also quite expensive. However, by reducing the arc tube
diameter from 38 to 26 mm, less of the very expensive fluorescent powder is
needed, compensating the additional costs of a dose of krypton.

Fluorescent lamps are typically long, thin cylinders, e.g., 1,200 mm long and
38 mm in diameter. Short fluorescent lamps would be inefficient because the power
loss in the near-electrode region would be too high compared to total power
consumption (electrode fall voltages, cf. Sects.3.2.2, 4.1, and 4.4). Compact
fluorescent lamps are made by folding the discharge tube (cf. Fig. 1.18). Another
way of reducing or even abandon the electrode losses is to use electrodeless
fluorescent lamps, where the power is coupled into the discharge by an electric or
magnetic field. In the case of inductively coupled fluorescent lamps, an ac current
produces an alternating magnetic field. This alternating magnetic field creates an
electric field in which the electrons are accelerated and gain energy. The advantage
is not only the avoidance of the electrode losses, which are replaced by losses during
the generation of the alternating magnetic field for example in ferrite cores. But
since the electrodes in a discharge lamp are often the limiting factor for lamp life,
the absence of electrodes might increase the lamp life considerably [77]. This is of
particular importance for lamp operation in areas difficult to access, where the
replacement of a lamp is very costly (tunnel illumination, halls with high ceiling,
etc.). The fluorescent lamp has replaced many applications of the incandescent
lamp with its superior life and energy efficiency. A large application area of all
fluorescent, compact fluorescent, and electrodeless fluorescent lamps is indoor
lighting in offices, factories and stores, and domestic lighting. Fluorescent lamps
are also used for outdoor lighting, especially motorway, street, tunnel, or car-park
lighting. In addition to general lighting, low-pressure mercury lamps are used for
example for background lighting of LCD displays or in reprography. Without a
fluorescent powder, low-pressure mercury lamps are used as UV radiators (e.g.,
photochemistry, ozone production).

1.3.5 Low-Pressure Sodium Lamp

The low-pressure sodium discharge lamp (LPS or SOX, SO/H, or SOI) is up to now
the most efficient artificial light source (Fig. 1.19). The radiation is produced in the
same way as in the fluorescent lamp, i.e., electrons are accelerated in an electric
field and excite the sodium atoms. The advantage of sodium is that the resonance
lines (589.0 and 589.6 nm (sodium D-lines), corresponding to 2.1 eV) are very
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Fig. 1.18. Compact fluorescent lamp (CFL): 7W, n =57 Im W, CCT 2,700 K, CRI 82,

161 mm overall length [92]
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Fig. 1.19. Low-pressure sodium lamp, 45 W, 7 =49 Im W_l, CCT 1,700 K, 248 mm overall

length [92]

close to the maximum of the sensitivity curve of the human eye at 555 nm (photopic
vision, cf. Fig. 1.20). With up to 40% conversion of electrical power input into
visible radiation, the luminous efficacy can be up to 200 Im w! [111, 118].
Nevertheless, since the radiation power is concentrated to one single line
(monochromatic light, cf. Fig. 1.20), colors can not be distinguished under the light
of a low-pressure sodium lamp. However, contrasts between moving and stationary
objects are perceived faster under this monochromatic light compared to illumination
with other (white) light sources.”? Moreover, the light of the low-pressure sodium

29 There are more recent investigation indicating that there is no difference between “white”
and “yellow” light or that “white” light is better with respect to response time [41].
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Fig. 1.20. Typical spectral power distribution of a low-pressure sodium lamp superimposed
by the sensitivity curve V(1) of the light adapted human eye [118]

discharge lamp pierces mist with minimal scattering, thus improving the visibility in
bad weather conditions when used for street lighting [118].

The optimum vapor pressure of sodium in low-pressure sodium lamps is about
0.4 Pa (cf. Fig. 1.12). As the sodium in low-pressure sodium lamps is typically
overdosed (like the mercury in fluorescent lamps), the pressure is determined by the
cold spot temperature. A typical low-pressure sodium lamp contains 100,000—
1,000,000 times more sodium than required for operation. The sodium will
accumulate at the coldest areas of the discharge tube during lamp life, thus
decreasing the density of sodium in the discharge near hot areas of the discharge
tube. There, the auxiliary gas (typically neon) will take over the discharge,
decreasing the efficacy and changing the spectral power distribution. To ensure that
the sodium is evenly distributed within the discharge tube, a number of small
dimples are evenly distributed over the discharge tube. These dimples are naturally
colder, helping to maintain an even sodium distribution. Especially after switching
off the lamp, the sodium preferably settles in the small dimples during cooling
down. This ensures not only the even distribution of sodium but also the formation
of sodium mirrors on the discharge walls is prevented. These sodium mirrors would
otherwise reduce or alter the light output [92, 118].

Sodium is not as volatile as mercury, i.e., at the same cold spot temperature the
mercury vapor pressure is much higher than the sodium vapor pressure (compare
Figs. 1.17 and 1.21). The optimum vapor pressure of sodium in low-pressure
sodium lamps of about 0.4 Pa is attained at 260°C cold spot temperature, i.c.,
the temperature of the discharge tube is much higher in a low-pressure sodium lamp
compared to a fluorescent lamp, which entails higher thermal losses in sodium low-
pressure lamps. To reduce heat losses to the surrounding, the discharge tube is
normally mounted in an outer bulb. Additionally, this measure reduces the effect of
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Fig. 1.21. Saturated sodium vapor pressure (p) and sodium atom density (d) as a function of
cold spot temperature [118]

the ambient temperature on the operating pressure of the discharge and therefore on
the efficacy of the lamp. This is important, since a temperature change of only 6 K
results in a 20% change in vapor pressure, resulting in lower efficacies (cf.
Figs. 1.12 and 1.21). As auxiliary gas, which is needed for starting the discharge
and to reduce the mean free path of the electrons, a penning mixture of 99% neon
and 1% argon with a total pressure of around 1kPa is used (cf. “Staring of
Discharge Lamps” and “Auxiliary Gas” in Sect. 1.3.3).

Since ionization of sodium in low-pressure sodium lamps (and mercury in
fluorescent lamps) is more likely than ionization of the buffer or auxiliary gas, a
“demixing” of the active species (sodium in LPS or mercury in fluorescent lamps)
from the buffer gas takes place. This occurs when ions of the active species leave
the center of the discharge faster than they can be replaced by diffusion of neutral
atoms or molecules through the buffer gas. This phenomenon is called cataphoresis.
Axial cataphoresis occurs in discharge lamps operated with direct current, causing
the accumulation of the active species near the cathode. This can be avoided by
operation with alternating current. Radial cataphoresis leads to depletion of the
active species at the center of the discharge.

At the high operating temperature of the lamp, sodium is chemically very active.
Ordinary glasses are rapidly stained brown and block light. Borate glass is quite
resistant to sodium vapor but difficult to process and sensitive to moisture.
A solution to these problems is the use of a double-layer glass tube. Inside the
discharge tube, a very thin layer of borate glass is used, the main part of the
discharge tube consists of an ordinary soda-lime glass tube.
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The low-pressure sodium lamp has its main application area in the field of
outdoor lighting, especially motorway, street, tunnel, or car-park lighting and
illumination of buildings. The main advantage of low-pressure sodium lamps is that
they are the most efficient light sources available. This means that they have the
highest lumen output for each watt of electrical power compared to any other type of
lamp.

1.3.6 High-Pressure Mercury Lamp

In a low-pressure mercury lamp with heavy particle temperatures between 300 and
700 K and electron temperatures above 10,000 K, the resonance lines of mercury at
185.0 and 253.7 nm play a central role. Increasing the pressure, the heavy particle
temperature approaches the electron temperature, both typically between 4,000 and
11,000 K, depending on lamp current, pressure, and position within the plasma’®
(cf. Fig. 1.11 [99, 111]). At these temperatures, the thermal excitation of atoms is
sufficiently high, resulting in radiation from transitions from excited states to the
ground state and from excited states to other excited states. Especially transitions
from excited states to other excited states produce strong lines in the visible part of
the electromagnetic spectrum at 405, 436, 546, 577, and 579 nm (cf. Figs. 1.22 and
2.9 and Sect. 2.2.3). Figure 1.23 shows the spectral power distributions of a mercury
discharge as a function of mercury vapor pressure. The mercury discharges are very
efficient at low pressures, emitting the resonance lines at 185.0 and 253.7 nm, and
at high pressures, emitting spectral lines in the visible part of the electromagnetic
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Fig. 1.22. High-pressure mercury lamp: 125 W, n=42 Im W, CCT 6,000 K, CRI 16,
170 mm overall length [92]

30 The plasma temperature in the vicinity of the electrodes is in general higher than the
temperature in the so-called plasma column between the electrodes (cf. Fig. 1.35).
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Fig. 1.23. Effect of mercury vapor pressure on the spectral power distribution of low-
pressure and high-pressure mercury discharge lamps [92]

spectrum (cf. Fig. 1.12). Increasing pressure results in broader spectral lines (cf.
Sect. 2.2.3). At very high pressures, bremsstrahlung and Hg, molecular radiation
increase the luminous flux and the color rendering, which is of particular
importance in the red part of the emitted spectrum, where mercury atomic radiation
lacks spectral lines (cf. Sect.2.2.3). In general, increasing pressure increases
luminous efficacy and improves color rendering of high-pressure mercury discharge
lamps (compare Figs. 1.22 and 1.26).

Another way of improving the radiation of a high-pressure mercury discharge
with respect to color rendering and luminous flux is the use of a fluorescent
powder as in low-pressure mercury discharge lamps (fluorescent lamps).
Depending on the pressure of the discharge, a considerable portion of the
radiation is emitted in the ultraviolet part of the electromagnetic spectrum, which
can be transformed using a fluorescent powder coated on the inside walls of the
outer bulb. This fluorescent powder should have optimum absorption of the UV
light but should not absorb visible light up to 579 nm. The emission of the
fluorescent powder should be in the red part of the visible radiation to compensate
for the lack of mercury spectral lines there. A typical spectral power distribution
of such a mercury high-pressure lamp with fluorescent powder is shown in
Fig. 1.24.

In contrast to the low-pressure discharge lamps described earlier, the entire dose
of liquid mercury in high-pressure discharge lamps is evaporated during operation,
thus the mercury vapor is described as unsaturated. This means that the number of
mercury atoms remains constant even if the cold spot temperature changes (as long
as the cold spot temperature stays above the saturation temperature 7, which
depends on the lamp volume and the amount of mercury filled into the lamp).
Therefore, high-pressure mercury lamps are much less temperature dependent than
most other discharge lamps (cf. Fig. 1.25). The higher the pressure, the higher the
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Fig. 1.24. Typical spectral power distribution of a high-pressure mercury lamp with atomic
lines at 405, 436, 546, 577, and 579 nm and a contribution due to fluorescent powder for light
emission above 600 nm [118] superimposed by the sensitivity curve V(1) of the light adapted
human eye

Pressure Density

—— Temperature

Fig. 1.25. Density (a) and pressure (b) of mercury in a high-pressure mercury discharge as a
function of cold spot temperature. For temperatures above the saturation temperature 7, the
density of mercury in the discharge volume remains constant [118]

luminous efficacy of high-pressure mercury discharge lamps (cf. Figs. 1.12 and
1.23).

One example of a very or super high-pressure mercury lamp is the UHP lamp from
Philips (UHP = ultra-high performance or ultra-high pressure [44-46, 52, 88, 142]).
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With a pressure of around 20 MPa (=200 bar31) and a luminous efficacy of around
60 Im W~ at electrical power input in the range from 100 to more than 200 W, this
lamp is ideal for the use in video and data projection systems. The small electrode
gap of 1-1.3 mm allows the usage of small optical components like small LCD
displays or small digital micromirror device chips (DMDs), thus decreasing the
overall size and weight of projection systems and simultaneously increasing the
lumen output. The wall temperature (cold spot temperature) must be above 1,100 K
to achieve complete evaporation of the mercury and thus to obtain a mercury
pressure of about 200 bar. At the same time, the temperature of the walls must stay
below 1,400 K to avoid quartz recrystallization and softening of the quartz glass.
The wall temperature of the discharge is not to be confused with the temperature
of the plasma, which is around 7,000-8,000 K between the electrodes. To reach
lifetimes of up to 12,000 burning hours, small amounts of oxygen and halogen
are added to the UHP lamp, establishing a tungsten—halogen cycle which prevents
tungsten (evaporated from the tungsten electrodes) to blacken the walls by
condensing on the inside of the quartz vessel3? (cf. Sect. 1.3.2, [44-46, 75]). The
high electrode tip temperatures above the melting point of tungsten are not only
responsible for the high evaporation rate of tungsten, but the electrodes even change
their shape noticeable during operation. By using a special shape of the lamp
current>3, this effect can be controlled, thus preventing unstable arc operation due to
arc jumps on the electrode tip (e.g., [119]). Images of the electrodes can be found in
Figs. 1.26, 3.19, and 3.20.

The advantage of the very high pressure in UHP lamps is not only the high
luminous efficacy but also the high resistance of the mercury plasma. This results in
high burning voltages and therefore high electrical power input into a very small
volume (e.g., 65V for an electrode gap of 1 mm resulting in an electrical power
input of 120 W). From 100 W electrical power input, 65 W is transformed in the
plasma into radiation (25 W in the visible, 34 W in the infrared part, and 6 W UV
radiation) and 11 W is conducted through heat conduction and convection from the
plasma to the quartz walls. The remaining 24 W of the 100 W electrical power input
is necessary for the heating of the electrodes. 12 W therefrom is radiated from
the electrode surfaces, the remaining 12 W is conducted into the quartz through
the electrode ends (e.g., [52, 88]). Of equal importance is the high contribution of
Hg, molecular radiation and electron-atom bremsstrahlung due to the very high
pressure, increasing the light output in the red part of the emitted spectrum, which
isneeded for a well-balanced color mixing (cf. Sect. 1.1.3, [45, 46, 105]).
The resonance lines of mercury at 185.0 and 253.7 nm are totally absorbed within

31 Corresponding to a mercury dose of approximately 10 mg.
32 For this purpose, a small amount of bromine is added to the discharge (<1 pug according to
[44)).

33 Normal lamp current (e.g., rectangular wave, 2.0 A, 90 Hz) supplemented by short current
pulses at the end of each half-cycle [119].
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Fig. 1.26. High-pressure mercury lamp [8]: UHP lamp, 120 W, n =58 Im wl, ccT
7,600 K, CRI 57, 1.0 mm arc gap (spectral power distribution from [92])

the plasma. More details concerning the UHP lamp can be found in [44—46, 52, 88,
92,105, 119] and in Sects. 3.1.7, 3.1.8, and 4.3.

Due to the dominance of atomic lines in the blue and green part of the visible
light spectrum and the lack of red atomic lines, the color rendering of mercury high-
pressure discharge lamps is in general not very good and the correlated color
temperature (CCT) is in general very high (cf. Figs. 1.22 and 1.23, and Tables 1.2
and 1.3). Thus, besides the UHP lamp for video and data projection systems,
exterior lighting (motorway, street, tunnel, or car-park lighting and illumination of
buildings) is the main application area for high-pressure mercury discharge lamps.
In addition to general lighting and projection, high-pressure mercury lamps are used
for example for microscopy, sun tanning lamps, photochemistry, or black light
bulbs.

1.3.7 High-Pressure Sodium Lamp

In both, the low-pressure (LPS or SOX, SOI, or SO/H) and high-pressure sodium
discharge lamp (HPS or SON), the resonance lines at 589.0 and 589.6 nm play a
central role (sodium D-lines). The increasing pressure considerably broadens these
resonance lines and may lead to the so-called self-reversal of the resonance lines
(cf. Fig. 1.29 and Sect. 2.2.3), resulting in sufficient color rendering properties
compared to the low-pressure sodium lamp. However, the luminous efficacy of
high-pressure sodium lamps is lower than that of low-pressure sodium lamps.
Increasing the pressure in high-pressure sodium lamps improves color rendering
and increases the correlated color temperature34 by spreading the emitted radiation
more over the blue and red parts of the visible spectrum (cf. Fig. 1.29).

34 Correlated color temperature in the range between 2,000 and 3,000 K [118].
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Fig. 1.27. High-pressure sodium lamp: 150 W, =100 Im W_l, CCT 2,000 K, CRI 25,
132 mm overall length [92]
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Fig. 1.28. High-pressure sodium lamp: 150 W, 17 =48 Im Wl, CCT 2,500 K, CRI> 80,
211 mm overall length ([92], the spectral power distribution is from a comparable high
pressure sodium lamp)

Unfortunately, the luminous efficacy decreases with increasing sodium pressure due
to the lower sensitivity of the human eye for blue and red light compared to yellow
light. Hence, the sodium pressure has to be optimized for good color rendering
or high luminous efficacy. This a major difference to high-pressure mercury lamps,
where increasing pressure increases luminous efficacy and improves color
rendering (cf. Sect. 1.3.6). Figure 1.27 shows a high-pressure sodium lamp
optimized for high luminous efficacy, emitting the characteristic golden light of
high-pressure sodium lamps (17 = 100 Im W~!, CCT 2,000 K, CRI 25). In Fig. 1.28
a “white” high-pressure sodium lamp is shown, optimized for good color rendering
and therefore with lower luminous efficacy (n=48 Im W_l, CCT 2,500 K,
CRI > 80).

The high pressure of the sodium increases the probability of absorption of
resonance radiation in the outer and colder region of the plasma, resulting in the so
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Fig. 1.29. Effect of sodium vapor pressure on the spectral power distribution of low-pressure
and high-pressure sodium discharge lamps [92]

called self-reversal of the sodium resonance lines. Since the self-reversal occurs in
the wavelength range where the human eye is most sensitive, this effect also reduces
the luminous efficacy with increasing pressure (cf. Fig. 1.29 [80, 117, 118]).

The optimum vapor pressure of high-pressure sodium discharge lamps is around
10% Pa, which is low compared to high-pressure mercury lamps (cf. Fig. 1.12). The
consequence is a low voltage gradient, i.e., small electrical field strengths within the
discharge. Thus, a high electrical power input requires large discharge tube
dimensions. To increase the voltage gradient and by that the power density, a so-
called buffer gas can be added. Since mercury is very volatile and has a large cross
section for elastic electron scattering, mercury is the first choice. The radiation is
still dominated by sodium, since the resonance lines of sodium need less excitation
energy than the mercury resonance lines. A typical spectral power distribution of
such a high-pressure sodium lamp with mercury as the buffer gas is shown in
Fig. 1.30. Adding 100 kPa (1 bar) of mercury to 15 kPa of sodium doubles the
voltage gradient from 7.5 Vem'! to 15 Vem™ . The mixture of sodium and mercury
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Fig. 1.30. Typical spectral power distribution of a high-pressure sodium lamp with
mercury as a buffer gas [118] superimposed by the sensitivity curve V(A) of the light adapted
human eye

is typically filled in the lamp in the form of a sodium amalgam. Since high-pressure
sodium discharge lamps are typically operated with a saturated vapor pressure, the
correct adjustment of the cold spot temperature is important for efficient lamp
operation. A second possibility for a buffer gas is xenon, which is used as a starting
gas as well [118].

To obtain the high sodium vapor pressures, wall temperatures of around 1,500 K
must be obtained®>. These high wall temperatures and the chemically very active
and aggressive sodium are a problem for discharge tube materials (usually quartz)
used for other low and high-pressure discharge tubes. The solution to this problem
is translucent polycrystalline sintered alumina (aluminium oxide Al,O53), a ceramic
material withstanding corrosion by hot molten and gaseous sodium and able to
operate at the high temperatures necessary. Typical plasma temperatures in high-
pressure sodium discharge lamps (depending on lamp current and pressure) are
between 3,300 and 4,500 K for the plasma between the electrodes in the so-called
plasma column [80, 99].

The high-pressure sodium lamp has its main application area (as the low-
pressure sodium lamp) in the field of outdoor lighting, especially motorway, street,
tunnel, or car-park lighting and illumination of buildings. Other fields of application
are lighting of indoor sport fields or indoor lighting of factory buildings. The main
advantage of high-pressure sodium lamps compared to low-pressure sodium lamps
is the higher color rendering index combined with a sufficiently high luminous
efficacy (cf. Tables 1.1 and 1.2).

35 Sodium is less volatile than mercury, i.e., even for relatively small pressures of around
10* Pa, high cold spot temperatures are necessary.
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Fig. 1.31. Metal halide lamp: 420 W, 7=76 Im W', CCT 5,200 K, CRI >90, 285 mm
overall length [92]

1.3.8 Metal Halide Lamp

The high-pressure mercury lamp is an efficient high-pressure discharge lamp with the
main disadvantage of unevenly distributed spectral lines. This leads to medium
luminous efficiencies and poor color rendering with high correlated color
temperatures (cf. Tables 1.1-1.3). The transformation of UV radiation from the
resonance lines of mercury may improve this situation, but this transformation always
goes hand in hand with energy losses. A solution to this problem would be the
addition of metals to the discharge, because they have in general a lot of atomic lines
in the visible part of the electromagnetic spectrum (Fig. 1.31). Unfortunately, most
metals have low vapor pressures and attack the quartz glass at the high temperature
necessary for high pressure operation. A solution to this problem is the usage of metal
halide salts, because the halogen compounds have higher vapor pressures than the
metals themselves (cf. Fig. 1.32). A blend of sodium and scandium iodides is widely
used in the USA and Japan, while mixtures of indium (blue), thallium (green), and
sodium iodides are popular in Europe. Mixtures including rare-earth iodides (e.g.,
dysprosium, holmium, thulium) are also used [111, 118].

The additional metal atoms in the discharge have several advantages [118]. The
visible lines emitted by the metals are often resonance lines. Since resonance lines
require the least energy to become excited, the luminous efficacy increases. Moreover,
resonance lines are usually very strong lines, thus vapor pressure does not need to be too
high. Furthermore, the color rendering index can be increased and adjusted by choosing
appropriate combinations of different metal halides comparable to the fluorescent
powder in fluorescent lamps. A typical spectral power distribution of such a (high-
pressure) metal halide lamp (MH) is shown in Fig. 1.33. Another advantage is the high
voltage gradient due to the high-pressure mercury (buffer) gas. This allows high
electrical power densities and small lamp currents. Unfortunately, most common
additives to metal halide lamps act as getters for either oxygen or halogen and, therefore,
do not allow the operation of a halogen cycle to prevent the lamp walls from blackening
as in the case of the UHP lamp (cf. Sect. 1.3.6 and [45]).
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<
N
/ \

Electromagnetic radiation
Relative luminous efficiency

400 500 600 700
— 1 (nm)

Fig. 1.33. Typical spectral power distribution of a (high-pressure) metal halide lamp [118]
superimposed by the sensitivity curve V(1) of the light adapted human eye

A prominent example of metal halide lamps is the new automotive headlight
lamp: The D2 or Xenon lamp (cf. Fig. 1.34). The first generation of D2 lamps was
introduced in 1991/1992.3¢ This novel automotive headlight lamp brought a

36 The D2 lamp was developed within the framework of the VeDIiLiS (vehicle discharge
lighting system) project of the EU. A first prototype of the D2 lamp was introduced 1990
[92].
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Fig. 1.34. Metal halide lamp: D2 automotive headlight lamp, 35 W, 7 =91 Im wl ccr
4,100 K, CRI 65, 4 mm arc gap ([92], the spectral power distribution is from a comparable
short arc metal halide lamp for general lighting)

quantum leap with respect to light intensity and lumen output (about 3,200 Im)
compared to halogen (incandescent) lights (about 1,500 lm) with power con-
sumption of only 35 W instead of about 50 W in the case of halogen lights (H7).
This increase in light intensity can be used e.g., to offer different light distributions
depending on the traffic situation like town light, cross country light, and motorway
light (adaptive headlamp technologies [67]).

The filling of the D2 lamp consists of xenon (several bar in the cold lamp, about
50 bar operating pressure), mercury (approximately 20 bar operating pressure), Nal
(operating pressure about 0.03 bar), and Scl; (about 0.05 bar operating pressure).
Xenon is responsible for the so-called “Xenon-Instant-Light” at the cold start of the
lamp, to provide the required minimum output of 800 Im one second after switch
on. After a couple of seconds the mercury and the metal halides are vaporized.
Mercury increases the impedance of the discharge, making it possible to operate the
lamp at low currents (0.4 A, 400 Hz rectangular-wave current) and high voltages
(85V), which is desirable with respect to low strain and long lifetime of the
electrodes. Moreover, the high voltage gradient enables high electrical power input
into the small electrode gap of 4 mm required for the operation in automotive
headlight systems. The excitation energies of sodium and scandium lie mainly in the
visible part of the electromagnetic spectrum, rendering light output largely in the
visible [59].

Typical temperatures in the D2 lamp are electrode tip temperatures of about
2,500 K, plasma temperatures of about 5,000-5,500 K (so-called plasma column)
up to 7,500 K in the very hot plasma immediately in front of the electrode tips (hot
plasma spots). A typical temperature distribution in plasma and electrodes
calculated for a D2 lamp is shown in Fig. 1.35. More details concerning the D2
automotive headlight lamp can be found in [59, 67, 71, 85, 86, 92, 100] and
Sect. 4.4.6.
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Fig. 1.35. Calculated temperature distribution (plasma and electrodes, rotational symmetry)
near electrode tip during anode phase with hot plasma spot and plasma column in a D2
automotive headlight lamp (Xe/Hg/Nal/Scl3, p =7 MPa, I = 0.4 A, 400 Hz rectangular-wave
lamp current, @emission = 2:6 €V, Ocool/neat = 4.5 €V [59], © 2004 IEEE)

The high temperature and the high thermal heat load onto the lamp walls is a
general problem using high-pressure discharge lamps. The lamp material not only
has to withstand the high temperatures and the high pressure without quartz
recrystallization, softening of the quartz glass, or bursting, but also has to be gas
tight. A special problem in this context is the low coefficient of expansion of quartz.
The metallic electrodes necessary for the feed through of the electrical current have
much higher coefficients of expansion. Due to the large temperature difference
between the operating and the switched off lamp, this makes it difficult to seal the
current leads gas tight. This problem is solved by the use of thin molybdenum foils,
having a thickness of about 2040 um (good visible in Figs. 1.26, 3.19, and 1.27
(outer bulb), also visible in Figs. 1.22, 1.31, and 1.34, cf., e.g., [70]).

A new trend for metal halide lamps is the usage of polycrystalline alumina
(PCA) for the burner instead of quartz (ceramic metal halide lamps (CMH)). This
ceramic material, which brought the major breakthrough for high-pressure sodium
lamps (cf. Sect. 1.3.7), allows for higher wall temperatures as compared to quartz
(over 1,500 K compared to 1,300 K for quartz). This implies the opportunity to
operate lamps with higher metal halide vapor pressures, resulting in improved
efficacies and better color rendering. Moreover, polycrystalline alumina has a high
chemical resistance. The disadvantage of PCA is that it is not transparent, but only
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translucent. Translucent materials allow light to pass through them only diffusely,
thus cannot be clearly seen through. Transparent materials (e.g., quartz) can be seen
through, i.e., they allow images to pass undisturbed. The reason for this is the
microstructure of PCA, which consist of many randomly distributed grains. As light
passes through the PCA it is scattered at the many grain boundaries along the
optical path due to different effective refractive indices (birefringence). Other
factors responsible for light scattering are surface roughness and residual pores.
New techniques allow the production of transparent ceramic burners either by using
single crystal PCA (no grain boundaries) or submicron-grained structures (grain
size less than 1 um). These new materials open the field of focused-beam
applications (such as projection lamps) to ceramic metal halide lamps [81, 97, 98,
111, 166].

Mercury is a very important element for discharge lamps. Low-pressure
mercury or fluorescent lamps, high-pressure mercury, metal halide, and even high-
pressure sodium lamps contain (usually) mercury as the active (i.e., emitting) gas
component or as a buffer gas. In recent years an increasing tendency to reducing or
replacing the environmental critical mercury (mercury is toxic) in discharge lamps
could be observed.

Improvements in the production process of fluorescent lamps, where mercury is
overdosed, were able to reduce the quantity of mercury considerably. Based on a
1999 NEMA survey (National Electrical Manufacturers Association, USA), the
average 120 cm fluorescent lamp contains about 11.6 mg mercury. This quantity has
been steadily reduced, for example by introducing mercury with the help of a closed
capsule containing mercury instead of filling the mercury directly in the still hot
lamp during the lamp manufacturing process. The latter method made it necessary
to use more mercury than needed and some of the mercury was driven out of the
lamp during the further production process entering the environment. In contrast,
the mercury capsule was opened as the last step in the production process, avoiding
the problems described earlier. The average 120 cm fluorescent lamp contains today
over 75% less mercury than the same lamp would have contained in 1985 [118, 125,
164].

The replacement or reduction of mercury in high-pressure discharge lamps is
also an important up-to-date issue. The D2 automotive headlight lamp, e.g.,
contains approximately 0.5 mg mercury. New mercury free alternative products are
currently under investigation [27, 28, 81, 129, 158]. In 2001, US lamp manu-
facturers®” used 9 tons of mercury in all lamps produced, a 67% reduction from the
27 tons manufacturers used in 1990 [126].

Nevertheless, replacing or reducing the amount of mercury without providing
sufficient luminous efficacy would be counterproductive. The additional power
consumption must be produced in power stations, many of them using coal or other
fossil fuel containing mercury. This mercury would enter the environment with the
combustion products. Replacing fluorescent lamps with incandescent lamps, the

3 NEMA lamp manufacturers.
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twentyfold amount of mercury would enter the environment compared to the
amount of mercury contained in the fluorescent lamps, if the additional power
consumption of the less efficient incandescent lamps would be provided by burning
fossil fuels [118]. Moreover, the use of energy-efficient light sources reduces the
amount of greenhouse gases, toxic pollutants, and gases that form smog and acid
rain.

Due to the flexible adjustment of the spectral power distribution, the correlated
color temperature, and the color rendering index by choosing the appropriate
mixture of metal halides, the application areas of metal halide lamps are very
diversified: automotive headlight lamps, commercial lighting, general lighting
(indoor and outdoor), video and data projection, studio lighting, etc. [71, 92]. An
application area with large future potential is the roadway lighting with metal halide
lamps. For Europe, energy savings of more than 20 TWh might be expected,
corresponding to the energy production of several large power stations and a
reduction of CO, emission by more than 10 million tons per annum [139].

1.3.9 Other Discharge Lamps

The low-pressure and high-pressure discharge lamps discussed in the earlier
sections are the most common discharge lamps used today. Nevertheless, there are
many more discharge lamps used for special applications. One example is the high-
pressure krypton lamp used for optical pumping of neodymium doped crystal laser.
This laser has a strong absorption around 810 nm, perfectly matched by the
emission lines of krypton at 810, 811, and 819 nm. As a light source however, the
krypton discharge is rather inefficient, achieving only some 30 Im W~ [92, 95].

Other applications of discharge lamps and especially high-pressure discharge
lamps are: super high-pressure xenon lamps for microscopy and movie projection
(e.g., [134]), xenon high-pressure lamps for light houses (see book cover) and as
searchlight lamps, cadmium or zinc lamps for spectroscopy, sulfur electrodeless
lamp for general lighting, low and high-pressure molecular discharge lamps (e.g.,
sulfur S,, selenium Se,, tellurium Te,, etc.), and many more lamps for special
application areas [71, 89, 92, 108].
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Plasma and Electrode Physics

Chapter 1 introduced high-intensity discharge (HID) lamps, explained the basic
principles, and pointed out the differences compared to low-pressure discharge
lamps. A deeper insight into the gas or plasma properties and the characteristics of
the electrodes will be given in this chapter. This insight helps to understand HID
lamps in general and the topics addressed briefly in Chap. 1, e.g., the spectral power
distribution of HID lamps or the electrical conductivity of different plasma
compositions. Moreover, the plasma and electrode properties discussed within this
chapter are the foundations for the understanding of the following two chapters,
dealing with the experimental and theoretical investigations of HID lamps (Chaps. 3
and 4). They are necessary for carrying out numerical simulations and to analyze
and interpret experimental results. Section 2.1 deals with general gas laws, which
are not restricted to plasma physics, Sects. 2.2 and 2.3 are concerned with plasma
physics, i.e., with the properties of the plasma in the inside of HID lamps. Finally,
Sect. 2.4 deals with the properties of the electrodes in HID lamps.

2.1 Gas Laws

The gas laws discussed in this section are general laws which are not restricted to
plasma physics. They provide the basic principles and form the starting point for
further investigations of high-pressure plasmas.

2.1.1 Boltzmann Distribution

The Boltzmann or Maxwell-Boltzmann distribution is a probability distribution
with many applications in physics and chemistry. It forms the basis of the kinetic
theory of gases, which explains many fundamental gas properties. It is used to
calculate electron or ion densities, the density of atoms in excited states can be
calculated with the Boltzmann distribution, the Planck formula for black body
radiation or the barometric formula can be derived with it, etc.
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The Boltzmann distribution is the classical probability distribution function for
distribution of an amount of energy between identical but distinguishable particles
in a closed system. It is assumed that there is no restriction on the number of
particles which can occupy a given state! and that a thermal equilibrium exists, i.e.,
the particles interact with each other by elastic collisions and exchange energy
without energy loss from or energy input into the system. In such a system, the
probability of a particle to have the energy E; is given by

A S 2.1)

where N, is the number of particles at equilibrium temperature 7 having energy level
E;, N is the total number of particles in the system, and k£ = 1.38066 x 10783 TK ! is
the Boltzmann constant. The sum in the denominator of the fraction is a
normalization constant (partition function), providing that the sum over all N; equals
the total number of particles. Equation (2.1) provides a means for calculating the
fraction of particles (V;/N) that have energy E; at a given temperature 7. With
increasing energy £; it is less likely that any particle will attain that energy, so more
particles will be found with lower energies (cf. Fig. 2.1). Increasing temperature
increases the probability of particles with higher energies. The energy might, for
example, be the excitation energy of an atom (giving the density of atoms in excited
states), potential energy of gas atoms (resulting in the barometric formula), or
kinetic energy (giving the velocity distribution of gas atoms).

2.1.2 Population Density of Excited Atoms

To calculate the (thermal equilibrium) density of atoms in an excited state of energy
E; at a given temperature 7 with the Boltzmann distribution (2.1), we need to know
the possible discrete energy levels E; (cf. “Line Radiation” in Sect. 2.2.3) and their
statistical Weights.2 g;. Then, we are able to calculate the density n; of atoms being in
the excited state with energy E; by

E
—p 8w
n, =n, 7 e, 2.2)
where n is the total particle density of atoms and Z the so-called partition function,
i.e., the normalization constant described earlier. Z is the sum over all possible
g; exp(—E,/(kT)) and is therefore a function of temperature 7. Z ensures that the sum

! Examples: (1) In a plasma, the number of atoms in a certain excited state is not restricted.
(2) The number of particles in a gas/plasma with a certain velocity is not restricted. Restricted
are, for example, the number of electrons in metals having a certain velocity [3].

2 More than one quantum state may have the same energy £;. The number of possible ways to
obtain the excitation energy E; is the statistical weight g;, also known as the degeneracy of
available states for a given energy level E;.
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Fig. 2.1. Illustration of the Boltzmann probability distribution

over all possible n; equals the total particle density of atoms ny. We will need this
population density of energy levels to calculate the line radiation from a high-
pressure plasma (cf. “Line Radiation” in Sect. 2.2.3).

2.1.3 Maxwell Velocity Distribution

The velocity is also related to energy, i.e., (2.1) can be used to derive a relationship
between temperature and velocity of atoms or molecules in a gas or plasma.
Assuming an ideal gas (cf. Sect. 2.1.5), the energy E; is given by the kinetic energy
0.5mv?, i.e., we have a continuous spectrum of energies instead of discrete energy
states as in an exited atom (cf. Sect.2.1.2). Thus, we switch from discrete
population densities #; to a continuous distribution function f{(v) where f(v) dv is the
probability for a particle to have a velocity in the range between v and v + dv. The
statistical weight g of the velocity in the range between v and v + dv is given by
4mv2dy, i.e., the “volume™ of the spherical shell in the velocity space with radius v
and thickness dv. This means that we assume that the velocity space can be
uniformly occupied by the velocity vectors. If the kinetic energy v, is 2vy, then the
statistical weight or the number of possible ways to obtain the corresponding kinetic
energy E, = O.Sm(vz)2 is four times as high as the statistical weight for the kinetic
energy E| = O.Sm(vl)z, as the statistical weight goes with V2. This means that we
have four times more possibilities to find velocity vectors of norm or magnitude v,
than possibilities to find velocity vectors of norm or magnitude v;. An illustration of
this statistical weight is given in Fig. 2.2.

=

Vi
Vo

Fig. 2.2. Tllustration of the increase of the statistical weight of the kinetic energy with Vv [72]
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The resulting probability to find a particle with a velocity in the range between v
and v + dv is thus

2
my’

f(v)dv=C4mv’e 2 dy. (2.3)

The constant C corresponds to the partition function and has to ensure that the sum
(integral) over the probability of all possible velocities equals one:

[ r)av=1. (2.4)

After calculating C with (2.4) we get the so-called Maxwell velocity distribution,
i.e., the probability to find a particle with a velocity in the range between v and v + dv:

f(v)dv= \ﬁ Lkﬂsz ¢ T dy, 2.5)
T

The probability of finding particles with certain finite velocities is thus greater
than zero. Nevertheless, the average velocity of all particles is zero, since the
directions of the velocities are distributed randomly.

An illustration of the resulting particle velocities in air (N,) and xenon is given
in Figs. 2.3 and 2.4, respectively. Comparing the probability functions for the
velocity distribution of these two gases at 7= 1,000 K for the velocity of 1,000 m s~!
one reads 107> s m™! for N, and almost zero for Xe. The reason for this difference is
the different mass® of N, (m=28.0 u) and Xe (m =131.3 u) and that the Maxwell
velocity distribution is derived from an energy distribution. Since both gases have
the same energy distribution at the same temperature 7, the resulting velocity
distribution must be different because of the relation Ey, = 0.5mv?. The higher the
mass, the smaller the corresponding velocity for the same kinetic energy. This
difference is very pronounced comparing the velocity distribution of electrons and
atoms. For example, the mass of a xenon atom is approximately 240,000 times
higher than the mass of an electron. This is important in high-pressure plasmas,
where electrons, atoms, and ions are supposed to have the same energy distribution
(cf. Sect. 2.1.8). Despite this equal energy distribution, the resulting velocity
distributions are quite different comparing electrons and heavy particles (i.c., atoms
and ions).

Using (2.5) we can calculate the most probable (norm or magnitude of) velocity
v (maximum of Maxwell velocity distribution f(v)), the average or mean (norm or
magnitude of) velocity vV (by j: »f(»dv), and the root mean square velocity v (by

J.:vzf(v)dv ):
o |2AT (2.6)
m

3 The mass is given in atomic mass units u=1.66057 x 102" kg (= 1/Npg, with
Ny = 6.022045 x 10%3).
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Fig. 2.3. Maxwell probability distribution for the velocity of N, molecules (air) for four

different temperatures [72]
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Fig. 2.4. Maxwell probability distribution for the velocity of Xe atoms for four different

temperatures [171]

V= Sk—T=1.128\3, (2.7)
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As described above, the mass has an important effect on the velocities.
Moreover, the higher the temperature, the higher the velocities and thus the kinetic
energy (cf. Sect. 2.1.4).

Converting the Maxwell velocity distribution given in (2.5) to an energy
distribution, we have to transform the infinitesimal small dv into an appropriate dE.
Since dv/dE = (2E/m)_0'5 , we get the following energy distribution function:

f(E)dE = 2\E (k7Y JE e % dE. 2.9)

Here, f(E)dE is the probability to find a particle with the energy in the range
between £ and E + dE. This distribution function depends only on the temperature
but not on the mass of the particles under consideration. This is consistent with the
considerations given earlier.

The Maxwell velocity distribution or the resulting mean or root mean square
velocities will be used in the calculations of many plasma properties, such as mean
free path, pressure, or plasma transport coefficients.

2.1.4 Temperature

Temperature can be defined as a measure of the average translational kinetic energy
associated with the disordered microscopic motion of atoms and molecules. The
temperature defined from kinetic theory is called the kinetic temperature. For each
degree of freedom, the average energy is given by 0.5k7, i.e., the translational
kinetic energy with three degrees of freedom (e.g., x, y, z) is given by
E.= %mv2 :%kT. (2.10)
This is a very general definition of temperature. It can be obtained, for example,
by using (2.8) to replace the ,? in (2.10), i.e., the Maxwell velocity distribution and
the definition of the temperature given earlier are consistent. If the temperature of
two objects is the same, then their average translational kinetic energy is the same.
Temperature is not directly proportional to internal energy, since temperature
measures only the kinetic energy part of the internal energy, so two objects with the
same temperature do not in general have the same internal energy. If a molecule has
more degrees of freedom, e.g., the possibility to rotate or vibrate, the internal energy
increases by 0.5kT for each additional degree of freedom. An even more general
definition of the temperature is the following:

Temperature is a measure of the tendency of an object to spontaneously give up
energy to its surroundings. When two objects are in thermal contact, the one that
tends to spontaneously lose energy is at the higher temperature.

Temperatures are measured in Kelvin [K], sometimes Celsius [°C] is used. The
Kelvin scale is called absolute temperature and the Kelvin is the SI unit for
temperature. The temperature in Kelvin is related to the temperature in Celsius by
the following simple relation:
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T[K]zT[OC]+273.15. (2.11)

2.1.5 Pressure or Ideal Gas Law

In an ideal gas all collisions between atoms or molecules are perfectly elastic and no
intermolecular attractive forces are present. One can visualize the ideal gas as a
collection of perfectly hard spheres which collide but which do not interact with
each other otherwise. In such a gas, the entire internal energy is in the form of
kinetic energy and any change in internal energy is accompanied by a change in
temperature.

The pressure of a gas can be defined as the momentum transfer of the gas
particles per unit time to an area 4. Assuming (to simplify matters) that all particles
have a fixed constant velocity v in arbitrary direction x, —x, y, -, z, or —z, one-sixth
of all particles in a virtual box with surface area 4 and side length v df will reach the
surface area A (cf. Fig. 2.5). If n is the particle density, the total number of particles
in the box is ndvdt, i.e., nAvde/6 particles will hit the wall. There, they bounce off
with opposite direction of velocity, i.e., they change momentum by 2mv. This
change in momentum d/ per unit time is transferred to the wall, i.e., the momentum
transfer per unit time and area A is given by

1
p= L _Lnidrdn@m) 1, . (2.12)
Adt Adt 3

In a gas, the velocity of the particles can be described by the Maxwell velocity
distribution, resulting in an average kinetic energy of 1.5k7'= 0.5mv” (cf. (2.10)).
Combining (2.10) and (2.12), we get the so-called ideal gas law:

p=nkT. (2.13)

Knowing for example pressure and temperature, we can calculate the particle
density. If a plasma consists of different components (e.g., Hg, Hg", and ¢ in a
high-pressure mercury plasma or even more components in a metal halide lamp, see
e.g., Figs. 2.6-2.8), the total pressure is the sum over the partial pressures p; of the
individual plasma components with particle densities n; (Daltons law):

p:zip,. :Z,-”ikT~ (2.14)

The SI unit of pressure is Pa =kg m™! s72. Other units of the pressure regularly
used in the context of discharge lamps are bar (=10° Pa) and Torr (=133.322 Pa).
Within the pressure and temperature range of the plasma in most high-pressure
discharge lamps, real gas effects can be neglected and the pressure can be described
by the ideal gas law [33, 168].

The ideal gas law will be used in the following to replace particle densities with
pressure or to replace pressure by particle densities.
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Fig. 2.5. Illustration of the pressure of an ideal gas [72]

2.1.6 Collision Frequency and Mean Free Path

The collision frequency and the mean free path or average distance between
collisions for a gas atom or molecule may be estimated in the following way:
Consider a single particle (atom, molecule, ion, or electron) moving fast through a
gas consisting of atoms or molecules with small velocity compared to the fast
particle. If the fast particle has radius | and the gas particles have the radius r,, the
fast particle will hit a gas particle if the distance between the two particles
perpendicular to the line of motion is less than 7| + r,. Thus, the fast particle can be
treated as having the radius » =r| + r, while the gas particles are treated as point
masses. The fast particle has the effective collision area or cross section with respect
to the gas particles of O = w(r| + rz)z. This cross section is often referred to by Q or
o. During the time A¢, the particle with the effective collision area of Q would sweep
out a volume of 7772 % At and the number of collisions during the time At can be
estimated from the number N of gas molecules being in that volume: N =nQv At,
where 7 is the particle density of the gas. If N is equal to one, exact one collision has
been taken place (statistically). We can thus calculate the time 7 between two
collisions by setting N =1 and get:

1
nQv’

T

(2.15)

The collision frequency f'is thus

f:l:nQv. (2.16)

T
After the time 7 between two collisions, the fast particle has covered the distance
(, the mean free path:

L
nQ’

This illustrative derivation of the mean free path suffers from the assumption
that the target gas particles are at rest. If the particle, which was the fast particle in

(=Vr= (2.17)
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the earlier derivation, and the particles of the gas have the same velocity
distribution, the relative velocity between them must be taken into account. This
yields an additional factor ﬁ :

(=Vr=—vo-—. (2.18)

Therefore, the higher the particle density, the smaller the mean free path.

2.1.7 Thermal Equilibrium

A gas or plasma is in (total) thermal equilibrium (or total thermodynamic
equilibrium) if all particles constantly exchange energy, for example, by elastic and
inelastic collisions, emission and absorption of radiation, etc. This constant energy
transfer between all particles settles a uniform energy distribution among all
particles. This results, for example, in an equal temperature of all constituents in the
gas or plasma, especially the electron and heavy particle (atoms, ions, molecules)
temperatures are equal. Thermal equilibrium requires that no energy is put into or
taken out of the system, i.e., the gas or plasma is isolated. This results in a uniform
temperature, i.e., there are no temperature gradients in a gas or plasma in thermal
equilibrium. For a gas or plasma in thermal equilibrium, the Boltzmann distribution
describes:

1. The velocity of all plasma or gas constituents (Maxwell probability
distribution for the velocity, cf. Sect. 2.1.3)

2. The population density of excited states of all atoms or molecules in the gas
or plasma (cf. Sect. 2.1.2)

3. The particle densities of all constituents which might be generated or
annihilated by dissociation or formation of molecules (law of mass action,
chemical equilibrium)

4. The electron and ion density (e.g., Saha equation cf. Sect. 2.2.2)

5. The radiation within the plasma (Planck radiation formula, cf. Sect. 2.4.3)

In thermal equilibrium, the thermal state of the plasma or gas can be calculated
solely by knowing the temperature.4 Needless to say that gas discharge lamps in
general and especially high-pressure or HID lamps are not in (total) thermal
equilibrium. Discharge lamps are used to generate radiation, i.e., energy is taken out
of the system in terms of radiation energy and put (replaced) in the system by
electrical power. In low-pressure discharge lamps (mercury or sodium), typical
heavy particle or gas temperatures are between 300 and 700 K, the electron
temperature is around or exceeds 10,000 K, i.e., the energy is far away from being
uniformly distributed among all constituents (cf. Sect. 1.3.3). In HID lamps, the
electron and heavy particle temperatures are approximately equal as shown in

#Tonization and dissociation energies, masses of all particles, etc. must be known as well.
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Fig. 1.11. But there is a considerable temperature gradient from the plasma column
or the hot plasma spots near the electrode tips to the inner walls of the quartz or
ceramic envelope. Moreover, the radiation from gas discharge lamps cannot be
described by the Planck radiation formula (continuous spectral power distribution of
the radiation, cf. Sect.2.4.3), but shows spectral lines in the spectral power
distribution [48, 80, 138].

2.1.8 Local Thermal Equilibrium

In HID lamps, thermal equilibrium is not fulfilled, but with the notion of a local
thermal equilibrium, Jocal temperature equilibrium, or local thermodynamic
equilibrium (LTE) the plasma in HID lamps can be described very effectively. In
local thermal equilibrium, thermal equilibrium is fulfilled in infinitesimal small
volumes only, in which the temperature is assumed to be constant. This allows for
temperature gradients within the plasma as present in HID lamps. Moreover, the 5th
point in Sect. 2.1.7 concerning radiation being described by the Planck radiation
formula is replaced by calculating the plasma radiation and presuming that this
radiation will escape from the infinitesimal small volumes (optically thin radiation,
see also Sect. 2.2.3). The four other points of the thermal equilibrium (Points 1 to 4
in Sect.2.1.7) are fulfilled in infinitesimal small volumes in local thermal
equilibrium.

LTE can be assumed in HID lamps with pressure of 10*-10° Pa (0.1-1 bar)
upwards (depending on gas, current, etc.). In these high-pressure plasmas numerous
collisions between electrons and atoms, ions, and molecules (heavy particles)
provide sufficient energy transfer between electrons and heavy particles, leading to
a uniform energy distribution among all constituents within an infinitesimal small
volume. As a result, the electron and heavy particle temperatures are approximately
the same (7,=T}). All plasma properties within these small volumes can be
described using the Boltzmann distribution, i.e., velocities of plasma constituents,
population densities of excited states of plasma particles, and particle densities
including ions and electrons can be calculated using the local plasma temperature
T'=T,=T;,. Moreover, radiation emission density and transport properties like
electrical and thermal conductivity of the plasma can be calculated using particle
densities, velocities, and population densities of excited states calculated with the
Boltzmann distribution (cf. Sects. 2.2 and 2.3). The assumption of a collision-
dominated plasma includes the preponderance of collisions compared to radiation
processes, i.e., the radiation escaping from the plasma does not disturb the energy
distribution among the plasma constituents and the population densities of excited
states of plasma particles.

The requirements for local thermal equilibrium can be expressed in terms of
equations, two of them will be given here to illustrate the assumptions given earlier.
An important factor is that the temperature in an infinitesimal small volume can be
assumed to be constant. But how small is “infinitesimal small”? Since collisions
between electrons and heavy particles determine the energy transfer, the mean free
path of electrons in the high-pressure plasma are a measure for “infinitesimal
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small”, i.e., the temperature change along the mean free path should be small. In
other words; the local temperature of the starting point of the electron should not
differ from the temperature of the point where the next collision will take place:

(gradT < T. (2.19)

Typical values for the mean free path ( of electrons in, e.g., a 4 MPa (40 bar)
mercury plasma are (= 10nm, typical temperature gradients are given by
temperature changes of 5,000 K over a distance of 1 mm, i.c., grad 7 ~ 5% 100 Km™.
The temperature difference for an electron moving parallel to the temperature
gradient would then be 0.05 K, i.e., (2.19) is fulfilled.

But not only the temperature difference between two collisions of an electron
must be small, the energy gain of an electron in the electric field between two
collisions must also be small. The energy gain can be described by £;;, = (eFE if the
electron moves in the direction of the electric field. This energy must be small
compared to the kinetic energy due to the thermal energy of the electron (cf. (2.10)),
ie.,

leE < %kT. (2.20)

Typical electric fields in high-pressure mercury lamps are between 1,000 and
60,000 V m™!, i.e., with a mean free path of £ = 10 nm or smaller, the energy gain of
an electron in the electric field ranges between 107 to 6x10™% eV, Compared to
typical plasma temperatures of 4,000-7,000 K (corresponding to 0.52-0.90 eV),
this is a small energy gain between two collisions.

Electrons gain energy more effectively compared to heavy particles in the
discharge. The electric field accelerates ions and electrons, but the ions lose a
substantial part of the kinetic energy at each elastic collision with another heavy
particle due to the equal mass of the collision partners. The electrons lose only a
very small percentage of their kinetic energy during elastic collisions with heavy
particles due to the enormous mass difference between electrons and heavy particle.
Thus, the electron temperature is always higher than the gas or heavy particle
temperature. Only this temperature difference makes it possible to transfer energy
by collisions from one group of particles (electrons) to another group of particles
(heavy particles). Due to a very small number of collisions or a large mean free path
of electrons, this temperature difference is very large in low-pressure discharge
lamps (73, # 300-700 K, 7, > 10,000 K, see earlier), i.e., local thermal equilibrium
cannot be assumed in low-pressure discharge lamps. But in high-pressure discharge
lamps, this temperature difference reduces to 1-100 K at discharge temperatures
between 4,000 and 7,000 K. For plasmas with moderate temperature difference
between electrons and heavy particles (i.e., T, — T}, = 200-2,000 K), a so-called
partial LTE (pLTE) concept can be applied. In pLTE, electrons and heavy particles
are treated as different fluids (two-fluid model) with different temperatures T = T},
The energy transfer between these two fluids can be treated as some kind of friction
term in the otherwise decoupled energy or power balances of electrons and heavy
particles [48, 53, 80, 138, 168].
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2.2 Plasma Properties

In this section and in Sect. 2.3, plasma properties and transport coefficients of the
plasma like particle densities, radiation emission densities, electrical conductivity,
and thermal conductivity are calculated and discussed for different high-pressure
discharges. These plasma properties and transport coefficients are helpful to
understand HID lamps and necessary to carry out numerical simulations or to analyze
and interpret experimental results. LTE is assumed in all the following sections.

2.2.1 Evaporation and Partial Pressure

In a rare gas high-pressure discharge lamp like the xenon or krypton high-pressure
lamp no “filling material” is condensed at the inner lamp wall during operation.
The same is true for certain high-pressure mercury lamps like the UHP lamp (cf.
Sect. 1.3.6). If all the mercury is in the discharge and no condensed mercury is left
at the inner tube wall, the mercury vapor is described as unsaturated. This means
that the number of mercury atoms remains constant even if the cold spot
temperature changes (as long as the cold spot temperature stays above the so-called
saturation temperature 7, which depends on the lamp volume and the amount of
mercury filled into the lamp). Therefore, high-pressure mercury lamps with
unsaturated mercury vapor are much less temperature dependent than most other
discharge lamps.

Nevertheless, in the majority of high-pressure discharge lamps the vapor
pressure of the filling materials is saturated, i.e., the filling material is evaporated
only partly and a pool of liquid or solid filling material is left at the cold spot of the
lamp. The vapor pressures above the melt of the different plasma constituents thus
depend on the temperature of the cold spot. To get the plasma composition during
operation, the cold spot temperature and the vapor pressures must be known or
calculated. With the resulting partial pressures of the plasma constituents, other
plasma properties and transport coefficients can be calculated (cf. Sect. 2.1.5). Of
course, the partial pressures of the different plasma constituents may change
considerably during ignition and the following run-up (heating up of the lamp and
the walls by the plasma) until a stable situation is reached (cf. Figs. 1.25 and 1.32
and [75]).

2.2.2 Saha Equation

With the Saha or Eggert—Saha equation, electron and ion densities in plasmas can
be calculated. The Saha equation is based on the Boltzmann distribution, taking into
account that the ionized particles have energies composed of kinetic energy and
ionization energy E;. The resulting equation for the electron, ion, and atom densities
(ne, n;, ng) 1s given by

KT)

3/2
nem _ 2g; QumKT) exp( E ] 221

ny & 8
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g; and g are the statistical weights for ion and atom (typically g;/g, = 2 since ions
have mostly doublet structures, [141]), the 2 in front of the factor g; originates from
the statistical weight of electrons (two possible electron spins). The masses of ions
and atoms are practically equal and reduce from the fraction. The ionization energy
E; measures the energy difference between ionized particles and neutral particles
(atoms).

Apart from small areas near the electrodes (space charge region), the plasma is
quasineutral, i.e., the density of electrons equals the density of all ions (weighted
with the valency of the ions) at every point in the plasma. This can be translated to
the equation n, = n;. Moreover, we can use the ideal gas law to replace the atom
density by the pressure p in the case of small ionization degrees less than 1%
(weakly ionized plasma). As a result we get

20 (2nm, )" (kT)" E
n’ = pgio‘—( )hg( ) eXp(—k—T‘j- (2.22)

From this equation we can deduce that the electron (and ion) density is
proportional to the square root of the pressure p and proportional to exp(—E;/kT).
Since the atom density is proportional to the pressure p, the ionization degree
ne/ng = n;/ng decreases with increasing pressure proportional to one over the square
root of pressure p. Increasing ionization energy E; also leads to a lowering of the
ionization degree. lonization energies E; of typical plasma constituents are 5.1 eV
for sodium, 10.44 eV for mercury, and 12.13 eV for xenon.

The particle densities in a high-pressure mercury plasma of 4 and 8 MPa and a
xenon plasma of 1 and 4 MPa vs. plasma temperature are shown in Figs. 2.6
and 2.7, respectively (logarithmic scale in Figs. 2.6-2.8). The ionization degree
ne/ny = ni/ng is well below 1% for typical plasma temperatures between 5,000 and
8,000 K for these types of plasmas, i.e., the assumption of a weakly ionized plasma
used for (2.22) is fulfilled. The neutral particle densities are proportional to the
pressure, the ion and electron densities increase only with the square root of the
pressure. Due to the higher ionization energy of xenon, the electron and ion
densities are lower compared to a mercury plasma of the same pressure and plasma
temperature.

Taking more complex plasma composition as in the D2 automotive headlight
lamp (cf. Sect. 1.3.8) into account, the calculation of particle densities becomes
more complex [75, 160, 171]. The particle densities can be calculated using
chemical equilibrium calculations or by a law of mass action approach: Finding the
LTE plasma composition in chemical equilibrium means that the second law of
thermodynamics has to be obeyed. The entropy of the system consisting of many
possible combinations of different particles (i.e., Na, I, Nal, Na,l,, etc. in a D2
lamp) must be maximized, i.e., one has to find the combination of given particles
minimizing the free energy F (prescribed volume) or the Gibbs energy G
(prescribed pressure). This has to be done taking further constraints into account.
One of the constraints is the conservation of the total number of so-called basis
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Fig. 2.6. Particle densities of Hg, Hg", and ™ (n; = ne) calculated using the Saha equation for
a 4 and 8 MPa mercury plasma vs. plasma temperature [171]
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Fig. 2.7. Particle densities of Xe, Xe™, and e~ (n; = n,) calculated using the Saha equation for
a 1 and 4 MPa xenon plasma vs. plasma temperature [171]

particles, e.g., Hg, Xe, Na, Sc, I, and e™ in the case of the D2 lamp, as combinations
of all these particles do not change the total numbers of these basis particles.

An example of the complex situation in such a D2 automotive headlight lamp is
given in Fig. 2.8. According to the high partial pressures of 5 and 2 MPa (50 and
20 bar), the xenon and mercury atoms dominate the plasma. The overall ionization
rate (electrons or ions compared to neutral particles) is well below 1% even at the
highest temperatures in the hot plasma spots immediately in front of the electrodes
(<8,000 K, cf. Fig. 1.35). The molecules Scls, Sc,lg, Nal, and Na,l, are present at
temperatures up to 3,000 or 4,000 K, then they dissociate and the Sc, Na, and
I atoms outstrip the molecules (3,000-6,000 K). For even higher temperatures
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Fig. 2.8. Particle densities n, of a D2 automotive headlight lamp plasma (Xe, Hg, Nal, Scl;
with partial pressures of 50, 20, 0.03, and 0.05 bar, respectively,) vs. plasma temperature
[171]

(6,000 K), the Sc™ (ionization energy 6.54 ¢V) and Na' ions (ionization energy
5.12 eV) get ahead of the neutrals Sc and Na. The electron density, which is
important for the electrical conductivity (cf. Sect. 2.3.2), is the sum over all ion
densities. Within the temperature range up to 6,000 K, the electron density is
determined by the ionization of Sc and Na, for higher temperatures, the ionization
of Xe and Hg atoms becomes important (ionization energies of 12.13 and 10.44 eV,
respectively).

2.2.3 Plasma Radiation

The goal of high-pressure discharge lamps is the efficient generation of light, so
understanding and optimizing HID lamps requires the knowledge of the radiation
processes in the plasma. The mechanisms of light generation in HID lamps include
line emission, molecular radiation, and photon emission due to recombination
and bremsstrahlung. The most important mechanism, the line radiation, will be
discussed in the following in detail. Besides these light emitting processes,
reabsorption of especially resonance radiation and line broadening mechanisms
have to be taken into account. Taking all light emitting and absorbing mechanisms
at the end of this section together, the net radiation emission coefficient u can be
calculated, which is important for the modeling of the energy or power balance of
the plasma. The net radiation emission coefficient determines the radiation energy
per unit time and volume as a function of plasma temperature in local thermal
equilibrium.
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Line Radiation

The most important light emitting process in HID lamps is line radiation. The
reason for the occurrence of line radiation or spectral lines is the discrete energy
levels electrons can occupy in a given atom (or ion). Since electrons are fermions,
they cannot exist in identical energy states, which is described by the Pauli
exclusion principle. Thus, only one electron can occupy a given energy level in an
atom (characterized by principal quantum number #, angular momentum quantum
number /, magnetic quantum number m, and electron spin s, [82]. Electrons can be
excited from the ground state to an excite state e.g., by inelastic collisions between
(free) electrons and atoms. If the electron falls back to the ground state or to
any other excited state of the atom, radiation might be emitted.> Nevertheless,
there are other possibilities of de-excitation, e.g., the excited atom might transfer
the excitation energy to a (free) electron in the form of kinetic energy without
emitting radiation (quenching collisions). These quenching collisions outnumber
the radiative de-excitations in HID lamps, thus the radiation processes do not
disturb local thermal equilibrium. Despite this, the line radiation is a strong light
emitting mechanism due to the enormous total number of different types of
collisions, excitation, and de-excitation.

Energy level diagrams of mercury and sodium atoms are given in Figs. 2.9 and
2.10, respectively, important radiative transitions between energy levels and their
corresponding photon wavelength are marked with circles. The important resonance
lines (transition between excited states and ground state) are 185.0 and 253.7 nm
(UV radiation) in the case of mercury, and 589.0 and 589.6 nm in the case of
sodium (yellow low-pressure sodium line, sodium D-lines). They are important for
all discharge lamps containing mercury or sodium. In the case of high-pressure
mercury discharges, certain transitions between excited states are also important for
the emission spectrum: The corresponding photon wavelengths are 404.7, 435.8,
546.1, 577.0, and 579.0 nm (cf. Sects. 1.3.3—1.3.9). If both sodium and mercury are
in a discharge as in many sodium high-pressure (Sect. 1.3.7) and metal halide lamps
(Sect. 1.3.8), the radiation is dominated by sodium, since the resonance lines of
sodium need less excitation energy (2.1 eV) than the mercury resonance lines
(4.9 eV). The plasma temperature in such lamps is smaller compared to pure
mercury lamps, because the plasma emits more radiation power at the same
temperature if the excitation energies of the plasma constituents are lower.

Small differences in the energy levels lead to long wavelengths of the emitted
photons in the case of a radiative transition, large energy differences result in short
wavelengths. Rare gases, which would be perfect as lamp filling as they have no
problems with evaporation, starting, or temperature dependence, have energy levels
with the first excited state at two thirds or more of the ionization energy (cf.

5 Not all transitions are allowed, i.e., some of the transitions are forbidden. Selection rules
state that electrons might not change all their characterizing quantum numbers in an arbitrary
way, e.g., the angular momentum quantum number / must change by +1 or —1 because the
emitted photon has spin 1 [82, 103].
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Fig. 2.9. Energy level diagram of mercury atom. The excitation energy in eV is given at the
left axis (ionization energy: 10.44 eV), the numbers near the lines connecting the different
energy levels are the corresponding photon wavelengths in nm for a radiative transition
(excitation or de-excitation) [48]

Fig. 2.11). The resulting resonance radiation has a very high energy and cannot be
converted into visible radiation without major losses. The radiation originating from
transitions between excited states however, has often wavelengths in the infrared
part of the electromagnetic spectrum, i.e., they are not in the visible spectrum. Thus,
rare gas discharges are not very efficient light sources.
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Fig. 2.10. Energy level diagram of sodium atom. The excitation energy in eV is given at the
left axis (ionization energy: 5.12 eV), the numbers near the lines connecting the different
energy levels are the corresponding photon wavelengths in nm for a radiative transition
(excitation or de-excitation) [48]

The radiation produced by transitions of an electron from energy level n to
energy level m of an atom can be calculated (E,,> E,,). The energy of a single
photon is given by the energy difference between the excited states, i.e., £, = E, —
E, = hv,,, =hc/A,,,, where A,,, is the wavelength of the emitted photon for a
transition from energy level n to energy level m. The transition probability 4, for
such a transition must be known, the population density of excited state n can be
calculated with the Boltzmann distribution if we assume LTE (cf. Sects. 2.1.1, 2.1.2,
and 2.1.8). The population density of energy level m does not play a role. The
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Fig. 2.11. Energy level diagram of rare gas atoms compared to mercury atom. The ionization
energies are drawn at the same height, the numbers at the lines connecting different energy
levels are the corresponding photon wavelengths in nm for a radiative transition (excitation or
de-excitation) [48]

resulting radiation emission coefficient e,,, (radiation energy per unit time and
volume) for transitions from energy level n to energy level m is thus given by

hc g, by,
€ =7 Amn e L, (2). (2.23)

nm

n is the atom density, g, the statistical weight of energy level n, Z the partition
function (cf. Sect.2.1.2). The factor L,,,(A) describes the line broadening of the
transition as described in “Line Broadening” (see later). Integrating L,,,(A) over all
wavelengths yields 1. The density of atoms in excited states (and thus the intensity
of line radiation) is proportional to the atom density, i.e., the line radiation is
proportional to the pressure. Moreover, the density of excited states (and thus the
intensity of line radiation) increases with increasing temperature. Equation (2.23) is
valid for so-called optically thin radiation, i.e., radiation which leaves the discharge
without being absorbed by other atoms. Optically thick lines must be treated
differently as described in “Self-absorption and Optically Thick Lines” (see later).
In HID lamps of very high pressure (e.g., 20 MPa = 200 bar in UHP lamps, cf.
Sect. 1.3.6), the density of molecules gets high enough to contribute a considerable
portion of molecular band radiation to the spectral power distribution. The partial
pressure of Hg, molecules in the UHP lamp with 20 MPa of mercury can be
estimated to be 1 MPa. Since molecules have energy bands instead of energy levels,
the transitions between different bands result in a broad spectral power distribution,
the overlap of multiple band systems gives a quasicontinuum radiation. This
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radiation is not reabsorbed like the resonance lines of atoms and can thus contribute
to the light emitted from the discharge. In the UHP lamp with a pressure of 20 MPa,
the share of the continuum radiation can be estimated to be more than 50%. New
investigations indicate that a considerable part of the continuum radiation might be
due to electron-atom bremsstrahlung [44, 45, 75, 105, 138].

Line Broadening

The broadening of spectral lines has already been visualized in Figs. 1.23 and 1.29
for high-pressure mercury and sodium discharge lamps. Even in low-pressure
discharge lamps, the spectral lines are very sharp but still have a certain line width.
This natural line width is coupled to the length of the wave train via Fourier
analysis. Only an infinitely long wave train would have an absolute sharply defined
wavelength or frequency. The energy levels for an electron in an atom are not
infinitely sharp, they have an energy width AE couple by Heisenberg’s uncertainty
principle to the lifetime 7 of this level, i.e.,

AE~ T (2.24)
2nt

Only the ground state with infinite lifetime is sharp, all other energy levels
have a certain width. This determines the natural line width of radiation coming
from an isolated atom. Typical lifetimes are of the order of 1078 s, the resulting
natural line width is thus of the order of 107 s™!. This natural line width can be
broadened by different mechanisms which depend on the velocity of the emitting
atom (Doppler broadening), collisions between the emitting atom and other
particles (collision broadening), and the change of energy levels by the surrounding
particles (pressure broadening).

If the atom emits radiation while having a nonzero velocity component in the
direction of the observer, the observed frequency shifts to lower (atom is flying
away from observer) or higher values (atom is flying in the direction of the
observer). This so-called Doppler line broadening is not coupled to the atom but to
the velocity between the atom and an observer, i.e., it has nothing to do with the
energy levels of the atom. This line broadening is proportional to the average
velocity (Maxwell velocity distribution) and thus proportional to the square root of
the temperature (cf. Maxwell velocity distribution in Sect. 2.1.3 and (2.7)).

The natural lifetime of an excited level is shortened by collisions with other
particles. Since high-pressure discharge lamps are collision-dominated plasmas, this
is an important effect. The average time between two collisions can be estimated by
the mean free path and the mean velocity of the atoms (cf. Sects. 2.1.3 and 2.1.6).
This collision broadening is proportional to the pressure p of the discharge, because
the number of collisions increases with increasing pressure. Thus, in many HID
lamps the collision broadening is larger than the Doppler broadening.

The energy levels for an electron in an atom shown in Figs. 2.9-2.11 are valid
for an isolated atom. The surrounding atoms, ions, and electrons change these
energy levels depending on the distance from the emitting atom. The more other
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particles are in the neighborhood, the stronger the occurrence of this effect, i.e.,
this so-called pressure broadening increases with increasing pressure. This line
broadening mechanism is of particular importance for the resonance lines, since the
ground level changes differently compared to excited energy levels depending on
the surrounding particles, so that transitions between ground level and excited levels
are notably altered. Transitions between excited states are broadened less, since the
excited states change their energy levels in a similar way depending on the
surrounding particles. The energy difference between excited energy levels and
ground level decreases with decreasing distance from other atoms, thus the
broadening becomes asymmetrical, i.e., the broadening is toward the longer
wavelength side. Especially in high-pressure sodium lamps, pressure broadening
is the main broadening mechanism (cf. Figs. 1.27-1.29 with the asymmetrical
broadening of the 589.0 and 589.6 nm resonance lines). Depending on the
surrounding particles, one can distinguish between Stark broadening (interaction
with surrounding electric field of surrounding electrons and ions), van der Waals
broadening (interaction with surrounding neutral particles), and resonance
interaction between excited atoms and atoms of the same species in the ground
state. The extreme case of the pressure broadening is the continuous black body
radiation of a solid state, where all atoms are extremely close together and the
electrons have no discrete energy levels [48, 72, 80, 116, 132, 172].

Self-Absorption and Optically Thick Lines

Photons resulting from a radiative transition from energy level n to energy level m of
an atom (E, > E,,) can be absorbed by an atom being in energy level m (E,,). This is
the inverse process to the radiative de-excitation and will thus result in an excited
atom with excitation energy E,. The photon is transporting energy from one
position to another position, i.e., the reabsorption or self-absorption of line radiation
contributes to the energy transport in discharge lamps, which is discussed in
Sect. 2.3.4.

Not only energy is transported during this process, but also the reabsorbed
photons are absent in the spectral power distribution. The absorption of photons is
proportional to the density of atoms with energy level m, i.e., atoms having the
excitation energy E,,. Since most atoms are in the ground state, the self-absorption
is of particular importance for resonance radiation originating from transitions from
excited states to the ground level. The probability for an atom to absorb radiation
depends on the energy of the photons. The closer the energy of the photons to the
center of the emitted line radiation, the higher the probability for the reabsorption.
This results in a flattening of the emitted line profile, i.e., the half-value width
increases. In HID lamps, the emission of radiation takes place in the center of the
discharge, where plasma temperature is high (cf. Fig. 1.35). To escape from the
lamp, the emitted photons have to pass through a colder plasma region with high
atom density (cf. (2.13)). Most of the atoms are in the ground state, i.e., they are
able to absorb resonance radiation. This can result in the so-called self-reversal of
resonance lines, i.e., the measured intensity in the center of the line is smaller than
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the intensity in the wings of the line. It is possible that practically all photons near
the center of the line are absorbed, resulting in the spectral power distributions
shown, e.g., in Figs. 1.27-1.29.

In a high-pressure mercury plasma, the mercury resonance lines at 185 and
254 nm are normally reabsorbed within the plasma and are thus not included in the
net radiation emission coefficient u. These lines can be treated separately for
radiative energy transport, e.g., using the approximation of radiation diffusion (see
Sect. 2.3.4). For spectral lines which are partially absorbed within the plasma, a
radiation transport calculation yields spectral line weakening factors y [160].
According to [160], y is set to 0.4 for the mercury atomic lines at 365.02, 365.48, and
546.08 nm, and 0.5 for the line at 435.83 nm. For xenon infrared lines at 820.86,
828.24, 823.39, and 834.91 nm, the spectral line weakening factor y is set to 0.7 [161].

Recombination and Bremsstrahlung

The optically thin line radiation is the most important, but not the only way by
which radiation is generated in the plasma. Besides the molecular radiation, which
is for example important in the super high-pressure mercury lamp UHP (see
earlier), there are two other sources of radiation: radiation due to recombination and
the bremsstrahlung. Both mechanisms produce photons which leave the plasma
without absorption and thus contribute to the net radiation emission coefficient.

Radiation due to recombination might be emitted when a free electron
recombines with an ion®. Since the electron recombining with the atom might have
arbitrary kinetic energy, the energy of the emitted photon is the sum of the kinetic
energy of the electron and the ionization energy. The spectral power distribution of
such a recombination is thus a continuous one with a sharp boundary at the long
wavelengths corresponding to the ionization energy of the atom. Since the
recombination of an electron with an ion must not result in a ground state atom,
there are also recombinations resulting in an excited atom. The corresponding
energy of the emitted photon is then the result of the kinetic energy of the electron
plus the ionization energy minus the excitation energy of the resulting excited atom.
The radiation due to recombination is proportional to the product of ion and
electron density and thus it starts being important at higher temperatures. The
product of ion and electron density is proportional to the neutral particle density (cf.
(2.21)), i.e., the intensity of the radiation due to recombination is proportional to the
pressure (as line radiation).

A further contribution to the net emission radiation coefficient u is
bremsstrahlung. This type of radiation occurs when electrons are decelerated in the
Coulomb field of ions or atoms. Accelerated or decelerated charges give off
electromagnetic radiation. Bremsstrahlung is characterized by a continuous
spectrum of radiation which becomes more intense and shifts toward higher

® The energy being released during recombination might also be passed to a third particle in
the form of kinetic energy. This process is called three-body collisional recombination.
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frequencies when the energy of the accelerated or decelerated electrons is increased.
One can distinguish between electron-atom and electron-ion bremsstrahlung, i.e.,
the electron might be decelerated in the Coulomb field of atoms or ions. New
investigations concerned with high-pressure mercury lamps indicate, that a
considerable part of the continuum radiation might be due to electron-atom
bremsstrahlung [75, 105, 160].

Net Radiation Emission Coefficient

Taking all emission and absorption processes together, we get the net radiation
emission coefficient u, which determines the radiation energy per unit time and
volume as a function of plasma temperature in local thermal equilibrium:

u=e—a=L(eﬁ—al)d/1=_[,{,leﬁd/1. (2.25)
2

e is the radiation emission coefficient, a the absorption coefficient, the index A
indicates that both coefficients depend on the wavelength. y is a spectral line
weakening factor for partially absorbed spectral lines [160]. This avoids the
complex calculation of the absorption coefficient and includes the absorption in the
emission. y is calculated using radiation transport calculation. According to [160], ¥
is equal to 0.4 for the mercury atomic lines at 365.02, 365.48, and 546.08 nm, and
x = 0.5 for the line at 435.83 nm. For xenon infrared lines at 820.86, 828.24, 823.39,
and 834.91 nm, the spectral line weakening factor y is set to 0.7 [161].
Summarizing, all photon emission processes are induced by electrons changing
their energy level. Figure 2.12 shows the most important processes. On the left-hand
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Fig. 2.12. Summary of main processes involving transitions of electrons to different energy
levels [95]
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side, excitation of electrons from the ground state to an excited state and ionization
(setting free of an electron) are shown (arrows upwards). The excitation of an
electron from an excited state is not included in Fig. 2.12 since it is rather unlikely.
The electrons on the right-hand side of Fig.2.12 (arrows downwards) make
transitions to lower energy levels which is (might be) accompanied by photon
emission. Depending on the state of the electron (free or bound to an atom/ion),
one distinguishes between bound-bound transitions (line radiation), free—bound
transitions (recombination), or free—free transitions (bremsstrahlung).

An example of the net radiation emission coefficient u for a mercury and xenon
plasma of different pressures is given in Fig. 2.13. The intensity of the radiation is
proportional to the pressure and strongly increases with temperature (logarithmic
scale in Figs. 2.13-2.16). A detailed breakdown of the different contributions to the
net radiation emission coefficient is shown in Figs. 2.14-2.16. Figure 2.14 depicts
the different contributions to the net radiation emission coefficient for a 4 MPa
mercury plasma, showing that the main light emitting process is the emission of
spectral lines. In the case of xenon (Fig. 2.15), the line radiation still clearly
dominates the net radiation emission coefficient, but contributions due to
recombination and bremsstrahlung are nevertheless of some importance. The line
radiation of the xenon ion can be neglected.

An example of the complex situation in the plasma of a D2 automotive headlight
lamp is given in Fig. 2.16. Despite the high partial pressures of xenon and mercury
of 5 and 2 MPa, respectively (50 and 20 bar), the radiation of scandium and sodium
dominates the net radiation emission coefficient (partial pressures of Nal: 0.03 bar,
Scls: 0.05 bar). Only for very high temperatures of 6,000 K and more (as in the hot
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Fig. 2.13. Net radiation emission coefficient # of a mercury (4 and 8 MPa) and a xenon
plasma (1 and 4 MPa) vs. plasma temperature [159, 160]
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Fig. 2.16. Net radiation emission coefficient # (and components) of a D2 automotive
headlight lamp plasma (Xe, Hg, Nal, Scl; with partial pressures of 50, 20, 0.03, and 0.05 bar,
respectively) vs. plasma temperature [159, 160]

plasma spots, cf. Fig. 1.35), line radiation of mercury matters. As in the high-
pressure mercury and xenon plasma, line radiation dominates all other radiation
processes.

2.3 Transport Coefficients

The gas and plasma properties described in Sects. 2.1 and 2.2 are related to the local
characteristics of the plasma like ionization degree or net radiation emission
coefficient. Apart from these properties, transport processes play an important role
in HID lamps. All transport processes are driven by spatial nonuniformities
(gradients) and are proportional to some coefficient. The spatial nonuniformities
lead to a net transport of, for example, particles due to a gradient of particle
densities (particle diffusion), charge carriers due to a gradient of the electric
potential, i.e., due to an electric field (electrical conductivity), energy due to
a gradient of temperature (thermal conductivity), or momentum due to a gradient of
velocities (viscosity).

Some of these transport processes will be discussed in the following sections.
The corresponding transport coefficients like the diffusion coefficient, the electrical
conductivity, or the thermal conductivity will be calculated or estimated using the
so-called simplified kinetic theory. In this theory, the transport coefficients are
calculated using simple mean free path considerations. This approach to the
transport properties has the advantage of focusing on the underlying physical
processes and, in addition, leads to formulas which are easy to analyze. The results
from this theory are in general accurate to within a factor of 2 or 3.
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Nevertheless, the transport coefficients shown in Figs. 2.18-2.26 in the
following sections are based on the work of Hirschfelder, Curtiss, and Bird [90],
using rigorous kinetic theory according to Chapman—Enskog theory [171]. This
theory starts with the undisturbed distribution function f(r,v,r) for particle of
species i. This distribution function describes the probability to find a particles of
species i at time ¢ in an infinitesimal volume around r with velocity v. The
undisturbed distribution function, i.e., the distribution function in the absence of
gradients of particle densities, temperature, velocity, or electrical fields, is given by
the Maxwell or Maxwell-Boltzmann velocity distribution (cf. (2.5)). In the
Chapman—Enskog theory, a series expansion starting from this undisturbed
distribution function is used to take into account deviations from the undisturbed
situation. In the LTE plasma in HID lamps, the gradients which change the
undisturbed situation are sufficiently small, so that it is sufficient to consider only
deviations of the first order. The Chapman—Enskog theory connects the transport
coefficients to so-called collision integrals, which describe binary collision with
energy or velocity dependent collision cross sections.

2.3.1 Diffusion

The diffusion of particles describes the net particle flux in a gas or plasma due to a
gradient of particle density. A gradient of particle density means that there are areas
(e.g., area A) where the particle density is higher than in other areas (e.g., area B).
Since all particles have (approximately) a Maxwell velocity distribution, some of
the particles of area 4 might fly to area B and vice versa. Since area A has a higher
density of particles, more particles fly from A4 to B than from B to 4. This
corresponds to a net particle flux from 4 to B which eventually balances the unequal
particle densities in 4 and B. Thus, transport processes tend to balance spatial
nonuniformities. Let us put this into appropriate equations:
The diffusion coefficient D is defined by

j=-Dgrad(n). (2.26)

Let us consider the diffusion in z direction, i.e., let us assume a particle gradient

in z direction. The net particle flux through a plane at position z is determined by the
particles from a plane at position z—/ flying in positive z direction and from a plane
at position z+/( flying in negative z direction (cf. Fig. 2.17). ¢ is the mean free path
and we assume that one-sixth of the particles at the planes at position z—( and z+(
fly in positive z direction, one-sixth in negative z direction, one-sixth in positive x

z

/; J%y/‘
>

z—1y z zZ+1,

Fig. 2.17. Illustration of the net particle flux through a plane at position z
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direction, etc. The distance ¢ between the planes reflects the consideration that the
particles arriving at the plane at position z had their last collision at the planes at
position z—( and z+/, i.e., the particle densities at these positions are relevant for the
diffusion process.

Since one-sixth of the particles fly with the mean velocity v in positive z
direction and one-sixth in negative z direction, the net particle flux at the plane at
position z is given by:

J=7t -7

=%n(z—[)?—én(:+€)\7

{n(:w)—n(z_f)}lw

20 3 2.27)

The particle density at the plane at position z—/ is given by n(z—/(), at z+( by
n(z+(). Comparing the last two lines of (2.27), the diffusion coefficient D can be
expressed by (v /3. Using the mean free path ( from (2.18), the mean velocity v
from (2.7), and the ideal gas law (p = nkT, (2.13)) yields the formula:

polyg 1 1 [BkT 2 1 (kT)’ T 2.28)
3 320V am 3JapO\ m  pdm '

O is the cross section for elastic collisions between the particles of the same species

with particle density #.

Considering the case of two different types of particles, i.e., particles of species 1
(e.g., mercury ions) and 2 (e.g., mercury atoms), the diffusion of ions can be
described by the binary diffusion coefficient D;,. According to [171], the binary
diffusion coefficient D; , derived with the rigorous kinetic theory is given by

3
3Jn 1 kT (2.29)

o 8 inn(H) E

. . —(1,1
U is the reduced mass, ie., y=(mm,)/(m;+m,), and an ) a temperature

dependent collision integral. Comparing (2.28) (simple kinetic theory) and (2.29)
(rigorous kinetic theory), the proportionality to 7 and p is the same, only the
numerical value of the multiplier has changed but remains at the same order of
magnitude (0.38 in (2.28) compared to 0.66 in (2.29)), i.e., the simple kinetic theory
is capable of calculating a good approximation for the transport coefficients.

Figure 2.18 shows the binary diffusion coefficient D; , between ions and atoms
for a mercury and xenon plasma of different pressures calculated using rigorous
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Fig. 2.18. Binary diffusion coefficient D; , of a mercury (4 and 8 MPa) and a xenon plasma
(1 and 4 MPa) vs. plasma temperature [171]

kinetic theory [171]. The diffusion is inversely proportional to the pressure p,
because increasing pressure decreases the mean free path (logarithmic scale in
Fig. 2.18). Increasing temperature increases the thermal velocity as well as the
mean free path (at constant pressure), thus the binary diffusion coefficient increases
with temperature. The difference between mercury and xenon (compare mercury
and xenon at 4 MPa) is largely due to the mass difference: Mercury has an atomic
mass of 200.6 u, xenon of 131.3 u. The higher mass of mercury decreases the
thermal velocity and thus the diffusivity. The collision integrals for ion-atom
collisions in mercury and xenon are very similar [72, 171].

2.3.2 Electrical Conductivity

The electrical conductivity o determines the power injection into the plasma, which
is given by Ohm’s law (jE = 6E?). For a fixed electric current / or a fixed electric
current density j, a high electrical conductivity causes small electric fields £ and
thus small electrical power densities. In many HID lamps, a high electrical power
density is required. At the same time, large electric currents stress the electrodes,
leading to melting, evaporation, or sputtering of the electrodes. This determines
often the end-of-life of a HID lamp. A small electrical conductivity thus provides
for the small lamp currents and high electrical power densities wanted.

The electric current is carried by electrons and ions, so to calculate the electrical
conductivity we need the electron and ion mobility (i, and y;) in the plasma. The
mobility describes the relation between drift velocity vy of electrons or ions in a
gas or plasma and an applied electric field. The drift velocity should not be
confused with the thermal velocity, which is in general larger but has no specific
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direction.” The mobility is inversely proportional to the mass of the charge carrier, as
will be shown in the following. Due to the large mass difference between electrons
(5.49X10_4 u) and ions (atomic mass of about 20 u (neon or sodium) up to 200 u
(mercury) and more), the electric current is carried to more than 99% by electrons.
Let v4 be the drift velocity of an electron with mass m, in a plasma. It can be
assumed that the electron is scattered at each collision with an atom in arbitrary
direction, so that the drift velocity is reset to zero after each collision. During two
collisions, the constant acceleration is given by eE/m,, the average time between two
collisions is 7= (/v (cf. (2.17) with (. the mean free path of electrons in a plasma). So,
immediately before the next collision, the drift velocity is given by eE(/V, m.. A more
detailed derivation yields a slightly different numerical value of the multiplier [141, 171]:

S L) (2.30)
T my,

The drift velocity is inversely proportional to the mass of the charge carriers,

which has already been used earlier to show that the electric current is carried to

more than 99% by electrons, because their mobility is approximately 1,000 times

larger than the mobility of ions. The electrical conductivity o, which is defined by

Jja=-ocgrad(p)=cE (2.31)
can now be expressed by
Ja = Jon + Ja ® Ja
=—en,v,
N (2.32)
=en,———=F
T my,
=ck
Using the mean free path of electrons (, from (2.18) with the cross section for
elastic collisions of electrons with atoms® O, and the mean velocity v, from (2.7),
the following formula results:

\/g el, J§ ekT \/mm,
c=en,———=en,——————F———
T my, T m, \/EQ%p\/SkT
n.e’ kT . n AT

T2 O.p PO,

(2.33)

7 The average of the thermal velocity is zero. This should not be confused with the average
magnitude of the velocity given in (2.7).

8 A weakly ionized plasma is assumed, i.e., the electron density is much smaller than the
density of atoms. Then the mean free path of electrons is determined by elastic collisions
between electrons and atoms.
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Fig. 2.19. Electrical conductivity o of a mercury (4 and 8 MPa) and a xenon plasma (1 and
4 MPa) vs. plasma temperature [171]
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Fig. 2.20. Electrical conductivity o of a D2 automotive headlight lamp plasma (Xe, Hg, Nal,
and Scl; with partial pressures of 50, 20, 0.03, and 0.05 bar, respectively) vs. plasma
temperature [171]

Figure 2.19 depicts the electrical conductivity for a mercury and xenon plasma
of different pressures calculated using rigorous kinetic theory [171]. An example of
o for a complex plasma as in the D2 automotive headlight lamp is given in Fig. 2.20
(logarithmic scale in Figs. 2.19 and 2.20). The main influence on the electrical
conductivity has the electron density, which depends strongly on the temperature
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(cf. Figs. 2.6-2.8). Comparing the electrical conductivity o to the ratio n./n, one can
deduce that the temperature dependence of the cross-section for elastic collisions of
electrons with atoms Q., is of minor importance (cf. Figs.4.18 to 4.20).
Nevertheless, the absolute value of Q,, is very important, since it is the only
parameter depending on the plasma composition and therefore responsible for the
difference of the electrical conductivity o of a xenon or a mercury plasma (compare
mercury and xenon at 4 MPa in Fig. 2.19). Mercury has a higher electron density
but a lower electrical conductivity compared to xenon. This is due to the large cross
section for elastic collisions of electrons with mercury atoms. For this reason,
mercury is used in many high-pressure discharge lamps (high-pressure mercury and
sodium discharge lamps, metal halide lamps, cf. Sects. 1.3.6-1.3.8) allowing for
high electrical power input at high electric fields and small electric currents. The
fact that mercury is very volatile further improves this advantage, since increasing
pressure decreases the electrical conductivity.

2.3.3 Thermal Conductivity

The thermal conductivity describes the net power flux ¢ in a gas or plasma due to a
temperature gradient. The thermal conductivity A is defined by

g =—2 grad(T). (2.34)
Let us consider the power flux in z direction, i.e., let us assume a temperature
gradient in z direction as in Sect. 2.3.1. The net power flux through a plane at
position z is determined by the power flux from a plane at position z—( in positive z
direction and from a plane at position z+( in negative z direction (cf. Fig. 2.21). ( is
the mean free path and we assume that one sixth of the particles at the planes at
position z—( and z+/( fly in positive z direction and one sixth in negative z direction.
The distance ( between the planes reflects the consideration that the particles
arriving at the plane at position z had their last collision at the planes at position z—(
and z+/, i.e., the energy of the particles at z—( and z+( is relevant for the power flux
at the position z.
Since one-sixth of the particles fly in positive z direction and one-sixth in
negative z direction, the net power flux at the plane at position z is given by:

z—1, z zZ+ 1,

Fig. 2.21. Illustration of the net power flux through a plane at position z
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The average energy U per particle at the plane at position z—/( is given by U(z—
(), at z+( by U(z+(). U can be expressed in terms of the temperature 7 by
U = 0.5fkT, where f'is the number of degrees of freedom of the atoms or molecules
of the gas. In a monoatomic gas, vibrational and rotational energies are absent and
all of the gas internal energy is in the form of translational kinetic energy, i.e., =3
and (2.10) results. Molecules have vibrational and rotational energies, i.e., f is
higher.

Comparing the last two lines of (2.35), the thermal conductivity A can be
expressed by fk(nv /6. Using the mean free path ¢ from (2.18) and the mean
velocity v from (2.7), the following formula results:

/I—gfk nv-3mQ Q\/Z.

Q is the cross section for elastic collisions between the particles of the same species
with particle density n. The derivation of the thermal conductivity using the simple
kinetic theory includes the transport of internal energy of heavy particles along a
temperature gradient. According to (2.36), it is independent of the pressure p. This
is due to the increase of the particle density with increasing pressure but the
decrease of the mean free path with increasing pressure. In fact, the thermal
conductivity can be described by (2.36) only for temperatures up to 4,000 K. At
higher temperatures other contributions to the thermal conductivity become more
important. Figure 2.22 shows the thermal conductivity for a mercury and xenon
plasma of different pressures calculated using rigorous kinetic theory [171, 172].
Apparently, the thermal conductivity depends on the pressure p for temperatures
above 4,000 K (logarithmic scale in Fig. 2.22). In the case of xenon, the thermal
conductivity decreases with increasing pressure, in the case of mercury, the thermal
conductivity increases with increasing pressure (cf. Sect. 2.3.4).

nyy ——lﬂ‘\/k_Tocfﬁ (2.36)
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Fig. 2.22. Thermal conductivity A of a mercury (4 and 8 MPa) and a xenon plasma (1 and
4 MPa) vs. plasma temperature [171, 172]

Due to the strongly increasing electron density with increasing temperature, the
electrons contribute to the thermal conductivity for higher temperatures. Since
electron density increases proportional to the square root of the pressure p and the
mean free path decreases proportional to the pressure p, the thermal conductivity
due to electrons is inversely proportional to the pressure, i.e., the thermal
conductivity decreases with increasing pressure. This can be seen in Fig. 2.22 in the
case of xenon. Another contribution to the thermal conductivity is the energy
transport due to ionization and recombination or dissociation and formation of
molecules. Nevertheless, this “reactive energy transport” does not contribute
considerably to the total thermal conductivity.

A detailed breakdown of the different contributions to the thermal conductivity
A is shown in Figs. 2.23 and 2.24 (logarithmic scale in both figures). Figure 2.23
depicts the different contributions to the thermal conductivity for a 4 MPa mercury
plasma, Fig. 2.24 shows the different contributions to the thermal conductivity for a
4 MPa xenon plasma [171, 172]. In the case of mercury, the thermal conductivity
for temperatures above 6,000 K is dominated by radiative energy transport
(increasing with increasing pressure), which is addressed in Sect. 2.3.4.

2.3.4 Radiative Energy Transport

Photons resulting from a radiative transition from energy level n to energy level m of
an atom (£,, > E,,) can be absorbed by a second atom being in energy level m (E,,).
This is the inverse process to the radiative de-excitation and will thus result in an
excited atom with excitation energy E,. The photon transports energy from one
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Fig. 2.23. Thermal conductivity A (and components) of a 4 MPa mercury plasma vs. plasma
temperature [171, 172]
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Fig. 2.24. Thermal conductivity A (and components) of a 4 MPa xenon plasma vs. plasma
temperature [171]

position to another position, i.c., the reabsorption or self-absorption of line radiation
contributes to the energy transport in discharge lamps. This radiative energy
transport can be calculated using radiation transport calculation.

If L, is the radiance at wavelength A radiated in the direction s, then the
infinitesimal change of L ;, along the optical path ds is given by
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dL,,

ds
£, and o are the temperature dependent emission and absorption coefficients at
wavelength 4, i.e., £; describes the emitted radiation (atom and ion line radiation,
molecular radiation, bremsstrahlung, radiation due to recombination) at wavelength
A and can be calculated as described earlier. The spectral distribution is important
for the calculation of the reabsorption, i.e., line broadening mechanisms must be
taken into account. ¢ stands for this reabsorption of radiation. The coefficient ¢,
reduces the radiance L,. The net radiation emission coefficient u, which
determines the radiation energy per unit time and volume is then given by

=&,-a,L,. (2.37)

U= v[ [ 1,624 ] (2.38)
A.s

This means that we have to integrate the radiance at wavelength A radiated in the
direction s (L 4, e; ) over all wavelengths A and all directions s. The spatial change in
this integral describes the total power radiated or absorbed, i.e., u can be a power
sink (radiation, u > 0) or a power source (reabsorption, u < 0).

The problem with (2.38) is that « is no longer a function of plasma temperature
T (as e.g., €; and o)), but it depends on the surrounding plasma. This means that
is a local property of the discharge. If we know the temperature distribution of the
plasma, we can calculate u which involves, e.g., the knowledge of the spectral data
of all atomic lines, the line broadening mechanisms and the absorption coefficients.
The radiation from each infinitesimal small volume in arbitrary direction has to be
tracked through the whole plasma to locate possible reabsorption of this radiation.
This is an enormous amount of computational work. The resulting # must then be
used to calculate a new temperature distribution, making a new calculation of u
necessary. The exact solution of the radiation transport equation for arbitrary lamp
geometries and under consideration of, for example, convection, electrode—plasma
interactions, or time-dependence in the case of ac lamp currents is beyond the
ability of today’s computers. Nevertheless, there are, for example, solutions taking
into account only the cylindrical plasma column, i.e., reducing the problem from
three to one dimension. In [84], this has been done for a 0.6 MPa mercury plasma,
showing, for example, that only the line radiation at 185 and 254 nm contributes to
the radiative energy transport.

To include radiative energy transport into the modeling of HID lamps, there are
many different approximations [26, 29, 50, 68, 74, 84, 111], one of them will be
described in the following. Instead of taking the energy transport by radiation with
the help of the net radiation emission coefficient u into account, it can also be
included in the thermal conductivity A. In the case of a mercury plasma, this means
that the line radiation at 185 and 254 nm is not included in the calculation of u (with
(2.25)) and for other spectral lines, which are partially absorbed within the plasma,
a one-dimensional radiation transport calculation yields spectral line weakening
factors y [160]. According to [160], y is set to 0.4 for the mercury atomic lines at
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365.02, 365.48, and 546.08 nm, and y = 0.5 for the line at 435.83 nm. For xenon
infrared lines at 820.86, 828.24, 823.39, and 834.91 nm, the spectral line weakening
factor y is set to 0.7 [161]. For a given one-dimensional temperature profile, the
atomic lines which are neither optically thin nor optically thick are included in the
thermal conductivity A giving a contribution A4,,4. The method is called radiation
diffusion approximation, i.e., the radiation transports energy through the plasma
comparable to a diffusion process with multiple emissions and absorptions of
radiation (cf. [26, 51, 75, 160, 172]). The result of such a calculation can be found
in Fig. 2.23 in the case of a 4 MPa mercury plasma. For this result, a typical
temperature profile of a 4 MPa mercury discharge has been assumed: parabolic
temperature profile with 7,,,,=6,000K and T,,;=1,200 K. Since the line
emission is proportional to the pressure, the same holds for the contribution 4,4 by
the radiation diffusion approximation to the thermal conductivity A (cf. thermal
conductivity of mercury plasma in Fig. 2.22).

Since the computation of the radiation transport with the radiation diffusion
approximation is based on a given temperature profile (which of course depends on
the thermal conductivity 1), the calculation of A4 is an iterative process. If the
whole plasma and not only the cylindrical plasma column is taken into account, the
question is which temperature profile has to be taken into account (cf. calculated
temperature profile of the D2 automotive headlight lamp in Fig. 1.35). It turns out
that depending on the chosen temperature profile (of the cylindrical plasma column
or of the hot plasma spots in front of the electrodes), contributions of radiative
energy transport to A can be very different (compare 4,54 ¢o1 and A1aq s in Figs. 2.25
and 2.26, logarithmic scale in both figures). In the case of the hot plasma spots with
its steep temperature gradients, the emission from the center of the plasma spots can
easily escape from the discharge due to the smallness of the cold plasma area, where
absorption might occur. This cold plasma area is much larger in the case of the
plasma column with a moderate temperature gradient compared to the hot plasma
spots. To solve this problem, the author proposes a new and successful method by
using A, ool ad Apaq s in different temperature regions [57, 59]. For temperatures
below the maximum temperature of the arc column (5,100 K in the case of the D2
automotive headlight lamp and 5,400—6,000 K in the case of a 0.6 MPa mercury
plasma depending on the lamp current), the radiation transport calculation is based
on the temperature profile of the arc column. For higher temperatures, the
temperature profile of the hot plasma spots is taken into account to calculate
radiation transport (cf. A, in Figs. 2.25 and 2.26, logarithmic scale in both
figures). This method delivers good results for the temperature profile of the plasma
column as well as for the temperature distribution in the hot plasma spots, i.e., the
nonlocal nature of the radiative energy transport is partly accounted for. A radiation
transport calculation based only on the plasma column temperature profile would
result in too low plasma hot-spot temperatures, a radiation transport calculation
based only on the temperature distribution within the hot plasma spots would result
in too high plasma column temperature.
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Fig. 2.25. Thermal conductivity A (and components) of a 0.6 MPa mercury plasma vs.
plasma temperature [57]
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Fig. 2.26. Thermal conductivity A (and components) of a D2 automotive headlight lamp
plasma (Xe, Hg, Nal, and Scly with partial pressures of 50, 20, 0.03, and 0.05 bar,
respectively) vs. plasma temperature [59]
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2.4 Electrode Properties

Apart from the plasma, the electrode properties are important for the operation and
understanding of HID lamps. The electrodes (typically tungsten electrodes,
sometimes in combination with an emitter which enhances electron emission) are
responsible for the current transfer into the plasma, i.e., the cathode emits electrons
and might be bombarded by an ion current, the anode collects electrons. Moreover,
the electrodes are relatively cold compared to typical plasma temperatures in HID
lamps. The electrode tips have typically temperatures around 2,000-3,500 K, the
typical plasma temperatures in the plasma column are around 4,000-7,000 K, at the
hot plasma spots the plasma temperature might be as high as 10,000 K. Thus,
the electrodes act as heat sinks for the plasma, i.e., a power flux from the plasma
to the electrode tips maintains the electrode temperature. This heat is passed
through the electrodes to the outside connections of the electrodes (electrode root)
and power is radiated from the electrode surfaces according to the Stefan—
Boltzmann law. This constant drain of power out of the plasma must be balanced by
an increased electrical power input into the near electrode plasma compared to the
electrical power input into the plasma column. This additional power demand is the
reason for the so-called electrode fall voltages (anode fall voltage and cathode fall
voltage), i.e., the additional voltage drop in the near electrode plasma to balance
electrode losses (cf. Sect. 3.2.2 and Chap. 4).

The electrodes are also important for the lifetime and maintenance of the lamp.
A hot electrode might evaporate tungsten, which blackens the walls by condensing
on the inside of the quartz vessel if no halogen cycle prevents this (cf. Sect. 1.3.6).
This process can be enhanced by an ion current at the cathode, sputtering tungsten
from the cathode. Wall blackening affects the light output and increases the thermal
heat load to the lamp walls. Decreasing luminous efficacy (lumen depreciation) and
softening or breaking of the quartz vessel might be the result of such a process.
Moreover, the electrode shape might change during lifetime of the lamp due to
melting of the electrode tips, tungsten transport by evaporation and condensation of
tungsten at the electrodes, or sputtering due to an ion current at the cathode.
Important examples are the modification of the electrode tips in UHP lamps
[45, 119, 136], cf. Sect. 3.1.13), different electrode tip geometries in operating D2
automotive headlight lamps and other HID lamps [59, 85, 86], Sects. 4.4.4 and
4.4.6), cold end attacks (electrode root erosion due to tungsten evaporation, cf.
[75]), or theoretical studies ([57] and Sect. 4.4.4). The change of the electrode shape
modifies the electrode properties (e.g., electrode fall voltages, arc attachment at
electrode tip) or might lead to total failure of the lamp.

2.4.1 Thermal Conductivity of Tungsten

The thermal conductivity of metals can be derived analogous to the derivation of the
thermal conductivity of plasmas. In metals, the bulk of the thermal current is carried
by the conduction electrons, which can be treated as an electron gas in metals.
Thermal conductivity by the atoms is much less important than thermal conduction
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by the conduction electrons [3, 72]. Nevertheless, since most electrodes of HID
lamps are made of tungsten (sometimes in combination with an emitter which
enhances electron emission), it is sufficient and more precisely to use
experimentally determined thermal conductivities. The thermal conductivity of
tungsten in the temperature range from 300 to 3,500 K is given in Fig. 2.27 [94].
Compared to the thermal conductivity of the plasma (0.01-10 W K™! m_l), tungsten
has a much higher thermal conductivity, i.e., the power flux from the plasma to the
electrode tips is very efficiently passed through the electrode to the outside
connections of the electrodes (electrode root).

The higher the thermal heat flux inside the electrodes, the cooler the electrode
tips and the higher the power loss of the plasma (electrode fall voltages) due to the
electrodes. Since the thermal conductivities of tungsten is fixed, a variation of the
diameter of the electrodes can modify the heat flux inside the electrodes. A larger
electrode diameter corresponds to lower electrode temperatures and higher
electrode fall voltages, a smaller electrode diameter increases the electrode
temperature and decreases the electrode fall voltages. The electrodes must be
designed to have a low temperature (large diameter) to prevent evaporation of
tungsten from the hot electrode. At the same time, the electrodes should have a
small diameter to restrict the power loss of the plasma through the electrodes and
the cathode should be hot enough to emit sufficient electrons to sustain the lamp
current (cf. Sect. 2.4.4). If the electron emission current is too low (cathode too
cold), a substantial part of the lamp current is carried by ions near the cathode
surface, which might be a problem due to sputtering of electrode material. The
optimal electrode geometry is thus a question of many parameters like lamp current,
type of plasma, temperature-sensitivity of emitter material, work function of
electrode (cf. Sect. 2.4.4), etc.
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Fig. 2.27. Thermal conductivity A of tungsten vs. plasma temperature [94]
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2.4.2 Mass Density and Specific Heat of Tungsten

The mass density py of tungsten is 19,300 kg m™>, the specific heat cg, is described
by 129 + 0.0175T according to [31] (7 in K, ¢g in J kg™' K™!). The index E in pg
and cg refers to the electrodes which are normally made of tungsten.

2.4.3 Black Body Radiation

Planck’s Radiation Formula

The electromagnetic radiation from a solid state can be described by Planck’s law of
black body radiation. A black body is an object that absorbs all electromagnetic
radiation (e.g., light) that falls onto it: no light passes through it nor is reflected.
Despite the name, black bodies do radiate electromagnetic radiation. The ideal
black body is a cavity with a small hole: The hole absorbs practically no energy
from the outside due to its smallness, and the radiation escaping through the hole
does not disturb the energy balance in the inside of the cavity noticeably. A careful
analysis of the radiation inside this cavity leads to Planck’s law of black body
radiation. The assumptions are that the cavity walls are in thermal equilibrium with
the radiation, no power input into or output from the cavity is present. All walls have
the same temperature. Furthermore, it is assumed that the electromagnetic modes in
the cavity are quantized in energy with the quantum energy equal to Planck’s
constant times the frequency (4v). The average energy per electromagnetic mode is
the energy of the mode (i.e., 4v) times the probability that it will be occupied. This
probability is given by the Bose—Einstein distribution function, which is different to
the Boltzmann or Maxwell-Boltzmann distribution discussed in Sect. 2.1.1. The
Boltzmann distribution, which is proportional to exp(—E/kT) is valid for identical
but distinguishable particles, like atoms or molecules. The Bose—Einstein
distribution function fgg is valid for identical but indistinguishable particles with
integer spin (bosons), e.g., photons:

(2.39)

Jee(E) = Z 1 .
et —1
The average energy per electromagnetic mode, i.e., the energy of the mode Av
times the probability that it will be occupied ((2.39)), must be multiplied with the
number of modes per unit frequency and unit volume”’ to get the energy density per
unit frequency p(v,T) inside the cavity:

% A mode for an electromagnetic wave in a cavity must satisfy the condition of zero electric
field at the wall. If the mode is of shorter wavelength, there are more ways it can be fit into
the cavity to meet that condition. Careful analysis by Rayleigh and Jeans showed that the
number of modes is proportional to the frequency squared (87L'V2/c3, e.g., [72, 127]).
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3
aper,1) =1, (2:40)
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When transforming (2.40) into the energy density per unit wavelength p(A,7)
inside the cavity, we have to use the relation ¢ =Av, i.e., dv= —cA™2 dA, so that we
get

8nhe® 1
A e

dp(4,T)= dA. (2.41)

We are not interested in the energy density per unit frequency p(v,7) or the
energy density per unit wavelength p(A,T) inside the cavity, but the radiated power
per unit area L(A,T) from a surface at temperature 7. Therefore, we have to multiply
(2.41) by the velocity of the photons, i.e., the speed of light c. Moreover, the energy
density given in (2.41) is for thermal equilibrium, so setting inward = outward
radiation gives a factor of 1/2 for the radiated power outward. Furthermore, the
averaging over all angles gives another factor of 1/2 for the angular dependence
which is the square of the cosine [48, 72, 127]. The resulting radiated power per unit
area L(A,T) is thus:

2nhe? 1 (2.42)
LaT)y="C
(4T) A e

So, by measuring the radiation of a black body at a given (arbitrary) wavelength
A (filter), we can calculate the temperature 7 of this black body. In Fig. 2.28
the radiated power per unit area L(A,T) is drawn as a function of A for various
temperatures between 2,000 and 3,200 K. Even for temperatures as high as 3,200 K,
the emitted radiation is mainly in the infrared part of the electromagnetic spectrum
and only a small part of the radiation is emitted in the visible (cf. Figs. 1.8-1.10).
This explains, for example, the poor luminous efficacy of incandescent lamps (cf.
Sect. 1.3.2).

Wien’s Law and Wien’s Displacement Law

If we are interested in the radiation in the visible part of the electromagnetic
spectrum, e.g., for temperature measurements at the electrodes using wavelengths in
the visible (cf. Sects.3.1.1-3.1.7), we can use an approximation: For short
wavelengths A with A « hc/kT, the exponential function in (2.42) is much greater
than 1, i.e., the 1 in the denominator of (2.42) can be neglected, leading to Wien’s
law:

2
LTy = 2T o in @.43)



2.4 Electrode Properties 93

50x10°W m2um™’

Me, A

!

40

30—

20 V(A
A

10

' 0
2.0 2.5 3.0 um

B——Y

Fig. 2.28. Radiated power per unit area L(A,T) for different temperatures vs. wavelength A
superimposed by the sensitivity curve V(1) of the light adapted human eye [48]

Wien’s law is applicable for hc/AkT > 1, which is fulfilled for wavelengths in
the visible part of the electromagnetic radiation and temperatures below 3,700 K
(cf. Sect. 3.1.3). Equation (2.43) is ecasier to use than (2.42), especially the
conversion of (2.43) into an expression for temperature 7" as a function of (the
measured) L(A,T) is straightforward. The Rayleigh-Jeans law, which can be
regarded as an approximation to Planck’s law for hc/AkT « 1, is not important in
the context of this book. Historically, the approximations to Planck’s law for short
and long wavelengths (Wien’s law and Rayleigh—Jeans law, respectively) have been
known before Planck postulated (2.42), later they turned out to be approximations
to the general Planck radiation formula.

Planck’s radiation formula has a maximum at a certain wavelength A,,,(7),
which is unique for a given temperature (cf. Fig. 2.28). By measuring the emitted
radiation of a black body of unknown temperature one can determine the
temperature by identifying A,,,(7). Amax(7) can be calculated by setting the first
derivative of L(A,T) from (2.42) zero with respect to A, which yields:

TA_  (T)=2.898x10"mK. (2.44)

max

This relationship is called Wien’s displacement law. When the temperature 7 of a
black body radiator increases, the overall radiated energy increases (cf.
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“Stefan Boltzmann Law” described later) and the peak of the radiation curve moves
to shorter wavelengths A,,,.(7) (cf. Fig. 2.28). Since the transformation from
wavelength A to frequency v cannot be simply done by ¢ = Av (see earlier), (2.42)
cannot be transformed straightforward into an expression involving V.. Viax(T)
can be calculated, e.g., by setting the first derivative of p(v,T) zero with respect to v,
which yields:

“"%(T)z 5.88x10"(sK)™". (2.45)

Considering the black body radiation at 7= 5,000 K, the peak of the radiation
curve plotted as a function of wavelength 4 is at A,,,,, (7= 5,000 K) = 579 nm, i.e.,
very close to the maximum of the human eye sensitivity curve at 555 nm (photopic
vision, cf. Fig. 1.3). Plotting the black body radiation at 7= 5,000 K as a function of
frequency, the maximum is at V., (7= 5,000 K) = 294x 10!2 Hz, corresponding to
A =1.019 um, which is in the infrared, i.e., the position of the maximum of Planck’s
radiation formula depends on the variable used on the horizontal axis. This should
be kept at the back of one’s mind if the maximum of Planck’s radiation formula is
discussed.

Stefan—-Boltzmann Law

Integrating the radiated power per unit area L(A,T) from (2.42) from A =0 to o, the
total power flux of a black body radiator can be obtained:

P=go,AT". (2.46)

This relationship is called Stefan—Boltzmann law'?. € is the emissivity of the
object (¢ =1 for a black body, cf. “Kirchhoff’s Law and Emissivity” later), ogg the
Stefan—Boltzmann constant, and A the surface area. If the object under
consideration is radiating power to its cooler or hotter surrounding of temperature
T, the net radiation loss rate takes the form

P=eco AT -T"). (2.47)

Because of the fourth power of T'in (2.47), T, can be neglected if I’ > 7. The
Stefan—Boltzmann law can be used to calculate the power balance of electrodes in
HID lamps. The power input into the electrode tip by the plasma is radiated from the
surface and conducted through the inside of the electrode. The missing factor is the
emissivity &, which is described in “Kirchhoff’s Law and Emissivity”.

10 The Boltzmann or Maxwell-Boltzmann distribution and Boltzmann’s constant originate
and are named after Ludwig Boltzmann (1844-1906), who was an Austrian physicist
famous for his important contributions to statistical mechanics. The Stefan—Boltzmann law
was found in 1879 by Josef Stefan (1835-1893) and theoretically explained by Ludwig
Boltzmann in 1884. Planck’s radiation formula was formulated in 1900.
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Kirchhoff’s Law and Emissivity

The ideal black body, which absorbs all electromagnetic radiation that falls onto it
without letting it passing through or reflecting it, is a very theoretical object. The
absorption and the emission of a real surface is smaller than that of an ideal black
body. The radiation of a real surface can be characterized by the spectral emissivity
&(A,T) describing the ratio of the radiation of the surface to that of an ideal black
body of the same area and the same temperature. The spectral emissivity &,7)
normally depends on the wavelength A under consideration and the temperature T
of the surface, but it is always smaller or equal to 1.1 Kirchhoff’s law (also
Kirchhoff’s law of thermal radiation) connects the spectral emissivity €(1,7) of an
object to its spectral absorptivity (or absorbance or absorption coefficient) a(A,7),
which is the fraction of incident radiation that is absorbed by the surface. An ideal
black body has an absorptivity equal to 1, i.e., the spectral emissivity and the
spectral absorptivity are equal in the case of a black body. According to Kirchhoff’s
law, this is true for all surfaces, i.e.,

e(A,T)=a(AT). (2.48)

Kirchhoff’s law can be derived by simple considerations: If an ideal black body
and a “real” surface face each other and no radiation can escape (e.g., by mirrors),
i.e., the black body radiates on the “real” surface and vice versa; thermal
equilibrium states that both surfaces will have the same temperature if no additional
power is brought into or taken out of the system. If the emissivity € of the “real”
surface would be higher than its absorptivity ¢, the resulting net power transfer to
the black body would violate thermal equilibrium. The same is true for the case
a > €. Kirchhoff’s law is sometimes recapitulated by “poor reflectors are good
emitters and good reflectors are poor emitters.” This is the reason why thermos
flask or emergency thermal blankets are typically made of reflective material: They
lose little heat by radiation.

In the case of electrodes, the spectral emissivity is given by the spectral
emissivity of tungsten. We can distinguish between two types of emissivities: For
the power balance of the electrodes (2.46) or (2.47) we need an integral emissivity
&(7), i.e., the emissivity does not depend on the wavelength A. If the temperature
of the electrodes shall be determined by measuring the radiation at a certain
wavelength (pyrometry, cf. Sects. 3.1.1-3.1.7), we need the wavelength-sensitive
spectral emissivity €(A1,7). The integral emissivity £(7) can be deduced from
the spectral emissivity £(A,7) but not the opposite way around. Both (&(7) and
€(A,T)) depend in general on the temperature 7 of the surface. Planck’s law for
the radiated power per unit area L(A,T) from (2.42) adapted for a real surface is
given by:

' There are some exception, for example if the object is fluorescent. Then, incident power at
one wavelength is “reflected” at another wavelength, i.e., the spectral emissivity at some
wavelengths can exceed unity, but not the emissivity integrated over all wavelengths.
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2mhe® 1
L(AT)= g(/l,T)%m. (2.49)

Accordingly, Wien’s law from (2.43) is given for a real surface by

2
L(A,T)=&(A,T) 2’1”5" e (2.50)
The integral emissivity £(7) of tungsten given in Fig. 2.29 can be expressed by a

simple formula [174]:

2
g(T):—0.0266+1.8197><1()‘4%—2.1946x10'*T—2, (251)
where the surface temperature T is given in Kelvin [K].

The spectral emissivity €(A1,T) of tungsten is shown in Fig. 2.30 (logarithmic
scale). As already mentioned in Sect. 1.3.2, the spectral emissivity &A,T) of
tungsten is high in the visible part12 of the spectral power distribution (about 0.4—
0.5), but low in the infrared part of the spectral power distribution (0.15-0.4).
This enhances the efficacy of an incandescent lamp in comparison to a theoretical
black body radiator of the same temperature (cf. Fig. 1.9). Increasing temperature
decreases the spectral emissivity for wavelengths in the visible but increases the
spectral emissivity £(A,T) of tungsten for long wavelengths. The integral emissivity
&(T) increases with increasing temperature.

The emissivity € might be a problem, because it depends on the surface
conditions of the electrodes [9, 43, 130]. A rough surface has a considerably higher
emissivity € than a polished one (black body effect). This problem arises especially
at the electrode tips, where the surface conditions might change with time. This is
an important point for the analysis of pyrometric measurements, where the exact
value of €(A,T) is often important (cf. Sect.3.1.3). If the front surface of an
electrode gets deeply structured with large bumps as shown in [86], not only the
emissivity € might change, but also the emitting surface itself is increased.

2.4.4 Electron Emission

In addition to photon emission, the surface of a solid state also emits electrons. The
photon emission is described by Planck’s law as described earlier. The electron
emission current is composed of three parts: thermal electron emission, field-
enhanced thermal electron emission, and field emission. In addition to these
electron emission processes, electrons can also be released from electrodes

12 2 between 380 (violet) and 780 nm (red) or between 0.38 and 0.78 pm.
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by photons (photoemission), electrons (secondary emission), ions ()-effect or
secondary emission), or excited atoms. All these mechanisms will be discussed in
the following.

A sufficiently high electron emission current is of particular importance at the
cathode: If the electron emission current is less than the total lamp current, the
difference is sustained by an ion current. The generation of this ion current in the
near-cathode plasma consumes energy, which is reflected in a high cathode fall
voltage. The ions deposit their energy (minus the energy necessary to release an
electron to neutralize the ion) at the cathode, heating thus the cathode and
enhancing electron emission, which depends on the local cathode temperature (see
later). The enhanced electron emission current reduces the ion current, so that the
interplay between ion current and electron emission current adjusts the ratio of
electron to ion current until a stable power balance of the cathode is established
(cf. Chap. 4, especially Sect.4.4). Besides the power consumption for the
generation of the ion current, the ion current at the cathode sputters tungsten from
the cathode. This effect might lead to wall blackening or unwanted alteration of
electrode geometry.

Thermal Electron Emission

To understand the emission of electrons from tungsten, we have to understand
how electrons can be described in a metal. The starting point is the Drude model
of electrons in a metal. In a metallic crystal lattice, the outer electron orbits
(valence electrons) overlap and are shared by all the atoms in the solid. These
electrons are not bound and are free to conduct current. Typical free electron
densities in a metal are between 10%® and 10%° m™3. The electrons form a gas”. At
absolute zero temperature (0 K), all electrons pack into the lowest available energy
states and build up a so-called “Fermi sea” of electron energy states. The reason for
this is that electrons are fermions and by the Pauli exclusion principle cannot exist
in identical energy states. The distribution function f(E), which is the probability
that an electron is in energy state E, is given by the Fermi—Dirac distribution.

The already discussed Boltzmann distribution (Sect.2.1.1), which is
proportional to exp(—E/kT) is valid for identical but distinguishable particles, like
atoms or molecules. The Bose—Einstein distribution function, which was discussed
in the context of Planck’s law (Sect.2.4.3), is valid for identical and indist-
inguishable particles with integer spin (bosons). The distribution function fz(E)
applicable to fermions (identical and indistinguishable particles with half-integer
spin), is the Fermi—Dirac distribution given by

F E)= E-Ef ]

where Ef. is the so-called Fermi energy or Fermi level, which depends on the metal
under consideration (tungsten: Ep=7eV). The Fermi energy is the maximum
energy occupied by an electron in a metal at 0 K, i.e., the Fermi energy is the surface
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Fig. 2.31. Visualization of Fermi—Dirac distribution fr in comparison with Boltzmann
distribution f3 for two different temperatures 7} > T5 vs. electron energy E [72]

of that “Fermi sea” at absolute zero temperature where no electron has enough
energy to rise above this surface. Figure 2.31 compares the Fermi—Dirac distribution
/g with the Boltzmann distribution f5 for two different temperatures 77 > 75. For
both temperatures, the energy states below the Fermi energy Ef have a probability of
essentially 1, those above Ef essentially zero. Only in a small energy band around
Eg, the distribution differs from 1 and 0. The width of this energy band is
proportional to k7. Compared to typical values of Ef of 1-10 eV, kT is relatively
small (k7= 0.026 eV for T=300 K and k7= 0.259 eV for T = 3,000 K).

The Fermi energy can be calculated by considering the possible energy states
electrons can occupy in a metal: Fermions are not allowed to be in the same state,
i.e., they must differ in their characterizing properties. The electrons in a metal are
not localized, i.e., their uncertainty of position is given by the dimensions of the
metal L. According to Heisenberg’s uncertainty principle, the momentum p of an
electron can then not be given more precisely than with an uncertainty of Ap > A/L,

with / being Planck’s constant. Replacing “>" by “=" we get
h
Ap=—. (2.53)
P L

So, every volume (Ap)3 in the momentum space can only be occupied by two
electrons (spin up and spin down). If we want to find the configuration
“consuming” the least energy, we have to “construct” a sphere in momentum space
with radius pg containing all electrons from the electron “gas” (the so-called Fermi
sphere).

The density of electrons can be calculated from the density of the metal (one
electron from each atom), i.e., we know the number of electrons N per volume
V= L3. If we assume the lowest energy distribution and bear in mind the minimum
volume of each electron in momentum space given by 0.5 (Ap)® (spin up and spin
down), then the volume in momentum space is given by N 0.5 (Ap)°. This volume
must be identical to the volume of the Fermi sphere in momentum sphere, i.c.,

N—=—p, . (2.54)
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Combining (2.53) and (2.54) we get for pg:

pe =3 /;’_Z h. (2.55)

Because Ep = (pg)*/2m,, we get for the Fermi energy Ep:

2 2/3
E, = h_[3_”) , (2.56)

2m, \ 8n
Following these considerations, we can calculate the density of possible states

for electrons as a function of energy by expressing » from (2.56) as a function of £
and differentiating n by E:

p(E)=3 _ax[ 2 V. @5
dE h?

The Fermi—Dirac distribution given in (2.52) determines the probability that a
given energy state will be occupied by an electron. This probability must be
multiplied by the density of states function (2.57) to weight the probability by the
number of states available at a given energy. Thus we get the number of conduction
electrons per unit volume per unit energy:

om Y VE (2.58)

p(E)fF(E):“’T(h—zJ R

To release electrons from a metal, they must have enough energy to escape from
the solid state. This energy is given by the so-called work function ¢, which is
defined as the distance from the Fermi energy to the ionization potential of the
metal. Typical values for ¢ are between 2 and 6 eV (cf. Fig. 2.32).

The thermal electron emission current is the electron current due to the energy
distribution of the electrons in the metal (2.58). Depending on temperature 7, some
electrons have sufficient energy to escape from the metal, i.e., they have a kinetic
energy greater than the work function ¢ plus the fermi energy Er. To calculate the
thermal electron emission current, one must integrate (2.58) over all electrons
having a velocity component perpendicular to the metal surface with kinetic energy
greater than the work function ¢ plus the fermi energy Ey:

. _ 2 _—/kT
JRichardson = ART € H

(2.59)

where AR, is the Richardson constant (theoretical value: Ag = 1.2017x 10° Am™ K_z).
Equation (2.59) is called Richardson or Richardson—-Dushman equation. Since only
electrons with sufficiently high energy escape from the metal, the metal is cooled
by this electron emission. The remaining electrons will redistribute their
energy resulting in a lower average energy of the remaining electrons. At
room temperature, there is virtually no thermal electron emission current, only at
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temperatures above 1,000 K there is a notable current. This thermal emission
current is not only relevant in discharge lamps, it is also important, e.g., for
television sets and other monitors for computers, automated teller machines, video
game machines, etc. which are based on cathode ray tubes (CRT) and for vacuum
tubes (diodes, triodes, magnetrons, etc.).

Values for A and ¢ for different metals can be found, e.g., in [130] and [168§]
(quoting [2]). For pure tungsten, we find values for ¢ between 4.2 and 6.0 eV with
Ag equal to 0.75x10% A K= m™2 [130] or 600x10° A K™% m~2 [167]. For thoriated
tungsten, @ is 2.6 eV [130, 168] with A equal to 0.5x10° A K2 m~2 [130] or
0.03x10® A K2 m~2 [168]. In [145] and [146] the work function ¢ in an operating
mercury HID lamp was measured to be 4.52 eV (pure tungsten electrode) and
3.7 eV (thoriated tungsten electrode), respectively. Moreover, ¢ might depend, for
example, on the surface state (crystal orientation of tungsten, polycrystalline
tungsten), for doped tungsten the local surface concentration of the dopant is
important, the ambiance influences ¢ (in general measurements are done in
vacuum, but the real electrodes are operated in different plasmas), etc. So, although
the electron emission is very important for the numerical simulation of electrodes in
HID lamps, we have to live with poor data concerning ¢ and Ay (cf. Sect. 4.4.6).
Within this book, ¢ =4.5 eV for pure tungsten electrodes, and 2.6 or 3.5 eV for
thoriated tungsten is chosen. Ag is set to the theoretical value of approximately
1.2x10° A K2 m™2 (as e.g., in [30, 32, 53-65, 162, 168].

Field-Enhanced Thermal Electron Emission

The work function ¢ depends on the material as described earlier. Moreover, the
work function can be lowered as shown in Fig. 2.32: The potential energy curve of
an electron escaping from the metal is bend down by the superposition of the
undisturbed potential energy curve for the electron and the potential for the electron
in an external electric field. The resulting lowering of the work function A¢ (in eV)
is given by:

ek,
Ap=e s (2.60)
4meg,

where E_ is the electric field at the metal surface and &, the permittivity constant
(&= 8.85418x10712 A s V! m_l). This lowering of the work function is called
the Schottky correction formula, the resulting emission current is given by the
Richardson—Schottky equation:

ek,
p-e | — -
4ns,

- (2.61)

. _ 4 2
J Richardson—Schottky =AT"exp| —
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Fig. 2.32. Visualization of the lowering of the work function ¢ by superposition of the
potential for the electron without external electric field (curve 1) with the potential for the
electron in an external electric field without the metal (straight broken line) to the resulting
potential energy curve (curve 2) as a function of distance x to metal surface

Field Emission

The Schottky effect is accompanied by a tunneling of electrons through the finite
width of the barrier (cf. Fig. 2.32). Increasing electric fields decrease the width of
the barrier and thus increase the probability for electron tunneling. Nevertheless, the
electric field must be above 10° V m™! to yield a considerable contribution of pure
field emission to the total emission current joission (the sum of thermal emission,
field-enhanced thermal emission, and field emission). Typical electric fields at the
cathode of HID lamps are normally below 107 V m™. For completeness, jemission iS
always calculated within this book taking thermal emission, field-enhanced thermal
emission, and field emission into account. The governing equations taking thermal
emission, field-enhanced thermal emission, and field emission into account are
given by Dyke and Dolan in [47]:

jcmission = AIR(T J.:O_N(ng)D(Ec,g,qJ)dg, (262)
N(T,&)=In(l+e ), (2.63)

e JE

4dre, @-€

_ o\
D(Ec,e,(/)):exp{—i—;r1/2mee ( Eg) f ] (2.64)

N(T,¢) is a measure for the number of electrons in the metal having kinetic
energy € (perpendicular to the metal surface), D(E,,€,9) gives the probability for an
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electron with energy € to tunnel through the finite width of the barrier if the work
function ¢ is reduced by the electric field E.. The function f (in the exponent of
(2.64)) is a dimensionless function with values between 0 and 1. This function is
tabulated by Nordheim!3 and can be found, e. g., in [47].

For high electric fields well above 10°Vm™, (2.62) passes over to pure field
emission, for lower electric fields it yields the same results as (2.61). Figure 2.33
compares three different approaches for the calculation of the electron emission
current as a function of the electric field for two different work function ¢ (double
logarithmic scale in Fig. 2.33). The Richardson—Schottky approach ((2.61), solid
line in Fig. 2.33) includes thermal electron emission and field-enhanced thermal
electron emission. The approaches of Dyke and Dolan ([47], used within this book,
dashed line in Fig. 2.33) and Paulini et al. ([135], dotted line in Fig. 2.33) include
additionally pure field emission. All three approaches agree on the electron
emission current for a given temperature (here 3,000 K) and an electric field up
to 108 v m™. Only for electric fields above 10° V™!, the effect of field emission
comes into play.

Figure 2.34 shows the electron emission current as a function of electrode
temperature and electric field (double logarithmic scale in Fig. 2.34). The electron
emission current is calculated using (2.62), i.e., thermal emission, field-enhanced
thermal emission, and field emission are taken into account. In the case of low
electric fields (£, < 100V m_l), the electron emission is dominated by thermal
emission, i.e., the electrode temperature determines the emission current. For
higher electric fields in the range between 10 and 10° V m™!, both electrode
temperature and electric field determine the emission current, i.e., we have field-
enhanced thermal emission. For very high electric fields (e.g., 1010v m™), the
emission current depends only on the electric field, i.e., we have pure field
emission. The work function ¢ is (besides the temperature and the electric field) the
most important factor determining the electron emission current (compare
Figs. 2.33 and 2.34).

Other Electron Emission Processes

In addition to these electron emission processes, electrons can also be released from
electrodes by photons (photoemission, photoelectric effect), electrons (secondary
emission), ions (y-effect or secondary emission), or excited atoms.

The photoemission current requires photons of sufficiently high energy, i.e.,
sufficiently small wavelength to release an electron from the electrode (e.g.,
@=4.5¢V corresponds to A =275nm). During normal lamp operation, the
photoemission current can be neglected due to the small photoelectric yield, but the
effect can be used for an in situ measurement of the work function (cf. Sect. 3.1.11,

13 The electron emission in the case of pure field emission is described by the so-called
Fowler—Nordheim equation. Equation (2.62) includes thermal emission, field-enhanced
thermal emission, and field emission.
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Fig. 2.33. Electron emission current jission for 7= 3,000 K vs. electric field for two work
functions ¢ = 3.5 eV and 4.55 eV computed with three different models [59]
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Fig. 2.34. Electron emission current jemission VS- €lectric field for several temperatures
including thermal emission, field-enhanced thermal emission, and field emission

[145, 146]). Moreover, the photoeffect can be used to reduce the ignition voltage as
demonstrated in [136] for an UHP lamp (cf. Sect. 1.3.6).

Secondary electron emission by electrons and ions does not play an important
role in HID lamps, but especially the secondary electron emission due to ions
falling on the cathode surface is important for low-pressure discharge lamps and
during the starting of HID lamps [48, 168].
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Experimental Investigations

In Chap. 1, high-intensity discharge (HID) lamps were introduced, the basic
principles explained, and the differences compared to low-pressure discharge lamps
were pointed out. Chapter 2 gave a deeper insight into the gas or plasma properties
and the characteristics of the electrodes. In the present chapter, this knowledge
will be used to discuss experimental investigations of electrodes and plasma in
HID lamps. Experimental investigations are necessary to understand, improve, or
develop new high-pressure discharge lamps. Moreover, the overview of the
manifold experimental methods to explore electrodes and plasma given within this
chapter will improve the principle understanding of HID lamps and their
components. The focus of this chapter will be on the experimental determination of
the electrode temperature. This is to explain the challenges and difficulties of
experimental methods and to visualize the possible accuracy of experimental
investigations using this example. In Sect. 3.1, the investigation of electrode
properties like temperature, power balance, or work function will be addressed,
Sect. 3.2 is dedicated to the research into plasma properties like temperature,
plasma potential, or operating pressure. It will be shown that plasma and electrodes
are strongly coupled: The radiation coming from the plasma interferes with the
temperature measurements on the electrodes, the plasma potential and especially
the electrode fall voltages give information about the power balance of the
electrodes, or the plasma composition might influence the work function of
the electrodes. This coupling of electrodes and plasma will be further analyzed and
studied in Chap. 4, dealing with the numerical investigation of HID lamps. Many
other results of the experimental investigations will also appear in Chap. 4 to
validate numerical models or to deliver deeper insight into the experimental results
by explanations deduced from numerical results.
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3.1 Electrode Diagnostics

The electrode properties are important for the operation and understanding of HID
lamps. The electrodes (typically tungsten electrodes, sometimes in combination
with an emitter) are responsible for the current transfer into the plasma, i.e., the
cathode emits electrons and might be bombarded by an ion current, the anode
collects electrons. Moreover, the electrodes are relatively cold compared to typical
plasma temperatures in HID lamps. The electrode tips have typically temperatures
around 2,000-3,500 K, the typical plasma temperatures in the plasma column are
around 4,000-7,000 K, at the hot plasma spots the plasma temperature might be as
high as 10,000 K. Thus, the electrodes act as heat sinks for the plasma, i.e., a power
flux from the plasma to the electrode tips maintains the electrode temperature. This
heat is passed through the electrodes to the outside connections of the electrodes
(electrode root) and power is radiated from the electrode surface according to the
Stefan—Boltzmann law. This constant drain of power out of the plasma must be
balanced by an increased electrical power input in the near electrode plasma
compared to the electrical power input into the plasma column. This additional
power demand is the reason for the so-called electrode fall voltages (anode fall
voltage and cathode fall voltage), i.e., the additional voltage drop in the near
electrode plasma to balance electrode losses.

The electrodes are also important for the lifetime and maintenance of the
lamp: A hot electrode might evaporate tungsten, which blackens the walls by
condensing on the inside of the quartz vessel if no halogen cycle prevents this
(cf. Sect. 1.3.6). This process can be enhanced by an ion current at the cathode,
sputtering tungsten from the cathode. Wall blackening affects the light output and
increases the thermal heat load to the lamp walls. Decreasing luminous efficacy
(lumen depreciation) and softening or recrystallization of the quartz vessel might
be the result of such a process. Moreover, the electrode shape might change
during lifetime of the lamp due to melting of the electrode tips, tungsten transport
by evaporation and condensation of tungsten at the electrodes, or sputtering due
toan ion current at the cathode. Important examples are the modification of
the electrode tips in UHP lamps ([45, 119, 136], cf. Sect.3.1.13), different
electrode tip geometries in operating D2 automotive headlight lamps and other
HID lamps ([59, 85, 86], cf. Sect. 3.1.13), cold end attacks (electrode root erosion
due to tungsten evaporation, cf. [75]), or theoretical studies ([57] and Sect. 4.4.4).
The change of the electrode shape modifies the electrode properties (e.g., electrode
fall voltages, arc attachment at electrode tip) or might lead to total failure of the
lamp.

Thus, the understanding of the electrodes is important for developing new and
further improving existing HID lamps. A substantial interest is in the temperature
distribution of the electrodes. Especially the electrode tip temperature is a matter of
particular interest, since it determines, for example, the electron emission current
and the evaporation rate. Moreover, the electrode might melt and change its shape or
an emitter on the cathode surface might evaporate and thus forfeit its duty to reduce



3.1 Electrode Diagnostics 107

the work function.! The latter would result in even higher electrode tip temperatures
(cf. e.g., Sects. 3.1.12 or 4.4.7). Another interesting question concerns the work
function (which is normally measured in a vacuum) in the operating lamp
(Sect. 3.1.11). The determination of the electrode fall voltages is another subject of
experimental investigations. They reflect the additional power demand in the near
electrode plasma and thus effect the luminous efficacy of the lamp. Other questions
addressed by experimental investigations are concerned with the electrode tip
geometry and its alteration with time and the type of arc attachment to the
electrodes (spot or diffuse arc attachment, Sect. 3.1.13).

Unfortunately, experimental investigations of electrodes in HID lamps are rather
difficult. Their smallness and optical distortions caused by the quartz bulb are not
the only challenges experimental setups have to face (cf. Fig. 3.1). Determining the
electrode temperature by pyrometry is impeded, for example, by reflections of the
plasma radiation especially at the electrode tip, where the temperature measurement
is of particular importance. Nevertheless, in the following sections many interesting
experimental methods for the investigation of electrodes in HID lamps are des-
cribed, resulting in a well-founded knowledge. Where experimental methods fail

Fig. 3.1. Optical path through the quartz wall of a D2 automotive headlight lamp [85]

UIf a thoriated electrode is operated at temperatures higher than roughly 3,000 K, the ThO,
starts to evaporate and the work function increases [123].
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due to principle problems, the smallness of the lamps, short time scales, etc.,
numerical simulations are often able to contribute further results to improve the
understanding of HID lamps. They will be described in Chap. 4.

3.1.1 Electrode Pyrometry

As stated earlier, electrode temperature distribution is of substantial interest.
Because the electrodes are very hot (typically around 2,000-3,500 K) and enclosed
in the discharge tube, it is necessary to measure the electrode temperature from a
distance without making contact. The method used for carrying out these non-
contacting temperature measurements is known as pyrometry. Electrode pyrometry
is based on the radiation coming from the electrodes, which is described by Planck’s
formula.

The entire radiation of an object is used by a bolometer to determine its
temperature using the Stefan—Boltzmann law (cf. (2.47) and (3.1), respectively). In
electrode pyrometry, however, the radiation emitted by the electrode at a certain
wavelength or frequency is normally used for the determination of the temperature.
The relationship between electrode temperature and radiation at a certain wave-
length is given by Planck’s law (cf. (2.49) and (3.3), respectively) or Wien’s law (cf.
(2.50) and (3.4), respectively) in combination with Kirchhoff’s law (emissivity).
Unfortunately, there are some problems and challenges using pyrometry: For
example, the spectral emissivity £(A,T) of the electrode surface, one of the para-
meters of the Planck equation, must be known, before the actual temperature may be
computed. The emissivity € might be a problem because it depends on the surface
conditions of the electrodes [9, 43]. A rough surface has a considerably higher
emissivity € than a polished one (black body effect). This problem arises especially
at the electrode tips, where the surface conditions might change with time.
Moreover, transmission losses due to wall blackening might influence the results.
Furthermore, the radiation of the plasma is reflected especially at the electrode tips,
where the temperature measurement is of particular importance. Even the radiation
of one electrode can be reflected at the surface of the other electrode, manipulating
the temperature measurement by pyrometric methods.

If the radiation of the electrode is measured at one wavelength, the method is
referred to as 1-A pyrometry (Sect. 3.1.3). 1-4 pyrometry bears some problems due
to uncertainties concerning the emissivity, possible transmission losses, and
reflections from plasma radiation at the electrodes. Ratio, 2-A4, or two-color
pyrometry eliminates the problems due to uncertainties in the emissivity and possible
transmission losses by dividing the measured radiation intensities at two wavelengths
(Sect. 3.1.5). However, the problems with reflections of plasma radiation at the
electrode tips is not solved by 2—-A4 pyrometry. Thus, a further advancement is the
elimination of the error due to reflections of plasma radiation at the electrodes by
pyrometry with plasma correction. This method is referred to as (1+1)-A pyrometry
in the case of 1-4 pyrometry with plasma correction and (2+1)-4 or 3—-A pyrometry
in the case of 2—A or ratio pyrometry with plasma correction (Sect. 3.1.6).
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3.1.2 Bolometer

A bolometer consists basically of a usually black surface of a thin film of area Ag
absorbing the radiation of the surface whose temperature shall be measured (area
Ax). The temperature of the thin film changes its resistance due to the heating,
which can be related to the temperature of the surface under consideration. The
speed of response of the bolometer is limited by the mass of the absorbing surface,
thus thin films are usually used to increase this speed.

The bolometer is based on the Stefan—Boltzmann law, which has been derived in
in the section “Stefan—Boltzmann Law” in Sect. 2.4.3:

P:go-SBA(T4—TS4), 3.1)

where 7§ is the temperature of the surrounding.

In the case of the bolometer, the surface Ay of the object under consideration
must be known. If the bolometer absorbs all the radiation of this surface Ay, the
total power heating the thin bolometer film of surface area A (often a platinum
strip) is given by:

4 4
Bicat =€x0spAxTx —€0osp TR - (3.2)

£p(Tp) is the (integral) emissivity of the bolometer material, £x(7) is the (integral)
emissivity of the object under consideration, Tx and T are the temperatures of
object and bolometer, respectively. Equation (3.2) assumes that no other heating or
cooling mechanisms exist at the bolometer, i.e., the bolometer material is not cooled
by, e.g., convection. Due to their large reaction time, bolometers are normally not
used for electrode pyrometry.

3.1.3 1-1 Pyrometry

1-A pyrometry is based on Planck’s law of black body radiation in combination
with Kirchhoff’s law as discussed in Sect. 2.4.3. The radiated power per unit area
at wavelength A of an electrode having temperature T and spectral emissivity €(A4,7)
is given by L(A,T) (cf. (2.49)):

2nhe? 1
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(3.3)

If the exponent hc/ALT in (3.3) is much larger than one, the 1 in the denominator of
(3.3) can be neglected, leading to Wien’s law:

2 _he
L(A,T):g(A,T)%e AT (3.4)
In the case of optical pyrometry, i.e., pyrometry using wavelengths in the visible
part of the electromagnetic spectrum, the largest error induced by this approxi-
mation can be calculated: The exponent Ac¢/AKT in (3.3) and (3.4) has its smallest
value (largest error) for large wavelengths A and large temperatures 7. Taking for
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example A =700 nm and 7= 3,700 K (melting point of tungsten: 3,680 K), the
fractions in (3.3) and (3.4) evaluate to

1 1

_ — -3 3.5
3 —65‘555_1—3.883x10 (3.5
eMT _
and
[ -3 (3.6)
e kT

That means, using Wien’s law, the radiated power per unit area at wavelength
A =700 nm of an electrode having temperature 7= 3,700 K is undervalued by only
0.4%. For smaller wavelengths and smaller electrode temperatures, this error
reduces further. If the radiated power is measured and 7 is calculated using (3.3) or
(3.4), the error in the resulting temperature is even smaller. This is due to the
exponential dependence of the radiated power on the temperature: A small
temperature change results in a large change in the radiated power. If the radiated
power per unit area at wavelength A = 700 nm of an electrode having temperature
T'=13,700 K is calculated with Planck’s law (see (3.3)) and this radiated power is
used to calculate the temperature using Wien’s law (see (3.4)), the resulting “Wien-
temperature” Ty is given by:

he 1

TW —_— .
A In(exp([ﬂhch)—ljj (3.7)

Equation (3.7) can be derived using Wien’s law solved for T (see (3.8)) with L(A,T)
from Planck’s law (see (3.3)). For A =700 nm and 7= 3,700 K the “Wien-temperature”
calculates to Ty =3,697K, ie., the error is less than 0.1%. Again, for smaller
wavelengths and smaller electrode temperatures, the error induced by using Wien’s law
instead of Planck’s law is further reduced. Thus, in the following Wien’s law will be used
without indicating this by the index “W?”, i.e., we set 7= Ty The advantage of using
Wien’s law is the easier analytic handling of (3.4) compared to (3.3).

An easy to use pyrometer is shown in Fig. 3.2: the optical pyrometer. The
emitted radiation of the source S at a defined distance is compared with the radi-
ation of the filament of an incandescent lamp L through an optical interference
filter F. The interference filter F is thus responsible for selecting the desired
wavelength A. The temperature and thus the radiation of the filament can be
adjusted with the help of the resistor R, i.e., by changing the current through the
filament. Before using the pyrometer it has to be calibrated. This can be done by
using standardized radiation sources. The resistor R can then be related to the
temperatures of the standardized radiation sources by equalizing the radiation of
the filament and the radiation of the standardized radiation sources. Thus, the
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i

Fig. 3.2. Optical pyrometer measuring the temperature of source S by comparing the emitted
radiation with the radiation of a filament of an incandescent lamp L through an optical
interference filter F [72]

R

temperature of any source can be read directly from the scale of the adjusted
resistor. So far, no formula has to be used. As soon as the emissivity of the object or
transmission losses shall be taken into account, a formula as, for example, Wien’s
law has to be used, as described in the following. The emissivity of the filament
does not matter, because the calibration has automatically taken the emissivity of
the filament into account. Because of the manual operation and the errors and
problems incidental thereto, the optical pyrometer is not commonly used in modern
electrode pyrometry.

A more elegant and objective way of measuring electrode temperatures is by
using electronic devices to measure the radiation coming from the electrodes
directly, instead of manually comparing this radiation with the radiation of a
reference source as in the case of the optical pyrometer. The thus measured radiated
power L(A,T) at wavelength A of an electrode having temperature 7 and spectral
emissivity £(4,T) can be used to calculate the electrode temperature 7 using Wien’s
law (3.4):
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A as fixed by the interference filter, L(A,T) is the measured value, and €(A,T) is the
spectral emissivity of the electrode. As in the case of the optical pyrometer, the
pyrometer has to be calibrated. Using a standardized radiation source of known
black body temperature T, (3.8) can be transformed into the following expression
using the black body temperature Tg instead of the measured radiated power L(A,T):

-1
Ak 2mhe?
T—[%[ln [7“/1, PYE ]+ In(e(4, 7))]]

-1
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The replacement of the measured radiated power L(A,T) by the black body
temperature Tg from the calibration means that the measured radiated power L(4,T)
corresponds to the same radiated power of an ideal black body (e(A4,7)=1) of
temperature Tg. Because the electrode has a spectral emissivity £(A,T) less than 1,
its temperature 7 will be higher than the black body temperature creating the same
radiation, i.e., 7> Tg. Mathematically spoken, In(¢) is negative for £ < 1, resulting
in 7> Tg in (3.9). Because the spectral emissivity €(A,7) is itself a function of
temperature 7, (3.9) has to be solved iteratively.

Equation (3.9) can be used to estimate the error resulting from the wrong choice
of e(A,T) or uncertainties in the spectral emissivity €(4,T). In Fig. 3.8, the spectral
emissivity €(4,T) of tungsten for different temperatures as a function of wavelength
A is shown. Selecting a wavelength A with the help of an optical interference filter
results in a spectral emissivity £(A,T) changing with temperature. For A = 550 nm,
for example, the spectral emissivity €(A,T) is varying from 0.43 to 0.46 in the case
of a polished tungsten surface. Assuming radiation corresponding to a black body
temperature of 7g= 3,000 K and using the wavelength A =550 nm, the electrode
temperature computes to 7=3,259K for €(A,7)=0.5 and T=3,352K for
&€(A,T) =0.4. So, for an uncertainty of 10% in £(A1,T), an uncertainty of 50 K in the
electrode temperature results. For higher temperatures, 1/7g is smaller and thus the
correction term due to the spectral emissivity €(4,T) has a larger influence, i.c.,
produces a larger error in the temperature T. Larger wavelengths A also increase the
error due to uncertainties in £(1,T) because of the factor Ak/hc in front of the
logarithm term. The exponential dependence of the radiated power on the
temperature avoids larger errors due to the uncertainties in £(A1,7) because small
temperature changes result already in large changes in the radiated power, whereas
L(A,T) depends only linearly on £(A,T). Nevertheless, as soon as the surface
conditions of the electrode change, £(A1,7) might vary much more than can be seen
in Fig. 3.8. A rough surface has a considerably higher emissivity € than a polished
one (black body effect). For example, the integral emissivity £ near the melting
point of tungsten is about 0.39 for a polished surface, but 0.65-0.8 in the case of a
rough surface [9, 43, 130].

Another problem for electrode pyrometry are transmission losses due to wall
blackening caused by evaporated tungsten of the electrodes (cf. Fig. 3.3). The
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Wall blackening

Fig. 3.3. DC mercury HID lamp demonstrating wall blackening effect due to evaporated
tungsten [8]

transmission losses can be assumed to be independent of the wavelength A of the
light passing these regions, i.c., the wall blackening represents a gray optical
interference filter. Apart from the limited transmission ¢ of the quartz vessel of
approximately 0.95, wall blackening might reduce this transmission to typical
values of 0.8 [121]. Using Wien’s law (3.4), the resulting radiated power L(4,T) per
unit area at wavelength A of an electrode having temperature 7 and spectral
emissivity £(A,T) is given by

2 _he
L(A,T)=rs(z,r)%e W | (3.10)

The resulting temperature is thus, by analogy to (3.8), given by:

-1
ro| 2k (e Dmhe )| G.11)
he LA, A

The correction due to these transmission losses can be illustrated by comparing
the measured electrode temperature without taking transmission losses into account
(T") with the measured electrode temperature including transmission losses (1}oy):

1 Ak B
T ew =[T+h—cln(t)} : (3.12)

The derivation of (3.12) is analogous to the derivation of (3.9). Taking as an
example again 7= 3,000 K measured at A =550 nm without taking transmission
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losses into account, a correction due to transmission losses (¢ =0.8) results in a
corrected electrode temperature of 3,079 K, i.e., the neglect of transmission losses
might result in a systematic error or undervalued temperature measurements.

In summary, using 1-A pyrometry one has to pay attention to the spectral
emissivity €(A4,7) and the surface conditions of the electrodes (rough or polished
surface) and transmission losses have to be taken into account. The radiation of the
plasma which is reflected especially at the electrode tips where the temperature
measurement is of particular importance (and even the radiation of one electrode
being reflected at the surface of the other electrode) manipulates the temperature
measurements using 1-A4 pyrometry.

3.1.4 Examples of 1-1 Pyrometry

The relative spectral sensitivity of a commercial pyrometer (Impac IS10) is shown
in Fig. 3.4. This pyrometer measures in the wavelength range from 650 to 1,200 nm
(infrared), where black body radiation of the electrodes has its maximum or is
at least very intense. The advantage of this pyrometer is the strong signal, which
reduces possible noise to a minimum. The pyrometer can be focused on the
electrode with a target spot of 0.3 mm or greater. The average temperature within
this target spot is given by the pyrometer directly, i.e., it is already calibrated by the
manufacturer. The only parameter which can be adjusted is the emissivity £. The
pyrometer assumes the radiation to be gray, i.c., € is assumed to be independent of
the wavelength A. In [43, 121, 123], where this pyrometer is used, € is set to 0.35.
The correction due to the wavelength and temperature dependence of € and due to
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Fig. 3.4. Relative spectral sensitivity of a commercial pyrometer (Impac IS10) used in [121]
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transmission losses is done during the postprocessing of the measured data
according to (3.9) and (3.12). Measurements are possible within the temperature
range from 1,073 to 3,773 K [43].

In [43, 121, 123], the pyrometer Impac IS10 is successfully applied to the
pyrometry of electrodes in a model lamp.2 A sketch of the experimental setup3 is
shown in Fig. 3.5 (see also Sect. 3.1.9, 3.2.2, and 3.2.3 for a description of this
lamp). The electrodes are slowly moved along the target spot of the pyrometer by
stepping motors to achieve the spatial resolution (cf. Fig. 3.6). This scan takes about
20s. Figure 3.6 shows the result of such a temperature scan on a cathode with a
diameter of 1 mm and a length of 14 mm. The discharge consists of a 0.26 MPa
argon plasma, the lamp current is 3 A. At the cathode tip, a region of approximately
1 mm shows a significantly higher temperature gradient compared to the rest of the
temperature distribution. This higher gradient is caused by an increased surface
roughness due to the thermal stress of the arc attachment. This higher surface
roughness leads to a higher emissivity, causing an overestimation of the electrode
tip temperature. Moreover, reflections of plasma radiation disturb the measured
temperature distribution near the electrode tip. Thus, the region of confidence for
the measured temperature is z > | mm.

The measured cathode temperature in Fig. 3.6 is superimposed by calculated
electrode temperatures. They are the solution of the following heat conduction
equation:

R2 %(/ielec %TJ=27CRSGSB (T4 (2)-T¢ ) (3.13)

Right-hand side of (3.13) represents the Stefan—Boltzmann law (cf. (2.47)), i.e.,
the power loss due to black body radiation of an infinitesimal small slice of the
electrode: R is the radius of the electrode, £ the emissivity (depending on the
wavelength A and electrode temperature T'), ogp the Stefan-Boltzmann constant,
and 7 the temperature of the surrounding. Left-hand side of (3.13) represents the
change in the power flux due to heat conduction (cf. (2.34)): ¢ = —Aqje'd7/dz is the
heat flux per unit area through an infinitesimal small slice of the electrode, where
Aelec 18 the thermal conductivity of tungsten (cf. Fig. 2.27). Thus, (3.13) traces
the losses of the power flux inside the electrode due to black body radiation at the
electrode surface. By assuming the power flux through the electrode end, the
temperature distribution from the electrode end up to the electrode tip can be
calculated®. In Fig. 3.6 solutions of (3.13) are shown for different power fluxes
through the electrode end. The best fit is found for 16.13 W, i.e., one can expect a

2 The lamp is also used for various other experiments described in Sects. 3.1.9, 3.2.2, and
3.2.3.

3 This model lamp is restricted to pressures up to 1 MPa (10 bar) and the usage of rare gases.
It enables fundamental research on the electrode behavior; nevertheless, properties in real
lamps containing e.g., mercury might be different as described in [155].

4 The electrode end is kept at constant temperature (7 =293 K) with the help of a cooling
system (cf. Sect. 3.1.9).
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power transfer of 16.13 W from the electrode end to the cooling fluid
(cf. Sect. 3.1.9). Nevertheless, the calculated electrode tip temperatures might be
wrong because the different processes of power transfer (and their spatial variation)
from the plasma to the electrode tip are not taken into account (see also Sect. 4.4.3,
especially footnote 40). The possible power fluxes from the plasma to the electrode
tip are heating due to ion current and due to heat conduction from the plasma to the
electrode tip and cooling due to electron emission.

To be able to estimate the reproducibility of the temperature measurements, a
single electrode has been used for successive temperature measurements on
different days. The electrode was cleaned after each measurement, the quartz vessel
was replaced, and the lamp was reignited after each measurement. The electrode
had a diameter of 2 mm and a length of 27 mm. The discharge was a 0.2 MPa argon
plasma, the lamp current 5 A. The average of the resulting five temperature profiles
and the deviations of the five individual measurements from this average are shown
in Fig. 3.7 as a function of the distance z to the cathode tip. Especially the large
errors near the electrode tip (top 1 mm) of £150 K show that the problems due to a
possible higher surface roughness and reflections of plasma radiation restrict the
region of confidence for the measured temperature to z> 1 mm. Moreover, the
general error of approximately + 40 K shows that an increase of the accuracy
beyond + 40 K might not be useful because of natural variations of the electrode
temperature. This conclusion is confirmed by pyrometric measurements using
several identical D2 automotive headlight lamps described in [85] and pyrometric
measurements using (1+1)-A and (2+1)-A pyrometry using high-pressure mercury
model lamps (cf. Sect. 3.1.7, Fig. 3.24, [9, 128]).

The commercial pyrometer Impac IS10 is also used for temperature measure-
ments on electrodes in model lamps with 1 MPa xenon as described in [56] and
Sect. 4.4.3. Moreover, it is used for temperature measurements on electrodes in

Discharge tube

_L—Arc Electrodes Pyrometer
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Fig. 3.5. Experimental setup for 1-1 pyrometry used in [43, 121, 123]. The electrodes are
moved along the target spot of the pyrometer
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Fig. 3.6. Measured cathode temperature and solutions of a heat conduction equation with
variable power output at electrode end as a function of distance z to cathode tip. The region of
confidence of the measured data is z> 1 mm (electrode diameter: 1 mm, electrode length:
14 mm, gas: argon 0.26 MPa, lamp current: 3 A, [121])
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Fig. 3.7. Measured average cathode temperature (solid line, right scale) and deviations of the
five individual measurements from average as a function of distance z to cathode tip (electrode
diameter: 2 mm, electrode length: 27 mm, gas: argon 0.2 MPa, lamp current: 5 A, [121])

model lamps with 0.6 MPa mercury as described in [63, 156]. These measurements
are described in more detail in Sects. 3.1.10, 4.4.4, and 4.4.5, dealing with the
external laser heating of electrodes and different electrode geometries.

Pyrometric measurements on the electrodes of high-pressure sodium and metal
halide lamps (D2 automotive headlight lamp, cf. Sect. 1.3.8) described in [1, 85, 86]
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have been carried out using an indium—antimony detector with sensibility between
500 and 2,800 nm (infrared). Depending on the spectral power distribution of the
discharge, a wavelength range up to 60 nm is selected with the help of a
monochromator for the temperature measurement. Within this selected wavelength
range, the ratio of plasma radiation to electrode radiation should be as small as
possible, reducing thus the interfering plasma radiation. In the case of a high-
pressure sodium lamp, the measurements were performed using wavelengths around
1.32 and 1.58 pum, for a D2 automotive headlight lamp a wavelength range between
1.45 and 1.50 pm has been selected. To be able to record the temperature
distribution along the electrode axis, the lamp was moved during the measurements
using a stepping motor. This method is too slow to measure time dependent
temperature profiles (current frequency in the case of a D2 automotive headlight
lamp: 400 Hz), so that the measurements yield time-averaged electrode temperature
profiles. They are shown in Sect. 4.4.6 dealing with the numerical simulation of D2
automotive headlight lamps.

3.1.5 2-1 Pyrometry

Ratio, 2-A, or two-color pyrometry eliminates the problems due to uncertainties of
the spectral emissivity €(A,T) and possible transmission losses by dividing the
measured radiation intensities at two wavelengths 2| and A,. Using Wiens law with
transmission correction (3.10), the following transformations can be made:
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The transmission losses (factor #) have been assumed to be independent of the
wavelength A of the light, thus they are eliminated by 2—4 pyrometry. Instead of the
absolute value of the spectral emissivity £(A,T) as in 1-A pyrometry, the ratio of
€(A4,T) to €(A,,T) enters (3.14). This ratio still depends on the temperature 7 in the
case of tungsten, but the variations with temperature 7" are much smaller compared
to the variations of the absolute value of the spectral emissivity €(4,T). Figure 3.8
demonstrates the selection of two wavelengths 1; =532 nm and A, = 750 nm and
the corresponding spectral emissivities €(A,7) and €(1,,T). Even if the ratio
€A4,T)/e(A,,T) is taken to be constant (e.g., at its value at 7= 3,000 K), the error
in the temperature measurement is less than 15 K for temperatures between 2,000
and 3,400 K [9, 11, 128, 147]. Moreover, changes in the spectral emissivity €(1,T)
due to surface roughness can also be assumed to be independent of the wavelength 4
of the light, thus they are also eliminated by 2—A pyrometry.

<=>

<=> T=
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Equation (3.14) can be further transformed resulting in

-1
ke iy ln[L(/h,T)]_m[s(ﬂ.l,T)]+5]n(ﬁ]5 (315
ko Ay |\ L(4.T) &(4.7) P2

Because the spectral emissivity €(4;,T) is itself a function of temperature 7,
(3.15) has to be solved iteratively.

The disadvantage of the 2—4 pyrometry is the need for the measurement at two
different wavelengths. The radiation coming from the electrode of which the
temperature shall be measured must either be split into two light beams (cf.
Sect. 3.1.7) or the optical interference filters for choosing wavelengths 4| and 4,
must be exchanged during the measurement. Both methods have their advantages
and disadvantages: Splitting the radiation into two light beams involves
experimental efforts but allows for simultaneous measurement of L(A,7) and
L(A,,T). Exchanging the interference filters increases the time needed for the
measurement and one has to make sure that the electrode conditions do not shift
during the exchange of the interference filters. As a possible solution the author
proposes to use a rotating wheel in the optical path with different interference filters
at different segments, comparable to the color wheel in certain types of video
projectors. A further problem of 2—14 pyrometry is that it is more sensitive to noise.

In summary, using 2—A or ratio pyrometry the problems due to the uncertainties
in the spectral emissivity £(1,T), the surface conditions of the electrodes (rough or
polished surface), and transmission losses are solved. However, the problems with
reflections of plasma radiation or radiation from the opposite electrode is not solved
by 2—-A pyrometry. Furthermore, 2—A pyrometry is more sensitive to noise compared
to 1-A pyrometry. The problems due to reflections of plasma radiation especially at
the electrode tips (where the temperature measurement is of particular importance)
can be solved using pyrometry with plasma correction, which is described in
Sect. 3.1.6.

3.1.6 Pyrometry with Plasma Correction

Both, 1-4 and 2-A4 pyrometry have problems due to interfering reflections of
plasma radiation at the electrode tips, where the temperature measurement is of
particular importance, since the electrode tip temperature determines, for example,
the electron emission current and the evaporation rate. The radiation of the
electrode necessary for the temperature measurement is superimposed by the
plasma radiation reflected at the electrode surface® as shown in Fig. 3.9. Thus, a

3 Direct plasma radiation, i.e., plasma radiation originating from a location on the optical path
from the electrode surface to the pyrometer might be of importance as well, but since most
plasma radiation is produced between the electrode tips (cf. Fig. 3.9) and the pyrometer is
normally side-on directed on the electrode, it plays mostly a minor role. Nevertheless, for the
plasma correction method described here, the origin of the interfering plasma radiation does
not matter.
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Fig. 3.8. Spectral emissivity £(A,7) of tungsten vs. wavelength A for several temperatures
superimposed by two wavelengths A, and A, selected with the help of optical interference
filters for 2—A pyrometry [48]

further advancement of electrode pyrometry is the elimination of the error due to
reflections of plasma radiation at the electrodes by pyrometry with plasma
correction. To achieve this plasma correction, a measurement at a further
wavelength A is necessary. This method is referred to as (1+1)-A pyrometry in the
case of 1-A pyrometry with plasma correction and (2+1)-A or 3—4 pyrometry in the
case of 2—4 or ratio pyrometry with plasma correction [9, 11, 128, 147].

The principal problem of the reflections of plasma radiation in the case of
electrode pyrometry is shown in Fig. 3.9. The measured total radiation L(A,T) is a
superposition of the radiation emitted by the electrode L. (4,7) and the interfering
radiation from the plasma Lpl(l). The corresponding equation reads as follows:

L(A,T)=Ly (A,T)+ Ly (A). (3.16)

The plasma radiation Lpl(ﬂ,) does not depend on the electrode temperature 7" and
it is assumed that the intensity of the plasma radiation reflected at the electrodes is
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Fig. 3.9. Superposition of the radiation emitted by the electrode L. (4,7) and the radiation
from the plasma L(4) to the measured total radiation L(4,T)

proportional to the intensity of the plasma radiation coming directly out of the
plasma, i.e.,

Ly (l)zﬂl:pl (1), (3.17)

where f is a constant independent of the wavelength A. In the case of (1+1)-4
pyrometry, one uses one wavelength A for the actual measurement of the electrode
temperature 7" and one wavelength A, for the plasma correction. The resulting set of
equations is:

L(29.T) =Ly (A9, T) + Ly (Ag),
L(4.T)=Ly(4,T)+Ly (4).

(2+1)-A or 3-A pyrometry uses two wavelengths A; and A, for the actual
measurement of the electrode temperature 7 and one wavelength A, for the plasma
correction:

(3.18)

L(29,T) =Lt (29, T) + Ly (A9)
L(A,T) = Loy (4, T)+ Ly (A1), (3.19)
L(%anzLel(ﬂQ’n+Lpl(ﬂQ)-

The procedure is similar for both methods. The description given below is
visualized in Figs. 3.10 ((1+1)-A pyrometry) and 3.11 ((2+1)-4 pyrometry). In
these two figures the successive steps leading to the unknown electrode temperature
T are labeled with numbers in the format (1), (2), etc., so that they will be referred to
in the following by e.g., “(cf. Fig. 3.10, step (2)).”

First, it is assumed that the interfering radiation due to reflections of plasma
radiation is known, i.e., the undisturbed radiation of the electrodes L¢j(4) 5,T) is
given by:

L (212 T)=L(202.T)~ Ly (415). (3.20)
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Equation (3.20) means that the “real” radiated power L¢j(4 ,7) at wavelengths 4 ,
coming from the electrode with temperature 7 can be calculated by subtracting the (not
yet known) radiation at wavelengths 1, , originating from the plasma (Lpl(ﬂ,l’z)) from
the measured radiation L(4 5, 7). Using (3.11) in combination with (3.20), the electrode
temperature in the case of (1+1)-A pyrometry (cf. Fig. 3.10, step (1)) is given by:

-1
T Mln 218(/11,7)7Thc2 (3.21)
he | °(L(A4.T)-Ly (4))

In the case of (2+1)-4 pyrometry, combining (3.14) with (3.20) yields the
wanted electrode temperature (cf. Fig. 3.11, step (1)):

-1
5
e =g ([ L(AT) =Ly (4) (E(Q,T)](ﬁ] (2
k 44 L(ﬂQ,T)—Lpl (A) N e(A4.T) 4
In the next step, the radiation at wavelengths 4, , originating from the plasma

(Lpl(/ll’z)) has to be replaced. This is done by defining the ratio of the plasma
radiation at wavelengths 4, , to the plasma radiation at wavelength A:

iOzl‘ll)l(ﬂ'i)sz)l(ﬂ'i) fori=1,2 (3_23)
T Ly(4) Ly(4)

Here, the assumption that the intensity of the plasma radiation reflected at the
electrodes (Lpl(/l)) is proportional to the intensity of the plasma radiation coming
directly out of the plasma (L 'pl(l)) has been used (cf. (3.17) and Fig. 3.9).
Equation (3.23) means that the ratio Cj; can be measured using the radiation
coming directly out of the discharge before the actual temperature measurement at
the electrodes starts.

The plasma radiation at wavelength A, can be determined using the expression
for the total radiation L(4,T) given in (3.18) and (3.19) solved for Lp,(4):

Ly, (40)=L(29,T)~Ley (2. T). (3.24)

The plasma radiation at wavelength A needed for (3.21) in the case of (1+1)-4
pyrometry can be calculated using (3.23), i.e.,

Ly (41)=CroLp (4o)- (3.25)

The unknown Lpl(ﬂ,o) can be calculated using (3.24) together with (3.10) (Wien’s
law with emissivity and transmission losses taken into account) corresponding to
step (2) in Fig. 3.10:

he
2mhe? kT
Ly (4)=Cio| L(2.T)=t&(29,T)—=¢ ™" |. (3.26)
(%)
The unknown in (3.26) is the electrode temperature 7, which can be calculated
using (3.21) as indicated in Fig. 3.10 by step (3). In (3.21), the only unknown is
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Lpl(ll), which is given by (3.26), corresponding to step (4) in Fig. 3.10. Thus, (3.21)
and (3.26) have to be solved iteratively to get the electrode temperature 7 using
(1+1)-A pyrometry.

The procedure in the case of (2+1)—-4 pyrometry is similar: The plasma radiation
at wavelengths A, , needed for (3.22) can be calculated using (3.23), i.e.,

Loy (4)=Ci oLy (49) fori=1,2. (3.27)

The unknown Lpl(/lo) can be calculated using (3.24) together with (3.10) (Wien’s
law with emissivity and transmission losses taken into account) corresponding to
step (2) in Fig. 3.11:

__he
Ly (3)=Cg L(%J)—re%ﬂ%e 2

Again, (3.22) and (3.28) have to be solved iteratively to get the electrode
temperature 7 using (2+1)-A pyrometry (cf. steps6 (3) and (4) in Fig. 3.11).

The arrows corresponding to step (3) in Figs. 3.10 and 3.11 do not point at the T’
in L(A¢,; 2,T). This is correct because L(4( ,,7) are the measured values of the
radiated power at wavelengths A ; , of an electrode having temperature 7. The T
just indicates that the measured values depend on the electrode temperature, but this
T is of course not part of the iterative scheme for the determination of the electrode
temperature 7.

In summary, pyrometry with plasma correction proceeds as follows: First, the
plasma radiation is measured directly in the plasma at the wavelengths 4, to
determine the coefficients Cj, and C,. Then, the total radiation coming from the
electrode is measured at the wavelengths A | 5. Finally, the electrode temperature is
calculated using the iterative schemes given in Figs. 3.10 and 3.11 ((1+1)-4
pyrometry and (2+1)-A pyrometry, respectively). The wavelengths 4, for the
determination of the electrode temperature and A for the plasma correction should
be chosen carefully: At the wavelengths 4, the black body radiation from the
electrode should be strong, the plasma radiation on the other hand should be small.
At the wavelength A, the electrode should hardly emit radiation, whereas the
plasma should radiate considerably. All chosen wavelengths A ; ; should be in the
continuous part of the spectral power distribution of the plasma, i.e., 4 1 » should
not correspond to atomic or molecular line radiation. The continuous part of the
spectral power distribution of the plasma is less sensitive to plasma temperature
changes and the ratio Cj is better defined. In this way, the plasma correction works
best.

Apart from the method described earlier for the elimination of the interfering
plasma radiation, other methods exist as well. Depending on the spectral power
distribution of the radiation coming from the plasma, wavelengths can be chosen

fori=1,2. (3.28)

® The arrow pointing at 7 in £(A,,T) in Fig. 3.11 naturally includes T in £(11,T), the arrow
pointing at Lpl(/lz) naturally includes Lpl(/ll) also.
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where the plasma hardly emits (cf. Sect. 3.1.4). This is increasingly difficult in
commercial lamps with extremely high pressure (e.g., the UHP lamp, Sect. 1.3.6) or
metal halide lamps (e.g., D2 automotive headlight lamp, cf. Sect. 1.3.8). Due to the
high pressure or the emission spectrum of the metals, the spectral power distribution
offers no or only small gaps where plasma radiation is weak. Another possibility to
reduce the interfering plasma radiation is to turn off the power just before starting
with the measurement. The intensity of the plasma radiation decays faster than the
radiation of the electrodes, but especially the temperature at the electrode tip also
changes quite fast as soon as the lamp power is turned off. Blanking techniques
switch of the lamp only during the short time necessary for the electrode
temperature measurement, but even then, the heat capacity of small electrodes
might be too small to ensure reliable temperature measurements.

In summary, using 3-A4 or (2+1)-A pyrometry, the problems due to the
uncertainties in the spectral emissivity &(A,T), the surface conditions of the
electrodes (rough or polished surface), and transmission losses are solved.
Moreover, the interfering reflections of plasma radiation are eliminated. Only the
problem with reflections of the radiation from the opposite electrode is not solved.
Because 2-4 pyrometry is more sensitive to noise than 1-1 pyrometry, (1+1)-4
pyrometry might be the better choice. (2+1)-A pyrometry can then be used to
validate the results of the (1+1)-A pyrometry. Problems using the described
pyrometry with plasma correction might occur as soon as the assumption is violated
that the intensity of the plasma radiation reflected at the electrodes is proportional to
the intensity of the plasma radiation coming directly out of the plasma. This might
be the case in metal halide lamps, where the different kinds of atoms are not
distributed evenly but depend on the local temperature (cf. Figs. 2.8 and 2.16). The
resulting spectral power distribution must be analyzed carefully to decide, if the
radiation can be assumed to be independent of the position within the plasma. In
principle, (2+1)-4 pyrometry at the electrodes of metal halide lamps is possible as
well, as shown in [129].

3.1.7 Example of (2+1)-1 Pyrometry

Pyrometry with plasma correction is used and described in [9, 11, 128, 129, 147] on
electrodes of high-pressure mercury and metal halide lamps. The careful selection
of the wavelengths 1| , for the determination of the electrode temperature and 4
for the plasma correction is shown in Figs. 3.12 and 3.13 in the case of a high-
pressure mercury lamp (here: the UHP lamp, cf. Sect. 1.3.6). At the wavelengths
A1 =532 nm and 1, = 750 nm, the black body radiation from the electrode is strong,
at the wavelength A(=425nm, the electrode hardly emits radiation (electrode
temperatures between 2,400 and 3,400 K). Furthermore, the plasma radiation is
stronger at A, whereas the plasma radiates less at the wavelengths 1 5.

The experimental setup is illustrated in a diagram shown in Fig. 3.14. The
radiation or light emitted by one electrode is imaged onto an intensified CCD array,
resulting in the image of the electrode with a spatial resolution down to 4 um. The
shortest exposure time is 10 pus. In contrast to the scanning of the electrode
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Fig. 3.12. Selection of the wavelength A ; 5 for (2+1)-A pyrometry: at the wavelengths 4, ,
the black body radiation from the electrode is strong, at the wavelength 4, the electrode
hardly emits radiation (electrode temperatures between 2,400 and 3,400 K [9]).

temperature with the target spot of a pyrometer, this method allows the
simultaneous determination of the electrode temperature profile. Thus, time-
dependent investigations on electrodes in ac operated lamps are possible.

To allow for pyrometry using the three wavelengths 10,1,2, the light beam is split
into three individual light beams. This is done with the help of four dichroic
mirrors, allowing for maximum light intensity at each wavelength. Three of the four
dichroic mirrors shown in Fig. 3.14 are labeled with the letters A, C, and D. The
corresponding labeling is used in Fig. 3.15, showing the transmission vs.
wavelength A of these different dichroic mirrors. The light which is not transmitted
through the corresponding dichroic mirror is reflected with loses in the region of a
couple percent. Thus, the dichroic mirror A reflects the blue light (including
Ao =425 nm) but lets the radiation with wavelengths greater than 520 nm through
(including A; =532 nm and A, =750 nm). This remaining light beam is split a
second time by the dichroic mirror D. Here, the light with wavelengths up to 610 nm
is reflected (including A; = 532 nm), the rest of the light is transmitted (including
A5 =750 nm). The resulting three light beams with different wavelength ranges are
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Fig. 3.13. Selection of the wavelengths 4 ; , for (2+1)—A pyrometry. At the wavelength A,
the plasma radiation from a UHP lamp is strong, at the wavelengths 4, , the plasma radiation
is smaller [9]

further reduced by three optical interference filters, selecting the wanted
wavelengths A ,. The three light beams with the wavelengths A4, are
recombined on the CCD array with the help of two more dichroic mirrors. The light
beam with wavelength A5 = 425 nm is reunited with the light beam with wavelength
A1 =532 nm using the dichroic mirror C. It lets the light beam with wavelength
Ag =425 nm through and reflects the light beam with wavelength A; = 532 nm. The
more or less wild transmission curve for wavelengths greater than 650 nm does not
play a role because the light beam with wavelength A, =750 nm is only reunited
with the other two light beams with the help of the next dichroic mirror (of which no
transmission curve is shown in Fig. 3.15). The three images of the HID lamp
electrode corresponding to the three wavelengths 4 ; , are not mapped onto the
same position on the CCD array, but they are imaged side by side onto the
1024x1024 pixels as described in the following7 (see also Figs. 3.18 and 3.20).

The exact experimental setup used in [9, 11, 128, 129] is shown in Figs. 3.16
and 3.17. The HID lamp is hidden in a safety box with a shatterproof glass to let the
light through to lens 1. The shatterproof glass transmits light in the wavelength
range between 380 and 1,000 nm, the inside of the safety box is black to avoid light

7 A design similar to this shown in Fig. 3.14 is used in many video projectors, replacing the
optical interference filters by LCD panels and mapping the three resulting images on top of
each other.
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Fig. 3.14. Experimental setup for (2+1)—A pyrometry used in [9, 11, 128, 129]

reflections. The black box shown in Fig. 3.16 contains the components for the
splitting of the light beam. An insight into this box is given in Fig. 3.17, showing the
six mirrors and the three optical interference filters.

A typical measurement using this experimental setup is shown in Fig. 3.18. The
filament of a standardized halogen incandescent lamp (adjusted temperature:
3,100 K) is mapped onto the CCD array, resulting in three simultaneous images of
the filament. Each of the single images at a given wavelength has a resolution of
approximately 340x1024 pixels. From left to right, the filament is enlarged with the
help of the two lenses. These test images were taken before the system was
calibrated, i.e., the given intensities at the different wavelengths cannot be compared
directly. Nevertheless, in accordance with the choice of the three wavelengths 4 | 5,
the intensity at 1g=425nm is, as expected, the smallest. The measurement at
wavelength A is not really necessary in the case of an incandescent lamp, since
there is no plasma and thus no need for plasma correction at the filament of an
incandescent lamp. The measured radiation intensities can be analyzed yielding the
temperature distribution on the filament using one or two wavelengths pyrometry.

The radiation intensity at both sides of each wire is higher than the radiation
intensity coming from the front surface. This is due to a black body effect: The
radiation inside the coil is reflected at the inner surface of the coil. This is
comparable to the situation in an ideal black body (a cavity), increasing the
“undisturbed” emissivity considerably. Using 1-A pyrometry, i.e., using only the
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Fig. 3.15. Transmission vs. wavelength A of different dichroic mirrors used in the
experimental setup shown in Fig. 3.14 [8]

image at one wavelength of the filament for the determination of the temperature,
this effect yields an overestimation of the temperature by 200-300 K. By 2-4
pyrometry, i.e., using the images at two wavelengths of the filament for the
determination of the temperature by ratio pyrometry, this error can be eliminated
[9, 128]. Unfortunately, this requires the nontrivial task of overlapping the two
images at 1; and A, pixel accurate. Otherwise, the ratio of two measured light
intensities is not reasonable, if the two values are not from an identical position.
Slight differences will enhance the noise in the calculated temperature.

A second test image, again taken before the system was calibrated, is shown in
Fig. 3.20, showing the electrode of an operating UHP lamp (an image of a UHP
lamp is shown in Fig. 3.19, another picture of the UHP lamp is displayed in
Fig. 1.26, cf. Sect. 1.3.6). This time, the measurement at A = 425 nm is important
for the plasma correction. One can clearly see the reflections of the radiation of
the plasma near the electrode tip and at certain positions of the coil. This
interference can be eliminated by the plasma correction with the help of the
measured radiation intensity at wavelength Ay =425 nm. The second problem, the
enhanced emissivity between the coils can be eliminated by ratio or 2—A pyrometry.
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Fig. 3.16. Experimental setup for (2+1)—A pyrometry as used in [9, 11, 128, 129]. A more
detailed insight into the black box containing the components for the splitting of the light
beam is shown in Fig. 3.17
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Fig. 3.17. Experimental setup for (2+1)—A pyrometry as used in [9, 11, 128, 129]: insight
into the box containing the components for the splitting of the light beam

Again, this enhanced emissivity is due to a black body effect: The radiation coming
from the space between two coils is reflected one or several times at the surfaces of
the two neighboring parts of the coil before it is reflected into the direction of the
pyrometer and superimposed with the “direct” radiation from the coil surface.
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Fig. 3.18. Test images of the filament of a standardized halogen incandescent lamp for
calibration purpose at three different wavelengths 4 ; , on different scales depending on the
adjustment of lenses and aperture [9, 128]

|

Fig. 3.19. Image of a UHP lamp in alcohol to reduce distortion on the quartz walls (courtesy
of Philips, Aachen [88])

According to the choice of the three wavelengths 4 | ,, the intensity at 4, = 750 nm
is, as expected, dominated by the radiation of the electrode, whereas the radiation
of the plasma dominates the radiation intensity at 1,=425nm (cf. Figs. 3.12
and 3.13).

The intensity at A; =532 nm is, as expected, more sensible to the interfering
radiation of the plasma than the measured intensity at A, =750 nm (compare
Fig. 3.20 with Figs. 3.12 and 3.13). Thus, a sensible selection of wavelengths can
already reduce the problems due to interfering radiation from the plasma
(cf. Sect. 3.1.4). Nevertheless, the radiation intensities shown in Fig. 3.20 were
taken before the system was calibrated, so that a direct assessment of the extent of
the plasma interference is not possible. Moreover, even at the image of the UHP
lamp electrode taken at the wavelength A, = 750 nm, interfering radiation is clearly
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Fig. 3.20. Test image of the electrode of a UHP lamp at three different wavelengths 4 5 [9, 128]

visible at the very top of the electrode. This makes the determination of the electrode
tip temperature difficult or even impossible. But especially the electrode tip
temperature is of particular importance, since it determines, for example, the electron
emission current, the evaporation rate and a possible melting of the electrode tip.
(2+1)-A pyrometry masters all these problems due to enhanced emissivity,
transmission losses, and interfering radiation of the plasma, but the results are more
sensible to noise than the simpler 1-1 pyrometry [9, 128]. Thus, a reasonable
procedure is the following: The radiation intensities at the three wavelengths ¢ ;
are recorded with the experimental setup described earlier. Then, the resulting
radiation intensities are analyzed using (2+1)-4 and (1+1)-A pyrometry, the latter by
disregarding the measurement at, e.g., A;. If both results are identical except for
random noise, the results of the thus validated (1+1)-A pyrometry can be used,
otherwise the results from the (2+1)-A pyrometry will be used.

Apart from the problems described earlier, which are mastered by (2+1)-4
pyrometry, another problem (amongst other problems) due to the radiation of the
opposite electrode may occur. This problem was investigated using specially built dc
high-pressure mercury discharge lamps, one of them shown in Fig. 3.21. Similar
lamps were built with different electrode gaps (2, 3, and 4 mm), different mercury
pressures (2, 4, and 6 MPa, i.e., 20, 40, and 60 bar8) and different electrode shapes

8 Strictly speaking, the lamp was filled with 20, 40, or 60 mg mercury, approximately
resulting in the pressures given earlier. If not the entire dose of liquid mercury is evaporated
during operation, the resulting pressure is lower. Moreover, different lamp currents and
different electrode gaps change the mercury pressure due to the different temperature profiles
in the plasma (cf. Sect. 4.4.7).
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Fig. 3.21. Specially built dc high-pressure mercury discharge lamp for the investigation of
the electrode temperature and the general electrode behavior at different electrode gaps,
mercury pressures, electrode geometries, and lamp currents [8, 9, 11, 128]
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Fig. 3.22. Test image of the anode of the mercury high-pressure discharge lamp shown in
Fig. 3.21 at two different wavelengths 4, , 500 ps after extinction of the plasma. The images
are different with respected to the cathodic arc attachment before the lamp was turned off
[9, 128]

(Apollo-shaped or rod-shaped). Altogether, 25 different high-pressure mercury
discharge lamps similar to this shown in Fig. 3.21 were built. As usual in dc high-
pressure lamps, the thicker electrode acts as the anode, the thinner one as the cathode.

Figure 3.22 shows the radiation intensities at the two wavelengths A; = 532 nm
and 4,=750 nm. Both pictures (left-hand side and right-hand side) were taken
500 ps after switching-off the lamp, i.e., the plasma radiation does not interfere with
the measurements. Nevertheless, there are reflections at the conical shaped anode
tip. Moreover, these reflection are different in the image on the left-hand side and
the image on the right-hand side. This difference can be explained with the cathodic
arc attachment before the lamp was turned off. Before the image on the left-hand
side of Fig. 3.22 was taken, the arc attached at the cathode tip, as shown in Fig. 3.22,
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on the schematically drawn cathode. The situation prior to the record of the image
on the right-hand side of Fig. 3.22 was different: The arc attached on the first
winding of the coil at the cathode tip, i.e., the arc attachment was not centric, but in
this case at the top of the coil at the cathode. The resulting reflection at the anode
shows a higher intensity at the top of the reflection area, corresponding to the higher
radiation due to the higher temperature at the top of the cathode coil. Thus, the
reflections observed at the anode in Fig. 3.22 are due to the radiation coming from
the cathode. Because the cathode was much hotter than the anode for the lamp
investigated in Fig. 3.22, the reflections on the anode had a threefold intensity
compared to the actual radiation coming from the anode.

This problem due to the reflections of one electrode at the surface of the other
electrode cannot be eliminated using the techniques described earlier. A possible
solution is the usage of one-dimensional temperature plots using a scan axis outside
the problematic regions as shown in Fig. 3.23. The one-dimensional temperature
profiles shown in Figs. 3.24 and 3.25 are obtained using this method.

Figure 3.23 shows the temperature distribution at the electrodes of an operating
dc high-pressure mercury lamp, i.e., the lamp was not turned off to reduce the

3,000K

2,760K

2,520K

Scan axis

2,280K

2,040K

1,800K

Fig. 3.23. Temperature distribution of anode (left-hand side) and cathode (right-hand side) of
the mercury high-pressure discharge lamp shown in Fig. 3.21 using (2+1)-A pyrometry. The
scan axis for the determination of a one-dimensional temperature plot avoids the problems
due to reflections of the radiation coming from the cathode [9, 128], mercury pressure:
2 MPa, electrode distance: 2 mm, current: 4 A)
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problems due to the reflection of radiation of the plasma. The (2+1)-A pyrometry
used to produce Fig. 3.23 obviously proofs its ability to eliminate the interfering
reflections of plasma radiation. The anode tip temperature is about 2,300 K, the
cathode tip temperature is approximately 3,000 K. The one-dimensional
temperature profile resulting from Fig. 3.23 (mercury pressure: 2 MPa, electrode
distance: 2 mm, current: 4 A) is shown Fig. 3.24.

Figures 3.24 and 3.25 both show one-dimensional temperature plots of the
electrodes in dc high-pressure mercury lamps as described earlier. An X-ray
photograph visualizing the lamp under investigation is shown within the two
figures. In Fig. 3.24, the influence of an increasing pressure on the electrode
temperatures, the lamp voltage, and the lamp power is investigated. Increasing the
pressure from 2 to 6 MPa nearly doubles the lamp voltage, i.e., the lamp power is
nearly doubled too, since the lamp current is fixed. The voltage increase is due to
the decrease of the electrical conductivity of the plasma with increasing pressure
(cf. Sect. 2.3.2). The increasing power input into the plasma is accompanied by an
increasing heating of the anode. The anode tip temperature rises from 2,300 K
(2 MPa) to 2,550 K (6 MPa). The heating mechanisms at the anode are heating due
to electrons and heating due to heat conduction from the plasma. Since the electric
current is constant, the reason for the increasing anode temperature must be an
increase of the heat conduction from plasma to anode.

The situation at the cathode is different: Though there is an increase in cathode
tip temperature when the pressure is increased from 2 to 4 MPa, there is no
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Fig. 3.24. One-dimensional temperature plot of three different dc high-pressure mercury
lamps with different mercury pressures (2, 4, and 6 MPa) using (2+1)—A pyrometry. An X-ray
photograph of the lamp under investigation is shown in the top left-hand corner. The lamp
voltage and lamp power corresponding to the three temperature curves are given between the
temperature profiles of anode and cathode [9, 128], electrode distance: 2 mm, current: 4 A)
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Fig. 3.25. One-dimensional temperature plot of a dc high-pressure mercury lamp at four
different lamp currents (2—3.5 A) using (2+1)-A1 pyrometry. An X-ray photograph
visualizing the lamp under investigation is shown between the temperature profiles of anode
and cathode ([9, 128], mercury pressure: 2 MPa, electrode distance: 4.23 mm)

difference in cathode tip temperature increasing the pressure further to 6 MPa.
Moreover, comparing the temperature profiles of the cathode for different mercury
pressures, it seems that there are problems with the measurements especially at
distances more than 1 or 2 mm away from the cathode tip. The temperature profiles
of the cathode for 4 and 6 MPa are identical for the first 1.5 mm starting from the
cathode tip, then they start to diverge, lacking any plausible reason. This effect also
emerges comparing the measurements of two dc high-pressure discharge lamps
which are equal in all of their parameters (in this case, mercury pressure: 4 MPa,
electrode gap: 3 mm, lamp current: 3 A). The cathode tip temperatures differ by
more than 200 K and the temperature profiles are different as well [9, 128]. This
means that we cannot have unquestionable confidence in the results. Unknown
parameters, small differences in the lamp design, the history of the lamp, or small
differences in the operating conditions might affect the measurements or the actual
temperature of the electrodes. Thus, an increase of the accuracy of the
determination of electrode temperature beyond +50 K might not be useful because
of these “natural” variations of the electrode temperature. This conclusion is
confirmed by pyrometric measurements using several identical D2 automotive
headlight lamps described in [85] and the measurements described in Sect. 3.1.4 (cf.
Fig. 3.7).

The cathode seems to be more stable with respect to an increase of the mercury
pressure than the anode. This statement is enhanced by the different shapes of anode
and cathode investigated in Fig. 3.24: Due to the smaller dimensions of the cathode,
the reaction due to changes in the pressure or the lamp current should be larger at
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the cathode. But the major difference between cathode and anode is that the cathode
reacts more “active” to changes in, e.g., pressure or lamp current. This is due to the
interplay between ion current and electron emission current at the cathode tip:
When the electron emission current is less than the total lamp current, the difference
is sustained by an ion current. The ions deposit their energy (minus the energy
necessary to release an electron to neutralize the ion) at the cathode, thus heating the
cathode and enhancing electron emission which depends strongly on the local
cathode temperature (cf. Sect.2.4.4). The enhanced electron emission current
reduces the ion current, so that this interplay between ion current and electron
emission current adjusts the ratio of electron to ion current until a stable power
balance of the cathode is established. An increasing heat conduction from the
plasma to the cathode tip increases the cathode tip temperature, thus the electron
emission current is increased, leading to a decrease of the ion current. Therefore, the
increasing heat load of the cathode tip is partially balanced by a decreasing heat
load due to a decreasing ion current. For this reason, the temperature change at the
cathode tip due to an increase in the mercury pressure is smaller compared to the
temperature change at the anode tip.

The effect described earlier can also be observed in the measurements shown in
Fig. 3.25: Here, both electrodes are rod-shaped, i.e., anode and cathode behavior can
be compared easily. In Fig. 3.25, the lamp current is increased at constant pressure9
and constant electrode gap. Again, the (“passive”) anode tip temperature reacts more
strongly on this change compared to the (“active”) cathode tip temperature. Moreover,
when pyrometry is used at a specific lamp, the results seem to be quite reproducible.

3.1.8 More Pyrometry

Quartz has a good transmission for radiation from 185 to 4,000 nm [118]. Within
this wavelength range, pyrometry on the electrodes and plasma spectroscopy are
possiblelo. Larger wavelengths, e.g., 5 um can be used to measure the temperature
of the outer quartz surface as shown in Fig. 3.26 for a UHP lamp (cf. Sect. 1.3.6).
The emissivity of quartz is 0.97 at 5 um [121], whereas the transmission is zero, i.e.,
no radiation of the plasma or the electrodes is interfering the measurement.

3.1.9 Calorimetric Measurements on Electrodes

The experimental setup shown in Fig. 3.5 for 1-4 pyrometry at the electrodes in a
model lamp can also be used to measure the heat flow from the electrode ends to a
coolant (silicone oil). The silicone oil keeps the temperature of the electrode ends
at constant temperature (approximately 293 K), the temperature change of the
silicone oil together with the measured mass flow of the cooling fluid yields the heat

% The pressure will be slightly different due to the different lamp currents and the resulting
different temperature distributions in the plasma (cf. Sect. 4.4.7).

10 The transmission is not equally high for all wavelengths; especially in the infrared region
small transmissions can be observed.
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Fig. 3.26. Congruent images of a UHP lamp showing the electrodes (left-hand side,
A =2 pm) and the quartz tube (right-hand side, A = 5 pm) using pyrometry to determine the
temperature of the electrodes and of the outer quartz tube surface (courtesy of Philips,
Aachen [88])
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Fig. 3.27. Experimental setup for calorimetric measurements on the electrodes used in the
model lamp shown in Fig. 3.5 [121]

flow from the electrode ends to the silicone oil. The temperature sensors 1, 2, and 3
shown in Fig. 3.27 enable the separate determination of the heat flow from the
anode and the cathode to the coolant because the temperature sensor 2 measures the
temperature of the silicone oil between anode and cathode. The calibration of this
method is done with the help of a heating coil heating the silicone oil (model lamp
turned off). The measured temperature change together with the measured mass
flow of the cooling fluid can be associated with the known power input by the
heating coil [43, 121].

The flow of the silicone oil in the electrode holder is shown in Fig. 3.28 (left-
hand side). A problem of this method is the determination of the “effective”
electrode length, i.e., the position of the electrode where 7= 293 K. This position is
not identical to the soldering shown in Fig. 3.28 but is situated within the electrode
holder. Moreover, the temperature increase of the silicone oil is not only due to the
power transfer from the electrode ends to the cooling liquid, but also due to the
parasitic heat flows from the lamp tube to the electrode holders as shown in
Fig. 3.28 (right-hand side). A reduction of these parasitic heat flows from the lamp
tube to the electrode holders can be achieved by fixing the temperature of the lamp
tube to the temperature of the cooling fluid using an additional external cooling in
the region of the electrode holder [121]. Nevertheless, this additional cooling might
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Fig. 3.28. Cooling of electrode end by a flow of silicone oil through the electrode holder
(left-hand side) and parasitic heat flows from the lamp tube to the electrode holder for the
model lamp shown in Figs. 3.5 and 3.27 [43, 121]

again effect the heat transfer from the electrode ends to the coolant, so that this is
not an ideal solution. Moreover, due to the small increase of the temperature (some
kelvin) of the silicone oil due to the heat flow through the electrode ends, the
determination of the heat flow through the electrode ends is quite inexact.

The measured heat flow through the electrode ends can be compared with the
calculated heat flow from the measured temperature profiles (cf. Sect. 3.1.4,
Fig. 3.6, and (3.13)), thus verifying the measured temperature profiles and the
resulting calculated heat flow through the electrode ends. The radiation losses
(calculable from the measured temperature profiles with the help of the Stefan—
Boltzmann law (2.47), (3.1), or (3.13)) together with the measured heat flow
through the electrode ends specify the power balance of the electrodes, i.e., the
power input into the electrode tip equals the radiation losses plus the heat flow
through the electrode end. Nevertheless, instead of taking the measured value of the
heat flow through the electrode ends as described in this section, the more reliable
method is to use the calculated heat flow from the measured temperature profiles
(cf. Sect. 3.1.4) instead of the measured values.

Such a power balance of an electrode (here, the cathode) is shown in Fig. 3.29.
The radiation losses and heat flow through the cathode end are displayed for
different cathode lengths from 10 to 25 mm and for different lamp currents from
1 to 5 A. The cathode material was pure tungsten, the cathode diameter 1 mm, the
gas a 0.25—0.3 MPa argon plasma [121]. The radiation losses and heat flow through
the cathode end were both calculated using the measured temperature profiles
(using 1-A pyrometry, cf. Sect. 3.1.4), i.e., the measured values of the heat flow
through the cathode end were not used.

The temperature of the cathode tip primarily depends on the lamp current and is
to a large extent independent of the cathode length. This is due to the fact that the
cathode has to emit electrons to sustain the given lamp current. The electron
emission is determined by the Richardson—Schottky equation (2.61) which strongly
depends on the cathode tip temperature. Thus, the cathode tip temperature will
adjust to a value, where electron emission current is sufficiently high, so that
electron emission current and ion current equal the total lamp current (cf. Chap. 4,
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Fig. 3.29. Power balance (radiation losses and heat flow through cathode end) of pure
tungsten cathode (diameter: 1 mm, gas: argon, pressure: 0.25—0.3 MPa) depending on
cathode length (10—25 mm) and lamp current (1-5 A) according to [121]

especially Sect. 4.4). The temperature gradient between the cathode tip and the
liquid cooled end of the cathode therefore decreases with increasing cathode length.
Thus, the heat flow through the cathode end decreases with increasing cathode
length (cf. Fig.3.29). By the same token, the radiation losses increase with
increasing cathode length because the cathode tip temperature is to a large extent
independent of the cathode length and the radiating surface area increases with
increasing cathode length.

Figure 3.30 presents the same data in a different diagram. The measured
(global“) cathode tip temperature 7, using 1-1 pyrometry (cf. Sect. 3.1.4) is
given in the top left diagram. Due to the fact that the temperature of the cathode tip
cannot be measured with the method applied here, the extrapolation of the measured
cathode temperature according to (3.13) is used (cf. Fig. 3.6 and [121]). Because
this calculation of the cathode tip temperature does not take the different processes
of power transfer (and their spatial variation) from the plasma to the cathode tip into
account, these values should be regarded as an approximation to the cathode tip
temperature. The cathode tip temperature is to a large extent independent of the
cathode length because the electron emission, which is determined by the
temperature dependent Richardson—Schottky equation (2.61), adjusts the cathode
tip temperature according to the total lamp current. The higher the lamp current, the
higher the cathode tip temperature, so that more electrons are emitted to sustain this
higher lamp current. The ratio of radiation losses P,,q to electrode losses P, (sum of

T Not the temperature within the arc attachment area but the extrapolated temperature as
described in the following.
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Fig. 3.30. Cathode tip temperature (top left), ratio of radiation losses P, to electrode losses
P, (sum of radiation losses and heat flow through cathode end, top right), electrode
losses (bottom left), and calculated cathode fall voltage U, (bottom right) of pure tungsten
cathode (diameter: 1 mm, gas: argon, pressure: 0.25—0.3 MPa) vs. lamp current (1 to 5 A)
as a function of cathode length (10—25 mm, legend in bottom right diagram) according to
[121]

radiation losses and heat flow through cathode end) increases with increasing
cathode length as described earlier (top right diagram of Fig. 3.30). The electrode
losses P,y decrease with increasing cathode length and increase with increasing
lamp current as shown in Figs. 3.29 and 3.30 (bottom left diagram).

The cathode fall voltage U, shown in the bottom right diagram of Fig. 3.30 is
calculated using the electrode losses P,. The cathode fall voltage U, is defined as
the additional power consumption in the near cathode plasma due to the power
transfer from the plasma to the cathode plus the increased radiation losses by the hot
plasma spots near the electrode tips. It can be extracted from the electric potential
on the lamp axis as shown in Fig. 3.40. If the electric potential distribution in the
plasma is not available, it can be approximately calculated. The equation used for
the calculation of the cathode fall voltage shown in Fig. 3.30 is:

UC:&+(/)+ﬂ. (3.29)
1 2e

This equation means that the electrical power given by the cathode fall voltage
U, times the lamp current / equals the electrode losses P, (sum of radiation losses
and heat flow through cathode end) and the power /¢ necessary to “extract” the
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electrons with the work function ¢ from the cathode'? (¢ given in volt, e.g.,
¢@=4.5V for pure tungsten electrodes). Moreover, the electrons are assumed to
have the electron temperature T in the near electrode plasma. By leaving the near
cathode plasma in the direction of the plasma column, they are assumed to remove
the power 2.57kT,/e from the near cathode plasma.13 Using this model and these
assumptions, the resulting cathode fall voltage U, is given in the bottom right
diagram of Fig. 3.30. The cathode fall voltage decreases with increasing lamp
current, but the power consumption due to the cathode fall voltage (i.e., IU,)
increases with increasing lamp current. This is due to the increase of the electrode
losses P, with increasing lamp current (bottom left diagram of Fig. 3.30).

3.1.10 External Laser Heating of Electrodes

The methods described earlier for the investigation of HID lamp electrodes
(pyrometry and calorimetric measurements) leave the electrodes undisturbed. The
radiation of the electrodes is detected or the temperature change of the cooling fluid is
measured. It is also possible to learn something about electrodes by disturbing the
balance between plasma and electrodes. One possibility is the external laser heating of
the electrodes during the operation of the HID lamp. This experimental method will
be described in this section, a comparison of measured electrode tip temperatures and
total lamp voltages with the results of numerical simulations is given in Sect. 4.4.5.
The influence of the external laser heating of anode and cathode in operating
HID lamps on electrode temperature and lamp voltage is presented in [156]. The
lamp under investigation contains a pure mercury plasma with a working pressure
of about 0.6 MPa, the electrode gap is 10 mm. The electrodes (length 13 mm,
diameter 0.5 mm) are made from pure tungsten (cf. Sect. 4.4.5, Figs. 4.40'* and
4.56). The measurements were carried out on a vertically mounted lamp driven by a
rectangular-wave current (1.8 A, 0.05 Hz). The lower electrode was heated using a
diode laser (A = 808 nm; maximum laser power P : 37.3 W) which was turned on
for 3 s each half-cycle, starting 3.5s after current reversal (half cycle length: 10 s).
The laser was directed side-on at the upper part of the lower electrode just below the
tip. Its beam diameter at the electrode surface was 0.5 mm. The electrode
temperature near the electrode tip and along the electrode was determined using a
pyrometer (Impac IS10, A from 700 to 1,100 nm, cf. Sect. 3.1.4), the observation
direction being at an angle of more than 90° compared to the laser beam. To avoid

12 At the cathode surface, the total lamp current [ is the sum of electron current I, due to
electron emission and ion current /;. The emitted electrons cool the cathode with the work
function ¢, but the ions cool the cathode as well because they extract an electron from the
cathode for their neutralization. The heating of the cathode by heat conduction from the
plasma to the cathode tip and by the ionization energy of the ions arriving at the cathode
surface is included in the electrode losses Py

13 More details on electrode and plasma models can be found in Chap. 4, more details about
(3.29) can be found in [20, 43, 121, 168].

14 The electrodes shown in Fig. 4.40 have a length of 10 mm, the electrodes used for the
external laser heating had a length of 13 mm.
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Fig. 3.31. Sketch of the experimental setup for external laser heating of HID lamp
electrodes: The laser is directed side-on at the upper part of the electrode just below the tip
(beam diameter: 0.5 mm). The electrode temperature is determined using the pyrometer
Impac IS10, the observation direction being at an angle of more than 90° compared to the
laser beam (cf. [156])
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disturbance of the pyrometric measurements by the laser beam, a notch filter (107
at the laser wavelength) was used for the pyrometer (cf. Fig. 3.31).

Before investigating the influence of this external laser heating of anode and
cathode in operating HID lamps on electrode temperature and lamp voltage, the
“effective” laser power Pp g (as opposed to the nominal laser power Py, which is
supposed to be provided by the laser) heating the electrode has to be determined.
This has been done by heating one electrode using different laser powers without
starting the discharge, i.c., the lamp was switched off. From the resulting
temperature profiles of the electrode, the effective laser power Pp g can be
determined. This has been done using a simple global power balance
P off = Prad T PheatFlows Where Ppyq is the radiation cooling and Ppygypioy the heat
flow through the electrode end [156]. The result of this procedure is an efficiency n
(ratio of effective laser power Pp g to nominal laser power Pp) of 12-24%
[153, 156].

Pr o 18 an important input parameter for numerical simulations (cf.
Sect. 4.4.5). The problem with the procedure described earlier is that Py g might
be different as soon as the discharge is turned on. Then, the electrode temperature
will naturally be higher, resulting in a different emissivity & of tungsten (cf.
Fig. 3.8). If £ decreases for higher temperatures (4 = 808 nm), the effective laser
power should decrease as well as € is equal to the absorption coefficient.

The results obtained by using the external laser heating revealed many
interesting features of HID lamp electrodes': The electrode temperature reacts
strongly on the external laser heating during the anode phase, but weakly during the
cathode phase. In contrast, the striking feature comparing measured and calculated

15 The detailed results are presented in Sect. 4.4.5.
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Fig. 3.32. Sketch of the experimental setup for in situ measurement of the electrode work
function using the photoelectric effect with photons in the energy range from 1.17 to 5.52 eV
(cf. [145, 146])

lamp voltages is a strong influence of the external laser heating during the cathode
phase and a barely observable influence during the anode phase. Moreover, the time
constants of the reactions to the external laser heating are different during anode and
cathode phase.

Thus, the investigations described in [156] are very valuable for the verification
of theoretical electrode models. Moreover, by comparing the interesting
experimental findings with results from numerical simulations, one can learn much
about the principles of electrode behavior and explain in detail the differences
between anode and cathode phase (cf. Sect. 4.4.5).

3.1.11 In Situ Laser Diagnostics of Work Function

A different method described in [145, 146] uses a laser to determine in situ (i.c.,
during lamp operation) the work function of the cathode using the photoelectric
effect/photoemission (cf. Sect. 2.4.4). The specific method described in [145, 146]
uses short laser pulses of different wavelengths, which are focused on the electrode
tip on the arc attachment area (cf. Fig.3.32). The resulting transient electric
response signals for different laser wavelengths are the basis to evaluate the
electrode work function. For that, a laser system offering different photon energies
in the wavelength range of 225-1,064 nm (corresponding to 5.52-1.17 ¢V) is
necessary. In contrast to the method of electrode heating described earlier, the laser
power for the determination of the work function for electron emission is high (up to
100 MW) and the pulse widths are small (order of 10 ns). This is to prevent the
electrode from heating-up too much. The high power is necessary to generate
sufficiently high electric signals induced by the pulse laser irradiation. Typical
electric signals are about 0.1-1% of the lamp current and can be used to determine
the electrode work function. This method is limited to cathodes or electrodes during
cathode phase because electric fields in front of the electrode surface are needed to
collect the generated photoelectrons.
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Table 3.1. Results of in situ measurement of the effective electrode work function @ge
[145, 146]

lamp type cathode mode Pefr (€V)  effect remarks

pure Hg, pure W diffuse 4.52 - -
spot 3.63 Schottky E=55x103Vm!

pure Hg, emitter diffuse 3.67 emitter oxides between rod and coil
spot 3.06 Schottky E=2.6%x108V m!

metal halide, pure W nominal power  2.41 emitter rare earth adsorption
low power 4.45 salts condensed  pure Hg discharge

The thus determined effective work function @ includes the lowering of
the work function due to electric fields (Schottky effect, cf. (2.60) and (2.61),
and Sect. 2.4.4) and the lowering of the work function due to an emitter (e.g.,
thoriated tungsten electrodes used in many HID lamps). The measurements can be
disturbed by unwanted absorption of the laser beam in the plasma causing
excitations of plasma species, thermal plasma heating, and a reduced laser power at
the electrode tip. Transient thermal electrode surface heating by the absorbed
laser pulse amounts to a few tens kelvin and gives rise to increased thermal
emission according to Richardson’s equation (2.59). Experimentally, this effect
can be quantified with laser pulses of small photon energies below the work
function, for example about 2 eV, which do not cause a photoelectric effect at the
tungsten surfaces. These corrections are necessary for all of the laser wavelengths
used.

The results of this method are summarized in Table 3.1. The measured work
function for high-pressure mercury discharge lamps (modified Philips HP80OW with
pure tungsten electrodes instead of electrodes with emitter material) with pure
tungsten electrodes depends on the type of arc attachment to the electrode tip: In the
diffuse attachment mode of this lamp, a work function of 4.52 eV is determined.
This value corresponds very well with literature data for polycrystalline tungsten,
which confirms the applicability of this method for the determination of work
functions in HID lamps. The electrode temperature was estimated to be about
3,000 K; assuming an error of £300 K and taking other possible errors into account,
the error in the calculated work function can be estimated to be +0.25 eV. Carrying
out several measurements on similar lamps yields work functions from 4.25
to 4.55eV [145]. A reduced value of 3.63 eV is measured inthe spot mode
(#0.20 eV for a 10% error in the electrode temperature, 3.5-3.8 eV for similar
lamps, cf. [145]). This reduction is due to the Schottky effect (cf. (2.60) and (2.61),
and Sect. 2.4.4). The electric field at the cathode surface can be calculated to be
about 5.5x108 V m™! within the arc attachment spot.

The measured work function in high-pressure mercury discharge lamps (Philips
HP8OW with emitter material) with tungsten electrodes with emitter material
(thoriated tungsten) depends also on the type of arc attachment to the electrode tip:
In the diffuse arc attachment mode, a work function of 3.67 + 0.1 eV is determined,
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i.e., the emitter reduces the work function by approximately 0.8 eV. In the spot
mode, the work function is further reduced to 3.06 + 0.1 eV due to the Schottky
effect (calculated electric field about 2.6x 108 v m_l).

The results of the measurement of the electrode work function using a metal
halide lamp with pure tungsten electrodes is also presented in Table 3.1. This lamp
(Philips MHN-TD150W) always exhibited a diffuse arc attachment, but the
experiments were conducted with a nominal power load and with about half of the
nominal power load. Under nominal operating conditions, the measured work
function was about 2.41 &+ 0.2 eV. This is much smaller than the expected 4.5 eV for
a diffuse arc attachment at pure tungsten electrodes (see earlier). The measured
work function at the electrodes of the lamp being operated at half nominal power is
4.45 eV, which can be expected for the pure tungsten electrodes used within this
lamp. The explanation given in [145, 146] is that in the metal halide lamp operated
at half nominal power nearly no salts are evaporated because of the lower cold spot
temperature. Thus, the discharge is essentially a mercury discharge. But in the lamp
operated with nominal lamp power, the halide pressures are significant. These salts
can be adsorbed onto the cathode tip and thus reduce the work function. A
comparison of numerical simulations and experimental measurements on the D2
automotive headlight lamp (cf. Sect. 1.3.8) presented in Sect. 4.4.6 shows that this
effect may be important as well in the D2 lamp.

The methods described here and in Sect. 3.1.10 both use a laser for the
investigation of electrodes in HID lamps. Both methods in common are a careful
choice of the wavelength of the laser radiation: Interactions of the laser beam with
the lamp plasma have to be avoided, the energy (wavelength) of the photons must
allow for the photoelectric effect (determination of work function) or must avoid the
photoelectric effect (external heating), and pyrometric measurements of the
electrode temperatures should not be disturbed (external heating). Moreover, both
methods are used to investigate electrode behavior and electrode characteristics in
situ, i.e., during normal lamp operation. Thus, they are very powerful tools for
electrode diagnostics in HID lamps (see also [79]).

3.1.12 Monolayer of Sodium on Cathode

The effect of a reduced work function due to adsorption of atoms onto the cathode
tip as described in Sect. 3.1.11 can also be observed in high-pressure sodium lamps,
as described for example in [80]. In [1] and [85] an experimental setup is described
to investigate this effect: A high-pressure sodium lamp with 16 kPa xenon as a
starting gas and 4 mg pure sodium for the discharge was used to investigate the
electrode temperature and thus the electrode work function as a function of the
sodium coverage at the cathode tip. The sodium pressure of the lamp was adjusted
by heating the cold spot of the lamp (with the condensed sodium) using the
irradiation of an incandescent lamp outside the lamp bulb. Thus, the sodium
pressure can be controlled independently of the lamp current. By permanently
monitoring the self-reversed sodium D-lines (589.0 and 589.6 nm, cf. Sect. 3.2.4),
the pressure can be adjusted to the wanted value.
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Fig. 3.33. Dependence of cathode temperature profile on sodium pressure in a high-pressure
sodium lamp with pure tungsten electrodes (electrode length: 7 mm, electrode diameter:
0.7 mm, lamp power: 75 W, dc current 1.5 A, cf. [1, 85]

The cathode temperature for different sodium pressures at constant lamp current
and constant lamp power (1.5 A, 75 W) was measured using 1-4 pyrometry as
described earlier. Figure 3.33 shows the results of this experiment: The cathode tip
temperature decreases with increasing sodium pressure. At lower sodium pressures
(less than 20 kPa), no or not sufficient sodium is adsorbed onto the cathode tip to
reduce the work function. Thus, the high work function of pure tungsten (about
4.5 ¢V) makes a high cathode temperature necessary to sustain a sufficiently high
electron emission current (cf. Sect. 2.4.4). For higher sodium pressures (above
25 kPa), the sodium coverage on the cathode tip reduces the work function. Thus, a
much lower cathode temperature is able to sustain a sufficiently high electron
emission current. The cathode tip temperature and the calculated effective work
function @ of this lamp as a function of sodium pressure is shown in Fig. 3.34.
The effective work function is reduced from well above 4 eV (pure tungsten) to less
than 3 eV (sodium acts as an emitter on the cathode surface). The experimental
results are confirmed by theoretical calculations of the work function as a function
of sodium coverage and by the investigations described in Sect. 3.1.11. In [80], the
reduced work function after the formation of a monolayer of sodium on the cathode
is quoted to be 1.8-2.1¢eV (referring to [66]). Further details concerning the
variation of the work function for electron emission can also be found in [130] on
page 77ff.

3.1.13 Deformation of Electrodes

The deformation of electrodes during lamp operation is an important subject in
commercial HID lamps. This deformation can lead to different operating conditions
as described for example in [85, 86] for a D2 automotive headlight lamp (for details
see later). The UHP lamp used in video projectors (cf. Sect. 1.3.6) also suffers from
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Fig. 3.34. Dependence of cathode tip temperature and effective work function @.g of pure
tungsten electrodes on sodium pressure (electrode length: 7 mm, electrode diameter: 0.7 mm,
lamp power: 75 W, dc current 1.5 A, cf. [1, 85]

electrode deformation during lamp operation. Problems in UHP lamps are reported
in [45, 119] due to changes in the electrode geometry: Depending on the electrode
shape, the arc attachment area moves over the electrode surface, leading to visible
arc movements and thus unwanted artifacts in projection applications. The solution
to this problem is a special pulse current as described in [45, 119]. The deformation
of electrodes in various HID lamps is also reported in [43, 86, 95, 114, 121].
Besides different operating conditions as arc attachment area and electrode
temperature, the possible evaporation of tungsten and a resulting wall blackening
are important subjects related to the deformation of electrodes.

According to [36], there are two different pathways along which transport of
tungsten (leading to the deformation of the electrode tips) could take place: First,
gaseous tungsten coming from the flanks of the electrode can be transported
through the plasma toward the electrode tip, and second, a change of the electrode
tip structure might be induced by the flow of liquid tungsten due to several forces
acting on the melt. The latter possibility presupposes the melting of the electrode
tip, as it is at least observed in UHP lamps. The electrodes shown in Figs. 3.36 (D2
automotive headlight lamp) and 3.37 (xenon model lamp) exhibit as well structures,
indicating that the melting temperature of tungsten (3,680 K) was reached at least
locally and temporarily.

In [85] (in parts also in [86]), electrode temperature measurements at different
electrodes in D2 automotive headlight lamps (cf. Sect. 1.3.8) are presented. Three
different types of electrodes were investigated in operating D2 lamps: thoriated
tungsten electrodes (type A), pure tungsten electrodes glowed at 1,200°C for
cleaning (type B), and pure tungsten electrodes glowed at 2,400°C for cleaning (type
C). For each of the three types of electrodes at least five lamps have been investigated
to reduce statistical fluctuations. Thoriated tungsten electrodes should have lower
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Fig. 3.35. Pure tungsten electrodes in D2 automotive headlight lamps after 1,000 h operation
time. Left-hand side: electrode glowed during production at 2,400°C for cleaning (type C),
right-hand side: electrode glowed during production at 1,200°C for cleaning (type B). A
magnification of the electrode tip shown on the right-hand side is given in Fig. 3.36 [85, 86]

electrode temperatures compared to pure tungsten electrodes due to the enhanced
electron emission by a lower work function ¢ for thoriated tungsten electrodes (cf.
Sects. 2.4.4 and 3.1.11). This is true if one compares the electrode temperatures of
type A with type C electrodes ([85], electrode temperature of up to 2,500 K (type A)
and 2,900 K (type C)). But surprisingly, the pure tungsten electrodes of type B have
practically the same electrode temperature as type A electrodes (thoriated tungsten).
This might have many reasons including work function ¢, type of arc attachment
(spot or diffuse), adsorption of sodium! at electrode tip (cf. Sect. 3.1.11), increased
front surface of deeply structured electrode tip by large bumps as shown in Fig. 3.35,
etc. Figure 3.35 compares type B and C electrodes (glowed at 1,200°C and 2,400°C
for cleaning before mounting) after 1,000 operating hours, Fig.3.36 shows a
magnification of the electrode tip of a type B electrode.

Due to the different “history” of the electrodes (type B and C) in the production
process, the arc attachment, the electrode temperature, and the electrode shapes
after operating the lamps are completely different. So, we have to keep in mind that
knowing material and (initial) geometry of the electrode is not always enough to
characterize electrodes and their behavior. Even small differences in the production
process of the electrodes [85] or different plasma compositions or electrical power
inputs (Sect. 3.1.11, [145, 146]) might change the electrode properties considerably.
Especially the work function is very sensitive to plasma composition, temperature,
surface structure, etc. This is important to know because the work function is
essential for numerical simulations of electrodes (cf. Chap. 4 and Sect. 4.4.6).

Figure 3.37 shows different electrodes (here used as cathodes) made of pure
tungsten (electrode diameter: 1 mm, electrode length: 10 mm) and used in a
0.26 MPa xenon discharge lamp17 with a lamp current of 6 A. The cathodes were
identical before operation and were all used in the same experimental setup. The

16 Sodium is part of the plasma composition in D2 lamps, cf. Sect. 1.3.8.
17 The lamp was the model lamp described in Sect. 3.1.4, Fig. 3.5.
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Fig. 3.36. Scanning electron microscope record [86] of an electrode similar to that shown on
the right-hand side of Fig. 3.35 (type B electrode). Despite the lower electrode temperature of
up to 2,500 K, the electrode exhibits structures, indicating that the melting temperature of
tungsten (3,680 K) was reached at least locally and temporarily

© o (@)

Fig. 3.37. Scanning electron microscope record of pure tungsten cathode (electrode
diameter: 1 mm, electrode length: 10 mm, gas: xenon, pressure: 0.26 MPa, current: 6 A) after
different operation times: (@) 2 min, () 30 min, (c) 5 h, (d) 10 h [86]
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only difference between them is their operation time: The cathode shown in
Fig. 3.37(a) was operating for only 2 min, cathode (b) for 30 min, cathode (c) for 5
h, and cathode (d) for 10 h. Not only the shape of the electrode changed during the
operating time, but also the mode of arc attachment to the cathode tip when the arc
was switched off was different: (a) diffuse mode, (b) spot mode, (c) and (d) so-
called super spot mode. The global cathode tip temperature © decreases from about
3,000 K to about 1,700 K going from the diffuse arc attachment to the so-called
super spot mode [86]. So, depending on the operating conditions, the deformation
of the electrode tip can be quite a fast process, altering the operation condition of
the whole lamp dramatically (cf., e.g., Sect.4.4.4). The process of electrode
deformation observed in operating UHP lamps also occurs on very short time scales
[45, 119].

3.2 Plasma Diagnostics

The plasma is the most important part of HID lamps because the primary purpose of
any lamp is the generation of light. This light is produced within the plasma, the
relevant processes are described in Sect. 2.2.3. The temperature of the plasma plays
a central role for the radiation processes in HID lamps. This plasma temperature can
be measured using emission spectroscopy or X-ray methods as described in
Sect. 3.2.1. The plasma radiation, the heat flux from the plasma to the discharge
tube, the heat flow through the electrode ends, and the radiation emitted by the
electrodes are loss mechanisms requiring constant electrical power input into the
plasma. This electrical power input is higher in the near-electrode plasma due to the
losses induced by the heat flow through the electrode ends and the radiation emitted
by the electrodes. The additional electrical power input into the near-electrode
plasma is revealed in the so-called electrode fall voltages, namely the cathode and
the anode fall voltage. The electrical power consumption of the so-called plasma
column between anode and cathode is proportional to the length of the plasma
column, i.e., the electric field is constant within the plasma column. The
measurements of the electrode fall voltages, the electric field within the plasma
column, and the plasma potential will be discussed in Sects. 3.2.2 and 3.2.3. A
further important parameter for the description of the plasma in HID lamps is the
pressure. The spectral power distribution (cf., e.g., Figs. 1.23 and 1.29), the power
consumption, and the plasma temperature strongly depend on the operating
pressure. The experimental determination of the pressure is discussed in Sect. 3.2.4.

3.2.1 Emission Spectroscopy

The radiation escaping from a discharge lamp is the primary purpose of an HID
lamp. To get the total light output of a lamp, the lamp can be placed in an Ulbricht
sphere to measure the total radiation of the lamp. To obtain the spectral power

18 gee Sect. 3.1.9.
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distribution of a lamp (as shown in Chap. 1 for several lamps), the light emission is
measured as a function of wavelength 1. Moreover, the luminous intensity can be
measured depending on the angle, resulting in the polar distribution curve of a
lamp.

The most important parameter of an LTE plasma is the local plasma
temperature. Together with the pressure, one can calculate the plasma composition,
the ionization degree, the population density of excited atoms, and thus the plasma
radiation if the local plasma temperature is known. A common technique to obtain
the spatially resolved temperature profile 7(r) of a rotationally symmetric plasma is
a line-of-sight diagnostic. Measurements of side-on intensities for various chords
through the plasma with different distances y to the center of the discharge are used
to calculate radially resolved emission data. From these data, the radially resolved
temperature profile can be calculated (see later). The deflection of the various
chords through the plasma (with different distances y to the center of the discharge)
due to the refraction at the arc tube does not alter the “effective” distance of the
line-of-sight from the center of the discharge, only the orientation changes (cf.
Fig. 3.38).

If £4(r) denotes the emission density per steradian at wavelength A of optically
thin radiation, the measured radiation intensity at wavelength A using a chord with
distance y to the center of the discharge is given by J,(»):

x=\R = y?
Lm=2 [ &E)dx (3.30)
x=0

The factor 2 in front of the integral accounts for the fact that the integral yields
only the emission along the line-of-sight starting from x =0 in the positive x
direction. An illustration of this and the following equations can be found in
Fig. 3.39. To transform dx to dr, the relation q,./qy = ,/(/;* — %) has to be used:

r=R rdr
L=2]_ e (”)Tyz'
The measured value is the spatially resolved side-on intensity J;(v), whereas the
wanted quantity is the emission density per steradian at wavelength A: £,(r). The so-
called inverse Abel transformation or Abel inversion is used to calculate £ (r) from
the line-of-sight measurements of J;(»):

(3.31)

£, (r)=—— )
g b Ay 202 (3.32)

IIFR d/,(y)  dy

To get sufficiently good values for the derivative dJ,(y)/dy, the side-on intensity
J;(») has to be measured at many positions y. The inverse Abel transformation not
only assumes a rotationally symmetric plasma, the measured emission must also
escape from the plasma without absorption, i.e., only optically thin radiation might
be considered.
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Fig. 3.38. Deflection of line-of-sight due to the refraction at the arc tube (here: the quartz
vessel of a D2 automotive headlight lamp, Ry = 1.35 mm, R, =3 mm [132]). The electrodes
are located above and below the drawing plane
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Fig. 3.39. Illustration of the inverse Abel transformation of the measured line-of-sight
radiation intensity J,(») to get the wanted emission density €,(r) per steradian at wavelength
A. The electrodes are located above and below the drawing plane atx =y =0

The inverse Abel transformation can be used if the radiation intensity of
an optically thin line is measured, as, e.g., in [93] using the xenon atom line at
764 nm and the xenon ion line at 529.2 nm in a high-pressure xenon discharge
(up to 4 MPa) or in [4, 83, 84, 101] using the mercury atom lines at 577 and
579 nm in different mercury discharge lamps (pressure between 0.5 and 3.7 MPa).
Equation (2.23) can be used to compute the temperature profile 7(») as soon as
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the emission density &£,(r) per steradian is determined (cf. Sect.2.2.3 and
(2.23)"9):
En
g, :ﬁ% Ao n%e r,(2). (3.33)

Anm 18 the wavelength of the emitted photon for a transition from energy level n
to energy level m. 4,,, is the transition probability for such a transition, » the atom
density, g, the statistical weight of energy level n, and Z the partition function. The
factor L,,(A) describes the line broadening of the transition as described in
Sect. 2.2.3 Integrating L,,,,(1) over all wavelengths yields 1. Nevertheless, there are
two major problems using this method: The transition probability 4, is often
unknown and the line radiation in HID lamps is often not optically thin [132].

An alternative solution is the measurement of the continuous radiation due to
recombination of free electrons with ions and electron-atom and electron-ion
bremsstrahlung, as described in [93] in a high-pressure xenon discharge. However,
the occurrence of line radiation in the wavelength range under consideration will
often disturb this type of measurement.

Despite the frequent usage of the mercury lines at, e.g., 577 and 579 nm in [4,
83, 84, 101] for the determination of the plasma temperature in mercury high-
pressure discharge lamps, it cannot always be assumed that these “diagnostic”
lines are optically thin in HID lamps (cf. [132] citing [157]). An alternative
method originating from Bartels (cf. [132] citing [7]) is the usage of the side-on
measured emission spectra together with models for self-reversed lines. The
Bartels method consists of the measurement of the radiation intensity of the two
maxima of a self-reversed spectral line. Connecting this measured radiation
intensity to the radiation of a black body radiator, a radial temperature distribution
can be computed. This method was employed in [132] for the temperature profile
determination of a mercury discharge lamp (6 MPa) and a metal halide lamp
(3 MPa mercury + 6 hPa Nal). Moreover, the Bartels method was used in [100] to
get the plasma temperature profiles in a D2 automotive headlight lamp. These
results will be shown in Sect. 4.4.6 and compared to results from numerical
simulations (Figs. 4.84 and 4.85). Another possibility to measure temperature
profiles in mercury discharges is described in [6] using the self-reversed mercury
lines at 404.7, 435.8, and 546.1 nm.

If translucent materials of the tube do not allow for optical or UV techniques
because of refraction and scattering from the arc tube, X-ray techniques offer the
possibility to measure the density/temperature of the plasma in the operating lamp
with a spatial resolution that is not limited by the translucent materials (e.g.,
polycrystalline alumina (PCA), cf. Sect. 1.3.8). For that purpose, the arc is illumi-
nated by X-rays and the resulting shadow is recorded by a two-dimensional array
detector. Comparison of the shadow cast by an operating lamp with the shadow cast

19 Instead of the radiation emission coefficient e, (radiation energy per unit time and
volume) given in (2.23), the emission density £, per steradian is given here.
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by a cold lamp20 yields the transmission of the Hg vapor alone. Spatially resolved
column densities can be computed from the measured transmission of the Hg vapor,
if the atomic absorption cross section is known. These column densities can be
transformed into the absolute density distribution p(r) depending on the radius » if
rotational symmetry is assumed and inverse Abel transformation is applied. Finally,
the gas or plasma temperature 7(») can be calculated from the density distribution
p(r) if the pressure is known (p =nkT, cf. (2.13)). This method can notonly be
applied to lamps with translucent arc tubes, but also to a switched off lamp to
determine the time-dependent temperature of the gas during the cool-down after the
arc has been extinguished. In this case, no radiation is generated by the gas, so that
emission spectroscopy is not possible [42, 175].

3.2.2 Electrode Fall Voltage and Electric Field of Column

The total lamp voltage U, can easily be measured. U, is in general composed of
the cathode fall voltage, the anode fall voltage, and the voltage drop across the
plasma column. As indicated in Fig. 3.40, the voltage drop per unit length is
constant across the plasma column, i.e., the electric field Ep 1S constant in the
plasma column. Thus, the extension of the arc by increasing the electrode gap yields
an increase of the total lamp voltage given by Eyd, where d is the additional
extension of the arc. If the distance /,, between the anode and cathode tip and the
electric field in the plasma £, are known, the equation

Ut —Eolye =U. +U,, (3.34)

prac
yields the sum of anode and cathode fall voltage. This sum is also known as the
electrode sheath voltage (ESV).

The anode and cathode fall voltages are defined as the extrapolation of the linear
part of the electric potential distribution on the lamp axis to the electrode tip positions
(cf. Fig. 3.40). The difference between this extrapolation and the electric potential at
the cathode surface (U=0 V') is the cathode fall voltage U,, the difference between
the extrapolation and the electric potential at the anode surface (U = U,,) is the anode
fall voltage U,. This definition is similar to the experimental determination of cathode
and anode fall voltages (see below and Sect. 3.2.3). The electrode fall voltages
correspond to the additional power consumption in the near-electrode plasma, i.e., the
extra®! demand of electrical power input due to the losses to anode and cathode and
due to the increased radiation output by the bright hot plasma spots.

These losses to anode and cathode are partly due to the large temperature
gradient between hot plasma spots and electrode tip. The electrode tips in HID
lamps have typical temperatures around 2,000-3,500 K, the typical plasma tempe-
ratures in the plasma column are around 4,000—7,000 K, at the hot plasma spots the

20Tn a cold lamp, the mercury vapor condenses on the wall or the electrodes.

21 In contrast, the electrode fall voltages in sheath models (normally cathode fall voltage U,)
correspond to the total voltage drop over the sheaths under consideration without
consideration of the “normal” power consumption per unit length in the arc and in general
without consideration of constriction zones or hot plasma spots (cf. Sect. 4.1.1).
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Fig. 3.40. Sketch of the electric potential in the plasma on the lamp axis of an HID lamp
from cathode to anode tip

plasma temperature might be as high as 10,000 K (typical distance from hot plasma
spot to electrode tip in HID lamps: 30-250 um). Thus, the electrodes act as heat
sinks for the plasma, i.e., a power flux from the plasma to the electrode tips
maintains the electrode temperature. This heat is passed through the electrodes to
the outside connections of the electrodes (electrode root) and power is radiated from
the electrode surfaces according to the Stefan—Boltzmann law. This constant drain
of power out of the plasma must be balanced by an increased electrical power input
into the near-electrode plasma compared to the electrical power input into the
plasma column. Additionally to the heat flux from the plasma to the electrodes, the
cathode is heated by an ion current, leaving the ionization energy at the cathode
during the neutralization of the ion. The generation of “new” ions in the near-
cathode plasma consumes power which must also be balanced by an increased
electrical power input into the near-cathode plasma. Moreover, the electron current
at anode and cathode participates at the power balance of the clectrodes??. This
additional power demand is the reason for the electrode fall voltages (anode fall
voltage and cathode fall voltage), i.e., the additional voltage drop in the near-
electrode plasma to balance electrode losses. The additional power input into the
near-electrode plasma can thus be described by U.I and U,l.

An alternative way of looking at the electrode fall voltages is to examine the
electric field, the electrical conductivity, and the electric current density: The
electric field is connected via the electric current density j = oF to the electrical

22 More details on the power balance of cathode and anode can be found in Chap. 4.
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conductivity. Due to the current continuity equation (cf. (4.6)), the electric field
must be increased if the current must be conducted through a “sheath” with low
electrical conductivity to preserve the total lamp current, i.e., one gets high electric
fields in plasma areas where it is “tough” to get the imposed current through. The
near-electrode plasma is relatively cold compared to the temperature in the plasma
column or the hot plasma spots and, therefore, the electrical conductivity is
extremely low (cf. Figs. 2.19 and 2.20). Thus, the electric field in the near electrode
plasma is considerably higher compared to the electric field in the plasma column,
resulting in the electrode fall voltages described earlier and visualized in Fig. 3.40.
The corresponding high electrical power input (O'E2 =JjF) elevates the temperature
of electrode and near-electrode plasma. An increased plasma temperature results in
an increased electrical conductivity, a higher cathode temperature implies stronger
electron emission, resulting as well in an enlarged electrical conductivity in the
near-cathode plasma. Moreover, the temperature of the hot plasma spots is high for
large electrical power inputs, resulting in high electron densities in this plasma
region close to the electrodes (cf. Figs. 2.6 and 2.8). Due to diffusion of electrons
from the hot plasma spots into the cold near-electrode plasma, the electrical
conductivity is also increased (cf. Sect. 4.4). So the electric field can decrease to a
value where power balance and current continuity are in balance. Moreover, the
constriction of the arc in front of the electrode tips (constriction zones) is also
responsible for an enlargement of the electric field due to the corresponding
increase of the electric current density j (same current / through smaller area 4).

The easiest way to measure electrode fall voltages (U,, U,) and electric field in
the plasma column (£},) is the measurement of the total lamp voltage in HID lamps
with different electrode gaps but otherwise identical properties of the plasma
column.?® The measurements are easy, but ensuring identical properties of the
plasma column in lamps with different electrode gaps is difficult. One possibility is
described in [102], using high-pressure mercury discharge lamps with an electrode
gap from 28 to 83 mm. The challenge in producing these lamps is the operating
pressure of the mercury (in [102]: 0.6 MPa), which must be equal in all lamps. This
is because the pressure has a great influence on the lamp voltage due to the strong
dependence of the electrical conductivity on the pressure of the discharge (cf.
Fig. 2.19). If this pressure effect is superimposed on the total lamp voltage change
due to the different electrode gaps, the thus deduced electrode fall voltages (U,,U,)
and electric field in the plasma column (£;) will be wrong. Equal pressures require
different mercury doses in the lamps with different electrode distances, which
makes the production of appropriate test lamps very time consuming.

The result of the measurements described in [102] is shown in Fig. 3.41: The
lamps were driven with sinusoidal lamp currents with frequencies in the range from
50 Hz to 5 kHz. The measured total lamp voltages for four different electrode gaps
from 28 to 83 mm are shown as a function of time (two specimens of each lamp). In
Fig. 3.42, these measured total lamp voltages are plotted vs. the electrode gap for

23 This is a well-known method, described for example by Bauer and Schulz in 1954 in [10].
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Fig. 3.41. Lamp current (solid line) and total lamp voltages for different electrode gaps
(dashed lines, legend: top right) and different current frequencies vs. time (gas: mercury,
pressure: 0.6 MPa, [102])

different points in time within one current cycle for the 50 Hz discharge. The slope
of the lines®* through the measured total lamp voltages vs. electrode gap is equal to
the electric field in the plasma column E,. The sum of anode and cathode fall
voltage (U, + U,) is given by the extrapolation of these lines to zero electrode gap.

Figure 3.43 shows the evaluation of the slope of the lines shown exemplarily in
Fig. 3.42 for the three different frequencies in the range from 50 Hz to 5 kHz vs.
time, i.e., the electric field E, in the plasma column vs. time. The dashed and dotted
lines are obtained from numerical simulations for a 0.55 MPa (dashed line) to 0.65
MPa (dashed-doted line) mercury plasma as described in [102]. In the case of low
frequencies (here: 50 Hz), the plasma cools down during the low current periods of
the sinusoidal lamp currents. As soon as the lamp current increases, the plasma is
heated up again, leading to a higher electric field (higher electrical power input) at
the beginning of the cycle. The higher the frequency, the smaller this cooling down
of the plasma column, i.e., the smaller the additional electrical power input
necessary for heating up again the plasma.

Figure 3.44 shows the evaluation of the extrapolation of the lines shown
exemplarily in Fig. 3.42 to zero electrode gap for the three different frequencies in

24 Each line represents a different point in time.
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Fig. 3.42. Total lamp voltage vs. electrode gap / for 50 Hz at different points in time (gas:
mercury, pressure: 0.6 MPa, [102])

the range from 50 Hz to 5 kHz versus time, i.e., the sum of anode and cathode fall
voltage (U, + U,) vs. time. The dashed line corresponds to the total lamp voltage
measured for the 28-mm lamp minus a calculated electric field in the plasma
column according to a model described in [102] times the electrode gap, i.e., not the
electric field in the plasma column obtained from the measurements described
earlier and shown in Fig. 3.43 is taken for the determination of the dashed line, but a
calculated electric field as indicated by the dashed and dotted lines in Fig. 3.43. The
shaded band corresponds to the same for all other lamps with larger electrode gaps.
The maximum of the electrode fall voltages (U, + U,,) at the beginning of the
current cycle is due to the cooling down of the electrodes during the low current
periods of the sinusoidal lamp currents. To sustain the increasing lamp current after
current reversal, the cathode, for example, has to be heated up to emit sufficient
electrons. Again, the higher the frequency, the smaller this cooling down of the
electrodes, i.e., the smaller the additional electrical power input necessary for
heating up the electrodes after current reversal. Due to the different time constants,
the behavior of plasma and electrodes is different (compare Figs. 3.43 and 3.44).
Instead of using different lamps with different electrode gaps, one can use a
lamp with movable electrodes, so that the electrode gap can be adjusted during
operation. For this (and other) reasons, a model lamp was realized as described
already in Sects. 3.1.4 and 3.1.9 (see also Figs. 3.5, 3.27, and 3.28). The lamp
consists of a tube made of fused silica with an inner diameter of 9 mm. It is fixed at
both ends in metallic end pieces. Electrode holders are inserted into the tube
through axial cylindrical holes in the end pieces. They can be displaced within the
tube by stepping motors. Tungsten electrodes of different length and diameter are
soldered into the tips of the holders (Fig. 3.46). This model lamp is restricted to
pressures up to 1 MPa (10 bar) and the usage of rare gases. A more detailed
description of this model lamp can be found, e.g., in [43, 86, 114, 115, 121, 123].
The measured total lamp voltage for different lamp currents vs. electrode gap
for pure tungsten electrodes with a diameter of 1 mm in an 2.6 MPa argon plasma
is shown in Fig. 3.45 according to [114]. Again, the slope of the curves is equal
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Fig. 3.43. Electric field £, in the plasma column (solid line) vs. time obtained from the slope

of the lines shown in Fig. 3.42. The dashed and dotted lines are obtained from numerical
simulations for 0.55 MPa (dashed (lower) curve) to 0.65 MPa (dashed-dotted (upper) curve)
according to [102]

to the electric field in the plasma column E,, the sum of anode and cathode fall
voltage (U, + U,) is given by the extrapolation of these curves to zero electrode gap.
This model lamp can also be used for the probe measurements described in
Sects. 3.2.3.

3.2.3 Plasma Potential

The model lamp described earlier and in Sects. 3.1.4 and 3.1.9 with movable
electrodes can also be used for so-called probe measurements as described in [114,
115] using Langmuir probes.25 For this reason, the arc tube of the model lamp is
modified: Two tubes of smaller diameter are attached at the middle of the discharge
tube so that a cross is formed (cf. Fig. 3.46). Two probes are inserted into the
discharge tube through these side arms. They are made of thin tungsten wires
shaped as half circles at their ends, so that both probes form a ring which surrounds
the arc. One probe is operated at floating potential, the other is biased with a

25 Langmuir probes have been widely used to study plasma parameters in low-pressure
discharges in fluorescent lamps since the early 1950s [111, 130].
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Fig. 3.44. Electrode fall voltages (solid line) vs. time obtained from the extrapolation of the
lines shown in Fig. 3.42 to zero electrode gap. The dashed line corresponds to the total lamp
voltage of the 28 mm lamp minus a calculated electric field in the plasma column according
to a model described in [102] times the electrode gap, the shaded band corresponds to the
same for all other lamps with larger electrode gaps

positive voltage ramp relative to the grounded cathode. The measured probe current
as a function of the probe voltage (probe characteristic) can be used to deduce, for
example, the plasma potential or the electron temperature at the position of the
probe [114, 115]. Although the insertion of the probe in the plasma and the
collection of charged particles by the probe disturbs the plasma, these disturbances
are assumed to be localized in a thin layer around the probe, so that the plasma
parameters are not altered by the probe measurements. The model lamp used for
these probe measurements is restricted to pressures up to 1 MPa (10 bar) and the
usage of rare gases, Langmuir probe measurements in real HID lamps are up to now
out of reach.

The advantage of these probe measurements is the determination of the plasma
potential as a function of the distance to the cathode tip (cf. Fig. 3.47). This plasma
potential vs. distance to cathode tip can then be used to separately calculate anode
and cathode fall voltages instead of the sum of anode and cathode fall voltages as
described in Sect. 3.2.2 (cf. Figs. 3.40 and 3.47). Since the probes are fixed within
the arc tube, the electrodes must be moved inside the discharge vessel (during lamp
operation), keeping the electrode gap constant. Thus, it is possible to measure the
plasma potential at different distances to the cathode tip.
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Fig. 3.45. Total lamp voltage versus electrode gap for different lamp currents ip (electrode
material: pure tungsten, electrode diameter: 1 mm, gas: argon, pressure: 0.26 MPa, [114])
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ig (electrode material: pure tungsten, electrode diameter: 0.6 mm, gas: argon, pressure:
0.26 MPa, [114])
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A visualization of the results obtained by such a measurement is given in
Fig. 3.47. The line through the measured plasma potentials can be extrapolated to
the position of anode and cathode tip. The difference between this extrapolation and
the electric potential at the cathode surface (0 V) is the cathode fall voltage U,, the
difference between the extrapolation and the electric potential at the anode surface
(Uiop) 1s the anode fall voltage U,. Thus, the cathode fall voltage can be directly
extracted from the measured plasma potential, the determination of the anode fall
voltage requires additionally the measured total lamp voltage U, The slope of the
line through the measured plasma potentials corresponds to the electric field in the
plasma column, E,,.

The measured plasma potentials vs. the distance to the cathode tip for different
lamp currents from 1.5 to 6.0 A in a 0.26 MPa argon discharge with pure tungsten
electrodes with 0.6 mm electrode diameter are given in Fig. 3.48. The cathode fall
voltage (extrapolation of plasma potential at cathode tip position) decreases with
increasing current from about 14V at 1.5 A to about 9V at 6 A. The power
consumption in the near-cathode plasma corresponding to these cathode fall
voltages, however, increases with increasing current from 21 W at 1.5 A to 54 W at
6 A (U.]). The electric field in the plasma column (slope of the plasma potential
curve) decreases with increasing current from 10 V em™at 1.5A to 6V em™!
at6 A.

To be able to estimate the reproducibility of the results of the probe
measurements, a series of ten independent measurements were performed using
three different sets of identical electrodes (pure tungsten electrodes with a diameter
of 1.5 mm and a length of 25 mm) in a 0.26 MPa argon discharge (cf. Fig. 3.49).
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Fig. 3.49. Total lamp voltage, anode, and cathode fall voltages vs. lamp current from ten
series of measurements using three different sets of identical electrodes (electrode material:
pure tungsten, electrode diameter: 1.5 mm, electrode length: 25 mm, gas: argon, pressure:
0.26 MPa, [115])
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The scattering of the total lamp voltage might be due to fluctuations in the arc
column and at the electrodes and due to small tolerances between the three sets of
electrodes used. The total lamp voltage for 1.5 A varies for example from 59 to
70V, i.e., over quite a broad range. The cathode fall voltage, which is determined
without the use of the measured total lamp voltage scatters for 3.0 A from 20 to
24 V and for 6 A from 14 to 21 V. The anode fall voltage seems to be independent
of the lamp current /. The strong scattering of the anode fall voltage is due to the
fact that the measured plasma potential curve and the measure total lamp voltage
are necessary to determine the anode fall voltage. The anode fall voltage for the
lamp under consideration in Fig. 3.49 varies from 2.5 to 12.5 V.

Again, if experimental results (e.g., electrode or plasma temperatures, electrode
fall voltages, etc.) are compared with results from numerical simulations, it has to
be kept in mind that the experimental results should not be overinterpreted, i.e., the
measurements at similar lamps or at equal lamps at different times might yield
different results (compare with Sects. 3.1.4, 3.1.7, and 3.1.13).

3.2.4 Determination of Lamp Pressure

An important parameter for the description of the plasma in HID lamps is the
operating or working pressure. The gas and plasma properties and the transport
coefficients of the plasma depend on the operating pressure of the lamp as described
in Sects. 2.1, 2.2, and 2.3. Thus, many properties of the lamp, as for example the
spectral power distribution (cf. e.g., Figs. 1.23 and 1.29), the power consumption,
and the plasma temperature, strongly depend on the operating pressure.
Nevertheless, the experimental determination of the working pressure in
commercial HID lamps is quite difficult.

The operating or working pressure of a lamp should not be mixed up with the
initial or cold fill pressure, i.e., the pressure within the cold lamp. The pressure of
sodium, mercury, or metal halides in the cold lamp can normally be neglected. The
inert, noble, or rare gas which is used as the starting gas, may have very different
cold fill pressures, e.g., 100 hPa (0.1 bar) argon in a UHP lamp [88] or several bars
of xenon in a D2 automotive headlight lamp. This pressure will of course rise during
operation, reaching, e.g., 5 MPa (50 bar) of xenon in the D2 lamp.

A direct determination of the operating pressure with the help of pressure valves
or a pressure gauge is only possible in pure noble gas discharges, as for example
used in the model lamp described in Sects. 3.1.4, 3.1.9, 3.2.2, and 3.2.3 (cf. [43, 86,
114, 115, 121, 123] or the xenon lamp mentioned in Sect. 3.2.1 (cf. [93]). If metals
like mercury or metal halides are present in the discharge, the pressure is
determined by the cold spot temperature. This cold spot temperature, however,
would be very low due to all sorts of extensions to the discharge tube for the
determination of the lamp pressure by means of a pressure gauge. Thus, the use of
pressure gauges in HID lamps is not possible apart from pure noble gas discharges.

The cold spot temperature can be used to determine the pressure in lamps
containing metals as, e.g., low and high-pressure sodium lamps, fluorescent lamps,
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high-pressure mercury, or metal halide lamps. If the cold spot temperature is known,
the vapor pressure of the gas can be calculate as outlined in Sect. 2.2.1 and shown in
Figs. 1.17, 1.21, 1.25, and 1.32. However, since vapor pressure strongly depends on
the cold spot temperature, this method is of limited precision. The method can be
inverted to adjust the wanted operating pressure by using a suitably designed
discharge tube yielding the appropriate cold spot temperature or by heating or
cooling the cold spot temperature as described, e.g., in Sect. 3.1.12 or in [80].

The mercury or sodium vapor pressure can be determined by the self-reversed
mercury 254 nm-line or sodium D-lines (589.0 and 589.6 nm) in HID lamps. The
wavelength separation A4 between the maxima of the self-reversed resonance lines
(sodium) or between the line-center and the long-wavelength self-reversal
maximum (mercury) depends on the pressure, the radius of the discharge tube (R),
and the temperature profile because all these parameters affect the possible
absorption of the resonance lines especially in the outer region of the plasma. For
typical temperature distributions in high-pressure sodium lamps, the relation
between plasma temperature and sodium vapor pressure is rather weak, so that a
rule-of-thumb can be given to determine the operating pressure in high-pressure
sodium lamps [80]:

_2.740.5

PNa ® \/E

Thus, the sodium pressure py, (in kPa) can be determined by the measured
wavelength separation A4 (in nm) of the sodium D-lines and the radius R (in mm)
with an inaccuracy of approximately 20% if a typical temperature profile is
assumed.

Another method for the determination of the operating pressure can be used in
high-pressure mercury lamps with unsaturated mercury vapor (no condensed
mercury left at the inner tube wall) as, e.g., in the UHP lamp (cf. Sect. 1.3.6). If the
temperature profile of the whole discharge volume or an average temperature is
known, the pressure can be calculated using the ideal gas law (cf. Sect. 2.1.5):

AA. (3.35)

p=nkT. (3.36)

The integration of the particle density 7 over the whole discharge volume times
the molar mass must yield the total amount of mercury placed in the lamp.

The pressure can also be determined if the dependence of the electrical
conductivity on pressure and temperature is known. If the plasma temperature
within the discharge has been measured, the pressure can be calculated using Ohm’s
law and the (known) lamp current as described in [84]. A similar method is
described in [80] and has been used in [102].

Further discussions concerning the operating pressure of HID lamps can be
found in Sects. 4.4.5 and 4.4.7.
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Numerical Simulations

After the introduction of high-intensity discharge (HID) lamps in Chap. 1 and the
detailed discussion of plasma and electrode properties in Chap. 2, Chap. 3 was
concerned with experimental investigations of electrodes and plasma in HID lamps.
The present chapter focuses on the numerical treatment of electrodes and plasma.
The experimental and numerical investigations can greatly benefit from each other
as will be shown in this chapter. The numerical simulation can explain many details
of the experimental findings and give deep insight into the principles of HID
lamps because many limitations of experimental methods do not exist for numerical
simulations (e.g., accuracy in space and time). The description of numerical
simulations of HID lamps treated in this chapter is based on the results and findings
of Chaps. 1-3.

The chapter starts with electrode models, which are discussed in Sect. 4.1. The
modeling of the plasma without the consideration of electrodes is the contents of
Sect. 4.2. As described already in Chap. 3, there is a strong coupling between
electrodes and plasma in HID lamps, so that numerical models should include both
electrodes and plasma. Section 4.3 gives an introduction to such extended models.
A central issue of Chap. 4 is such an extended model, namely the self-consistent
electrode—plasma model which is the focus of the author’s research work.! The
model will be introduced and discussed in Sect. 4.4. Many interesting results
obtained with the self-consistent electrode—plasma model will be presented,
accompanied by numerous comparison between numerical and experimental
results. As will be shown in Sect. 4.4, the numerical investigations are necessary to
understand, improve, or develop new high-pressure discharge lamps and to improve
the principal understanding of HID lamps.

U Part of Sect. 4.4 is published by the author in [53-65].
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4.1 Modeling of Electrodes

The electrodes and the plasma are strongly coupled: Thermal conduction from the
plasma to the electrode tips is heating anode and cathode. The cathode might
be heated by an additional ion current generated in the near-cathode plasma,2
the anode is heated through the electron current.> The electrons emitted by the
cathode (cf. Sect. 2.4.4) and the electrons “extracted” from the cathode for the
neutralization of ions cool the cathode. Moreover, anode and cathode are cooled
due to radiation cooling, i.c., the black body radiation from their surface (cf. Sect.
2.4.3). Thus, the power balance of the electrode is strongly coupled to the plasma
and its properties.

Moreover, the arc attachment to the electrode surfaces is not only determined by
electrode properties like the electron emission current. The electric current must
pass through the so-called constriction zones in front of the electrode tips, where the
relatively broad electric current density profile of the plasma column is transformed
to the relatively small electric current density profile in the near-electrode plasma.
The extension of the arc attachment area on the electrode surfaces is influenced by
the plasma and its ability to carry the electric current, i.e., a possible spot or diffuse
arc attachment is not only determined by electrode properties (cf. e.g., Sects. 4.4.3,
444,447, and 4.4.8).

Additionally, the work function, which determines the electron emission current
of the cathode, can be influenced by constituents of the plasma as described in
Sects. 3.1.11, 3.1.12, and 4.4.6. Tungsten, which is possibly evaporated from the
electrode surfaces, might be transported through the bulk plasma and settle at other
electrode positions, leading to the deformation of the electrode tips or to cold end
attacks (cf. Sect. 2.4).

Despite the above, simple cathode models, neglecting to a large extent the
influence of the plasma like heat conduction from the plasma to the cathode tip or
the constriction zone in the near cathode plasma, are able to calculate as a first
approximation the power balance of the cathode. Details like the ion to electron
current ratio* or the arc attachment mode or area might be misjudged by simple
cathode models. Details about these questions can be found in Sects. 4.1.1, 4.1.2,
and Sect. 4.4 (especially Sects. 4.4.3,4.4.4,4.4.7, and 4.4.8).

2 Due to the higher mobility of electrons compared to the mobility of ions, the lamp current in
the bulk plasma is carried mainly by electrons (cf. Sect. 2.3.2). An ion current at the cathode
surface, which is sort of balancing a possible deficiency of electron current due to
insufficient electron emission at the cathode surface, must thus be “produced” in the near-
cathode plasma.

3 In the following “cathode” means “cathode” for dc currents and “electrode during cathode
phase” for ac currents (likewise for the anode).

4If the heat conduction from the plasma to the cathode tip is neglected, the only heating

mechanism for the cathode is the ion current, which will thus be overestimated (cf. Sect.
4.4.3).
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Section 4.1.1 deals with a simple cathode model, some examples of electrode
models are given in Sect. 4.1.2. In Sect. 4.1.3, differences between anode and
cathode will be discussed.

4.1.1 Cathode Sheath Model

A simple and instructive cathode model is given by Neumann in [130] (based on
[5], summarized in [31]). The temperature distribution within the cathode is
calculated using the (time-independent) heat diffusion, heat conduction, or power
balance equation:

V-(Ag VTy)+ o Ef =0. (4.1)

Ag is the thermal conductivity of the electrode (normally tungsten, cf. Sect. 2.4.1),
Tg the electrode temperature distribution within the cathode, o the electrical
conductivity of the electrode, and Ef the electric field within the electrode. The
electric field within the cathode can be calculated using the current conservation
within the cathode and the known electrical conductivity o (V - (ozEp) = 0,
cf., e.g., [31]). The Joule heating term c7E~(EE)2 can be neglected in high-pressure
discharge lamps [5, 18, 30, 130, 168].

The heat flow within the cathode is brought into the cathode via an ion current at
the cathode tip. The model presented in [130] thus neglects the heat conduction
from the plasma to the cathode tip. The reason for this approximation is that the
model originates from low-pressure discharge lamp electrodes, where the heat
conduction of the plasma to the electrode tips does not play a role. Instead, the ions
are accelerated due to the voltage drop across the so-called space charge zone,
which is assumed to be collision-free (which is true in low-pressure discharge
lamps). This voltage drop is the cathode fall voltage, which is defined as the voltage
drop across the space charge zone. This definition is different from that given in
Sect. 3.2.2, where the cathode fall voltage (times the lamp current) was defined
(similar to the experimental determination) as the extra amount of power necessary
to balance the losses to the cathode and an increased radiation output by the bright
hot plasma spots. Thus, the ions leave their ionization energy ¢; and their kinetic
energy due to the collision-free acceleration in the space charge zone at the cathode
surface. The electron, which is necessary to neutralize the ion at the cathode
surface, cools the cathode (work function ¢).

In high-pressure discharge lamps, however, the ions cannot be assumed to move
collision-free through the space charge layer. Due to many collisions with other
heavy particles, the ions leave their kinetic energy gained due to the acceleration in
the cathode fall voltage within the near-cathode plasma. This energy is then
transported to the cathode tip via heat conduction, so that the resulting power input
into the cathode tip is comparable for both notions.
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Apart from the heating due to an ion current, the cathode is cooled by electron
emission (cf. Sect. 2.4.4) and radiation cooling (cf. Sect. 2.4.3), so that the resulting
heat flux density ¢ to the cathode surface is given by

Ty . . .
q= ZE a—’f:./t,i (eUc +@;— ¢)_(./t, emission .]t, back )(P_ ‘("O—SBTS' (42)

Ji,i 1s the particle flux density of i0ns, ji ¢mission the particle flux density of electrons
emitted by the cathode, and ji p,ck the electron back diffusion particle flux density
from the plasma to the cathode against the cathode fall voltage U.. U. is the cathode
fall voltage, ¢; the ionization energy of the gas atoms, and ¢ the work function of
the cathode. € is the emissivity of the electrode material, ogg the Stefan-Boltzmann
constant, and Ty the cathode temperature. The term OTy/0n denotes the
component of the cathode temperature gradient normal to the cathode surface and
Ag the thermal conductivity of the cathode. The quantities ji j, ji emission» Jt.backs IE>
and 0T/ 0n depend on the position on the cathode surface, i.e., ji, /i emissions a0d
Jiback might be large at the very tip of the cathode but drop steeply for larger
distances from the cathode tip. Thus, the heat flux density ¢ to the cathode tip is
large, positive, and dominated by electron and ion current near the cathode tip,
whereas ¢ is smaller, negative, and dominated by radiation cooling at the cathode
surface below the cathode tip. The electrode properties Ay and € are temperature
dependent, as described in Sects. 2.4.1 and 2.4.3, respectively. The cathode fall
voltage U, is independent of the surface position, i.e., U, is assumed to be spatially
constant.

The heating and cooling due to ion and electron current is localized at the
cathode tip within the so-called arc attachment area. The radiation cooling is not
localized to this arc attachment area, but due to its strong dependence on the
cathode (surface) temperature, it is more important at the upper part of the cathode
with higher temperatures.

To be able to calculate the cathode fall voltage U, or the temperature distribution
of the cathode T, some equations connecting the variables ji ;, /i emissions Jtback> Ucs
and T are necessary. It would be beyond the scope of this section to go into all the
details of this cathode model, so only two of these equations will be discussed here.
The first equation is the Richardson—Schottky equation discussed in Sect. 2.4.4
(2.61). With a given electrode temperature 7 and electric field E, in the plasma at
the cathode surface, the electron emission current density ey emission can be
calculated. The electric field E in the plasma at the cathode surface is calculated
using the Poisson equation (4.10), the cathode fall voltage U, and the assumption
that ions and electrons move collision-free through the space charge zone.

A further equation interlinks ji ;, i emission> and U using a power balance in the
so-called ionization zone: The ionization zone is located between the space charge
zone (adjacent to the cathode surface) and the plasma column. The ions which hit
the cathode are generated within this ionization zone. The power necessary for this
ion production in the ionization zone is provided by electrons emitted by the
cathode and accelerated by the cathode fall voltage. The power flux from the
electrons to the ionization zone is given by the particle flux density of electrons
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emitted by the cathode, j¢mission times the kinetic energy of each electron
accelerated by the cathode fall voltage across the space charge layer, i.e., eU..
Neglecting other terms of the power balance (like heat conduction, radiation, etc.),
this energy is brought back to the cathode via the ion current. The power flux from
the ionization zone to the cathode is given by the particle flux density of ions, ji ;,
times the ionization energy ¢; necessary to generate one ion. The power balance
thus reads>:

eUc jl,emission :jl,i(ﬂi' (4.3)

So, the higher the cathode fall voltage U, the higher the ratio of ion to electron
current. Since the ion current heats the cathode with the kinetic energy gained
through the cathode fall voltage U, (plus ionization energy and minus work function
for the release of one electron), this will result in a strong heating of the cathode,
resulting in an increase of the electron emission current, i.€., j; emission 18€s. Thus,
both the ion current and the cathode fall voltage will decrease. This interaction
between electron emission current and ion impact heating the cathode is mainly
responsible for the adjustment of the power balance of the cathode, the cathode
temperature, and the ratio of ion to electron current.

In high-pressure discharge lamps, however, the ions and electrons cannot be
assumed to move collision-free through the space charge zone. Electrons and ions
together form the total current density j, so that the total electrical power input
density into the plasma due to electrons and ions can be described by j-E (in low and
high-pressure discharge lamps). The cathode fall voltage is “located” in the near-
cathode plasma, i.e., the total electrical power input into the near-cathode plasma is
(approximately6) given by /U, (again in low and high-pressure discharge lamps).

The simple cathode model described within this section splits this power into
two parts: The electron current /, leaves its power I,-U, in the ionization zone,
where this power is “transformed” into ionization energy (4.3). This ionization
energy is brought back to the cathode as described in the boundary condition given
in (4.2). Moreover, the power gained by the ion current /; in the cathode fall voltage
(i.e., [;U,) is brought “directly” to the cathode surface (term ji;-eU, in (4.2)). So,
according to the model described within this section and together with the obvious
relation / = [, + [;, it can be seen that the total electrical power input into the near-
cathode plasma (I-U,) is heating the cathode. Additionally, the cathode is cooled
due to electron emission (/, ¢/e) and due to the release of electrons to neutralize the
ions ([;-¢/e). Again, with /= I, + I; the cooling of the cathode can be described by
I-¢p/e according to the model used within this section. So, apart from the radiation
cooling of the cathode, the cathode heating by the total lamp current / is given by
I(U,— ¢le).

3 In [130] the power balance is a little more elaborated, taking different cases like Jti> Jt back
or jt i <Jt back a0 jt j <Jt i max O/t =Jt,i,max Into account, but (4.3) is the essential result.

Depending on the definition of the cathode fall voltage, the total power input might be
slightly different.
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This result can be compared with the situation in high-pressure discharge lamps,
where the assumption of a collision-free space charge zone is not valid. The cooling
of the cathode is equal to the situation described earlier because the possible
collisions within the plasma are irrelevant for the release of electrons from the
cathode. Thus, the cathode is cooled by /-¢/e. The electrons and ions do not move
through the space charge zone without collisions, but leave their kinetic energy
gained in the cathode fall voltage (i.e., I-U;) within the near-cathode plasma.
Nevertheless, this electrical power input is (nearly completely) brought back to the
cathode via heat conduction from the plasma to the cathode tip and via heating due
to the ionization energy of the ions produced within the near-cathode plasma, so that
the heating of the cathode due to the cathode fall voltage U, can again be described
by I-U,. Thus, apart from the radiation cooling of the cathode, the resulting cathode
heating by the total lamp current / is again given by I-(U; — ¢/e).

So, the neglect of the heat conduction from the plasma to the cathode tip and the
assumption of a collision-free space charge zone as used by the simple cathode
model presented within this section does not alter the total power balance of the
cathode. Since the cathode fall voltage and the cathode temperature are strongly
coupled to the power balance, all cathode models will largely agree with respect to
these quantities (as long as they allow for the interaction between ion and electron
current). Nevertheless, the ratio of ion to electron current and the local variation of,
€.8., Tk, Jii» OF Jiemission Might be quite different using different cathode models.
The simple cathode model presented within this section will probably overestimate
the ion current because the ion current must compensate the missing heat
conduction from the plasma to the cathode tip. Moreover, the arc attachment area on
the cathode tip is calculated independent of the constriction zone in the near-
cathode plasma, thus it might be wrong. More details on these subjects and on
different cathode models can be found in Sects. 4.4.3, 4.4.4, 4.4.7, and 4.4.8.

The calculation of, e.g., cathode fall voltage U, or electrode temperature
distribution 7 works as follows: First, a trial function for the electrode
temperature distribution 7g and the cathode fall voltage U, is assumed. The
resulting electron emission current density, ion current density, and electron back
diffusion current density can then be calculated. Integrating the resulting total
current density over the cathode surface yields a calculated lamp current /.. This
calculated lamp current must then be compared to the given lamp current /i, If
Iq)c 1s larger or smaller than /i, the assumed value for U, must be reduced or
increased,” respectively, until Ieaic = Namp- Thus, the heat flux density ¢ (4.2) is
determined and can be used to calculate a new electrode temperature distribution 7g
using the heat conduction (4.1) together with a fixed electrode root temperature or a

7 An increase of the cathode fall voltage increases the power transfer to the ionization zone
and thus the ion current. Moreover, the electric field at the cathode surface increases with
increasing cathode fall voltage and thus the electron emission current increases. Concerning
the calculation of the cathode temperature, a large cathode fall voltage leads to a large heat
load of the cathode and thus a high cathode temperature, resulting in a large electron emission
current.
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fixed thermal heat flux through the electrode root. With this new electrode
temperature distribution 7, the iterative scheme described earlier is repeated until
the convergence of 7y and U,. The calculation of the electrode temperature
distribution 7 using the heat conduction (4.1) as described earlier can be done, e.g.,
by using a finite difference method as described in [130] or by using a finite element
method as done in [30—-32], both allowing for variable electrode geometries.

4.1.2 Examples of Electrode Models

Similar models as the one described in Sect. 4.1.1 are used very frequently for
cathode modeling. Bétticher et al. (e.g., [30-32]) take up the model described by
Neumann in [130], extend the model to the transient case, and apply a commercial
finite element analysis code (ANSYS) to solve the heat conduction equation in the
cathode. Tielemans and Oostvogels [162] carried out electrode temperature
measurements in high-pressure gas discharge lamps and successfully compared the
measuring results with model calculations using an even more simplified model
than that given in Sect. 4.1.1. More sophisticated cathode models are discussed by
Benilov et al. (e.g., in [13—-16, 18-20]), Wendelstorf ([167, 168], based on [20],
including plasma), Waymouth (e.g., [165], including a thermal gradient sheath), and
Schmitz and Riemann (e.g., [148—150]). Their focus is on the detailed description
of the space charge and ionization layer in the near-cathode plasma. Morrow, Lowke
et al. (e.g., [112, 113, 120, 144], including plasma) use a different approach, where
the electron density is calculated using an electron continuity equation in a collision
dominated plasma, i.e., the assumption of a collision-free space charge layer is not
used. Moreover, they include the anode into their model. Some of the results
obtained by Bétticher and Bétticher in [30] and by Tielemans and Oostvogels [162]
will be presented within this section to illustrate the possibilities of electrode
models. A comparison between four different cathode models will be presented in
Sect. 4.4.3.

Tielemans and Oostvogels [162] carried out electrode temperature
measurements in high-pressure gas discharge lamps and successfully compared the
measuring results with model calculations using an even more simplified model
than that given by Neumann [130] and described in Sect. 4.1.1. They neglect, for
example, radial temperature gradients within the rod-shaped electrodes, so that they
can use a one-dimensional heat conduction or heat transport equation (cf. (4.1)).
Moreover, they use a constant thermal conductivity Ay and emissivity € (i.e., no
dependence on electrode temperature 7g) and neglect Joule heating within the
electrodes, so that the solution of (4.1) is further simplified. The power input into
the cathode tip by the lamp current / is assumed to be uniform across the
hemispherical electrode tip, i.e., the power I-(U, — ¢/e) is heating the cathode tip,
whereas the radiation cooling at the electrode tip is neglected (radiation cooling is
taken into account at the sides of the electrodes). The anode is heated by the
electron current (I-¢/e) and an anode fall voltage U,, which is set (in accordance
with the temperature measurements) to U, = 1 V. The resulting power input into the
anode tip (/'(U, + ¢/e)) is again assumed to be uniform across the hemispherical
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electrode tip. In the case of ac currents, the power input into the electrodes is
assumed to be the arithmetical mean of anode and cathode heating, i.e., the average
power input is given by8 (0.5-I:(U, + U,)). This average heating is used independent
of the frequency or shape of the lamp current. Even more simplifications are used in
[162], which will not be further discussed here.

Tielemans and Oostvogels carried out their measurements and calculations
using argon (0.1 MPa) and mercury (0.3 MPa) high-pressure discharge lamps
operated using dc and ac currents. The electrodes were made of tungsten or
thoriated tungsten. The temperature was measured at the electrode tip, in the ac case
during current reversal, i.e., between anode and cathode phases. The comparison of
measured and calculated electrode temperatures gave a good agreement using
¢ =4.5 eV (pure tungsten electrodes) and ¢ = 3.3 eV (thoriated tungsten electrodes)
as the work function for electron emission. This confirms the above-mentioned
important interaction between electron and ion current, adjusting the power balance
of the cathode and the cathode temperature. The anode was described with the
adjustable parameter U,, so that agreement between measurements and calculations
could be achieved by using the appropriate anode fall voltage (here: U, =1V).
Nevertheless, many of the assumptions used in [162] are quite crude and contradict
to experimental findings. One example is the electrode fall voltages, which are
assumed to be time-independent and frequency-independent, which contradicts to
the findings in [102] (cf. Sect. 3.2.2). Thus, the model used in [162] is able to
predict the power balance and electrode temperatures in a first approximation, but
for further investigations a more sophisticated electrode model would be necessary.

Botticher and Botticher present in [30] a cathode model based on their former
work [31], which again is based on the model by Neumann [130] described in Sect.
4.1.1. They extended the model given by Neumann to the transient case and apply a
commercial finite element analysis code (ANSYS) to solve the heat conduction
equation in the cathode. Moreover, the response time of the electrodes is determined
by their heat capacity. Transient effects in the electric field and the cathode fall
voltage in the plasma are neglected because they occur on a much smaller time scale
than the thermal capacity effects.

Botticher and Bétticher investigate the time-dependent cathode fall voltage and
cathode temperature distribution in a 0.62 MPa high-pressure mercury discharge
lamp, operated on a unipolar, sinusoidal lamp current with 50 Hz frequency.9 The
amplitude of the lamp current is varied between 3.3 and 6 A. Electrodes of different

8 At first sight, the power input to the electrode tip and thus the resulting electrode
temperature seems to be independent of the work function ¢. But the cathode fall voltage
strongly depends on the work function ¢ via the electron emission current, so that the work
function ¢ is important for the power input and the temperature distribution of the electrodes.

% Because no anode model is applied, the investigation is restricted to the cathode phase even
in the ac case. The sinusoidal lamp current is assumed to be rectified, so that the electrode
stays in the cathode phase. Thus, the electrode runs through 100 cathode half-cycles per
second.
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geometry are investigated, varying the work function between 3.0 eV (thoriated
tungsten) and 4.55 eV (pure tungsten).

One of the results presented in [30] is given in Fig. 4.1. A 9-mm long pure
tungsten cathode with different coil radii was investigated with respect to the cathode
fall voltage as a function of the sinusoidal lamp current. The diameter of the cathode
tip was set to 0.4 mm, the radius of the coil (idealized by a thicker electrode radius as
shown on the right-hand side of Fig. 4.1) was varied from 0.6 to 1.0 mm. The coil
increases the radiation emitting surface, thus the losses due to thermal radiation
increase with increasing coil radius. Even more important is the variation of the
thermal inertia of the electrode for different coil radii. The larger the coil radius, the
larger the thermal inertia of the electrode, i.e., the larger the response time of
the electrode. In all cases (R.,;=0.6, 0.8, 1.0 mm), the cathode fall voltage
increases at the beginning of the current period, reaches a maximum, and decreases

before the maximum current is reached. The higher the thermal inertia of
the electrode, the larger the maximum and the steeper the increase and decrease
of the cathode fall voltage during a current period. This is due to the power needed
for the heating up of the cathode, which is higher for cathodes with larger thermal
inertia. After the current maximum, the cathode fall voltage is lower compared to the
time before the current maximum. This is due to the decreasing cathode temperature
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Fig. 4.1. Calculated current—voltage characteristics U_(/(¢)) for a rectified sinusoidal lamp

current of 50 Hz for three different coil radii: Dashed line: R.,;=1mm, solid line:
0.8 mm, dash-dotted line: R.,;=0.6 mm (pure tungsten, radius of cathode tip:
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for the decreasing lamp current, so that no additional power input is needed for
heating up the cathode.

In the case of the two large coil radii (R;,; = 0.8 (solid line) and 1.0 mm (dashed
line)), a mode transition with respect to the arc attachment area can be observed:
During the increase of the lamp current, the arc attachment area switches from a
diffuse arc attachment to a spot-like arc attachment. This mode transition is
accompanied by a steep decrease of the cathode fall voltage. The arc attachment
mode changes back from the spot mode to the diffuse mode during the decreasing
part of the current period.

The corresponding cathode temperature progression is shown in Fig. 4.2, though
for a different coil radius (R;,; = 1.3 mm) and a different cathode material (pure
tungsten for the results shown in Fig. 4.1, thoriated tungsten for the results shown in
Fig. 4.2). However, the principal cathode temperature progression will be the same
for both types of electrodes. The temperature at the cathode tip (7},;q) increases
during the increasing part of the current cycle (after a short decrease of the cathode
tip temperature after zero point). At the time of mode transition from spot to diffuse
arc attachment, the cathode tip temperature steeply increases, whereas the
temperature at the edge of the hemispherical cathode tip (7,,,) hardly changes. This
steep increase of the cathode tip temperature with the simultaneous decrease of the
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Fig. 4.2. Cathode tip temperature 7,4 (solid line) and cathode temperature at the edge of the
hemispherical cathode tip Ty, (dashed line) for a rectified sinusoidal lamp current of 50 Hz
(thoriated tungsten, radius of cathode tip: 0.4 mm, coil radius: 1.3 mm, current amplitude:
4.2 A, [30])
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cathode fall voltage suggests a more effective heating mechanism during the spot
mode. The cathode tip temperature decreases after the maximum of the current is
reached, the mode transition from spot to diffuse arc attachment is accompanied by
a steep decrease of the cathode tip temperature. The spot—diffuse transition will also
be discussed in Sect. 4.4.8.

The results of the numerical simulation are quite interesting because it is hardly
possible to measure the very electrode tip temperature. The numerical results
presented in [30] indicate in which range the electrode temperature might change
during a current cycle and what parameters might be important for a possible mode
transition. However, it has to be kept in mind that there is no anode phase taken into
account for the investigations presented in [30]. Moreover, the calculated mode
transitions do not take the constriction zone, the hot plasma spots, or the plasma
column into account, which might have an important influence on the arc
attachment area (cf. introduction to Sect. 4.1 and Sects. 4.4.3, 4.4.4, 4.4.7, and
4.4.8). The calculated mode transition presented in [30] is primarily induced by
electrode properties. An advantage of the model from Boétticher and Bétticher is that
operating conditions, cathode geometry, material properties, or the influence of
different cooling and heating mechanism can easily be investigated. Examples of
these variations are given in [31].

Thus, despite the assumption of a collision-free space charge zone and despite
the neglect of the plasma (e.g., heat conduction of the plasma to the cathode tip,
influence of the constriction zone on the arc attachment area on the cathode tip,
radiation losses due to the hot plasma spots) apart from the assumed space charge
and ionization zone directly adjacent to the cathode surface, electrode models are
able to calculate or predict quite good results concerning the electrode power
balance or the electrode temperature. For results concerning the local variation of,
€.8., T, Jii» OF Ji emission 8t the cathode or electrode tip, the arc attachment area on
the electrodes tips, or the ratio of ion to electron current at the cathode, the plasma
with plasma column, hot plasma spots, and constriction zones should be taken into
account.

4.1.3 Cathode and Anode

HID lamps contain either a cathode and an anode (dc HID lamps) or electrodes
which switch alternately from anode to cathode phase (ac HID lamps). The two
examples concerning simple cathode models given in Sect. 4.1.2 already indicated
that a missing anode model poses problems. Tielemans and Oostvogels used the
adjustable anode fall voltage U, [162], Botticher and Boétticher used a rectified
sinusoidal lamp current to get rid of the anode phase [30]. Within the numerical
simulations, the only difference between anode and cathode!® is found at the
boundary between electrode and plasma, i.e., the boundary conditions at the
electrode surfaces are different for anode and cathode.

19 In the following “cathode” means “cathode” for dc currents and “electrode during
cathode phase” for ac currents (likewise for the anode).
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Lamp models including anode and cathode are given, for example, in Sect. 4.4
(cf. [53-65]), by Wendelstorf [167, 168], and by Morrow, Lowke et al. (e.g., [112,
113, 120, 144]). The differences between anode and cathode will be discussed in
detail in Sect. 4.4, so that only a short overview will be given here.

In HID lamps, the heating and cooling of the cathode is primarily given by
heating due to an ion current and due to heat conduction from the plasma to the
cathode tip, and cooling due to an electron emission current and radiation cooling.
Thus, the boundary condition at the cathode—plasma surface reads:

oTp

oT; ) 4
Ap—— . - ﬁpa—+ i (@i = @)= Jiemission P~ €957 - (4.4)

The terms 0Ty/0On and 0T,/0n denote the component of the cathode and
plasma temperature gradient normal to the cathode surface. Ap and Ap are the
thermal conductivity of the cathode and the plasma, respectively, ji ; is the particle
flux density of ions, ji emission the particle flux density of electrons emitted by
the cathode, ¢; the ionization energy of the gas atoms, and ¢ the work function of
the cathode. € is the emissivity of the electrode material, ogg the Stefan—Boltzmann
constant, and 7 the cathode temperature. The quantities ji ;, ji emissions 15> 01/ O,
and 0Tp/0n depend on the position on the cathode surface, i.e., i j, jt emission, a0d
0Tp/0On might be large at the very tip of the cathode but drop steeply for larger
distances to the cathode tip. Thus, the heat flux density to the cathode tip is large,
positive, and dominated by electron and ion current and the heat flux from the
plasma near the cathode tip, whereas heat flux density to the cathode is smaller,
negative, and dominated by radiation cooling at the cathode surface below the
cathode tip. Ap, A, and € are functions of the plasma or cathode temperature.
Mathematically, (4.4) couples 7% and Tp and accounts for the discontinuity of the
heat flux on the cathode—plasma boundary.

In contrast to (4.2), in (4.4) the ion current is not assumed to bring the kinetic
energy gained in the cathode fall voltage directly to the cathode surface. Instead, due
to the many collisions of the ions in the near-cathode plasma, this energy is
deposited in the near-cathode plasma. From there, it is mainly transported to the
cathode tip via heat conduction, which is not included in (4.2) (cf. detailed
comparison in Sect. 4.1.1).

The heating and cooling of the anode in HID lamps is primarily given by heating
due to the electron current and due to heat conduction from the plasma to the anode
tip, and radiation cooling. Thus, the boundary condition at the anode—plasma
surface reads:

/1136871' —ﬂp . Pt jier— cospTi . 4.5)

The anode is a more “passive” component compared to the cathode, lacking the
self-regulating mechanisms of the cathode described in Sect. 4.1.1 (interaction
between ion and electron emission current). Changes in the lamp current will thus
lead to a larger impact on the anode temperature compared to the impact on the
cathode temperature. This is because the lamp current is directly heating the anode
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via the term ji @ in (4.5), where j; . is the particle flux density of electrons. Since
the anode repels ions, there is no ion current at the anode surface.

The anode and the cathode fall voltage cannot be compared directly, i.e., if
anode and cathode fall voltages are equal, this will not lead to equal anode and
cathode temperatures. The power flux from the plasma to the electrode tips strongly
correlates with the electrode fall voltages, but there is one important difference
between anode and cathode: The electrons emitted by the cathode (as electron
emission current and to neutralize incoming ions, cf. (4.4)) have a cooling effect on
the cathode, whereas the electrons reaching the anode have a heating effect.
Accordingly, the power we put in the cathode to continuously release electrons we
get back at the anode. Therefore, equal anode and cathode fall voltages do not
correspond to equal power fluxes to anode and cathode. If anode and cathode fall
voltage are equal, the power flux to the anode would be higher than the power flux
to the cathode.

The differences between anode and cathode or anode and cathode phase not only
have an effect on the electrode temperature, but also the plasma near the electrodes
is affected differently. Very different hot plasma spot temperatures can be measured,
for example, in a 0.6 MPa high-pressure mercury discharge lamp as shown in
Figs. 4.3—4.5 (cf. [99]). The arc constriction during the cathode phase is reported to
be stronger compared to the arc constriction during the anode phase in this
experimental setup, resulting in higher hot plasma spot temperatures during the
cathode phase.11 The influence of the electrodes and the different arc attachments
are localized within the first millimeter of the plasma adjacent to the electrode tip,
as can be seen in Fig. 4.5. For distances above 1 mm to the electrode tip, the smooth
transition from the hot plasma spots to the plasma column are equal during anode
and cathode phase. This knowledge is of particular importance for modern HID
lamps with decreasing electrode gaps (D2 automotive headlight lamp: 4 mm, UHP
lamp: 1 mm). The influence of the electrodes and the near-electrode plasma is more
and more important in modern HID lamps. Besides the near-electrode plasma
temperature, the electric field distribution within the near-electrode plasma is also
different for anode and cathode, resulting in different anode and cathode fall
voltages.

In Sect. 4.4.4, the results of a numerical model applied to a similar 0.6 MPa
mercury HID lamp (operated on a dc current) will be presented, showing the same
principal differences between the near-anode and near-cathode plasma. The hot
plasma spot temperatures of the near-cathode plasma can reach considerably higher
values compared to the hot plasma spot temperatures of the near-anode plasma.
Moreover, it will be shown that the electrode geometry effects anode, cathode, near-
anode plasma, and near-cathode plasma as well as anode and cathode fall voltage
differently.

1 The different hot plasma spot temperatures are not only due to the different arc
attachments. They are also due to the principal differences in anode and cathode phase, as
will be analyzed in Sect. 4.4.4.
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Fig. 4.3. Measured temperature profiles at different distances to the electrode tip during the
cathode phase in a 0.6 MPa mercury HID lamp (150 W, 1.9 A, 50 Hz sinusoidal lamp
current, [99])
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Fig. 4.4. Measured temperature profiles at different distances to the electrode tip during the
anode phase in a 0.6 MPa mercury HID lamp (150 W, 1.9 A, 50 Hz sinusoidal lamp current,
[99])

A good possibility to learn something about the differences of anode and
cathode or anode and cathode phase is the external heating of the electrodes using a
laser. The results concerning this type of electrode diagnostic are presented in
Sects. 3.1.10 and 4.4.5.



4.1 Modeling of Electrodes 183

12,000

11,000

—=— Cathode
--4-- Anode

T

10,000

9,000

TIK]

8,000
A

7,000

6,000 -

L 1 n n
0 1 2 3 4
z[mm]

Fig. 4.5. Measured arc core temperature in a 0.6 MPa mercury HID lamp near the electrode
tip (at z = 0) in anode and cathode phase (150 W, 1.9 A, 50 Hz sinusoidal lamp current, [99])

There are further heating and cooling terms which are not accounted for in (4.4)
and (4.5) and which are not accounted for in most electrode models: The photons
generated in the plasma might fall on the electrodes, resulting in an additional
heating especially at the electrode tips. The photons will be partly reflected at the
electrode surfaces, but due to an emissivity € between 0.1 and 0.5, the absorption
might be quite high.'? This effect results in higher anode temperatures and lower
cathode fall voltages, as can be deduced from the experiments and calculations
concerning the external laser heating described in Sect. 4.4.5. Furthermore, the high
energy photons of the plasma radiation might release electrons from the cathode, if
the photon energy is higher than the work function for electron emission
(photoemission, photoelectric effect). However, the latter effect should be
sufficiently small with photoelectric yield values of the order of 107* according to
[146]. Another heating or cooling term might be due to the convection cooling as
described by Neumann [130] and Batticher and Botticher [31]. An estimate given in
[31] shows that the influence might not be large, but this might differ from lamp to
lamp.

Further interesting questions are connected with the material properties of hot or
even molten tungsten. The most important parameter at the cathode is the work
function for electron emission, which is already difficult to determine for solid
tungsten (cf. Sects. 2.4.4 and 3.1.11) and might be different for molten tungsten.
Moreover, the molten tungsten might react with different plasma constituents,
changing thus the work function, as it is already observed for solid tungsten

12 Investigations by Morrow and Lowke [120] concerned with a 200 A argon arc showed that
the heating due to plasma radiation is very low, but the results might not be transferable
directly to HID lamps.
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(cf. Sects. 3.1.11, 3.1.12, and 4.4.6). Since the melting temperature of tungsten
(3,680 K) is reached at least locally and temporarily at many electrode tips (cf. Sect.
3.1.13), this is an important but not yet well-understood subject.

4.2 Plasma Models

The plasma is responsible for the primary purpose of any lamp, the generation of
light. The light output of a HID lamp is closely related to the temperature
distribution within the plasma (cf. Sect. 2.2.3). The calculation of the plasma
temperature necessitates the knowledge/calculation of the power loss due to
radiation, the heat flux toward the discharge tube and toward the electrodes, and the
electrical power input. Convection within the discharge will also alter the plasma
temperature distribution because energy is redistributed within the plasma due to
plasma flows. The plasma column is independent of the electrode properties or the
arc attachment to the electrodes as long as the electrode gap is large enough. Thus,
the properties of the plasma column can be treated without taking the influence of
the electrodes into account. For short electrode gaps as they can be found in modern
HID lamps (e.g., D2 automotive headlight lamp (4 mm), UHP lamp (1 mm)), this
assumption is already problematic (cf. e.g., Sects. 4.4.4 and 4.4.7).

The governing equations for the plasma will be presented in Sect. 4.2.1, two
examples of plasma models are given in Sects. 4.2.2 and 4.2.3.

4.2.1 Description of the Plasma

The plasma can be described by the electric potential within the plasma, the local
plasma temperature, and the flow velocity. The calculation of these properties will
be described in this section.

Electric Potential

The electrical power input into the plasma is closely related to the electric potential
(V') and the electric current density ( j). The electric current is conserved within the
plasma, i.e., the current continuity equation can be used:

V.j=V-(cE)==V-(aVV)=0. (4.6)

E is the electric field and o the electrical conductivity, which is proportional to

the electron density as described in Sect. 2.3.2. If the electrical conductivity o is

known, '3 the electric potential V" can be calculated. The electrical power input into
the plasma is then determined by oE? or JE.

13 Usually, o is calculated assuming LTE, so that & depends only on the plasma composition,
pressure, and the local plasma temperature (cf. Sect. 2.3.2). A possibility to account for
deviations of the electrical conductivity from its LTE value in the near-electrode plasma due
to diffusion of electrons from the hot plasma spots into the cold near-electrode plasma is
described in Sect. 4.4.
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Within the plasma column, the voltage drop per unit length is constant, which
results in a constant electric field everywhere in the plasma column'* (cf. Sect.
3.2.2). Since the electron density depends strongly on the plasma temperature, the
electrical conductivity is very high in the hot center (core) of the plasma column and
very low in the cooler outer parts of the plasma. Thus, the electrical power input
(o"E2) is high within the hot core of the plasma column and low in the outer plasma.
Analogous, the electric current density is high in the hot center of the plasma
column and very low in the cooler outer parts of the plasma. Thus, electrical power
is released in the core of the plasma column, where it is partially transformed into
radiation, which escapes from the plasma. The rest of the electrical power input is
transported via heat conduction or convection to the discharge tube or the electrode
tips (cf. e.g., Sect. 4.4.5, especially Figs. 4.67 and 4.68).

The transition from the plasma column, where the current density profile is
relatively broad, to the arc attachment to the electrode tips, where the current
density profile is much more constricted, is accompanied by an increase in the
electric current density (same current / through smaller area A4). This effect in the
so-called constriction zone is partly balanced by an enlarged electrical conductivity
due to the higher plasma temperature in the hot plasma spots, but the net effect is an
increase in j and E in the constriction zone compared to the values within the
cylindrical plasma column (cf. e.g., Sect. 4.4.5, especially Figs. 4.60-4.64).

Due to the low plasma temperature in the vicinity of the electrodes (between hot
plasma spots and electrode tips), the electric field within this plasma region is even
further enlarged compared to the electric field in the plasma column and the
constriction zones. Due to the current continuity equation (4.6), the electric field
must be high if the current must be conducted through a “sheath” with low electrical
conductivity to preserve the total lamp current, i.e., one gets high electric fields in
plasma areas where it is “tough” to get the given current through. Thus, the electric
field in the near electrode plasma is considerably higher compared to the electric
field in the plasma column, resulting in the electrode fall voltages described for
example in Sects. 3.2.2, 3.2.3, and 4.1.1. The corresponding high electrical power
input (0'~E2) in the near electrode plasma balances the losses to anode and cathode.

Due to the large temperature gradient between the hot plasma spots and the
electrode tips and the resulting large gradient in electron densities, diffusion of
electrons from the hot plasma spots into the cold near-electrode plasma increases
the (LTE) electrical conductivity o. This effect will be discussed in Sect. 4.4.

The determination of the electric potential 7 using (4.6) requires the adjustment
of one more free parameter.15 This is done by adjusting the given lamp current by
setting the potential at the anode to the appropriate value of the total lamp voltage.
The procedure is the following: First a “normalized” electric potential distribution

14 The determination of this electric field in the plasma column in the case of a one-
dimensional model describing only the cylindrical plasma column is described in Sect. 4.2.2.
151f a constant factor K is introduced in (4.6) just in front of the electric potential /] it can be
reduced, thus the electric potential is determined except for this constant factor K.
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¥, with the boundary conditions ¥V, = 0 at the cathode—plasma surface and V, =1 at
the anode—plasma surface is calculated. This normalized potential V is then
multiplied by a factor x to get the “real” electric potential V; where k is chosen in
such a manner that the integral of

j=0E=—c-grad(V)=—«-c-grad(V,) 4.7)

over a closed surface between anode and cathode (e.g., mid-plane, cathode surface,
or anode surface) yields the given lamp current /. Alternatively, the factor x can be
used to fix the given total electrical power input P, which is determined by the
integral of

JE=cE*=— o (grad(V))* =— k- -o -(grad(V,,))* (4.8)

over the discharge volume (cf. e.g., [74]).

At the inside wall of the discharge tube, it is assumed that the electric current
density is parallel to the wall, i.e., there is no electric current within the tube
material:

. oV
Jwall, L =~ O{—j =0. (49)
on wall

Charge Density

The electric field is related to the charge density p, which is the source of the
electric potential or the electric field. The governing equation connecting electric
field or electric potential with the charge density is Poisson’s equation:

V-E=—V.Vy=—Ay=Ll""e
o o

(4.10)

The V in front of the electric field F is the divergence operator, the V in front
of the electric potential V' is the gradient operator, and A is the Laplace operator. &,
is the permittivity, »; the ion density, and n, the electron density.

If the electric field £ is known (e.g., by using (4.6) with a known ©), the charge
density p can be calculated. In the cylindrical plasma column, the electric field is
constant, i.e., V- E = 0. Thus, the charge density is zero, i.e., n; = n, (quasineutral
plasma). The electric field in the near-cathode and the near-anode plasma is
considerably higher than the electric field in the plasma column, i.e., there must be a
space charge greater or lesser than zero. In front of the cathode, an excess of
(positive) ions “shields” the cathode with respect to the plasma column, in front of
the anode, an excess of electrons is responsible for the increase in the electric field.

If the charge density in the plasma is calculated at first, as for example in the
space charge zone in certain cathode models, (4.10) can be used to calculate the
electric field or the electric potential.
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Power Balance

The power balance of the plasma is the core of every plasma model. Depending on
the intention of the model under investigation, different forms are possible. If the
pressure within the discharge is assumed to be constant, the power balance can be
formulated with respect to the plasma enthalpy16 h[73,75, 168]:

o2 e E—u—V-q. (4.11)
Dr

D/Dt is the total time derivative, p the mass density, j the electric current density, £
the electric field, u the net radiation emission coefficient or radiation loss (cf. Sect.
2.2.3), and ¢ the heat flux. The total time derivative D/Dt is defined as:

DX _3Y  y.vx, (4.12)
Dt ot

where v is the flow or gas velocity. Using (4.12), the relation ¢, = (d2/dT),—const.
(specific heat at constant pressure), ¢ = —A,V I} (Sect. 2.3.3), and j = 0°E, (4.11)

transforms to

pcpi—f+pcpv-VT:a- E*—u+V-(Ap VTp). (4.13)

The plasma properties p, Cps O U, and Ap depend on the plasma composition,
pressure, and the local plasma temperature (cf. Chap. 2). The electric field can be
calculated using current continuity (4.6), the flow velocity v is determined by
considering the momentum balance (see later). Thus, (4.13) serves for the
calculation of the plasma temperature 7.

The first term on the left-hand side of (4.13) represents the local temperature
variation with time in the plasma, the second term the convective heat transfer. The
first term on the right-hand side of (4.13) represents the electrical power input
(Joule heating), the second term the radiation losses, and the third term the heat
conduction. Equation (4.13) is also referred to as Elenbaas—Heller equation.

The boundary condition for the plasma temperature at the electrode—plasma
surface is given by (4.4) (cathode) and (4.5) (anode). The plasma temperature at the
inside wall of the discharge tube can either be set to a constant value or a prescribed
function of the surface position, or it can be assumed that the heat flux to the wall
must be balanced by the thermal radiation from the outer wall surface [111]:

o,

Qwall, . =~ Ap ( n

] = &y ospTy- (4.14)
wall

16 The enthalpy H is defined as the sum of the internal energy U and the product of pressure
and volume. The specific enthalpy # refers to the unit mass, i.e., # = e + p/p, where e is the
internal energy per unit mass and p the mass density.
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&y 1s the emissivity of the arc tube material and 7yy the wall temperature. The latter
method allows for the self-consistent calculation of the wall temperature as a
function of surface position. An even better approach would be the calculation of
the heat diffusion or heat conduction equation within the discharge tube material
(cf. (4.1) without Joule heating term).

Momentum Balance

The momentum balance is considered to deliver the flow or gas velocity v [73, 75,
111, 168]:

p%v:—Vp+V~(2p§)+j><B+pg. (4.15)
p is the mass density, D/Dt the total time derivative, p the pressure, i the dynamic
viscosity, £ the shear rate tensor, j the electric current density, B the magnetic field,
and g the acceleration due to gravity.

The first term on the right-hand side of (4.15) is the force due to pressure
gradients, the second term is the friction loss per volume, the third term the Lorentz
force per volume due to the movement of charge carriers in a magnetic field, and the
forth term is the gravity force per volume. The gravity force is responsible for the
convective flows in HID lamps, which increase for increasing pressure (cf. Sect.
4.2.3). In horizontally operated lamps, the arc bows upwards due to convection, in
vertically operated lamps, convective cells are induced by convective flows. The
magnetic part of the Lorentz force (j x B') is induced by the magnetic field caused
by the lamp current. By applying a small external magnetic field (about 1 mT), the
arc of a horizontally burning lamp can be straightened [10]. Equation (4.13) is also
referred to as Navier—Stokes equation.

Mass Conservation
The set of equations is complete by the mass continuity equation:

0
6tp V-(pv). (4.16)

p is the mass density and v the gas velocity.

Some Plasma Models

There are many plasma models taking the above equations either way into account.
Thrum ([160], cf. Sect. 4.2.2) investigates the time-dependent properties of the
plasma column in an HID lamp operated using a current superimposed by short
current pulses (mercury and metal halide discharges). Similar investigation of the
plasma column were carried out by Charrada and Zissis [37, 163] taking ac
operation (50 Hz) in mercury and metal halide HID lamps into account. Giese
([73], cf. Sect. 4.2.3) is concerned with the convection in dc-operated mercury HID
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lamps operated in different burning positions. Charrada and Zissis [38, 39] also
investigate the convection in vertically operated dc mercury HID lamps, whereas
Palacin [134] investigates the convection in vertically operated rare gas HID lamps
(also dc operation). Wendelstorf simulates dc-operated vertically burning HID
lamps, taking convection and electrode—plasma interaction (especially at the
cathode) into account [167, 168]. Galvez is also concerned with the electrode—
plasma interaction in dc- operated HID lamps taking convection into account [69,
97]. Haverlag [87] presents a model of the cylindrical plasma column taking time-
dependence into account but neglecting natural convection. He focuses on topics
like radiation transport and demixing. Beks et al. [12] investigate dc-operated
vertically operated lamps, taking natural convection into account. Fischer,
Wiesmann, and the author of this book ([51, 53-65, 169] are concerned with plasma
and electrode properties, focusing on the interaction between plasma and electrodes.
Even ac currents and complex plasma compositions are taken into account (cf. Sect.
4.4).

In the following, two plasma models are described exemplarily: The model used
by Thrum [160], investigating the time-dependent properties of the plasma column
in HID lamps operated with a current superimposed by short current pulses
(mercury and metal halide discharges) is described in Sect. 4.2.2. The results
obtained by Giese [73], who is concerned with the convection in dc-operated
mercury HID lamps operated in different burning positions, are presented in Sect.
4.2.3. Section 4.3 and 4.4 will be concerned with plasma models taking additionally
to the plasma the discharge tube or the electrodes into account.

4.2.2 Example of a Plasma Column Model

The plasma model of Thrum [160] is concerned with the time-dependent properties
of the plasma column in mercury and metal halide HID lamps. The focus of the
model is the investigation of the effect of short current pulses, i.e., the dependence
of efficiency or spectral power distribution on pulse width, repetition rate, or shape
of the current pulses. The plasma is reduced to the cylindrical part of the plasma
column, i.e., an infinite electrode gap is considered. Thus, the plasma column can
be regarded as independent of the z-coordinate, !’ reducing the problem to a one-
dimensional model with only radial dependences.

The current conservation (4.6) reduces to the integral of the electric current
density j = o-F over the cross section of the arc column:

r=R
1(n)= f JdA=2nE, LO o(Tp(r)rdr. (4.17)

cross section

17 The z-axis is the symmetry axis, i.e., z measures, for example, the distance to the electrode
tips in the arc core.
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Because of symmetry reasons, the electric field is reduced to the z-component,
independent of the radial position ». The electrical conductivity ¢ is the LTE
electrical conductivity and thus depends only on the plasma temperature 7p(7). The
current continuity equation thus reduces to an integral from the arc core (= 0) to
the discharge tube wall (» = R) and connects the lamp current /(f) with the electric
field E=E,.

The temperature distribution 7p(r) is calculated according to (4.13), where the
gas velocity v is not calculated using the momentum balance (4.15) but the mass
conservation (4.16). Thus, the flow velocity v is not induced by convection, but it is
due to the temperature and thus the particle density change induced by the current
pulse: If the temperature 7p in the arc core rises due to a higher lamp current
(current pulse), the resulting lower particle density n causes a gas flow into the
colder parts of the plasma (p =nkTp=const.). Mass inertia is not taken into
account. Surplus mass disappears in the (not considered) cold plasma region at the
electrode roots or at the cold spot, keeping the pressure constant. Furthermore, the
temperature of the inside wall of the discharge vessel is assumed to be constant.

Thrum investigates Hg (3 and 6 MPa) and HgSnl, (3 and 6 MPa Hg and
0.4 MPa Snl,) discharges, the basic load corresponds to a lamp current of 0.27—
0.35 A, the current pulses are 5-100 ps long, the amplitude of the current during the
pulse can be as high as 22 A. The average electrical power input into the plasma
column corresponds to 8 W lmm.

The numerical investigations were accompanied by experimental investigations
by Oettler [132]. The measured pulsed lamp current used for the experimental
investigations can thus be used as an input parameter for the numerical simulations
(cf. Fig. 4.6). The resulting plasma temperature in the arc core vs. time in the case of
a 6 MPa mercury plasma is shown in Fig. 4.7. The agreement between experimental
and numerical results is very good. As the current amplitude rises, the arc core
temperature rises as well, reaching its maximum just before the end of the current
pulse. The temperature increase amounts to more than 3,000 K. After the end of the
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Fig. 4.6. Example of the imposed current pulse: The solid line represents the current pulse
1(?#) used for the numerical simulation, the diamonds are measured values [160]
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current pulse, the arc core temperature relaxes to its former value. The
corresponding plasma column temperature vs. radius at different points in time
during and after the current pulse is shown in Fig. 4.8. Even more data are shown in
Fig. 4.9, illustrating the plasma column temperature vs. time and radius during and
after the current pulse.

In Fig. 4.10, the electric field (independent of radius ») vs. time for the same
6 MPa mercury discharge is shown. The electrical power input per unit length into
the plasma column is given by E-/, i.e., by the product of the two curves shown in
Fig. 4.10. The electric field increases at the beginning of the pulse, i.e., the
electrical power input is very high, heating up the plasma. The electric field reaches
its maximum value well before the current maximum is reached. Nevertheless, the
product E-I rises even after E has reached its maximum value due to the strongly
increasing lamp current /. As soon as the lamp current is back to its starting value
after the current pulse, the electric field drops below its initial (steady state) value,
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Fig. 4.7. Comparison of the calculated (solid line) and measured (diamonds and crosses)
temperature in the arc core vs. time during and after the current pulse (Hg, 6 MPa, [160])
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Fig. 4.8. Calculated plasma column temperature profiles vs. radius at different points in time
during and after the current pulse (Hg, 6 MPa, [160])
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Fig. 4.9. Plasma temperature vs. time and radius during and after the current pulse
(Hg, 6 MPa, [160])
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Fig. 4.10. Lamp current and electric field in the plasma column vs. time during and after the
current pulse (Hg, 6 MPa, [160])

i.e., during the cooling down of the plasma, the electrical power input into the
plasma is lower than during the steady-state operation. As soon as the plasma
temperature has reached its initial distribution before the pulse, the electrical power
input is “back to normal.” This can easily be understood taking the electrical
conductivity o into account. The very high plasma column temperature after the
pulse is responsible for a high electron density and thus a high electrical
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conductivity. Thus, a small electric field is sufficient to get the given lamp current
through the plasma after the current pulse.

Finally, Fig. 4.11 shows the radial plasma Velocity18 vs. time and radius during
and after the current pulse. Due to the steep temperature raise at the beginning of the
current pulse, the plasma streams away from the core to the colder plasma regions
(positive v;). As soon as the current pulse is over, the plasma streams back to the
cooling of arc core.

Similar investigation of the plasma column were carried out by Charrada and
Zissis [37, 163] taking ac operation (50 Hz) in mercury and metal halide HID lamps
into account.

4.2.3 Example of a Plasma Model Including Convection

Giese [73] is concerned with the convection in dc-operated mercury HID lamps
operated in different burning positions. For the calculation of the electric potential
he considers current continuity (4.6), using a fixed electrical power input instead of
a given lamp current / (cf. (4.8)). The power balance (4.13) is solved for the time-
independent case (dc current). To include natural convection caused by gravity,
momentum balance (4.15) and mass continuity (4.16) are taken into account. Again,
time dependence is not considered and the magnetic Lorentz force is neglected in
the momentum balance equation (4.15).
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Fig. 4.11. Radial gas velocity v, vs. time and radius during and after the current pulse
(Hg, 6 MPa, [160])

'8 In accordance with the model assumptions, there is no velocity component in z-direction.
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Fig. 4.12. Temperature profile (vertical longitudinal section) of a horizontally burning
mercury HID lamp (Hg, 1 MPa, Ry, = dejec = 5 MM, refee = 0.5 mm, P =200 W, [73])

Giese investigates mercury discharge lamps with pressures in the range from 0.1
to 10 MPa, 200 W electrical power input, and 5 mm electrode gap. The lamp can be
operated vertically (rotational symmetry), horizontally, or with arbitrary orientation.
The temperature at the inside wall of the discharge vessel and at the electrode roots
is set to 1,100 K. The temperature at the electrode tips is set to 3,000 K, assuming a
linear decrease of the electrode temperature from tip to root. A self-consistent
calculation of the electrode temperature using (4.1) and appropriate boundary
conditions (e.g., (4.4) and (4.5)) is not carried out, thus there is no difference
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Fig. 4.13. Temperature profile (vertical longitudinal section) of a horizontally burning
mercury HID lamp (Hg, 10 MPa, Rjyp, = dejec = 5 mm, 7¢jec = 0.5 mm, Pey =200 W, [73])

between anode and cathode. As described in Sect. 4.1.3 (especially Figs. 4.3-4.5),
this is not consistent with experimental findings (see also Sect. 4.4.4).

Some of the results obtained by this model are shown in Figs. 4.12—4.15. In
Figs. 4.12 and 4.13, two horizontally burning lamps are shown, one with an
operating pressure of 1 MPa (Fig. 4.12), the other with 10 MPa (Fig. 4.13). It is
clearly visible that the bowing of the arc increases with increasing pressure. The
temperature profile in the case of 1 MPa (Fig. 4.12) is largely independent of the
convection, whereas convection alters the temperature distribution in the case of
the 10 MPa discharge (Fig. 4.13) especially outside the core of the plasma column.
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One has to be aware of the different temperature ranges given in the legends of
Figs. 4.12 and 4.13: In the case of the 1 MPa discharge (Fig. 4.12), the temperature
ranges from 1,500 to 7,300 K, in the case of the 10 MPa discharge (Fig. 4.13), the
temperature ranges from 1,400 to 6,100 K. The temperature distribution within the
hot plasma spots in front of the electrodes is not realistic because there is no
difference between anode and cathode (compare with Sect. 4.1.3 and Figs. 4.3-4.5).
The same comparison is possible for two vertically burning lamps shown in
Figs. 4.14 and 4.15. The vertically operated lamp with 0.3 MPa (Fig. 4.14) shows
no influence of the convection, whereas the temperature distribution especially
outside the core of the plasma column is altered by convection in the case of the
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10 MPa mercury HID lamp. Again, the temperature ranges given in the legends of
Figs. 4.14 and 4.15 are different: In the case of the 0.3 MPa discharge (Fig. 4.14),
the temperature ranges from 1,500 to 8,000 K, in the case of the 10 MPa discharge
(Fig. 4.15), the temperature ranges from 1,400 to 6,100 K.

The convection in a lamp depends not only on the pressure, but also on the
dimensions of the lamp, the lamp current and the resulting temperature profile, the
electrode gap,19 etc. The convection has an influence on electrode and discharge

19 Due to the small electrode gap of about 1 mm, the arc bowing in an UHP lamp is very
small, despite the very high pressure of 20 MPa (cf. Fig. 4.16).
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vessel temperature. The latter will be discussed in Sect. 4.3, where further
development (inclusion of the discharge vessel) of the model presented here is
described. The inclusion of a radiative transfer calculation in the model of Giese
[73] is given in [74].

Similar investigations of the convection in dc (vertically) operated mercury HID
lamps were carried out by Charrada and Zissis [38, 39], whereas Palacin [134]
investigates the convection in vertically operated rare gas HID lamps (also dc
operation).

4.3 Extended models

The plasma has a large influence on electrode behavior: An ion current might heat
the cathode, thermal heat flux from the hot plasma spots to the relatively cold
electrodes is transporting energy from the plasma to the electrodes, the constriction
zone of the plasma arc has an influence on the size of the arc attachment area on the
electrode tips, and last but not least, plasma constituents might alter the work
function for electron emission. On the other hand, electrode properties have an
influence on the plasma,?’ e.g., the electrodes withdraw power from the plasma
(resulting in an additional power consumption of the near-electrode plasma, leading
to the so-called electrode fall voltages), the electrode geometry influences the
constriction zone, the hot plasma spot temperature depends on the size of the arc
attachment, etc. Thus, the modeling of electrodes should include the plasma and the
modeling of the plasma should include the electrodes.

In Sect. 4.4, a model concerned with the coupling of electrodes and plasma will
be introduced. It is based on an equation describing the enlargement of the electrical
conductivity due to the diffusion of electrons from the hot plasma spots (high
electron density) to the relatively cold near electrode plasma (low electron density).
The temperature distribution in electrodes and plasma is thus calculated even for
arbitrary time-dependent lamp currents. Other electrode—plasma models are given
for example by Wendelstorf [167, 168] and Galvez [69, 97]. Both models are based
on a plasma-sheath model comparable to that described in Sect. 4.1.1 and both
models include convection. Wendelstorf considers vertically operated HID lamps
(rotational symmetry), Galvez presents a horizontally operated lamp. Both models
are used for time-independent lamp currents.

Besides the interaction between plasma and electrodes, the interplay between
plasma and arc tube is important. The plasma heats the arc tube, so that the arc tube
can be either too hot (resulting, e.g., in quartz recrystallization or softening of the
quartz) or too cold (resulting, e.g., in condensation of mercury and thus a pressure
drop or in the condensation of metal halides and thus a change in luminous efficacy
and color rendering index). A model considering this interaction between plasma
and arc tube has been developed at Philips, based on the model of Giese ([73], Sect.

20 The influence of the different electrode phases (anode and cathode) on the plasma
temperature can be seen in Figs. 4.3-4.5.
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4.2.3). The modeling of the plasma includes convection, but there is no difference
between anode and cathode. The heat conduction equation in the electrodes is taken
into account (cf. (4.1)), but the power input into the electrode tip is not calculated
self-consistent but supplied by the user to obtain reasonable electrode temperatures.
The model is for time-independent lamp currents only (dc operation).

An example of calculated isotherms in the plasma, the arc tube, and the
electrodes of a horizontally operated UHP lamp according to the model described
here [88], is shown in Fig. 4.16. Because of the small electrode gap of about 1 mm,
the arc bowing due to convection is very small (despite the very high pressure of
20 MPa). The temperature of the upper part of the arc tube should remain below
1,400 K to avoid softening or recrystallization of the quartz, the temperature of the
lower part of the arc tube should remain above 1,200 K to avoid condensation of
mercury. The mercury vapor in a UHP lamp is unsaturated, thus condensation of
mercury at the cold spot of the arc tube would lead to a considerable pressure drop.
This would alter the spectral power distribution, the luminous efficacy, and the lamp
voltage.

An all-in-one device suitable for every purpose, the “eierlegende
Wollmilchsau” as the German say (egg-laying wool-milk-sow, Jack of all trades, or
fully integrated everything) has not yet been invented. It would include the
modeling of the plasma, the electrodes, the discharge tube, and the electronics,
taking the interactions among all these components into account. Arbitrary
orientation (convection), time dependence (ac currents), exact radiation transport

Fig. 4.16. Temperature of plasma, electrodes, and quartz vessel (vertical longitudinal
section) of a horizontally burning UHP lamp including convection with (right-hand side) and
without (left-hand side) inclusion of radiative transfer in the plasma (Hg, 20 MPa, courtesy of
Philips, Aachen, similar image in [46])
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calculations, and deviations from LTE in the near-electrode plasma should be part
of this all-in-one device as well as the self-consistent calculation of the plasma
composition depending on the cold spot temperature. Moreover, a change in
electrode geometry during operation should be included and predicted. Up to now,
this is a dream of the future. The next step would be an electrode—plasma-—arc tube
model, taking convection, time-dependence (ac operation), and electrode—plasma,
plasma—arc tube, and electrode—arc—tube interaction into account. One of the
problems is the computationally intensive nature of the problem, which requires
massive computing time, another problem are uncertainties in the knowledge of
material properties, e.g., the work function for electron emission. Nevertheless, it
remains questionable if all lamp properties can be calculated on the basis of
(macroscopic) lamp data like geometry, material, lamp current, etc. Experimental
investigations reveal limitations of numerical simulations, for example if
macroscopically identical lamps show a different behavior in spite of identical
operation conditions (cf. for example Sects. 3.1.7 and 3.1.13).

4.4 A Self-Consistent Electrode-Plasma Model

Even though HID lamps are known for several decades now, the important plasma—
electrode interactions are still not well understood. Because HID lamps are usually
operated on ac currents (electrodes switch alternately from anode to cathode phase),
time-dependent simulations including realistic and verified anode and cathode
models are essential. This is the research area of the author and in the following of
this section it is reported on the progress in this field of research. Large parts of this
sections are published already in [53—-65].

Because of the high pressure and the high electrical power input in HID lamps,
the plasma is very hot. Typical temperatures in the plasma column are around
4,000-7,000 K, at the hot plasma spots the plasma temperature might be as high as
10,000 K. In contrast to low-pressure discharge lamps with much lower heavy
particle temperatures, this results in a strong interaction between plasma and
electrodes. An example of this interaction is the heat conduction from the hot
plasma spots to the electrode tips (temperature difference of about 4,000-6,000 K
over a distance of about 30-250 um). Furthermore, there is cooling/heating by
electrons, heating by ions, and cooling by thermal radiation at the electrode surface.
Unfortunately, this important and complex interaction between plasma and
electrodes is a very localized and fast process, which is very difficult or impossible
to measure in an experimental setup. Moreover, HID lamps are usually operated on
ac, i.e., the electrodes switch alternately from anode to cathode phase. Thus,
numerical simulations of HID lamps including plasma and electrodes are an
important tool to understand, improve, and develop new HID lamps. Time
dependence and realistic anode and cathode models are essential for the numerical
treatment of ac-operated HID lamps.

The electrodes are not only responsible for delivering the electric current into
the plasma, but may also limit the lifetime of the lamp if reignition of the lamp is no
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longer possible due to electrode failures, or by blackening the inner walls of the
discharge by tungsten evaporation. Furthermore, arc stability is strongly influenced
by the shape of the electrode tips (e.g., [119]) and the efficacy can drop drastically if
electrode fall voltages rise (cf. Sect. 4.4.4). Thus, a detailed knowledge of the time-
dependent properties of plasma and electrodes and their mutual interactions is
necessary. Important features to be determined are, for example, temperature
distributions within plasma and electrodes, heat fluxes to electrodes, electrode
losses, and type of arc attachment to the electrodes.

In this section, a model concerned with the coupling of electrodes and plasma
will be introduced. The model is able to treat dc- and ac-operated HID lamps with
pressures above 0.5 MPa. It is based on an equation describing the enlargement of
the electrical conductivity due to the diffusion of electrons from the hot plasma
spots (high electron density) to the relatively cold near-electrode plasma (low
electron density). This is a different approach compared to the common plasma-
sheath models described for example in Sect. 4.1.1. The plasma-sheath models start
their description at the electrode surface and the plasma adjacent to the electrode
surface, proceeding from there to the so-called Saha-plasma, where the electron and
ion density can be calculated using the Saha equation (cf. Sect. 2.2.2). In contrast to
these plasma-sheath models, the description of the model described in this section
starts in the LTE plasma, where all plasma properties can be calculated using the
LTE assumption (cf. Sect. 2.1.8). Due to the diffusion of electrons from the hot
plasma spots to the relatively cold near-electrode plasma, the electrical conductivity
in the near-electrode plasma is considerably higher than the LTE value of the
electrical conductivity.21

This approach corresponds to the observations in HID lamps of the pressures
discussed here. There is a smooth transition from plasma column to hot plasma
spots and constriction zones to the near-electrode plasma, without visible sheaths or
layers as in low-pressure discharge lamps. A further advantage of the model is the
necessity of only one additional differential equation (for the electrical conductivity
o) to describe the whole discharge area. The absence of different plasma sheaths not
only evades the necessity of many equations describing the plasma properties in the
different sheaths, but also one gets rid of boundary conditions between these plasma
sheaths. The disadvantage is that this model is accompanied by a large numerical
effort: It is necessary to have a very fine grid in front of the electrodes to include the
progression of the electric field and the electrical conductivity in the near-electrode
plasma (cf. Sect. 4.4.2).

The model, which includes plasma column, hot plasma spots in front of the
electrodes, constriction zones, and near-electrode non-LTE plasma as well as anode
and cathode, delivers, for example, the time-dependent power balances of plasma

2l The LTE electrical conductivity is very low in the near-electrode plasma due to
the relatively low plasma temperature (cf. Sect. 2.3.2). In the following, the LTE
electrical conductivity will be referred to by Oppg, the “real” electrical conductivity
including the enlargement in the near-electrode plasma due to diffusion processes is referred
to by O.
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and electrodes, plasma and electrode temperatures, electric potential and electric
field in the plasma, time-dependent total lamp voltage and electrode fall voltages,
etc. In Sects. 4.4.3—4.4.8 the model is applied to very different HID lamps. It is
compared to experimental results and other numerical models to validate the model
and to give a deeper insight into regions, where measurements are not possible.
Furthermore, principal studies are presented concerning for example the
consequences of different electrode tip geometries or the differences between anode
and cathode. In this way, the relevant physical processes concerning plasma,
electrodes, and interactions between them can be identified. These results are
important for the understanding and the further development of HID lamps which,
due to their small dimensions, are often experimentally inaccessible. Thus,
modeling gets more and more important.

4.4.1 Model Equations and Boundary Conditions

The model presented here for the numerical simulation of high-pressure discharge
lamps was first proposed by Fischer [51] and further improved by the author of
this book (cf. e.g., [53, 56, 57]). It uses a complete power balance for plasma
and electrodes (see. (4.18) and (4.19)), electric current conservation (4.22), and, as
aspecial feature, an additional differential equation accounting for deviations
from local thermal equilibrium conditions (LTE conditions) due to strong diffusion
of electrons and ions in close proximity to the electrodes (see. (4.42a) or (4.42b)).
The diffusion of electrons from the hot plasma spots close to the electrodes
(with high plasma temperatures resulting in high electron densities) is directed
into the relatively cold plasma regions immediately in front of the electrodes
(with low plasma temperatures resulting in extremely low (LTE) -electron
densities). This creates a strongly enhanced non-LTE electrical conductivity o
in regions close to both cathode and anode compared to the LTE electrical
conductivity oy 1.

The enlarged non-LTE electrical conductivity o leads to realistic values of the
electric field in near-electrode regions (resulting in realistic anode and cathode fall
voltages) and offers the possibility to connect the numerical simulation of the
plasma to the electrodes (plasma—electrode interaction). This is important for HID
lamps which have often small electrode gaps of some millimeters, leading to a
smooth transition from non-LTE near-cathode plasma to hot plasma spot,
constriction zone, and plasma column to the anodic plasma with constriction zone,
hot plasma spot, and non-LTE near-anode plasma. The model under consideration
here includes the entire discharge plasma (plasma column, hot plasma spots in front
of electrodes, near-electrode non-LTE plasma) as well as anode and cathode,
without dividing the plasma into different layers or sheaths. Thus, a special focus of
the model is the investigation of the lamp as a whole and the results cover many
details of the lamp. The many possibilities of the model will be demonstrated in
Sects. 4.4.34.4.8.



4.4 A Self-Consistent Electrode—Plasma Model 203

Plasma Temperature Distribution

The time-dependent plasma temperature distribution 7, P(?, t) is determined by the
Elenbaas—Heller equation22

v-(/lpvrp)m(VV)z—u:pcpaaitP. (4.18)
Ap(p,Tp) is the thermal conductivity, G(;’, t) the non-LTE electrical conductivity
(cf. (4.42a) and (4.42b)), Vi (;, t) the electric potential (cf. (4.22)), u(p,Tp) the net
radiation emission coefficient, p( p,Tp) the mass density, and cp( p,Tp) the specific
heat at constant plressure.23 u( p,Tp) is calculated taking line radiation and radiation
due to recombination and bremsstrahlung into account. However, in plasmas
containing mercury, the Hg resonance lines at 185 and 254 nm are not included in
u( p,Tp); instead they are treated separately as radiative energy transport, using the
approximation of radiation diffusion. For spectral lines which are partially absorbed
within the plasma, a radiation transport calculation yields spectral line weakening
factors y (cf. [160] and Sect. 2.2.3): For Hg, y is 0.4 for the lines at 365.02, 365.48,
and 546.08 nm, and 0.5 for the line at 435.8 nm. In plasmas containing xenon, ¥ is
0.7 for the xenon lines at 820.86, 828.24, 823.39, and 834.91 nm (cf. Sect. 2.2.3,
especially Figs. 2.13 to 2.16). The thermal conductivity Ap(p,Tp) consists of three
parts: transport of kinetic energy, transport of reaction energy (in general,
ionization, recombination, dissociation, and formation of molecules), and radiation
diffusion. The latter is important for high temperatures (>4,000-5,000 K) and is
treated by radiation transport calculation for the mercury resonance lines at 185 and
254 nm (cf. Sects. 2.2.3 and 2.3.4, especially Figs. 2.25 and 2.26). At the inner walls
of the discharge tube, the temperature is set to a constant value depending on the
lamp under consideration. The boundary conditions at the electrode surface are
given below (cf. (4.20) and (4.21)).

Electrode Temperature Distribution

The computation of the time-dependent electrode temperature distribution 7 E(;, 1)
is based on the heat flux equation (cf. Sect. 4.1.1) using the thermal conductivity
Ag(Tg) (cf. Sect. 2.4.1), the mass density pg(7g) [31], and the specific heat cg(Tg)
[31] of the electrode material:

Ty,
V~(/15VTE)=pEcEa—tb. (4.19)

At the outside connections to the electrodes (electrode root), the temperature is
set to a constant value depending on the lamp under consideration.

22 See also Sect. 4.2.1 and (4.13). A similar equation is, for example, used in [87].

23 The specific heat at constant pressure for a 0.6 MPa mercury discharge is shown in
Fig. 4.42 for a D2-lamp plasma in Fig. 4.76.
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At the boundary between cathode and plasma, 7p and Tg are coupled (cf.
Sects. 4.1.1 and 4.1.3). Cooling by electron emission, heating by ion current,
thermal heat flux from the plasma toward the cathode, and radiation cooling are
considered:

oT, oT, . . 4
AHG—HE: ﬂ’Pa—np"' Jti (wi = Peool ) ~ Jt.emission Pcool ~ go—SBTE . (4-20)

@; 1s the ionization energy of the gas (e.g., 10.434 eV for mercury and 12.13 eV for
Xenon), @, the work function for cathode cooling due to the release of an electron
(cf. Sect. 4.4.6), ji; the particle flux of ions, ji ¢mission the particle flux of emitted
electrons, € is the emissivity of the electrode material (cf. Sect. 2.4.3), and ogp the
Stefan—Boltzmann constant. The terms 07/0n and 07,/0n denote the
component of the temperature gradient normal to the electrode surface. The
electron emission ji emigsion at the cathode is determined by equations given by Dyke
and Dolan [47]. These equations include thermal electron emission, field-enhanced
thermal electron emission, and field emission (cf. Sect. 2.4.4). The ion current
density j; = ¢j; at the cathode is set to | j| — [ jg|, if | j| > | j¢| and zero otherwise (cf.
[144, 167, 168])).

At the boundary between plasma and anode, thermal heat flux from the plasma
toward the anode and radiation cooling are taken into account. The ion flux is zero
at the anode and the electron flux j; . is heating the anode, where @y, is the work
function for anode heating due to the electron current (cf. Sects. 4.1.3 and 4.4.6):

Ag aiz/1}’6&*‘J't,efﬂhean‘f‘fUSBTh‘}- (4.21)
On on

The electrode properties like thermal conductivity or work function will be

discussed in detail in Sect. 4.4.6.

Electric Potential in the Plasma

The electric potential V(;’, t) is calculated using the current continuity equation (cf.
Sect. 4.2.1):

V.j=V-(cE)=-V-(aVV)=0. (4.22)
j is the electric current density, c(?f, t) the non-LTE electrical conductivity (cf.
(4.42a) and (4.42b)), and E the electric field.

The explicit dependence of the electric potential V(?ﬂ, t) on time ¢ is neglected,
since transient effects in the electric field occur on a much smaller time scale than
the thermal capacity effects [30]. The power needed for the generation of the ion
current /; at the cathode (/; is the integral of ¢j;; (j;: ion particle flux) over the
cathode surface, cf. (4.20)) is not included in the power balance (4.18). This power is
given by [;¢,/e, where ¢; is the ionization energy in eV. The electric potential at the
cathode, ¥, can therefore be determined from the total power balance of the lamp:

() e

(4.23)
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Thus, Vyl(f) equals the power needed for the generation of the ion current /;
heating the cathode. This is a common technique also used in a similar manner in
plasma—sheath models (cf. Sect. 4.1.1). This leads to an exact balancing of all terms
in the power balance (electrical power input, radiation, conductive losses). The
voltage ¥, is part of the total cathode fall voltage U, which is determined by linear
extrapolation of the electric potential distribution towards the cathode.>* In the
original form of the model as proposed by Fischer [51], the electric potential at the
cathode was set to zero, neglecting the power needed for the generation of an ion
current component at the cathode.

The determination of the electric potential V using (4.22) requires the
adjustment of one more free parameter. This is done by adjusting the given time-
dependent lamp current /() by setting the potential at the anode to the appropriate
value of the total lamp voltage. The procedure is the following: First a
“normalized” electric potential distribution 7, with constant values ¥, =0 at the
cathode and ¥, =1 at the anode surface is calculated. This normalized potential is
then multiplied by a factor x to get the “real” electric potential V] where x is chosen
in such a manner that the integral of j = 0- E=—0 - grad(V) = —x - 0 - grad(V})) over
a closed surface between anode and cathode (e.g., midplane, cathode surface, or
anode surface) yields the given lamp current /(¢) (cf. Sect. 4.2.1).

The anode and the cathode fall voltages U, and U, are computed by
extrapolation of the linear part of the electric potential distribution on the lamp axis
toward anode or cathode (cf., e.g., Figs. 3.40, 4.44, 4.59, and 4.80). At first sight,
these electrode fall voltages are determined by the computed electrical conductivity
O (cf. (4.42a) and (4.42b)) and the resulting electric potential computed with (4.22).
However, the physics behind this is more complex: The anode and cathode fall
voltages correspond to an additional electrical power input into the plasma close to
the electrodes (I-U, and I-U,) compensating additional losses in the near-electrode
plasma (cf. Sect. 3.2.2). These additional losses are radiation emitted by the hot
plasma spots, heat conduction from the hot plasma spots to the comparatively cold
electrodes, and ion current production in the near-cathode plasma (the latter only
near the cathode surface). The latter two “losses” elevate the electrode temperature,
leading to a higher electrical conductivity (strong temperature dependence) in the
near-electrode plasma. This results in lower electrode fall voltages. Thus, we have a
self-regulating mechanism, in this case responsible for the proper adjustment of
electrode fall voltages and electrode temperatures. The electrode fall voltages are
therefore related in the same manner to the power balance (4.18) and (4.19) as to the
current continuity equation (4.22) and the electrical conductivity equation (4.42a)
or (4.42b). This self-adjustment must be allowed for in a given model (like the
model discussed here) without being perturbed by unnecessary restrictions.

24 Vy represents the part of the cathode fall voltage U, that is necessary to “produce” a
sufficient number of ions near the cathode surface (power consumption /7). The remainder
of the cathode fall voltage times the lamp current / (i.e., I-(U; — V{j)) balances the additional
power consumption due to heat conduction to the cathode and the additional radiation emitted
by the hot plasma spot near the cathode.
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Electrical Conductivity in the Plasma

Using only (4.18) and (4.19) to determine the plasma temperature distribution
T P(?, t) and the electrode temperature distribution 7' E(?, t) together with (4.22) for
the electric potential V(;, t), the numerical simulation of high-pressure discharge
lamps (including the plasma close to the electrodes) would result in severe
problems. In the “cold” plasma immediately in front of the electrodes, the LTE
electrical conductivity op g would be extremely low. To transport the lamp current
I(f) through this “cold” region, the electric field would have to be very high
indeed, leading to unrealistic high electrode fall voltages much above the measured
total lamp voltage. To include deviations from the LTE electrical conductivity oy g
in the plasma very close to the electrodes caused by diffusion of electrons from
the hot plasma spots (high temperature and thus high electron density) toward the
plasma near cathode and anode tip (low temperature and thus low electron
density), an additional differential equation to determine a non-LTE electrical
conductivity o has to be derived (cf. Fig. 3.40). Near the cathode surface, the
electric field drives away the electrons from the near-cathode plasma into the
direction of the plasma column. Nevertheless, diffusion of electrons from the hot
plasma spots and electron emission at the cathode surface increase the electron
density and thus the electrical conductivity (cf. Fig. 4.17). Near the anode surface,
the electric field “supports” the electron diffusion, but the electrons are absorbed
by the anode surface.
We start from fundamental diffusion equations for the mass flux [90]:

o My V. onin T pl
2 ;—k(Vk—Vj)=dj—gl‘ad(lnTp) y [ Dy _Z ] (4.24)

K=11n Dy k= lnszk mamy - nim;
kij kij
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n.; n. n-m: n.-m- v
dj :grad[_/]-p[_/—#]grad(lnp)_# iX/_ZnYXY . (425)
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The different quantities in (4.24) and (4.25) are the following: v number of
plasma components, 7; particle density of component j, n overall particle density, p
overall mass density, Dy binary diffusion coefficients, ¥} mean velocity of
component k, Tp plasma temperature; DkT multicomponent thermal diffusion
coefficient, m; mass of particle &, p total pressure, X; external forces (e.g., forces
due to an electric field in the case of discharge lamps).

Using all numerical results obtained with the final form of the model (4.18)—
(4.23) and (4.42a), (4.43), (4.44), and (4.45) for Hg- and Xe-discharges (Hg: 4 and
8 MPa, 0.2-1.0 A; Xe: 1 MPa, 1.5-6.0 A), we can evaluate the importance of the
single terms in (4.24) and (4.25). Thus, maximum local and global errors in (4.24)
and (4.25) caused by the neglect of single terms can be obtained. The given errors in
the following were obtained using this procedure. High pressures, high lamp
currents, and small work functions for electron emission result in small errors. The
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Fig. 4.17. Sketch of the deviation of the electron density (and thus the electrical conductivity)
from its LTE value due to diffusion of electrons from the hot plasma spots (z = zjgyepor) to the
near-electrode plasma (here: cathode at z = 0) on the lamp axis of a HID lamp

pressure is the most important factor. For pressures above 0.5 MPa the model is
applicable, for lower pressures the assumptions might not be fulfilled in a sufficient
manner. Nevertheless, due to the importance of other factors, like boundary
conditions for the heat flux at anode and cathode surface (4.20) and (4.21) or the
work function for electron emission, the results would probably be quite good as
well for lower pressures.

Neglecting thermal diffusion (proportional to grad(In7p) in (4.24) produces a
total error of 10% or less. Increasing lamp current and gas pressure decreases the
error due to the neglect of thermal diffusion. Because the total pressure p is assumed
to be constant, pressure diffusion is absent (proportional to grad(ln p) in (4.25)).

If we have the three components electrons (j or k= “e”), ions (j or k= “i”’), and
neutral atoms (j or k= “n”) in the plasma and if we take the electric field E as the
external force, we can derive the following two equations from (4.24) and (4.25):

) E
B (V) e (Vn—Ve)=grad(”—e]+ﬂ(1+&<m—m)j (4.26)
n L n Dc,n n p P
and
nn n

e ¥, V) +—3n (¥, —Vi)zgrad(ﬁj—ﬂ[l—ﬁ(ni —nc)j (4.27)
n Dc,i Di,n n P P

Assuming small ionization degrees less than 1% (weakly ionized plasma, cf.
Sect. 2.2.2), using ji , = —j; (particle conservation), D¢ ; < D, (maximum local
error less than 6%, overall error much smaller), and neD; , < nyDe; (maximum
local error less than 0.05%) yields the following two equations:
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. E
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Jie =N’V is the particle flux density of electrons and ji; = n;'V; the particle flux
density of ions. For the weakly ionized plasmas considered here, further
simplifications can be made, yielding the following set of equations:

- E
S L UL U =grad(n_e]+ - (4.30)
Tn nDe.i De.n ’ nnDe.i n p
and
1 n 1 1 n: n.ek
oo — - j . ———=grad| + |[-——. 4.31
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These two equations differ from those given by Fischer [51]. Combining (4.30)
and (4.34), the electric field can be eliminated, yielding:

. 1| n,—n 1 . 1| n A, (n J n, [nj
- =L+, = ——=2 |=grad| & |+-%grad| L |. (432
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Within the two pairs of parenthesis on the left-hand side of (4.32), the first terms
are small compared to the second terms, yielding

1 1 n, n
—jpe——— i ———<=grad| =
Jeelp i 8 [n]

e.n L,n 1
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The right-hand side of (4.33) can be transformed using

grad [n—ej: grad [E jzn—egrad(ﬁ)+ﬂgrad [n_e] (4.34)
n n; n; n) n n;

grad [n—e)+n—egrad [ﬂj=2grad(&]—ﬂgrad [”_ej (4.35)
n) n n n n n;

1 1
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or

Because (nj/n)-grad(n./n;) < grad(n./n) (total error less than 1%) we can
combine (4.33) and (4.35) to give:

n.D
©7en _onD,, grad(n—ej. (4.36)
n: ' n
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Using the equation

div j=ediv(j ; — ji)=0 (4.37)
and the approximation n;-D; , < ng D, (overall error less than 1%) we get
1 n.D
div grad[n—e]=— e iy i (4.38)
n ZnDe,n m D, , ’

The next step is to transform the expression div j; ; in an appropriate manner. In,
e.g., [51, 53, 55-65, 129, 158, 169], the local production and annihilation terms of
ions taken into account are the following:

div j;=R* - R =¢'nen, — ¢®nen; — ¢ nonn,, (4.392)

where ¢', ¢, and qC are (temperature dependent) rate coefficients for ionization,
radiative recombination, and three-body collisional recombination. This means, it is
assumed that the collisional ionization (ql'ne%n) predominates the production of
ions (and electrons) and the loss of charged particles is mainly by radiative
recombination (qR'ne'ni) and by three-body recombination with a neutral atom
being the third particle (qc'ne'ni~nn). A detailed balance, i.e., each process in
equilibrium with its inverse process, is not assumed. The inverse process of
radiative recombination (qR~ne'ni) would be the ionization of a neutral by a photon
(emitted, e.g., during a previous recombination). In total thermal equilibrium this
detailed balance is realized, resulting in the well-known Planck radiation formula
(black body radiation, cf. Sect. 2.4.3). In a HID lamp, however, the radiation is not
in equilibrium, leading to the characteristic spectral power distribution different for
each type of lamp (cf. Sect. 1.3 and 2.2.3). The radiation coming from radiative
recombination will most probable leave the discharge without ionizing a neutral
particle?® leading to the recombination continuum (cf. Sect. 2.2.3). Nevertheless,
the high pressure of the plasma in HID lamps leads to a collision-dominated plasma
where radiation processes do not disturb the local thermal equilibrium noticeably,
which is established by the countless collisions between the plasma constituents. In
a similar manner, the three-body recombination with an electron as the third particle
(inverse reaction of collisional ionization (ql-ne-nn)) is assumed to be rather unlikely
in the weakly ionized plasma of the HID lamps under consideration here (ionization
degree less than 1%, cf. Sect. 2.2.2). The three-body recombination with a neutral
as the third particle (qc-ne-ni~nn) is assumed to be much more probable. This
reasonable procedure leading to (4.39a) yields finally (4.42a) and very good results

25 A more serious problem for this radiation will be the passage of the tube walls.
Furthermore, this high energy radiation might heat the electrodes or release an electron from
the cathode. However, the latter effect should be sufficiently small with photoelectric yield
values of the order of 107% according to [146].
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compared to experimental findings (cf. Sects. 4.4.3—4.4.8). Nevertheless, there is a
widespread alternative emphasizing the detailed balance notion (e.g., page 71 in
[168], page 4228 in [17], or page 258 in [16]):

r (4.39b)

In (4.39b), one reaction and its inverse reaction are considered, but the
remaining two reactions and their corresponding inverse reactions are neglected
(qR-ne-ni, qc-ne-ni-nn, and corresponding inverse reactions). Without judging the
quality of these two approaches (4.39a) and (4.39b), we will continue the derivation
of the necessary differential equation for a non-LTE electrical conductivity, taking
both approaches parallel into account.?® We will use the resulting equations for
the non-LTE electrical conductivity (4.42b) for the numerical simulation of an
external laser heating experiment (Sect. 4.4.5).

As described in Sect. 4.1 and as it will be shown in Sects. 4.4.3—4.4.8, there
should not be a large difference between the results obtained by using these two
notions because the important fundamental interactions between plasma and
electrodes are included in the boundary conditions (e.g., (4.20), (4.21), (4.43),
(4.44), and (4.45)). The self-regulation of the cathode—plasma interaction and the
power balances of electrodes and plasma are more crucial than certain differences in
the description of the near-electrode plasma. Moreover, the plasma and electrode
properties are more important for the electrode—plasma interaction than the details
of the electron and ion production and annihilation terms, for example, the very
important work function for electron emission @gpision (cf. Sect. 4.4.6) or the
thermal conductivity Ap affecting the thermal heat flux from the hot plasma spots to
the electrodes.

Assuming ny, 1 Tg = n, (weakly ionized plasma, see earlier), we can express all
production and annihilation terms with the help of qI in LTE using div j; ; = 0:

2
ne n;.

divj;=R"-R~ =qlnenn —-q

n

q" +qn,=q' —2 (4.40a)
M LTE
and correspondingly
q"=¢' (4.40b)
M LTE

Combining (4.38), (4.39a), and (4.40a) and (4.38), (4.39b), and (4.40b),
respectively, we get

12
divgrad(n—e): 9 n—e[l— i ] (4.41a)
n

2D, i L TE

26 All subsequent equations will be labeled additionally with an @ or b according to the
corresponding approach of (4.39a) or (4.39b).
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and

12
div grad(nij -4 ey Zen‘ . (4.41b)
n 2Di,n ni ni,LTE

Assuming n./n proportional to the electrical conductivity o (cf. Figs. 4.18—4.20,
this assumption is fulfilled, for example, for mercury, xenon, and complex plasma
compositions like the one in the D2 lamp27), setting & = ny/n,, and using the
relations ng/ng 11g = 0/0r g and n; g =nerg We finally arrive at (4.42a) and
(4.42b):

1
Ao=-—1" [1—0: g ]0' (4.422)
2D a OLTE
and
l 2
Ao=--21" 1—0{ g j o, (4.42b)
2D« OLTE

where A is the Laplace operator, qI the rate coefficient for ionization, n the overall
particle density, D; , the binary diffusion coefficient between ions and atoms, and &
the ratio n;/n,. Fischer [51] arrives at the same differential equation (4.42a), despite
his derivation is different from the one given here. However, the boundary
conditions at anode and cathode surface for the non-LTE electrical conductivity o
derived using (4.30) are significantly different from those given by Fischer
(see later). The non-LTE electrical conductivity o replaces oy g in (4.18) and (4.22)
and provides realistic results for the electric field, electric potential, plasma
temperature, and electrode temperature. Using only this one additional differential
equation (which is valid in the whole plasma, LTE, and non-LTE regions) closes
the gap between LTE plasma and electrode surfaces without the “low-pressure
approach” of dividing the plasma into different layers or sheaths. In the LTE regions
(i.e., plasma column and a good deal of the hot plasma spots) (4.42a) or (4.42b)
computes o equal to oy g, only in the small areas of cold plasma immediately in
front of the electrodes, there are significant deviations between ¢ and oprg (cf.
Figs. 4.65 and 4.66). The ratio o = n;/n, is calculated using Poisson’s equation
((4.10)). It turns out that ¢ has little or no effect on (4.42a) and (4.42b) since o = 1
in the entire bulk of the plasma. Only in the plasma immediately in front of the
electrodes, deviations from ¢ = 1 occur, but within this regions ¢ > Oy 1g, so that
the two ¢ in (4.42a) and (4.42b) cancel each other.

27 The constant of proportionality for a 0.6 MPa mercury plasma is identical to the constant
of proportionality for a 4 MPa mercury plasma, i.e., this constant appears to be valid for a
wide range of pressures.
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for a 0.6 MPa mercury plasma vs. plasma temperature [63]

The only difference between (4.42a) and (4.42b) is the square of the o/o1 g
term.® The consequences following from this difference have been analyzed by

28 Taking into account all terms of the detailed balance, we get the same type of equation as
(4.42b), but with a qleﬁc depending on 7., qI, qR, and qC [91]
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a D2 lamp plasma (Xe, Hg, Nal, Scl3) vs. plasma temperature [59]

modeling the external laser heating of anode and cathode as described in Sect. 4.4.5
with both equations (4.42a) and (4.42b) independently. The differences between the
results are very small. For the lamp described in Sect. 4.4.5, the cathode fall voltage
U.is 11.2V (4.42a) and 11.4 V (4.42b), respectively, the anode fall voltage U, is
3.3V (4.42a) and 3.6 V (4.42b), respectively, the electrode and plasma temperatures
deviate less than 3% from each other. This confirms the findings of other
investigations (Sects. 4.4.3—4.4.8), showing that the details of the numerical model
do not play a decisive role as long as the fundamental interactions between plasma
and electrodes are properly included in the boundary conditions (in the model
described here for example (4.20), (4.21), (4.43)(4.45) and as long as the
numerical model does not interfere with these boundary conditions. At the cathode,
for example, the interplay between ion current and electron emission current
“adjusts” cathode fall voltage, cathode temperature, and the ratio of electron to ion
current: A cold cathode does not emit enough electrons to sustain the given lamp
current /, with the result that ion current provides the difference between lamp
current and electron emission current. The generation of this ion current requires
electrical power input into the near-cathode plasma, which is reflected in a large
cathode fall voltage. The ions deposit their ionization energy at the cathode surface,
heating up the cathode. This boosts the electron emission current, which entails a
reduced ion current. Thus, the cathode temperature is adjusted to a value, where the
ratio of ion to electron emission current corresponds to a stable power balance of
plasma and cathode.

A further example of the self-regulation or self-adjustment of plasma and
electrode properties in HID lamps is the temperature of the arc column. A “cold”
plasma arc implies low electrical conductivity (cf. Figs. 4.18-4.20), leading to high
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electric fields and, therefore, a high electrical power (heating) density (see (4.18)).
This increases the temperature of the arc, leading to much higher electrical
conductivities. Due to the strong dependence of the electrical (LTE) conductivity on
the plasma temperature, this mechanism smoothes out small errors and
uncertainties in the total value of oy 1g.

The details of the numerical model under consideration in the near-electrode
plasma have not (and should not have) much impact on these processes. However,
without consideration of (for example) heating of the electrodes by thermal heat
conduction from the plasma to the electrodes in the boundary conditions at the
electrode surfaces (see (4.20) and (4.21)), problems may arise.?” But even then, the
interplay between ion current and electron emission “will do the job.” The ion
current will be higher, compensating the missing power due to heat conduction from
the plasma to the cathode. This leads to a smaller electron emission current and a
somewhat lower cathode temperature. However, since electron emission current
depends strongly on electrode temperature, these differences are normally not large
(cf., Sect. 2.4.4). An important factor is the proper choice of the work function for
electron emission, Qemission (Strongly affecting electron emission), which has more
influence on the numerical results than details of the numerical model under
consideration (cf., e.g., Sects. 4.4.3 and 4.4.6). Further influencing factors are the
exact geometry of the electrode tips and the ability of the model to deal with more
than one dimension: In Sect. 4.4.4 it will be shown in detail how different electrode
tip geometries affect the electrode and plasma temperatures as well as the electrode
fall voltages. A one-dimensional numerical model is not able to account for these
effects due to different electrode tip geometries (independent of the physical details
of the model). More examples of the self-regulating mechanisms in HID lamps will
be discussed in the following sections.

The results presented in Sects. 4.4.3—4.4.8 are obtained using (4.42a) in
combination with (4.18) and (4.19) (plasma temperature distribution 7| P(;, t) and
electrode temperature distribution 7 E(,i, t)) and (4.22) (electric potential
distribution V(?f, t)). As stated earlier, the differences to the results obtained with
(4.42b) are negligible. Using only this additional equation ((4.42a) or (4.42b))
closes the gap between LTE plasma and electrode surfaces without the “low-
pressure approach” of dividing the plasma into different layers or sheaths. Realistic
results for the electric field, the electric potential, and the plasma temperature in the
whole discharge region (LTE and non-LTE regions) and the electrode temperature
distributions are thus provided by the numerical simulations.

Equation (4.42a) or (4.42b) is the central point of the model used within this and
the following sections; it is the major difference compared to other (plasma or
electrode) models. Nevertheless, this equation should not be overestimated, as
described earlier and in the following sections. The advantage of the model used

29 1n the lamp described in Sect. 4.4.5 used for the comparison of (4.42a) and (4.42b), the
thermal heat flow from the plasma to one electrode is between 3.7 and 11.1 W, compared to
up to 4 W ion heating during the cathode phase, 8.2 W electron heating during the anode
phase, radiation cooling between 7.9 and 13.7 W, and external laser heating up to 4.5 W.
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within this and the following sections is that plasma and electrodes are regarded as
an integrated whole, allowing for interactions between them. The self-regulating
mechanisms are not “concealed” by too many assumptions but can do their “job”
to give realistic results for the complete lamp system of electrodes and plasma. The
given boundary conditions are reduced to a minimum, like temperature at the inside
wall of the discharge vessel (not very important for the results) or temperature at the
electrode roots. Geometrical effects induced, for example, by different electrode tip
geometries are allowed for, the plasma itself establishes its way from cathode tip
over constriction zone and hot plasma spot to the arc column and further on to the
anode with the related constriction zone and hot plasma spot. Still, there are many
general uncertainties in plasma properties (Ap, u, O, ...), work function for
electron emission Qqpissions €t¢- Which will be addressed in the following sections.
The results presented within the following sections encourage further studies with
the model leading to an improved understanding of complex HID lamps.

At the inside wall of the lamp bulb, o is set to its LTE value at wall temperature.
At the cathode surface we derive the following boundary condition for o: Starting
from (4.30), using p =nkT (cf. Sect. 2.1.5), n./n <o, n/ng g = 0/O 1E, and
Jii < neEDg /KT, we get

kT . O-LTE ni 1
o L + —grado |. (4.43)
cathode eE [ J t.e ”e,LTE n De,i De . g

This equation is consistent with the diffusion equations, but different from that
used by Fischer [51]. Wiesmann [169] uses the same model but a much simpler
boundary condition (cf. (4.44)), which converges faster numerically, but which is not
strictly compatible with the fundamental diffusion equations from which (4.42a) and
(4.42b) are derived. Nevertheless, the numerical results obtained with boundary
condition (4.44) are not very different from those obtained with boundary condition
(4.43), thus (4.44) will be used for the investigations presented in the following
sections. This simpler boundary condition is similar to cathode boundary conditions
given by Benilov et al. (e.g., [21]) or Lowke et al. (e.g., [120] or [144]). Starting point
is the assumption that the electrons emitted by the cathode have a thermal
temperature  distribution according to the cathode temperature, i.e.,
Vi = (8kBTcath0de/mne)l/ 2 (see also [151]). If we denote the electron emission
current density at the cathode with j cahode a0d US€ ¢ cathode = €Vih/e,cathode/4> WE get

OLTE _ 4je.cath0de OLTE (4 44)

Ocathode = Pe,cathode
Me LTE eVinMe LTE
Starting again from (4.30), using ji; = 0 and j; . = —0FE/e at the anode surface,
n./n o o, and ne/ng g = 0/0 g, We derive the following boundary condition for
o at the anode":

30 The factor 16.49 can be obtained using expressions for Dy, and O g from simplified
kinetic theory [53].
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16.49kT Oc/on
o,

anode e oVion
Again, this boundary condition is also different from that used by Fischer [51].

A summary of the self-consistent electrode—plasma model including all
differential equations and boundary conditions is given in Fig. 4.21. The numerical

procedure to solve the model equations and boundary conditions is described in
Sect. 4.4.2.

(4.45)

Rate Coefficient for lonization

One of the plasma properties used for the self-consistent electrode—plasma model
described earlier is the rate coefficient for ionization. It is needed for the calculation
of the non-LTE electrical conductivity o (4.42a) or (4.42b). If we define the
“adjustment length” A, as

2D,
Ao = ll'“ (4.46)
qn
we can rewrite the non-LTE electrical conductivity equation (4.42a) to give
Ao=—— [1—0{ g ]O‘ (4.47)
Ay OLTE

Thus, the adjustment length A is a measure for the extend of the non-LTE
region in the near-electrode plasma. The larger 1, the larger the region where
0 > oprE (cf. Figs. 4.65 and 4.66).

The adjustment length A is proportional to the square root of the binary
diffusion coefficient of atoms and ions D; p, i.e., the larger the diffusion, the larger
the region where & # o1, which complies with our expectations and the model
alssumptions.31 On the other hand, the larger the rate coefficient for ionization qI
and the larger the total particle density n (i.e., the larger the probability for
ionization or recombination), the smaller the adjustment length A, and thus the
region where & # g . This also complies with our expectations and the model
assumptions because ionizations or recombinations counteract the diffusion.

All plasma and electrode properties necessary for the self-consistent electrode—
plasma model have been described in Chap. 2, except for the rate coefficient for
ionization qI. The rate coefficient for ionization qI is defined as the number of
ionizations per unit volume and time for a given electron and neutral particle
density: R = qlnenn (cf. (4.39a) or (4.39b)). To determine concrete values for qI for
different plasmas, two possible ways have been used, which are described in the
following.

One way is to use the probability P; for an ionization per cm at the reference
temperature 7, = 0°C and the reference pressure of 1 mmHg by electrons as a

31 As it can be seen in (4.38), 1 18 actually proportional to (D; 4/De n)De n = Dj -
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Boundary conditions: Boundary conditions:

Te = Troot, anode oVion= 0
Tp = lwall
6 = OLTE
'—-
Anode —+—

Boundary conditions:
- V : Equation (4.7)

T : Equation (4.21)

o : Equation (4.45)

power balance = T¢

Equation (4.19):

Equation (4.22): current continuity -V
Equation (4.18): power balance - Tp
Equation (4.42a): non-LTE electical conductivity — o

Boundary conditions:

oVior= 0
dT/lor= 0
dolor= 0
Boundary conditions:
V : Equation (4.23)
T : Equation (4.20)
o : Equation (4.43), Equation (4.44)
S
29
i3
§3
ER
i
Gas/plasma
Cathode I

~ boundary conditions:

Te= 7-root,cathode

Fig. 4.21. Summary of the self-consistent electrode—plasma model including all differential
equations and boundary conditions. The electrodes might change their “function” (anode/
cathode) with time in the case of ac operation



218 4 Numerical Simulations

function of electron energy u, (cf. [24, 35]). Using P;(u,), the ionization frequency
v; per electron of the energy u,, at the pressure p can be calculated [35]:

2
vy = PR e )= PR (), |~ (4.48)

Assuming a Maxwellian energy distribution fluc,7) for the electrons as
described in Sect. 2.1.3, the mean ionization frequency v; per electron at
temperature 7'is given by

W =nkTy [ ve ()R () £ (e, T) (4.49)

ion

where u;,, is the ionization energy of the atoms in the gas/plasma. To convert the
units given in [35] to SI units, we have to multiply P; with the factor
0.75025 - (cm - mmHg)/(m - Pa) . Because we have the relation (cf., e.g., [49])

— I
R* =Vin, =q NNy, (4.50)

we can calculate ¢! using the approximation n, = n (weakly ionized plasma):

¢' =0.75025 M mmHe 7 [ v () f (. T dut, (4.51)
mPa Uion

The measured ionization probabilities P; as a function of electron energy for
mercury are taken from [131], for argon the values of P; are taken from [24].

An alternative way to determine concrete values for qI for different plasmas is to
use the cross section for ionization X, as a function of electron energy u,.. According
to Sect. 2.1.6, the mean free path for electrons between two ionizations in a gas/
plasma is given by

(——1 (4.52)
nZ;(u,)
so that the ionization frequency per electron of the energy u,, is given by
2
Jelte) _ 2e vy, (4.53)

Yl )\ m,

According to the procedure described earlier, the rate coefficient for ionization
qI is given by:
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q'=[" velu) Fue) f (e, T du. (4.54)
The measured cross sections for ionization X as a function of electron energy for
xenon and argon are taken from [106].

Figure 4.22 shows the calculated rate coefficient for ionization qI for mercury,
xenon, and argon plasmas vs. plasma temperature. They are independent of pressure
p- The higher the plasma temperature, the higher the average kinetic energy of the
electrons, and thus the higher the rate coefficient for ionization. The lower the
ionization energy of the atoms, the easier it is for the electrons to ionize the atoms.
Thus, the rate coefficient for ionization is the highest in the case of mercury
(#;on=10.434eV), the next one is xenon (uj,,=12.13eV), then argon
(4;0n = 15.76 €V). The qI values for argon have been calculated using both methods
described earlier with different experimental data. They agree very well. In the case
of a complex plasma composition as for example in the D2 lamp (Fig. 4.23), the rate
coefficient for ionization is defined as the weighted average value®? of partial
ionization rate coefficients qIXe, qIHg, qINa, and qISC of most frequently occurring
neutral atoms (cf. [129, 158]).

Because the non-LTE region is small for large values of qI, and because a small
non-LTE region complies well with the model assumptions, mercury or metal halide
HID lamps are ideal objects for the model under consideration in this and the
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Fig. 4.22. Rate coefficient for ionization qI for different plasmas vs. plasma temperature

32 A similar approach is used by Benilov et al. [22].
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Fig. 4.23. Rate coefficient for ionization qI for a D2 lamp plasma (Xe, Hg, Nal, Scly) vs.
plasma temperature

following sections. Numerical simulations taking xenon HID lamps into account are
also possible, but the pressure has to be higher than in mercury or metal halide
discharges to comply with the model assumptions (above 0.5—1.0 MPa, depending
on lamp current, work function for electron emission, etc.). The pressure in argon
HID lamp must be even higher, if all model assumptions shall be fulfilled.
Nevertheless, due to the importance of other factors, like boundary conditions for
the heat flux at anode and cathode surface see (4.20) and (4.21) or the work function
for electron emission, the results should be quite good as well for lower pressures.

Fischer [51] uses a constant rate coefficient for ionization qI assuming a
Maxwellian energy distribution corresponding to 7=4,000 K, i.c., there is no
temperature dependence of qI in the calculations of Fischer. The quantities n and
D; ,, are also set to their values at 7= 4,000 K in [51], so that the adjustment length
A &1s constant in his calculations. Lowke and Quartel [113], who are using a similar
approach taking ambipolar diffusion of electrons into account, also use a constant
value for their recombination coefficient .

4.4.2 Numerical Procedure

Finite Element Method

The model equations described earlier are solved using the finite element method
on an unstructured grid assuming rotational symmetry. One important advantage of
this method is that regions with large gradients (temperature, electric field,
electrical conductivity) can be spatially resolved with a much finer mesh than other
regions, leading to a very fine mesh in the vicinity of the electrode tips (very high
spatial gradients of, e.g., temperature and electric field) and a rather low density of
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mesh points elsewhere. Furthermore, it is possible to consider arbitrary rotationally
symmetric electrode and discharge vessel shapes. Unfortunately, the mesh
immediately in front of the cathode has to be extremely fine to resolve spatial
changes of the non-LTE electrical conductivity o and the electric field £. This
results in a mesh with up to a million unknowns, which have to be calculated using
an iterative scheme. The computing time can be up to a couple of weeks for a single
dc discharge. To reduce the computing time and to be able to carry out even more
time consuming time-dependent calculations as presented in the following sections,
an improved numerical approach for the description of the plasma immediately in
front of the cathode surface has to be used. This is done by using improved
boundary conditions for o, ¥, and T at the cathode—plasma surface. Based on these
new boundary conditions, the extremely small mesh size at the cathode tip can be
increased, reducing the computing time.>3 Nevertheless, the grid has still a very
small mesh near the electrode tips. As an example of the finite element mesh, the
temperature distribution in the plasma and one electrode together with the finite
element mesh is shown in Fig. 4.24. Clearly visible is the refinement of the mesh
near the electrode tip.

I

Fig. 4.24. Calculated electrode and plasma temperature distribution during anode phase near
electrode tip with hot plasma spot (right-hand side) and finite element mesh (left-hand side)
of a D2 automotive headlight lamp (Xe/Hg/Nal/Scl;, p=7 MPa, I=0.4 A, 400 Hz
rectangular-wave lamp current, @emission = 2-6 €V; @cool/heat = 4-5 €V)

33 At the anode surface, the gradients of the electrical conductivity and the electric field are
smaller, so that the problem is reduced to the cathode.
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Iteration Loop

The differential equations necessary for the model described in the previous section
are: current continuity to calculate the electric potential distribution V(?, 1) (4.22),
power balance of plasma and electrodes to calculate the plasma temperature
distribution 7, P(;, t) (4.18) and the electrode temperature distribution T E(;’ t)
(4.19), and the non-LTE electrical conductivity equation (4.42a). These differential
equations are coupled: The determination of the electric potential requires the non-
LTE electrical conductivity distribution G(;‘, t). To calculate o, the temperature-
dependent plasma properties and thus the plasma temperature distribution 7' p(;}f, 1)
must be known. And the calculation of the plasma temperature distribution 7 p(;}f, 1)
necessitates the electric potential distribution V(?f, t) and the non-LTE electrical
conductivity distribution c(?ﬂ, t). Thus, the differential equations are solved using
an iteration loop. An overview of the differential equations and the iteration loop is
given in Fig. 4.25.

The calculation starts with a trial temperature distribution and the initial value
o =or1e(Tp). Then, the first electric potential distribution can be calculated,
followed by the determination of the plasma and electrode temperature distribution.
After this, the iterative loop shown in Fig. 4.25 is passed through until convergence
of temperature, electric potential, and electrical conductivity. All plasma and
electrode properties are temperature dependent, i.e., they depend on the calculated
temperature distribution. Because the differential equation for the determination of
the non-LTE electrical conductivity o is strongly nonlinear, it has proved beneficial
to solve this equation in several loops until convergence of the electrical
conductivity is reached. This reduces the total number of outer iteration loops, so
that the total computing time is reduced.

The time dependence of the results can either be caused by a time-dependent
lamp current /(f) (boundary condition for electric potential, see Sect. 4.4.1) or by
external, time-dependent disturbances, for example external laser heating as
described in Sect. 4.4.5. The numerical time steps are automatically adapted
according to the changes in the results from the preceding time step (adaptive step
size). If the results do not vary much within one time step, the step size for the next
time step is increased. If the results within one time step do vary too much, this time
step is discarded and the calculation is repeated with a smaller step size. In the case
of the external laser heating, the time-dependent lamp current /(¢) (1.8 A, 0.05 Hz
rectangular-wave current) is superimposed by a local, time dependent, external laser
heating of one electrode. The resulting time steps vary between 5 x 107> s near
current reversal and 3 x 107 s near laser on/off, and up to 0.8 s during quasi
stationary operation.

Improved Numerical Approach

Time dependent calculations (time-dependent lamp current or external, time-
dependent disturbances) are only possible because calculation time has been
reduced by increasing the extremely small mesh size at the electrode tips and thus



4.4 A Self-Consistent Electrode—Plasma Model 223

Y

Electric potential (discharge)

V.j=V (0E) = -V-(aVV) =0

Y ‘—

Electrical conductivity (discharge)

q'n o
Ao =- 1-a——o
2D & ( o

Power balance (discharge)

pc, 2Te _ 5 vy + V- (4, VTp) —u

3

Power balance (electrodes)

oTe

Ce specific heat of electrodes [J kg—1 K-1]
Cp specific heat of plasma at constant pressure [J kg—1 K-1]
Din  binary diffusion coefficient ion-atom [m2s-1]

electric field [V m-1]
j electric current density [A m—2]
n particle density [m—3]
q rate coefficient for ionization [m3 s—1]
Te electrode temperature [K]
Tp plasma temperature [K]
u
4
o
g

PECE =V (AE VTE)

net radiation emission coefficient [W m—3]

electric potential [V]

ratio of ion to electron density

thermal conductivity of electrodes [W K-1 m-1]
Ap thermal conductivity of plasma [W K-1 m-1]

P mass density of plasma [kg m—3]

Pg mass density of electrodes [kg m—3]

oite LTE electrical conductivity [Q~1 m-1]

c non-LTE electrical conductivity [Q~1 m—1]

Fig. 4.25. Iteration loop of the self-consistent electrode—plasma model

reducing the number of unknowns. This has been done by using an improved
numerical approach for the description of the plasma immediately in front of the
cathode surface. At the anode surface, the gradients of the electrical conductivity
and the electric field are smaller, so that the problem is reduced to the cathode.
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Using the experiences and the detailed analysis of a multitude of numerical results
obtained with the model for the dc case, improved boundary conditions for o, ¥, and
T at the cathode—plasma surface can be found. These new boundary conditions
allow for a coarser grid in the vicinity of the cathode surface and reduce computing
times dramatically without a significant change in the obtained results (deviation
less than 1%)).

A detailed analysis of all numerical results obtained with the time-independent,
dc version of the model revealed that the gradient of the electrical conductivity o
normal to the cathode surface (0c/0n = grad,c) is constant over a certain
distance perpendicular to the cathode surface. That means that starting from the
cathode surface, o increases linearly with increasing distance from the cathode
surface into the plasma. Furthermore, the electric current density j is also constant
over a certain distance to the cathode surface. This is due to the fact that the cathode
surface lies at constant potential, so that the electric field E is perpendicular to the
cathode surface. The electric current density j = 0F has the same direction as the
electric field E. Together with the current continuity equation (4.22) it follows that
J is constant over a certain distance on a path perpendicular to the cathode surface.

The “sheath” over the cathode surface, where grad, o and j are constant on a
path perpendicular to the cathode surface, has a thickness which is much larger than
the typical grid spacing of the finite element grid34 but much smaller than the
typical electrode dimension (typical electrode diameter between 0.25 and 2 mm).
Therefore, one can reduce the grid spacing by including this thin “sheath” with
constant thickness d in the corresponding boundary conditions. The thickness & of
the “sheath” used for the numerical simulations is chosen much smaller than the
thickness of the “sheath” where grad,, o and j are constant. However, it has to be
emphasized that this is not a “physical sheath” with certain assumptions concerning
physical processes (like the ionization layer or the space charge sheath in layer or
sheath models for low-pressure discharges), but only a simplification in the
numerical treatment of the problem which leaves the results unchanged
(deviation < 1%). In the following, this “numerical sheath” will be called “skin” to
distinguish it from “sheaths” in traditional layer approaches.

The modification of the boundary condition for o at the interface between
plasma and cathode skin (Oskincathode) 1S Simple: At the plasma border of the skin, o
equals the value at the cathode surface given by (4.44) plus the linear increase with
the constant slope grad,, o over the skin thickness 6 (with grad, o depending on the
position on the cathode surface):

34 Example: In a 0.6 MPa mercury discharge with a cathode diameter from 0.5 to 0.7 mm and
a lamp current from 0.4 to 3.0 A (cf. Sect. 4.4.4), the thickness of the “sheath” where
grad, 0 and j are constant is approximately 10 pm, the chosen “sheath” thickness o for the
numerical simulations is only 800 nm, so that the assumption of constant grad,, 0 and j is
assured. The grid spacing at the cathode surface for the calculations including the “sheath”
can be chosen to be approximately 500 nm, the necessary grid spacing at the cathode surface
if no “sheath” is used must be as small as 20—50 nm.
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4j e,cathode OLTE

OSkinCathode = Ocathode T 5gradn o= + 5gradn o. (4.55)

EVine, LTE
The electric current density j (which is constant on a path perpendicular to the
cathode surface within the skin) can be expressed as the product of the electrical
conductivity o and the electric field E either at the cathode surface or at the plasma
border of the skin:

j = Ocathode Ecathode = OgkinCathode ESkinCathode' (4'56)

Combining (4.55) and (4.56) we get

evyn ograd, o

th*e, LTE n

E cathode = EskinCathode | 1+ 47 . 4.57)
Je,cathode OLTE

This equation has to be solved iteratively at every point at the cathode surface as
the electron emission current density e cathode depends on the electric field strength
Ecathode-

The potential drop over the cathode skin can be computed by integrating the
electric field E over the skin thickness &:

5 5 J d=
Uevr: = | Edz= : 458
SkinCathode ,[) J‘O Oathode +z gradn o ( )

Considering that j and grad, o are constant on a path perpendicular to the
cathode surface within the skin, one gets35:

i(r= z=0
UskinCathode = & In(0athode (r=0)+z grad, o (r=0)) ) (4.59)
grad, o (r=0) z=0
This potential drop over the cathode skin implies an electrical power input into
the plasma within the cathode skin and must therefore be considered in the
boundary condition connecting the temperatures of cathode and plasma at the
cathode surface (4.20):

oT, oTp . . . 4
lE 8—1’115 - /1}’ 6—;: ]USkinCathodc +]t,i ((ﬂi_ Peool ) - ]t,cmission Peool ~ ‘sGSBTE . (460)

Again, it has to be emphasized that these new boundary conditions do not
include new physical effects. They are (only) based on a detailed analysis of the
many numerical results obtained with the model described in this section, which
showed that j and grad, o are constant on a path perpendicular to the cathode
surface within a small skin over the cathode surface. This knowledge has been used

33 The cathode lies at constant potential, so that in the plasma immediately adjacent to the
cathode surface the potential lines are parallel to the cathode surface. Due to the thinness of
the skin, the skin boundary lies on a constant potential line, so that the integral in (4.58) must
be evaluated at a single path only (here: lamp axis).
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to reduce the numerical “burden” caused by the extremely fine mesh in the vicinity
of the cathode surface by extending the boundary conditions on the cathode—plasma
surface and allowing for a coarser mesh near the cathode. This improvement of the
numerical approach does not change the obtained results significantly (deviation
less than 1%), but reduces the computing times by a factor of more than 10.

In the following sections (Sects. 4.4.3—4.4.8), the self-consistent electrode—
plasma model described in Sects.4.4.1 and 4.4.2 is used for the numerical
simulation of different dc- and ac-operated HID lamps with different plasma
compositions (mercury, xenon, or metal halide plasmas). Each of the following
sections focuses on one or several different aspects of HID lamp modeling.

4.4.3 Comparing Different Cathode Models

Following up the description of cathode sheath models in Sect. 4.1.1, we now
compare the numerical results for the cathode obtained with the self-consistent
electrode—plasma model described in Sects. 4.4.1 and 4.4.2 with results obtained by
three other numerical models concerned with cathode behavior [65]. The three other
models are based on cathode sheath models as described in Sect. 4.1.1. A so-called
model lamp was agreed upon for this comparison (called LSS-lamp36) to produce
comparable results using these four different numerical models. This LS8-lamp is
cylindrical with an inner diameter of 9 mm, an electrode gap of 20 mm, electrode
lengths of 14 mm, and electrode diameters of 0.6 mm for both identical electrodes.
The electrodes are cylindrical with a hemispherical tip (cf. Fig. 4.26). The lamp
fillis xenon with an operating pressure of 1 MPa. Moreover, the following
other parameters and data were used by all four participants in this comparison of
cathode models to allow for maximum comparability. Work function for electron
emission and cooling/heating of the cathode/anode surface’”: @ = @ icsion =
Peool = Phear = 4.55 or 3.5¢eV, Ag = 1.2x10® A-m™2K™? (cf. Sect. 2.4.4), thermal
conductivity Ag(Tg) of the electrodes according to [94] (cf. Fig. 2.27), emissivity
&(Tg) of the electrode material according to [174] (cf. Fig. 2.29), lamp current /
between 1.5 and 6.0 A, inner wall temperature of the cylindrical lamp bulb 1,000 K,
and outer electrode ends kept at 300 K. The plasma properties of a 1 MPa xenon
plasma are given in Chap. 2.

36 Details of this lamp are the result of a discussion between experimentally and theoretically
working research groups in the context of the LS8-conference focusing on the comparison of
modeling results and experimental data. Hence, the lamp is called LS8-lamp. The LS8-
conference (8th International Symposium on the Science and Technology of Light Sources)
took place at Greifswald from August 30th—September 3rd 1998.

37 The same work functions (4.55 and 3.3 eV) have been used, for example, by Tielemans and
Oostvogels [162].
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Fig. 4.26. Geometry of LS8-lamp and definition of surface path s at cathode tip [56]

First Impression

To give a first impression of the conditions in the LS8-lamp, Figs. 4.27 and 4.28
show an example of the temperature distribution within plasma and electrodes and
the electric potential distribution in the plasma, respectively. These results are
obtained using the self-consistent electrode—plasma model described in Sects. 4.4.1
and 4.4.2. Due to the rotational symmetry, only one-half of the lamp is shown. The
characteristic hot plasma spots located very close to the electrode tips (distance to
electrode tips: 30-250 um) with temperatures between 7,500 and 9,000 K are
clearly visible. Because of the large electrode gap of the LS8-lamp (20 mm)
compared, for example, to the D2 lamp (4 mm, cf. Sect. 4.4.6, Figs. 1.35,4.24,4.79,
4.84, and 4.85), a cylindrical plasma column can be observed.

Participating Models

In addition to the self-consistent electrode—plasma model described in Sects. 4.4.1
and 4.4.2 (labeled “Flesch” in Figs. 4.29—4.38), three other models participated in
the comparison. Different from the high-pressure model with non-LTE electrical
conductivity described in Sects. 4.4.1 and 4.4.2, the other three models are based on
a traditional layer or sheath approach for modeling the plasma close to the cathode
surface (cf. Sect. 4.1.1, sheath thickness some 100 nm (space charge layer) and
some 10 pum (ionization layer), respectively). The model used by Bétticher (cf. Sect.
4.1.2 and [31]) consists of a space charge layer and an ionization layer only, with no
connection to an LTE plasma with the characteristic hot plasma spots and the
cylindrical plasma column. The rotationally symmetric cathode body is treated in
two spatial dimensions. The model used by Schmitz [148—150] includes a space
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Fig. 4.27. Calculated temperature distribution in the plasma and the electrodes (LS8-lamp,
Xe,p=1MPa, I=4.5 A (dc), p=4.55 eV, [56])

charge layer, plus a so-called Knudsen-layer, and a presheath (ionization layer), also
with no connection to the LTE plasma with the characteristic hot plasma spots
and the cylindrical plasma column. For simplification, Schmitz divides the cathode
into an inhomogeneous and a homogeneous domain of temperature distribution,
resulting in an average cathode temperature over the arc attachment on the cathode
tip, an average electric current density of the arc attachment, and so forth®® instead
of distributions depending on the surface path s (see Figs. 4.29-4.34). Since both

38 To include the data of Schmitz in Figs. 4.29—4.34 over the surface path s, the area of the arc
attachment is transformed into a corresponding radius.
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Fig. 4.28. Calculated electric potential distribution in the plasma (LS8-lamp, Xe, p = 1 MPa,
I1=4.5 A (dc), p=4.55 eV, [56])

Botticher and Schmitz do not connect the cathode layers to the actual high-pressure
plasma region, the attachment of the arc on the cathode is influenced only by
properties of the cathode, but not by the constriction zone of the plasma. The model
used by Wendelstorf [167, 168] consists of a space charge layer and an ionization
layer (so-called presheath). These layers are linked consistently to the LTE plasma
column, so that the simulation area (cathode, anode, plasma with near-electrode
plasma, hot plasma spots, constriction zone, and plasma column) is similar to the
simulation areca of the self-consistent electrode—plasma model described in
Sects. 4.4.1 and 4.4.2. Both models (“Wendelstorf” and “Flesch™) treat the
electrodes and the plasma in two spatial dimensions, using rotational symmetry.
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Cathode Surface Temperature

Figures 4.29 (¢ =4.55 eV) and Fig. 4.30 (¢ = 3.5 eV) show modeling results for the
surface temperature of the cathode along the surface path s (cathode tip at s =0).
The most obvious difference between the models is that Botticher, Wendelstorf,
and the self-consistent electrode—plasma models (Flesch) calculate temperature
distributions along the surface path s, whereas the result of Schmitz is an average
temperature of an “active” area. The size of this “active” area multiplied by the
average electric current density j (Figs. 4.33 and 4.34) equals the lamp current /.
Outside the “active” area, the electric current density is zero.

The differences in the predicted cathode tip temperatures are up to 400 K for
¢=3.5¢eV (Fig. 4.31). At the boundary between hemispherical tip and cylindrical
cathode body (marked by a solid line labeled “semisphere” in Figs. 4.29-4.34),
these differences are already reduced to less than 300 K. For ¢ =4.55¢V the
differences between the models are even smaller than for ¢ =3.5 eV. Comparing
calculated cathode temperatures (Fig. 4.29) with measured cathode temperatures
from Nandelstadt ([122], Fig. 4.3239), a strong raise in the measured temperature
at the hemispherical tip starting at x = 0.3 mm (corresponding to s = 0.47 mm) is
noticeable. This rise is probably caused by reflection of radiation originating from
the hot plasma spot close to the cathode tip and by an enlarged emissivity € due to a
high surface roughness at the cathode tip, which influences the pyrometer reading.
This renders the pyrometric measurements close to the cathode tip less reliable. The
“real” cathode tip temperature is thus estimated by extrapolating the temperature
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Fig. 4.29. Temperature on cathode tip surface calculated using four different approaches
(LS8-lamp, Xe, p =1 MPa, I=4.5 A (dc), ¢ =4.55 eV, [56])

39 Cathode temperature depends on the distance x to the cathode tip instead of the surface
path s, which is given on the upper space axis of Fig. 4.32.
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Fig. 4.30. Temperature on cathode tip surface calculated using four different approaches
(LS8-lamp, Xe, p =1 MPa, I=4.5 A (dc), ¢ =3.5 eV, [56])
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Fig. 4.31. Temperature on cathode tip surface calculated using four different approaches
(LS8-lamp, Xe, p=1 MPa, [ =1.5-6.0 A (dc), ¢ =3.5 ¢V, [56])

readings on the last millimeters of the cathode*® to x =0, neglecting the temperature
readings for x < 1 mm (cf. Sect. 3.1.4). The result of this extrapolation is 3,380 K,

40 Comparing the data “Bétticher” and “Flesch” in Fig. 4.29 shows that even though the
temperature distributions on the cylindrical part of the cathode (up to s =1 mm) are very
similar, they can differ by more than 200 K at the cathode tip. This shows that results of an
extrapolation on the last millimeter of the cathode are questionable.
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Fig. 4.32. Measured temperature on cathode surface depending on distance x to cathode tip
from Nandelstidt ([122], LS8-lamp, Xe, p = 1 MPa, I =4.5 A (dc), tungsten electrodes, [56])

lying midway between the calculated cathode tip temperatures (7cathodeTip = 3-240-
3,470 K, Fig. 4.29) of the four models participating in the comparison. At the
boundary between hemispherical tip and cylindrical cathode body (s = 0.47 mm),
the measured temperature is 3,280 K, lying again between the calculated
temperatures (Zijp.pody = 3,200-3,300 K, Fig. 4.29). In addition to the error at the
cathode tip described earlier, there is an uncertainty in the measured values of
cathode temperatures of about 150 K (cf. Sect. 3.1.4). A conclusion as to which of
the four models is preferable is not possible on the basis of available data. The work
function presents an additional difficulty: All models need a definite value for ¢
(here 4.55 and 3.5 eV), which has a strong influence on the results (like cathode
tip temperature, cathode fall voltage, etc.). However, work functions are difficult
to determine. The only measurement of ¢ in an operating HID lamp has been
published in [145, 146] (cf. Sect. 3.1.11). Normally, measurements are done using
vacuum conditions. Moreover, the work function depends on the lifetime of the
cathode, the crystal orientation, the preparation of the surface, the working gas, and
so forth (cf. Sects. 3.1.11, 3.1.12, and 4.4.6). And experimental investigations reveal
that macroscopically identical lamps might show a different behavior in spite of
identical operation conditions (cf. e.g., Sects. 3.1.7 and 3.1.13). For this reason, the
calculation of “exact” cathode temperatures or cathode fall Voltages41 is not as
important and interesting as the prediction of the behavior of these quantities in the
case of altering parameters like lamp current, working gas pressure, or work

41 With an uncertain work function @, there is no possibility to calculate exact cathode
temperatures or cathode fall voltages.
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function. Figures 4.29—4.31 show that all models predict, unsurprisingly, increasing
cathode temperatures with increasing lamp current and increasing work function.

Electric Current Density

The electric current densities for ¢ = 4.55 eV (Fig. 4.33) and ¢ =3.5 eV (Fig. 4.34)
demonstrate a principal difference between the models “Wendelstorf” and
“Flesch” on the one hand and the models “Bétticher” and “Schmitz” on the other
hand: Wendelstorf and the self-consistent electrode—plasma model (“Flesch”)
include the plasma column, the hot plasma spots immediately in front of the
electrodes, and the constriction zones, where the current density distribution
changes from a broad cross section in the plasma column to a constricted cross
section on the cathode or anode tip. This leads to a more constricted arc attachment
on the cathode tip than the one predicted with the model used by Bétticher, which
does not include the connection to the plasma column described earlier (good to see
especially for ¢ =3.5¢eV in Fig. 4.34). The arc attachment on the cathode is not
only more constricted with the models from Wendelstorf and Flesch, but also only
weakly influenced by the work function of the cathode, different from the prediction
using the models of Botticher or Schmitz. The reason for this is again the
constriction zone, which influences the size of the arc attachment more than
the cathode parameters do. The model used by Schmitz does not include the
constriction of the current profile from the plasma column to the arc attachment on
the cathode tip, but here the size of the arc attachment is additionally influenced by
the restricted treatment of the cathode (one-dimensional).

The maximum value of the electric current density (at s = 0 mm) is predicted by
all models to rise with the lamp current /. The size of the arc attachment on the
cathode tip increases in all models with the current, too. But a change in the cathode
work function effects the predicted size of the arc attachment and the maximum
value of the electric current density differently (compare Fig. 4.33 with 4.34): The
results obtained by Schmitz show an increase in the size of the arc attachment and a
corresponding decrease of the maximum value of the current density (lamp current
fixed) for a larger work function, whereas all three other models predict the opposite
effect. The reason for this is the calculation of the ion current density in the model
used by Schmitz: The magnitude of the ion current density is not calculated in a
self-consistent manner but results from a prescribed plasma temperature. As the
ratio of ion to total lamp current increases with increasing work function (Figs. 4.35
and 4.36), the size of the arc attachment area must rise to assure the higher ion
current (at a fixed ion current density calculated with the prescribed plasma
temperature in the model by Schmitz). With a larger arc attachment area, the
maximum value*? of the electric current density at fixed lamp current must
decrease. In the three other models (Botticher, Wendelstorf, and Flesch) the ion
current density is determined self-consistently, leading to a constriction of the arc

42 In the model used by Schmitz, the maximum value equals the average value.
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Fig. 4.34. Electric current density on cathode tip surface calculated using four different
approaches (LS8-lamp, Xe, p =1 MPa, I=4.5 A (dc), ¢ =3.5 eV, [56])

attachment and an increase of the magnitude of the electric current density at the
cathode tip for an increasing work function ¢.
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lon Current

The share of the ion current on the total lamp current at the cathode decreases with
increasing lamp current and increases with increasing work function using the
models Botticher, Schmitz, and Flesch (Figs.4.35 and 4.36). The ion current
fraction predicted by the model used by Wendelstorf seems to be independent of
lamp current but increases also with increasing work function. An experimental
method to determine the ion current fraction has not yet been developed.

The models used by Bétticher and Schmitz have only one heating mechanism of
the cathode, which is ion current. In the models of Wendelstorf and Flesch, an
additional cathode heating by the thermal heat flux from the plasma exists. Thus,
for a small work function (Fig. 4.36) the models used by Bétticher and Schmitz
overestimate the ion current at the cathode compared to the predictions by the
models used by Wendelstorf and Flesch, since they are constrained to the ion
current to heat the cathode to sufficiently high temperatures. This consideration is
confirmed by the following result: Simplified calculations with the model presented
by Neumann (cf. [130] or Sect. 4.1.1) for a 4 MPa mercury HID lamp with a
geometry comparable to a D2 automotive headlight lamp predict an ion current
fraction of 43% (¢ =2.6¢eV, I=0.75 A), whereas the self-consistent electrode—
plasma model described in Sects. 4.4.1 and 4.4.2 (Flesch) predicts an ion current
fraction of 11% only, all other parameters being equal. This is due to the important
heating of the electrodes by heat conduction from the hot plasma spots to the
relatively cold electrodes (here cathode). This heating by the thermal flux from the
plasma “replaces” the ion heating, so that realistic values for the ion current can be
calculated.
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Fig. 4.35. Ratio of ion to total lamp current at the cathode vs. dc lamp current (LS8-lamp,
Xe, p=1MPa, ¢ =4.55 ¢V, [56])
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Xe,p=1MPa, p=3.5¢V, [56])

Cathode Fall Voltage

The definition of the cathode fall voltage differs in the four models: The models of
Botticher and Schmitz, lacking an adjacent arc column, define the cathode fall
voltage as the sum of the cathode sheath voltages. The models of Wendelstorf and
the self-consistent electrode—plasma model (“Flesch™) use a definition similar to
the experimental determination of the sum of cathode and anode falls, i.e., the linear
extrapolation of the electric potential of the plasma column to z = 0 (cathode) and
z =dge. (anode), see Sects. 3.2.2 and 4.4.1 as well as Figs. 3.40, 4.44, 4.59, and
4.80. Using this procedure, the constriction zones in front of cathode and anode
contribute to both anode and cathode fall voltage.

For all models, the cathode fall voltage decreases with increasing lamp current®
(Figs. 4.37 and 4.3844). All models predict an increasing cathode fall voltage for an
increasing work function. Despite the discussed differences in the definition of the
cathode fall voltage and the differences in the current density distribution and ion
current fraction, the calculated cathode fall voltages are quite similar for all models.
The reason for this is the energy balance of the cathode, which mainly determines
the cathode fall voltage. The work function ¢ and the cathode temperature T,

control the electron emission current,45 i.e., the cathode needs a certain tip

43 Nevertheless, the electrical power input into the near-cathode plasma due to the cathode
fall voltage (U I) increases because of the increasing lamp current /.

4 No data available for the cathode fall voltage for ¢ =3.5 eV for the model of Wendelstorf.

45 All models use comparable formulas for the emission current depending on work function,
cathode temperature, and electric field at the cathode (cf. Sect. 2.4.4, especially Fig. 2.33).
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Fig. 4.38. Cathode fall voltage vs. dc lamp current (LS8-lamp, Xe, p =1 MPa, ¢ =3.5 eV, [56])

temperature to be able to emit sufficient electrons for the given lamp current /. This
temperature is maintained by heating the cathode. The power necessary for
upholding the cathode tip temperature is brought into the near-cathode plasma by
the cathode fall voltage, independent of the different heating processes under
consideration.
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Summary

The comparison of results obtained with the self-consistent electrode—plasma model
described in Sects. 4.4.1 and 4.4.2 with the results obtained using three other
cathode models (based on layer or sheath models) shows differences and common
characteristics of the models under consideration. The most important result of this
comparison is that the energy balance of the cathode combined with the equation
describing the electron emission current as a function of cathode temperature and
local electric field is the most important part in modeling the cathode. But as
soon as one is interested in details like, for example, the electric current density
distribution on the cathode tip (arc attachment), it is important to consider the
cathode at least in two dimensions and to include the plasma column and the
constriction zone, where the current density distribution transforms from a rather
broad profile in the plasma column to the small, constricted arc attachment at the
cathode tip. Moreover, models neglecting the thermal heat flux from the hot plasma
spots to the relatively cool cathode will overestimate the ion current, which is the
only heating mechanism used in these models for the cathode.

4.4.4 Different Electrode Shapes

This section focuses on a comparison of different electrode shapes (cathode and
anode) and the resulting changes in electrode and plasma hot-spot temperatures,
electrode fall voltages, and electric current profiles at the electrode tips. This
comparison is motivated, for example, by the investigation of Hartmann et al. (cf.
[86] and Sect. 3.1.13), showing micrographs of new cathodes after 2 min, 30 min,
5h and 10 h of operating time in a 0.26 MPa xenon lamp with a lamp current of
6.0 A. A substantial deformation of the cathode tip is already visible after 30 min
and is increased after a couple of hours. This deformation changes electrode and
plasma temperatures as well as the electrode fall voltages. A detailed analysis of the
range of variation of computed results caused by different geometries of the
electrode tip will be presented in this section (see especially Figs. 4.47—4.55).

There are two reasons for this investigation: First, comparing theoretical results
with experimental data without knowing the exact shape of the electrode tip (which
is often the case, e.g., due to erosion during operation [86]) may be difficult if one
does not know the impact of different electrode tip geometries on the results of the
simulations or the experimental data. This section will help to estimate the influence
of the shape of the electrode tip on the theoretical results and will, therefore,
improve the quality of comparisons between numerical results and experimental
data. The second reason for this investigation is the better insight into the interaction
between plasma and electrodes. This will improve the design of future electrodes.
Knowing the influence of electrode tip geometry on plasma and on electrode
temperature or on electrode fall voltages, one can optimize the shape of electrodes
for better performance and/or longer lifetimes of lamps. Up to now, there is no other
theoretical work known to the author which deals with the important impact of
different geometries of the electrode tips taking the whole plasma and both
electrodes into account.
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The Lamp

The self-consistent electrode—plasma model described in Sects. 4.4.1 and 4.4.2 is
applied within this section to a 0.6 MPa mercury discharge lamp considering six
different electrode shapes (anode and cathode shape are always identical). This
particular lamp has been chosen because of the many experimental data and
theoretical experience available for this lamp, e.g., in [30, 84, 102]. Where
experimental data are available, a comparison with the theoretical results is
presented. The diameters of the different electrodes considered are 0.5 and 0.7 mm,
with different shapes of the tip of anode and cathode (hemispherical, flat, or conical
tip with 60° and 90° apex angle, see Fig. 4.39). Furthermore, an electrode with a
larger diameter in the midsection of the rod, which approximates an idealized
wire wound around the electrode, is considered (cf. Fig. 4.39). All electrodes are
assumed to be pure tungsten electrodes, i.€., @ = Qemission = Peool = Pheat = 4-55 eV.

The electrode gap of the lamp is 10 mm, the electrodes have also a length of
10 mm, and the lamp fill is mercury with a working pressure of 0.6 MPa. In each
numerical simulation, the geometry of anode and cathode is identical. Lamp
currents of rectangular (400 Hz, /==+1.8 A) and sinusoidal shape (400 Hz,
Lims = 1.8 A, I, =2.55 A) are considered as well as dc currents (/=0.4-3.0 A).
The inner diameter of the quartz bulb is 12.5 mm, the shape of the lamp is
sketched*® in Fig. 4.40, a picture of the lamp is shown in Fig. 4.56. According to
experimental findings, the inner quartz wall temperature and the temperature of
the electrode roots*’ are set to 1,000 K. Details of this lamp are the result of a
discussion between experimentally and theoretically working research groups in the
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Fig. 4.39. Different electrode shapes (all electrodes have a length of 10 mm, [57])

46 For a better understanding, the electrodes are labeled “cathode” and “anode”, but this
assignment is (of course) time dependent in the case of ac lamp currents.

47 Bétticher uses the same value [30].
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Fig. 4.40. Geometry of LS9hg-lamp [57]

context of the LS9-conference*® (hence the lamp is called LS9hg-lamp) focusing on
the comparison of modeling results and experimental data. Some results of this
comparison can be found in this section, more comparisons with experimental
results are shown in Sect. 4.4.5.

Plasma Properties

The plasma properties and the transport coefficients of the plasma are calculated
according to the description given in Chap. 2. The radiation transport calculation for
the thermal conductivity of the plasma is based on the temperature profile of the arc
column for temperatures below the maximum temperature in the arc column
(5,400-6,000 K depending on lamp current /). For higher temperatures, the
radiation transport calculation is based on the temperature profile of the hot plasma
spots (cf. Sects. 2.3.3 and 2.3.4, especially Fig. 2.25).

A paper of Kloss et al. [102] has been used to double check the plasma
properties and transport coefficients of the plasma: The electrical conductivity
O TE, the thermal conductivity Ap (in [102]: k), the mass density p, and the specific
heat at constant pressure c,, (all depending on plasma temperature 7p) are compared
in Figs. 4.41 and 4.42 for a 0.6 MPa mercury plasma. Within the temperature range
of 1,000-8,000 K, the differences for oy g, Ap, and p are less than 5%, for ¢y less
than 10%. The comparison of the thermal conductivity has been done without the
contribution of radiation transport calculation, which is not used in [102] in the
described manner. This is a rather good agreement. Furthermore, a paper from
Hartel et al. [84], using a different method for radiation transport calculations,
confirms that only mercury resonance lines at 185 and 254 nm have to be included
for radiation transport calculation for a 0.6 MPa mercury plasma. For all material
functions used in the present, the previous, and the following sections, constant
pressure within the discharge is assumed.

48 The LS9-conference (9th International Symposium on the Science and Technology of
Light Sources) took place at Cornell University from 12 to 16 August 2001.
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Fig. 4.42. Comparison of plasma properties: Mass density p and specific heat at constant
pressure c,, vs. plasma temperature for mercury, 0.6 MPa taken from [102] (solid lines) and
calculated according to Sect. 2.3 and [171] (dashed lines)

First Impression

As an example of the conditions in this high-pressure discharge lamp, Fig. 4.43
shows the temperature distribution on the lamp axis (» =0 mm), starting from
the outer cathode end (z=-10 mm) via the cathode tip (z=0 mm) through the
discharge plasma to the anode tip (z = 10 mm) all the way to the outer anode end
(z=20 mm). Clearly visible are the extremely hot plasma spots very close to the
electrode tips (80-100 um distance from the electrode tips). These hot plasma
spots have temperature maxima between 7,000 and 8,000 K. The electrodes have
tip temperatures of about 3,070 K (cathode) and 2,500 K (anode). This leads to
extremely large temperature gradients between the hot plasma spots and the
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Fig. 4.43. Calculated electrode and plasma temperature on lamp axis (LS9hg-lamp, Hg,
p=0.6MPa, I=1.0A (dc), ¢=4.55¢V, hemispherical tip, electrode diameter/length
0.7 mm/10 mm, [57])

electrode tips, which drive an intense thermal heat flux from the plasma to the
electrodes. This power loss of the plasma together with the power loss due to
the enhanced radiation by the hot plasma spots has to be balanced by an enlarged
electric field near the electrodes. This enlarged electrical power density leads to the
electrode fall voltages (cf. Fig. 4.44). Figure 4.44 shows the resulting electric
potential distribution on the lamp axis between cathode and anode tip. The electrode
fall voltages can be extracted easily by extrapolation of the linear part of the electric
potential distribution toward anode and cathode as shown in Fig. 4.44 (dashed line).
The dc lamp current for this temperature and electric potential distribution is 1.0 A,
the electrodes have a diameter of 0.7 mm with a hemispherical tip.

Comparison to Experimental Results

Numerical results and experimental data are compared in Figs. 4.45 and 4.46. The
experimental data were kindly supplied by the INP, Greifswald [154]. The lamp
configuration (dimensions and geometry, electrode material, lamp current, etc.) is
the same for measured and calculated data. The electrodes of the experimental
lamps are cylindrical with a flat tip at the beginning of the experiments, changing
to a hemispherical tip after some hours of burning time. The lamps are mounted
vertically. Simulations of lamps with different shapes of the electrode tips showed
that the principal agreement between measured and calculated data does not change
with variation of the geometry of the electrode tip. The results of the simulations
shown in Figs. 4.45 and 4.46 were obtained with hemispherical electrode tips. Later,
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it appeared that the electrodes used during the experimental investigations had
electrode lengths of 13 mm instead of 10 mm. This difference can be seen
comparing the calculated and the measured electrode temperature (see later).
Figure 4.45 shows the total lamp voltage for a 400 Hz sinusoidal lamp current of
Lims = 1.8 A (Ipax = 2.55 A). There is a good agreement between calculated (dashed
line) and experimental (solid line) results.*” The point in time of the maximum of
the total lamp voltage can be shifted a little bit by varying the shape of the electrode
tips in the simulations, increasing the agreement of experimental and theoretical
results. The computed values of the total lamp voltage are somewhat lower than
the measured values in the decreasing part of the lamp voltage curve. A possible
explanation is that the computed electric field in the cylindrical part of the discharge
is too low. In [84] a model describing only this cylindrical part of a 0.6 MPa
mercury plasma without effects caused by the electrodes (like constriction zones
and electrode fall voltages) was developed, showing similar deviations of measured
and computed values. As the electric field in the plasma column is mainly
influenced by the temperature dependent values of o g (which are nearly the same
in [84] and for the numerical simulations presented here), this might be the
explanation for the small differences between experimental and theoretical data in
Fig. 4.45. Bearing in mind that the simulations cover the whole discharge and
both electrodes (the total lamp voltage consists of the voltage drop within the near-
electrode plasma, the constriction zones, and the hot plasma spots in front of the

49 1n the Section “Experimental Data” in Sect. 4.4.5, a possible variation of the total lamp
voltage from lamp to lamp will be described.
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Fig. 4.45. Comparison of measured [154] and computed total lamp voltage (LS9hg-lamp,
Hg, p=0.6 MPa, I,,,; = 1.8 A, 400 Hz sinusoidal lamp current, ¢ =4.55 eV, hemispherical
tip, electrode diameter 0.7 mm, electrode length: 13/10 mm)

electrodes as well as the voltage drop across the cylindrical part of the plasma
(cf. Fig. 4.44)), the agreement between simulations and experimental data can be
regarded as quite satisfactory. This confirms that the self-consistent electrode—
plasma model described in Sects. 4.4.1 and 4.4.2 is suitable for the simulation of
high-pressure discharge lamps and delivers realistic results.

In Fig.4.46, a comparison between measured and calculated electrode
temperature depending on the distance z to the electrode tip (z =0 mm) for a 400 Hz
rectangular current of /==+1.8 A is given. The measured electrode temperature is
time averaged and has been measured using two different pyrometers (Impac IS10
and IGA100, cf. Sect. 3.1.4). In contrast, the computed electrode temperature
belongs to a dc anode, a dc cathode, the end of the anode phase and the end of the
cathode phase (400 Hz rectangular current of 7=+1.8 A). Taking uncertainties in
temperature measurements into account (+100 K would be a typical error) the
results are very good. The slightly different slopes of the measured and calculated
temperature profiles are due to the different electrode lengths: The numerical
simulations were carried out assuming 10 mm long electrodes, the experimental
Valuessowere obtained with 13 mm instead of 10 mm long electrodes, as it appeared
later.

0 A comparison of measured and calculated electrode temperatures for an electrode with
0.5 mm diameter is shown in Fig. 4.69 (electrode length for calculated and measured
temperatures: 13 mm).
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Fig. 4.46. Comparison of measured ([154], time averaged) and computed electrode
temperature (LS9hg-lamp, Hg, p =0.6 MPa, [=+1.8 A, 400 Hz rectangular-wave lamp
current, ¢ =4.55 eV, hemispherical tip, electrode diameter 0.7 mm, electrode length: 13/
10 mm)

The sudden drop of the measured temperature near the electrode tip (z =-0.15
to 0.15 mm) is caused by the size of the target spot (0.3 mm) so that only the
measured temperatures below z=-0.15 mm are appropriate.5 ! The measured
temperatures below z =—2.5 mm are as well out of the range of confidence due to
optical distortions. In addition, the electrode tip temperature is also influenced by
the geometry of the electrode tip (see later), which was a flat tip at the beginning of
the experiments, changing to a hemispherical tip after some hours of burning time.
The results of the simulations were obtained with hemispherical electrode tips.
Again, the agreement between experimental data and the simulations confirms that
the self-consistent electrode—plasma model is suitable for the simulation of high-
pressure discharge lamps.

Comparing the calculated dc and ac results (ac: 400 Hz rectangular current of
I=+1.8 A) in Fig. 4.46 shows that the electrode temperature does not settle just
between anode and cathode dc temperatures. Instead, the ac temperature tends very
clearly toward the dc cathode temperature. This is true for the experimental values

3! This demonstrates one of the advantages of numerical simulations: The electrode tip
temperature can be computed with much higher accuracy than its experimental determination
can provide.
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[153] as well as for the results from numerical simulations.>? A discussion will be
given in Sect. 4.4.5.

The Influence of Different Electrode Shapes on Plasma and Electrode
Temperature

An overview of the differences in electrode and plasma temperatures for different
shapes and diameters of the electrodes can be found in Fig. 4.47. The wide-
stretching influence of the electrode tip geometry on the plasma temperature can
clearly be seen. The plasma temperature distribution within a 0.4 mm “zone” is
strongly influenced by the geometry of the electrode tip.

The dc lamp current for all cathodes shown is 1.0 A, the different electrode
geometries correspond to Fig. 4.39. The three cathodes at the top row of Fig. 4.47
have a hemispherical tip but different diameters: 0.5 mm (left-hand side), 0.7 mm
(middle), and 0.7/1.4 mm (right-hand side). The three cathodes at the bottom line of
Fig. 4.47 have a diameter of 0.7 mm (i.e., the same diameter as the cathode in the
middle of the top row) but different shapes of the tip: conical tip with 60° apex
angle (left-hand side), conical tip with 90° apex angle (middle), and flat tip (right-
hand side).

The cathode tip temperature depends on both the electrode diameter and the
geometry of the cathode tip. Increasing electrode diameter decreases the cathode
tip temperature. This is caused by an enlarged heat flux within the electrode body.
Small, point-like electrode tips have increased cathode tip temperatures. This effect
is due to a constriction of the arc attachment (and the related constriction of power
transfer to the electrode tip) at the electrode tip for small, point-like electrode heads.
The arc attachment at the flat cathode is much broader compared to that at a
hemispherical or conical cathode tip. The most constricted arc attachment and the
highest cathode tip temperature arises for the conical tip with 60° apex angle
(Fig. 4.47, bottom row, left-hand side). A more detailed analysis of cathode tip
temperatures depending on lamp current is shown in Fig. 4.48, and of anode tip
temperatures in Fig. 4.49. The arc attachment is discussed in Fig. 4.55.

The temperature of the cathode body5 3 is influenced by the electrode diameter in
a similar way as the cathode tip temperature. An increasing electrode diameter
decreases the cathode body temperature due to the enlarged heat flux within the
electrode body (Fig. 4.47, top row). In contrast, the shape of the electrode tip has a
different effect on the temperature of the cathode body compared to the effect on the
cathode tip temperature. Small, point-like electrode tips have increased electrode tip
temperatures but decreased electrode body temperatures (Figs. 4.47, 4.48 (cathode),

2 Asa consequence thereof, one cannot just take anode and cathode temperature from dc
operation (calculated or measured) and calculate ac electrode temperatures by averaging the
dc values. The (time dependent) ac electrode temperature depends nontrivial on lamp current,
current frequency, current waveform, electrode diameter and length, work function, mode of
arc attachment, etc.

33 The electrode body temperature is defined within this section as the temperature 0.35 mm
(half of the diameter) below the electrode tip.
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Fig. 4.47. Calculated plasma and cathode temperature for different electrode geometries
(LS9hg-lamp, Hg, p = 0.6 MPa, /= 1.0 A (dc), ¢ =4.55 eV, electrode length: 10 mm, [57])

and 4.49 (anode)). This is again caused by the constriction of the arc attachment
(and the corresponding constriction of power transfer to the electrode) at the
electrode tip: Small, point-like electrode heads have more confined arc attachments.
This leads to a higher power density transfer within a smaller area (increasing the
local electrode tip temperature). Nevertheless, the fotal power transfer (power
density transfer times area) decreases for small, point-like electrode tips, leading to
lower electrode body temperatures (exception: anode temperature for lamp currents
above 1.6 A, see following text and Fig. 4.49).



248 4 Numerical Simulations

4,500

-
R
__________ S b = S T T T
‘_"

- |
- ! Melting point of tungsten

4,000t -

3,500
3,000

2,500 |-

Cathode temperature [K]

Cathode tip Cathode body

1 - =
2,000 p-r---o oo - | conical tip (07 —2=0)__ (2=0.35mm)
I |Conical tip (90°) = = = = = = —-
I |Hemisphericaltip smsssmuas smmmmmmn
: Flattip = e emmcmm = ———
1,500 H T T
1.5 2.0 25 3.0

Lamp current [A]
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The temperature of the hot plasma spots does not change considerably with the
electrode diameter but significantly with the geometry of the electrode tip (cf.
Figs. 4.47, 4.50 (cathode), and 4.51 (anode)). Small, point-like electrode tips have
high plasma hot-spot temperatures and the hot plasma spots are closer to the
electrode tip. This is again caused by the constriction of the arc attachment near the
electrode tip for small, point-like electrode tips. This leads to a more constricted
current density profile near the electrode tip and enlarges the local power input into
the hot plasma spot. As a result, the plasma hot-spot temperature gets higher and the
hot plasma spot profile gets smaller.

The electrode with the larger diameter in the midsection of the rod (0.7/1.4 mm
diameter, see Fig.4.47, top row, right-hand side) has a lower tip and body
temperature compared to the “standard” electrode (0.7 mm diameter, hemispherical
tip) due to an increased heat conduction within the electrode and an increased black
body radiation from the surface. Depending on the lamp current, the tip temperature
is reduced by 100-500 K, leading to higher cathode and anode fall voltages
compared to the “standard” electrode. However, both electrodes have similar arc
attachments, i.e., the arc attachment is influenced largely by the geometry of the
electrode tip and the resulting arc attachment of the plasma, and not the heat
conduction and radiation losses within the lower parts of the electrode.

A more detailed analysis of the electrode tip temperature and the electrode body
temperature depending on electrode tip geometry and lamp current / is given in
Figs. 4.48 (cathode) and 4.49 (anode). The effect of the shape of the electrode tip is
much larger for the electrode tip temperature than for the electrode body
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temperature. The differences in the electrode tip temperature can be up to 1,000 K,
the differences in the electrode body temperature are up to 300 K. The latter might
be difficult to measure due to the uncertainty in the experimental data (£100 K
would be a very small error, cf. Sects. 3.1.1-3.1.7). The differences in the electrode
tip temperature are difficult to detect, because of the small geometrical dimensions
of the electrodes compared to the size of the target spot of a commercial pyrometer
(e.g., 0.3 mm for the temperature measurement in Fig. 4.46). Furthermore, the
reflection of plasma radiation (especially from the hot plasma spots immediately in
front of the electrodes) at the electrode tip increases the error.>* An important
advantage of the numerical simulations carried out with the self-consistent
electrode—plasma model is the possibility to predict the electrode temperatures
without any constraints concerning the resolution in time and space. This makes the
theoretical results indispensable for analyzing and improving electrode
characteristics.

The top of a cathode with a conical tip would melt> at a lamp current of about
0.8 A (60° apex angle) or 1.2 A (90° apex angle). The top of an anode with a conical
tip would melt at about 2.0 A (60° apex angle). The melting of the top would change

% This error due to reflection of plasma radiation can be avoided if there is a “plasma
correction” with measurements using a second or third wavelength (cf. Sects. 3.1.6 and
3.1.7).

3 Melting point of tungsten: 3,680 K.
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the geometry of the electrode tip. Differences between anode and cathode can
clearly be seen comparing Figs. 4.48 (cathode) and 4.49 (anode): The anode
temperature rises linearly with the lamp current 7, the cathode temperature starts at
currents below 1.0 A with a strong slope which decreases with increasing lamp
current. This different behavior of cathode and anode tip temperature depending on
lamp current [ has indeed been observed in experimental setups (e.g., [43]).

A very interesting result can be observed concerning the temperature of the
anode body around 7/=1.6 A (cf. Fig. 4.49): For currents below 1.6 A, the body
temperature of the anode with a flat or hemispherical tip is higher than the body
temperature of the anode with a conical tip. For currents above 1.6 A, the opposite is
true. This is related to the anode fall voltage, which shows the same characteristics
as the anode body temperature (cf. Fig.4.53). Above 1.6 A, the higher power
density transfer to conical anode tips dominates the smaller arc attachment area
(compared to hemispherical or flat anode tips), causing a higher total power transfer
to the anode with a conical tip (power density transfer times arc attachment area).
This leads to higher anode fall voltages and higher anode body temperatures.

Results for the plasma hot-spot temperature depending on electrode tip
geometry and lamp current [ are given in Figs. 4.50 (near cathode tip) and 4.51
(near anode tip). The differences in the plasma hot-spot temperature for different
shapes of the electrode tip can be up to 2,500 K. Again, this might be difficult to
measure due to the uncertainty in the experimental data (500 K in plasma
temperature measurements at the hot plasma spot would be a small error, cf.
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Fig. 4.50. Calculated plasma hot-spot temperature near cathode tip vs. dc lamp current / for
different electrode geometries (LS9hg-lamp, Hg, p=0.6 MPa, @=4.55¢V, electrode
diameter/length 0.7 mm/10 mm, [57])



4.4 A Self-Consistent Electrode—Plasma Model 251

10,500 ‘
10,000 } -1~ = - - - - - - Conical tip (60°) ——— | _L_______
! Conical tip 590°} ----- |
. Hemispherical tip ========-- !
9,500 p---------r- Flattp = =am—m.= .

9,000
8,500
8,000

7,500

Plasma hot-spot temperature [K]

7,000

6,500

Lamp current [A]

Fig. 4.51. Calculated plasma hot-spot temperature near anode tip vs. dc lamp current / for
different electrode geometries (LS9hg-lamp, Hg, p=0.6 MPa, ¢@=4.55¢V, electrode
diameter/length 0.7 mm/10 mm, [57])

Figs. 4.3—4.5 and error bars in Fig. 4.5) and the small distances of the hot plasma
spot to the electrode tips (at /=1 A: 160 um for the flat cathode tip, 21 um for the
conical cathode tip (90° apex angle), 190 um for the flat anode tip, 49 um for the
conical anode tip (90° apex angle)). Different plasma hot-spot temperatures in
anode and cathode phase depending on the arc attachment and the tendency to lower
plasma hot-spot temperatures during the anode phase are also presented in Sect.
4.1.3 (especially Figs. 4.34.5).

The dependence of the plasma hot-spot temperature in front of the anode tip
on lamp current / (Fig. 4.51) showing a local maximum and minimum for
conical anode tips might be explained by a different dynamic of the increase of
the local power transfer to the anode tip and the increase in the arc attachment
area on the anode tip with lamp current /. A more detailed analysis of local
power density, arc attachment area, and distance of hot plasma spot to anode tip
depending on lamp current / and anode tip geometry should be helpful to answer
this question.

The Influence of Different Electrode Shapes on the Electric Potential

Different electrode shapes do not only alter electrode and plasma temperatures, but
also influence the electric potential distribution in the near-electrode plasma. How
wide-stretching this influence on the electric potential is can be seen in Fig. 4.52 for
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Fig. 4.52. Calculated electric potential during cathode phase for different electrode
geometries (LS9hg-lamp, Hg, p =0.6 MPa, /=1.0 A (dc), ¢ =4.55¢eV, electrode length:
10 mm)

different shapes and diameters of the electrodes. At distances of about 0.2 mm
(200 um) from the cathode tip, the electric field is independent of the geometry
(approximately 1 V/0.2 mm=5V mm_l). The electric potential distribution within
this 0.2 mm “zone” is strongly influenced by the geometry of the electrode tip.
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Fig. 4.53. Calculated cathode fall voltage vs. dc lamp current / for different electrode
geometries (LS9hg-lamp, Hg, p = 0.6 MPa, ¢ =4.55 eV, electrode diameter/length 0.7 mm/
10 mm, [57])

The dc lamp current for all cathodes shown is 1.0 A, the different electrode
geometries correspond to Fig. 4.39. The three cathodes at the top row of Fig. 4.52
have a hemispherical tip but different diameters: 0.5 mm (left-hand side), 0.7 mm
(middle), and 0.7/1.4 mm (right-hand side). The three cathodes at the bottom line of
Fig. 4.52 have a diameter of 0.7 mm (i.e., the same diameter as the cathode in the
middle of the top row) but different shapes of the tip: conical tip with 60° apex
angle (left-hand side), conical tip with 90° apex angle (middle), and flat tip (right-
hand side).

The heating of the anode and cathode requires power which is supplied by anode
and cathode fall voltages. These fall voltages decrease with increasing lamp current
I (Figs. 4.53 (cathode fall voltage) and 4.54 (anode fall voltage)), but the product of
electrode fall voltage times lamp current 7 (=electrical power input into the near-
electrode plasma) increases with the lamp current /. The shape of the cathode tip
has an important impact on the cathode fall voltage for currents less than 1.0 A, for
higher currents the differences get smaller. Small, point-like cathode tips have lower
cathode fall voltages. This corresponds with the lower cathode body temperatures
for small, point-like electrode tips (cf. Fig. 4.48), leading to a lower thermal heat
flux towards the cathode end. The same effect — reduction of cathode body
temperature and cathode fall voltage for small, point-like cathode tips — has lately
been observed for so-called “super spot modes” [86]. The electrode tip of these
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Fig. 4.54. Calculated anode fall voltage vs. dc lamp current / for different electrode
geometries (LS9hg-lamp, Hg, p = 0.6 MPa, ¢ =4.55 eV, electrode diameter/length 0.7 mm/
10 mm, [57])

“super spot modes” is comparable to the conical electrode tips investigated in this
section.

Similarly, the anode fall voltage corresponds with the body temperature of the
anode. The observed effect of different dependences of anode body temperature on
anode tip geometry for currents below or above 1.6 A, respectively (see text above
and Fig. 4.49), is reflected in the behavior of anode fall voltage vs. lamp current /.
As for the cathode, the anode tip geometry has an important impact on the anode
fall voltage for currents below 1.0 A. For higher currents the differences get smaller.

The Influence of Different Electrode Shapes on the Arc Attachment

Finally, in Fig. 4.55 the electric current density on the cathode tip for different
geometries is shown. This result may serve as a measure for the arc attachment area.
The arc attachment at the conical cathode tip is much more confined compared to
the arc attachment at the hemispherical or flat cathode tip. The very restricted arc
attachment at a conical tip leads to high electrode tip temperatures but reduces the
cathode fall voltage. Therefore, the choice of the best electrode tip geometry is a
compromise between hot electrode tip temperature and low electrode fall voltage: If
the electrode tip temperature gets near the melting point of tungsten, the melting of
the electrode tip would contaminate the discharge, blacken the walls of the
discharge vessel, and change the shape of the electrode tip. But the higher the
electrode tip temperature, the lower the sum of anode and cathode fall voltage,
leading to a better efficiency of the lamp.
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Fig. 4.55. Calculated electric current density on cathode tip for different electrode
geometries (LS9hg-lamp, Hg, p = 0.6 MPa, /=1.0 A (dc), ¢ =4.55 eV, electrode diameter/
length 0.7 mm/10 mm, [57])

Summary

The self-consistent electrode—plasma model is applied to a 0.6 MPa mercury
discharge considering different (time dependent) lamp currents and different
electrode shapes (electrode diameters 0.5, 0.7, and 0.7/1.4 mm with hemispherical,
flat, and conical tip (60° and 90° apex angle)). The comparison of numerical results
with experimental data for ac-operated lamps shows a good agreement of total lamp
voltage and electrode temperature distribution.

Different results for different electrode shapes are compared and discussed
(electrode and plasma hot-spot temperature, electrode fall voltage, arc attachment
on electrode tip) with a special focus on the interaction of plasma and electrodes.
An important result is that the shape of the electrode tip influences the lamp
characteristics essentially. Electrode tip and electrode body temperature as well as
plasma hot-spot temperature and electrode fall voltages are affected by the electrode
tip geometry. Small, point-like electrode tips have high electrode tip and plasma
hot-spot temperatures, but low electrode body temperatures and low electrode fall
voltages (except for the anode for lamp currents above 1.6 A). This is important for
the comparison of theoretical and experimental lamp data. Either one knows the
“real” electrode tip geometry from the experimental setup (which is often not the
case) or one has to know the impact of the shape of the electrode tip on the lamp
characteristics. For the second alternative, the results presented in this section will
be helpful. Furthermore, the analysis of different electrode tip geometries is
important for the optimization of future electrodes. Choosing the best electrode tip
geometry is a compromise between hot electrode tip temperatures and low electrode
fall voltages: If the electrode tip temperature gets near the melting point of tungsten,
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the melting of the electrode tip might contaminate the discharge, blacken the walls
of the discharge tube, and change the shape of the electrode tips. But the higher the
electrode tip temperature, the lower the sum of anode and cathode fall voltage,
leading to a better efficiency of the lamp. The electrode fall voltages are determined
by the electrode body temperature, not by the electrode tip temperature. This result
corresponds with the findings in [86] with respect to cathode temperature and
cathode fall voltage after transitions between a diffuse arc attachment, a spot, and a
super spot mode on the cathode tip. Furthermore, the numerical simulations show
that the arc attachment is strongly influenced by the geometry of the electrode tip,
which is also consistent with experimental observations [86].

An important point of these numerical simulations of HID lamps is that the
interactions between electrodes and plasma are fundamental. The results on the
basis of the self-consistent electrode—plasma model show that the use of one-
dimensional electrode or plasma models or the use of models neglecting the hot
plasma spots or the constriction zone might result in major errors concerning
electrode and plasma hot-spot temperatures as well as electrode fall voltages.
Further studies concerning the interaction among anode, cathode, and plasma and
the dependence of this interaction on geometrical variations will be presented in
Sect. 4.4.6 (“Different Electrode Geometries”) and Sect. 4.4.7 (“Influence of
Electrode Gap on Arc Attachment and Plasma Column™)

4.4.5 External Laser Heating of Electrodes

HID lamps are usually operated on ac lamp current, so that the electrodes switch
alternately from anode to cathode phase. Thus, time-dependent simulations
including realistic and verified anode and cathode models allowing for the
interaction between plasma and electrodes are essential. A recently published
investigation of external laser heating of an electrode during anode and cathode
phase in an operating HID lamp ([156] and Sect. 3.1.10) gives rise to the
investigations presented in this section. These measurements reveal impressive
influences of the external laser heating on electrode fall voltage and electrode
temperature. Fortunately, the effects are very different during anode and cathode
phase. Thus, by comparing the experimental findings with results obtained by using
the self-consistent electrode—plasma model, we can learn much about the principles
of electrode behavior and explain in detail the differences between anode and
cathode phase. Furthermore, the self-consistent electrode—plasma model can be
verified.

The Lamp and the Experimental Setup

The HID lamp under consideration contains a pure mercury plasma with a
working pressure of about 0.6 MPa, the electrode gap is 10 mm. The electrodes
(length 13 mm, diameter 0.5 mm) consist of pure tungsten, ie., ¢@=
Pemission = Peool = Pheat = 4.55 €V. The inner diameter of the quartz bulb is 12.5 mm,
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the shape of the lamp is sketched in Fig. 4.40,°% a picture of the lamp is shown in
Fig. 4.56. According to experimental findings, the inner quartz wall temperature and
the temperature of the electrode roots®’ is set to 1,000 K [153, 156].

The lamp resembles the LS9hg-lamp under consideration in Sect. 4.4.4, where
the effects of different electrode shapes have been analyzed and discussed. The only
difference between the two lamps is the electrode length of 10 mm (Sect. 4.4.4) and
13 mm (this section). The plasma and electrode properties have been discussed in
Sect. 4.4.4, double checking major plasma properties with [102]. The thermal
conductivity Ap includes radiative energy transport based on temperature profiles of
the cylindrical plasma column as well as of the hot plasma spots as described in
Sects. 2.3.3, 2.3.4, and 4.4.4. Considering the uncertainties in plasma and electrode
properties discussed in Sect. 4.4.6 and the uncertainties in measured properties like
working pressure [102, 156], we have a very good and reliable set of plasma and
electrode properties for the numerical simulations.

The measurements were carried out on a vertically mounted lamp driven by a
rectangular-wave current (/=+1.8 A, 0.05 Hz). The lower electrode was heated
using a diode laser (A =808 nm; maximum laser power Pp: 37.3 W), which was
turned on for 3 s each half-cycle, starting 3 or 3.5 s after current reversal (half cycle
length: 10 s). The laser was directed side-on at the upper part of the lower electrode
just below the tip. Its beam diameter at the electrode surface was 0.5 mm [153, 156],
and Fig. 4.57).

To determine the effective laser power Pp . heating up the electrode (as
opposed to the nominal laser power Py, which is supposed to be provided by the
laser), one electrode was heated by the laser using different laser powers without
starting the discharge, i.e., the lamp was switched off. From the measured
temperature profiles of the electrode, the effective laser power P og could be
determined. This has been done using a simple global power balance, namely
P Leff — Pragiation + PHeatConductions Where Pragiation 15 the radiation cooling of the
electrode and Pyeaiconduction the power transported by heat conduction within the
electrode to the electrode root [156]. Py ¢ is an important input parameter for the

Fig. 4.56. Picture of LS9hg-lamp (courtesy of INP, Greifswald)

36 Electrodes in Fig. 4.40 with a length of 10 mm, here the length of the electrodes is 13 mm.
57 Bétticher uses the same value [30].
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Fig. 4.57. Laser heating areas on the electrode surface in the experimental setup and for the
numerical simulations with the self-consistent electrode-plasma model

numerical simulations. The problem with this procedure is that Pj . might be
different as soon as the discharge is turned on. Then, the electrode temperature will
naturally be higher, resulting in a different emissivity €(A,7) of tungsten at
A =808 nm (cf. Fig. 2.30). If £ decreases for higher temperatures, the effective laser
power should decrease as well, as € is equal to the absorption coefficient. The result
of this procedure is an efficiency 7 (effective laser power Pp g to nominal laser
power Pp) of 12-24% of the nominal laser power Py [156]. The effective laser
power Py g given for the experimental data in Figs. 4.70—4.73 corresponds to
correcteds’g efficiencies (17% from 37.3 W =6.3 W), the effective laser power
Py ofr used for the numerical simulations corresponds to the efficiency of 12% as
given in [156] (12% from 37.3 W = 4.5 W). The latter choice might account for the
smaller € for higher electrode temperatures as realized during the experiments in the
operating lamp.

As described earlier and in the following, the laser power is coupled
(asymmetrically) into the electrode across the spot area of the laser beam near the
electrode tip, whereas the numerical simulations specify a rotational symmetric

38 The efficiency 1 of 12% (= 4.5 W at maximum laser power of 37.7 W) in [156] was later
corrected to values between 17% (high power = high electrode temperatures) and 24% (low
power = lower electrode temperatures), confirming the above-proposed trend of € as a
function of temperature. Nevertheless, the higher electrode temperatures (smaller €) in the
operating lamp have not been taken into account for these corrected efficiencies.
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input of the laser power into the electrode near the electrode tip (cf. Fig. 4.57). The
electrode temperature near the electrode tip59 and along the electrode was
determined using a pyrometer (1-A pyrometry, IMPAC IS10, cf. Sect. 3.1.4), the
observation direction being at an angle of more than 90° compared to the laser
beam. To avoid disturbance of the pyrometric measurements by the laser beam, a
notch filter ( 107 at the laser wavelength) was used for the pyrometer [156]. The
electrode temperature obtained from the numerical simulations can be given for
every position and every point in time without any constraints in space and time. For
good comparability, the electrode temperature from the numerical simulations is
taken 0.5 mm (diameter of the electrode) below the electrode tip.

Adapted Boundary Conditions at the Electrode—Plasma Interface

At the boundary between cathode and plasma, the plasma temperature 7p and the
electrode temperature 7 are coupled. Cooling by electron emission, heating by ion
current, thermal heat flux from the plasma towards the cathode, and radiation
cooling are considered. Additionally, the photons of the (external) laser beam are
heating the cathode at certain times near the electrode tip. Thus, we cannot use
(4.20) given in Sect. 4.4.1, but a different boundary condition has to be used, taking
the additional laser heating into account:

oT, oT; . . 4
/111 6_: =4 Pa_; + L(Z’t) + Jii ((/)i_ Peool ) ~ Jt,emission Pcool ~ EO-SBTL’ . (4'61)

@; is the ionization energy of the gas (here 10.434 eV for mercury), @, the work
function for cathode cooling due to the release of an electron (cf. Sect. 4.4.6, here
® = Pemission = Peool = Pheat = 4-55 €V), ji; the particle flux of ions, ji ¢mission the
particle flux of emitted electrons, € is the emissivity of the electrode material (cf.
Sect. 2.4.3), and ogg the Stefan—Boltzmann constant. The terms 07y/0n and
0Tp/0n denote the component of the temperature gradient normal to the electrode
surface. The electron emission ji ¢mission at the cathode is determined by equations
given by Dyke and Dolan [47]. These equations include thermal electron emission,
field-enhanced thermal electron emission, and field emission (cf. Sect. 2.4.4). The
ion current density j; = ¢jy; at the cathode is set to | j| - [jgl, if | j| > [j| and zero
otherwise (cf. [144, 167, 168]).

The term L(z,f) is used to couple the radiation power of the laser into the
electrode (same function during anode and cathode phase). According to the
experimental procedure (see earlier), L(z,f) equals zero during the first three and the

39 The measurement of the exact electrode tip temperature is not possible due to the finite
spot size of the pyrometer of approximately 0.3 mm and interfering reflections of plasma
radiation especially at the electrode tip (cf. Sect. 3.1.4).
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last four seconds of each half period of ten seconds®’ (full period: 20s, i.e.,
f=0.05 Hz). During the three seconds of laser on, L(z,t) is equal to zero everywhere
outside 0.25 mm <z < 0.5 mm, where z=0 mm represents the electrode tip and
z=13 mm the electrode root. During the three seconds of laser on and
0.25 mm <z < 0.5 mm, the function L(z,) is equal to a constant value representing
the effective laser heating of the electrode. For example, for 1 W of effective laser
heating this constant value would be 2.5465x 10°Wm™2, ie., 1 W of heating power
spread over an area of 0.3926 mm? (=0.25 mm x 0.5 mm % 7x). This describes a
rotational symmetric input of laser power into the electrode near the electrode tip.
The experimental procedure is slightly different, as the laser power is coupled
asymmetric into the electrode over the spot area of the laser beam near the electrode
tip (cf. Fig. 4.57). The rotational symmetry of the numerical implementation of the
self-consistent electrode—plasma model necessitates this difference. Considering the
results, this approximation seems to be justified.

At the boundary between plasma and anode, thermal heat flux from the plasma
towards the anode and radiation cooling are taken into account. The ion flux is zero
at the anode and the electron flux ji  is heating the anode. Just as at the cathode tip,
we have an additionally heating term caused by the photons of the (external) laser
beam (see earlier). Thus, we cannot use (4.21) given in Sect. 4.4.1, but a different
boundary condition has to be used, taking the additional laser heating into account:

oT, oT, .
AE—E:/’LP—P"'L(Z’t)"']t,c(/Jhcat _gO-SBTé' (462)
on on

Recapitulating the above, the only difference between experimental setup and
numerical simulations is the asymmetric/rotationally symmetric heating of the
electrode and consequently a different “measurement” of the electrode temperature:
In the experimental setup, the temperature is measured at an angle of more than 90°
compared to the laser beam, the numerical simulations give a temperature at the
lower edge of the rotational symmetric laser power input. Furthermore, there are
experimental uncertainties concerning the effective laser power input into the
electrode. Altogether, these differences or approximation are justified considering
the results. The exact allocation of power input and temperature output and the exact
value of the effective laser heating are apparently not crucial for the principal
differences in anode and cathode behavior (change in electrode temperature and
electrode fall voltage) as it will be described in the following.

60 The exact experimental procedure is: 3.5 s laser off, 3 s laser on, 3.5 s laser off, i.e., the
procedure for the numerical investigations differs by a shift of 0.5 s. Considering the
numerical and experimental results, it is straightforward to see that this has no influence on
the results and the comparability.
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Experimental Data®’

In the following, we will compare the experimental results with numerical
simulations obtained from the self-consistent electrode—plasma model. The
experimental data shown in the following are described in [156]. Nevertheless, the
measured values shown here are not concordant with the values shown in [156], but
originate from later, similar measurements with the same type of lamp [153]. One
striking difference between the data in [156] and [153] is, for example, the absolute
value of the electrode temperature in anode and cathode phase: In [156], the anode
temperature (2,955 K without laser heating) is below the cathode temperature
(2,995 K without laser heating), whereas for the later measurements ([153] and
Fig. 4.70), the anode temperature (3,320 K without laser heating) is well above the
cathode temperature (3,050 K without laser heating). The same is true for the total
lamp voltage, which is above 58 V in [156] and below 53V for the later
measurements ([153] and Fig. 4.72). Consequently, without trying to discuss all
possible reasons for these differences in the measured values using the same type of
lamp, we should have at the back of our minds the fact that the absolute values of
the measurements are not the crucial information, but the tendencies and the
principal differences between anode and cathode behavior are what we are looking
for in this section. The experimental uncertainties, the statistical spread of the
experimental results (cf. Sect. 4.4.6 and especially Fig. 4.83), and the differences
between numerical simulations and experimental realization do not influence or
conceal these tendencies and the principal differences between anode and cathode
behavior as can be seen in the following.

First Impression

Figure 4.58 shows the temperature distribution on the lamp axis (» = 0 mm), starting
from the outer cathode end (z = —13 mm) via the cathode tip (z = 0 mm) through the
plasma to the anode tip (z = 10 mm) all the way to the outer anode end (z = 23 mm).
The extremely hot plasma spots very close to the electrode tips are clearly visible.
These hot plasma spots have temperature maxima between 7,500 and 8,500 K,
whereas the electrodes have tip temperatures of about 3,520 K (cathode) and
3,570 K (anode). This demonstrates again the extremely large temperature gradients
between the hot plasma spots and the electrode tips, driving an intense thermal heat
flux from the plasma to the electrodes. The resulting power loss can be seen in the
additional voltage drop in the near electrode plasma (cf. Fig. 4.59).

The corresponding electric field is shown in Fig. 4.60 (logarithmic scale). The
increase of the electric field in the near-electrode plasma can be explained using two
different points of view: One possibility is to think of the power loss of the plasma
due to the heat flux from the plasma to the electrodes and due to the enhanced

o1 Many thanks to M. Sieg, M. Kettlitz, and H. Hess from the INP Greifswald for providing
the experimental data shown within this section.
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Fig. 4.58. Calculated electrode and plasma temperature on lamp axis (LS9hg-lamp, Hg,
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radiation by the hot plasma spots (cf. Fig. 4.67). This power loss is balanced by an
increased electrical power input (GEZ), thus an enlarged electric field can be
observed near the electrodes.

A different point of view is given by the current continuity equation: The lamp
current must be passed through the constriction zones and the near-electrode
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Fig. 4.60. Calculated electric field (logarithmic scale) on lamp axis (LS9hg-lamp, Hg,
p=0.6MPa, I=1.8A (dc), ¢=4.55¢V, hemispherical tip, electrode diameter/length
0.5 mm/13 mm)

plasma. In the constriction zones, the relatively broad electric current profile (cf.
Fig. 4.61, full width at half maximum: approximately 3.6 mm) must be “squeezed”
to the size of the arc attachment on the electrode tips, which is smaller or
comparable to the diameter of the electrodes (here 0.5 mm). The result is an
increase of the electric current density on the lamp axis as shown in Figs. 4.62
(logarithmic scale), 4.63 (double logarithmic scale, near-cathode plasma), and 4.64
(double logarithmic scale, near-anode plasma). This increase of the electric current
density j = oF causes the electric field to raise if the electrical conductivity would
remain constant. So, we have to take a look at the electrical conductivity on the
lamp axis: Figures 4.65 and 4.66 show the calculated electrical conductivity (solid
line) on the lamp axis in a double logarithmic scale in the near-cathode and near-
anode plasma, respectively. Comparing Figs. 4.63 and 4.65 and Figs. 4.64 and 4.66
respectively, it appears that the increase in the electric current density in the
constriction zone is largely balanced by the increase of the electrical conductivity.
This increase of the electrical conductivity is due to the increase of the plasma
temperature caused by the hot plasma spots (cf. Fig. 4.58). Thus, the electric field
increases only moderately due to the increase in the electric current density near the
electrodes. But in the close vicinity of the electrode tips (a plasma layer with
thickness of about 0.1 mm on the electrodes), the electrical conductivity decreases
whereas the electric current density even increases getting closer to the electrode
tips. This is responsible for the steep increase of the electric field in the near-
electrode plasma.

Figures 4.65 and 4.66 also demonstrate the “working principle” of the self-
consistent electrode—plasma model used within Sect. 4.4: The calculated non-LTE
electrical conductivity is equal to the LTE electrical conductivity nearly in the whole
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Fig. 4.62. Calculated electric current density (logarithmic scale) on lamp axis (LS9hg-lamp,
Hg, p=0.6 MPa, /=18 A (dc), ¢ =4.55 eV, hemispherical tip, electrode diameter/length

0.5 mm/13 mm)

plasma. Only in the close vicinity of the electrode tips, the non-LTE electrical
conductivity is strongly enhanced compared to the LTE electrical conductivity due
to the diffusion of electrons from the hot plasma spots to the relatively cold near-
electrode plasma (cf. Sect. 4.4.1). In the near-cathode plasma, this diffusion is
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Fig. 4.63. Calculated electric current density (double logarithmic scale) on lamp axis near
cathode (LS9hg-lamp, Hg, p=0.6 MPa, /=18 A (dc), ¢ =4.55¢V, hemispherical tip,
electrode diameter/length 0.5 mm/13 mm)

107 . T -
1 | ] I Anode Cathode
T | | |
£ | l l
> 10°p A N
(7) I I |
c 1 1 !
[} I 1 |
° ] 1 I
E I I |
9 | | |
3 105 e e
9 I I I
g | | |
2 | I !
L | | I
4 I I |
10 10° 0.0001 0.001 0.01 0.1
Anode z[mm]

Fig. 4.64. Calculated electric current density (double logarithmic scale) on lamp axis near
anode (LS9hg-lamp, Hg, p=0.6 MPa, /=1.8 A (dc), ¢=4.55¢V, hemispherical tip,
electrode diameter/length 0.5 mm/13 mm)

against the electric field, whereas in the near-anode plasma, the diffusion is
enhanced by the electric field.

Concerning the power balance, Figs. 4.67 and 4.68 are useful visualizations for
the conditions in this high-pressure mercury discharge lamp. Figure 4.67 depicts the
power densities on the lamp axis: The electrical power input is transformed into



266 4 Numerical Simulations

104

103

102

101

100

Electrical conductivity [Q-1 m—1]

10_1 ______________ L - - = 4o - -

""DNCI

—_— > Z

1

1

1

1

1

1

1

: Cathode Anode|
1

1

1

! 0
1

10-2
10-5 00001 0001  0.01 0.1 1

Cathode z[mm]

Fig. 4.65. Calculated electrical conductivity (LTE and non-LTE, double logarithmic scale) on
lamp axis near cathode (LS9hg-lamp, Hg, p=0.6 MPa, /=18 A (dc), ¢=4.55¢V,
hemispherical tip, electrode diameter/length 0.5 mm/13 mm)

104

103

102

101

100

Anode Cathode

Electrical conductivity [Q-1 m~1]

NS

—_—

10-1f------- R
| D

10

) .
10-5 0.0001 0.001 0.01 0.1 1
Anode z[mm]

Fig. 4.66. Calculated electrical conductivity (LTE and non-LTE, double logarithmic scale) on
lamp axis near anode (LS9hg-lamp, Hg, p=0.6 MPa, /=1.8A (dc), p=4.55¢V,
hemispherical tip, electrode diameter/length 0.5 mm/13 mm)

radiation, the rest is drawn off to the tube walls and the electrodes. In the plasma
column, the electrical power input is largely transformed to radiation. This radiation
gets even stronger at the hot plasma spots but decreases to very small values in the
relatively cold near-electrode plasma. In the close vicinity to the electrode tips,
nearly all of the high electrical power input is transported via heat conduction to the
electrodes. A similar picture for the power balance in the plasma column vs. radius
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is given in Fig. 4.68. The electrical power input decreases from the plasma core to
the tube walls. In the outer regions of the plasma, nearly all of the electrical power
input is transformed to a heat flux to the tube walls.
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Fig. 4.67. Calculated power densities (logarithmic scale) on lamp axis (LS9hg-lamp, Hg,
p=0.6MPa, I=18A (dc), ¢=4.55¢V, hemispherical tip, electrode diameter/length
0.5 mm/13 mm)
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Fig. 4.68. Calculated power densities midway between electrodes (LS9hg-lamp, Hg,
p=06MPa, /=18A (dc), ¢=4.55¢V, hemispherical tip, electrode diameter/length
0.5 mm/13 mm)
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Electrode Temperature Distribution

A first impression of the electrode temperature in the lamp under consideration is
shown in Fig. 4.69. The electrode temperature in anode and cathode phase without
laser heating is given (quasistationary). The experimental values®? (solid lines)
agree very well with the results from the numerical simulations (dashed lines),
especially if we take the experimental uncertainties into account (see earlier). The
z =0 position of the experimental data has been chosen according to the maximum
value of the measured values. Due to the finite size (d = 0.3 mm) of the target spot
of the pyrometer, this does not correspond to the very electrode tip.63 The maximum
value ought to be half the diameter of the target spot (=0.15 mm) away from the
electrode tip (whole target spot on the electrode). This means that the experimental
values can be shifted by 0.15 mm to the left.

Increasing the ac frequency to 50 or 400 Hz (rectangular-wave current), the
electrode temperature does not settle just between anode and cathode dc
temperatures, but tends very clearly toward the dc cathode temperature (cf.
numerical results shown in Fig. 4.46). This is true for the experimental values [153]

3,200 __ ——= Anode phase

Cathode phase . S RIS \ ......

y Anode phase | | |
:_ — Cathode phase L

Electrode temperature [K]

4 3 2 4 0
z[mm]

Fig. 4.69. Comparison of measured ([153, 156], solid lines) and calculated (dashed lines)
electrode temperatures in anode and cathode phase without laser heating (LS9hg-lamp, Hg,
p=0.6 MPa, [ =+1.8 A (quasistationary), @ = 4.55 eV, hemispherical tip, electrode diameter
0.5 mm, electrode length:13 mm, [63])

62 The deviations near z = —4 mm are due to optical distortions.
63 See for example Fig. 4.83.
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as well as for the results from the numerical simulations with the self-consistent
electrode—plasma model.®* Furthermore, the anode temperature is influenced much
more by the lamp current / than the cathode temperature (cf. e.g., [43, 153], or Sect.
4.4.4). A discussion will be given later in this section. It should be noted that
Fig. 4.46 shows numerical results for a 10 mm long electrode with a diameter of
0.7 mm. Compared to the 13 mm long and 0.5 mm thick electrode dealt within this
section,® the dc cathode temperature for this electrode lies well above the dc anode
temperature. This means that anode and cathode phase not only depend differently
on lamp current /, but also the geometry of the electrode has a different effect
during anode and cathode phase.

Electrode Tip Temperature during External Laser Heating

Figure 4.70 shows the comparison of measured and calculated electrode tip
temperature during anode and cathode phase for different effective laser powers
heating the electrode. Bearing all the differences and approximations described
earlier in mind, the agreement is very good. The basic result is that the electrode
temperature during the anode phase reacts much stronger to the external laser
heating compared to the reaction during the cathode phase. Moreover, numerical
simulations and experimental finding agree as well with respect to the response
time: At current reversal (z= 0 and 10s), laser on (z=3/3.5 and 13/13.5s), and laser
off (#=6/6.5 and 16/16.5s), the temperature adjustment is much faster during the
cathode phase.

During the anode phase, the electrode was only heated with moderate
laser powers up to P, = 10.5 W (P ¢y = 2.4 W) to prevent the melting of the anode
tip [153]. The numerical simulation also predicts the melting66 of the electrode tip
during the anode phase for effective laser powers above 4 W (TgjecirodeTip ~
TMeltTungsten = 3,680 K). A more detailed presentation of the electrode temperature
during the cathode phase is shown in Fig. 4.71.

Electrode Fall Voltages during External Laser Heating

The influence of the external laser heating on the lamp voltage is shown in Fig. 4.72.
The measured value is the total lamp voltage (please note the negative voltage scale
during the cathode phase). As the laser heating has only influence on the near-

% Asa consequence thereof, one cannot just take anode and cathode temperature from dc
operation (calculated or measured) and calculate ac electrode temperatures by averaging the
dc values. The (time dependent) ac electrode temperature depends nontrivial on lamp current,
current frequency, current waveform, electrode diameter and length, work function, mode of
arc attachment, etc.

65 All other parameters like lamp current, work function, etc. are identical.
66 The latent heat of melting was not taken into account in this section.
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electrode plasma,67 the measured change in total lamp voltage is probably due to a
change in anode or cathode fall voltage. This is confirmed by the numerical
simulations using the self-consistent electrode—plasma model described in
Sects. 4.4.1 and 4.4.2, where anode and cathode fall voltages U, and U, are computed
by extrapolation of the linear part of the electric potential distribution on the lamp
axis toward anode or cathode position (cf. Figs. 3.40, 4.44, 4.59, and 4.80). The
difference between this extrapolation and the electric potential at the cathode surface
(=0V by definition) is the cathode fall voltage (here between 9.5 and 11.2 V), the
difference between the extrapolation and the electric potential at the anode surface
(=total lamp voltage) is the anode fall voltage (here 3.2—3.3 V). This definition is
similar to the typical experimental determination of cathode and anode fall voltages.
The electrode fall voltages correspond to the additional power consumption in the
near-electrode plasma,68 i.e., the extra demand of electrical power input due to the
losses to anode and cathode and due to the increased radiation output by the bright hot
plasma spots (cf. (4.18)). The experimental measurement of electrode fall voltages is
difficult (cf. Sects. 3.2.2 and 3.2.3), so only values for the total lamp voltage have
been measured. Our numerical simulations deliver total lamp voltage as well as anode
and cathode fall voltage, the latter even separated into the part of the cathode fall
voltage necessary for the production of ions near the cathode surface (=V,, cf.
(4.23)) and the part of the cathode fall voltage necessary to balance losses due to heat
conduction from plasma to cathode and due to the additional radiational “losses” by
the hot plasma spot in front of the cathode (= U, —V})). The given electrode fall
voltages are the anode fall voltage during the anode phase and the cathode fall voltage
during the cathode phase, i.e., we do not give the so-called “electrode-sheath
voltage,” which is the sum of anode and cathode fall voltage (cf. [102]).

The striking feature comparing measured lamp voltage and calculated electrode fall
voltages is the strong influence of the external laser heating on the cathode fall voltage
during the cathode phase and the hardly observable influence on the anode fall voltage
during the anode phase (Figs. 4.72 and 4.73). This is contrary to the observation of the
electrode temperature, which reacts strongly during the anode phase but weakly during
the cathode phase. Also, numerical simulations and experimental finding agree well
with respect to the response time (cf. especially Fig. 4.73).

The strong influence of the external laser heating on the cathode fall voltage is
due to the self-regulating mechanism of the cathode. The laser heating of the

67 This is not the absolute truth, because the lamp pressure will rise a little bit due to the
higher plasma temperature in the near-electrode plasma. Because the cathode temperature
rises only slightly during the laser heating (thus the near-cathode plasma temperature rises
only slightly) and because the change in the cathode fall voltage is quite high, the reason for
this change in the measured total lamp voltage is almost exclusively due to the change in the
cathode fall voltage. The situation is different during the anode phase, as it will be explained
in the following.

%8 In contrast, the electrode fall voltages in sheath or layer models (normally cathode fall
voltage, cf. Sect. 4.1) correspond to the total voltage drop over the sheaths or layers under
consideration without taking the “normal” power consumption per unit length (in the arc)
into account and in general without consideration of constriction zones or hot plasma spots.
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electrode during the cathode phase increases the electron emission current. Thus,
the ion current is reduced immediately by the same amount. Consequently, the part
of the cathode fall voltage necessary for the production of ions near the cathode
surface (= V})) is reduced, which can be seen in Fig. 4.73 (please note the negative
voltage scale during the cathode phase for the experimental values, i.e., the absolute
value of the voltage decreases during the cathode phase with increasing laser
power). The approximately 1.7 V reduction in the calculated cathode fall voltage for
Pper=45W is cause by a reduction of 1.5V in V. This corresponds to an
increase of the electron current at the cathode of approximately 0.26 A (without
laser heating 1.04 A electron current and 0.76 A ion current) and the corresponding
decrease of the ion current at the cathode. Only 0.2 V of the 1.7 V cathode fall
voltage is caused by the part of the cathode fall voltage necessary to balance losses
due to heat conduction from plasma to cathode and due to the additional radiational
“losses” by the hot plasma spot in front of the cathode. Apparently, the interplay
between ion current and electron emission is “adjusting” cathode fall voltage,
cathode temperature, and the ratio of electron to ion current.

In contrast to the cathode fall voltage, which is reduced by laser heating, the
anode fall voltage is reported to raise somewhat due to the laser heating, but the
measurement of these small changes is very difficult ([153] and Sect. 3.2.4). We
calculate a small reduction of anode fall voltage due to the external laser heating
during the anode phase (approximately 0.04 V for Pp og=2.2 W), but constant
pressure is assumed for the numerical simulations. Due to the increasing
temperatures in the near anode plasma, the pressure in the experimental setup will
rise slightly. By keeping track of the total amount of mercury in the discharge
(which is easily possible) during the numerical simulations, we can predict a (not
measurable) raise in the operating pressure of about 0.4% for Pp =22 W.
According to the results presented in Sect. 4.4.7, this slightly higher pressure would
result in an increase of the total lamp voltage of approximately 0.12 V. Together
with the calculated decreasing anode fall voltage for constant pressure, we would
get a net change in anode fall voltage of +0.08 V for Py =2.2 W, which is
comparable to the experimental findings. One of the many advantages of the
numerical simulations using the self-consistent electrode—plasma model is the
ability to separate different effects, which are inherently superimposed in the
experimental setup.

Differences Between Anode and Cathode Phase

The additional laser heating induces a new “adjustment” of the electrode
temperature. This new adjustment is very fast during the cathode phase due to the
fast assimilation of ion and electron current. Such a process does not exist at the
anode or during the anode phase, where the total lamp current at the electrode
surface is given by the electron current.

When the electrode is heated by, for example, Py .;r=4.5 W, the reaction in
anode and cathode phase is in principle equal. Due to the strong additional heating
the electrode gets hotter. This is a fast process, which gets slower near the “end”-
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temperature (see anode phase in Fig. 4.70). During the anode phase, this “end”-
temperature is finally reached, but during the cathode phase, the fast (immediate)
decrease of the ion current (and the corresponding decrease of the heating of the
cathode by this ion current) results in a lower final temperature compared to the
“end”-temperature which would be reached without the reduction of the ion-
current-heating. This process takes place at the beginning of the laser heating,
where the cathode temperature rises rapidly. Thus, due to the decreasing ion current
heating for increasing laser heating, the cathode temperature rise is smaller and
faster compared to the temperature rise during the anode phase, i.e., the immediate
adjustment of the ratio of electron to ion current is responsible for the small time
constant during the cathode phase. This can be seen at laser on (¢ =3/3.5 and 13/
13.5s) and laser off (= 6/6.6 and 16/16.5s), but also at current reversal (=0 and
t =10s). Furthermore, in the case of ac lamp currents as shown in Fig. 4.46, this
faster response time during the cathode phase is responsible for the tendency of the
ac temperature to the dc cathode temperature.

The electron emission current, which is essential at the cathode or during the
cathode phase of the electrode, seems to have no impact during the anode phase.
Despite the strong increase in the anode tip temperature (and the correlated increase
in electron emission current) due to the external laser heating, the anode fall voltage
is hardly altered (compare Figs. 4.70 and 4.72). This is true for the measured values
as well as for the numerical results. Also, the response time of the electrode during
the anode phase (compared to the response time during the cathode phase) indicates
a thermal process without the influence of the electron emission current. In the self-
consistent electrode—plasma model described in Sects. 4.4.1 and 4.4.2, the electron
emission current is only included in the boundary conditions at the cathode (4.20)
or (4.61) but not at the anode (4.21) or (4.62), which appears to be justified by the
results.

As a result of the different characteristics of anode and cathode behavior
described earlier, it is not surprising that lamp current or electrode length and
diameter have different impacts during anode and cathode phase. The lamp current,
for example, affects the anode much more than the cathode (see also [43, 153], and
Sect. 4.4.4). The cathode with its self-regulating mechanism must have a
sufficiently high temperature to emit enough electrons. The difference between
electron emission current and total lamp current is provided by ion current which
heats the cathode. Thus, the cathode temperature is adjusted to a value where the
ratio of ion to electron emission current corresponds to a stable power balance of
plasma and cathode. The anode is a more “passive” component, which is heated by
the incoming electron current. The higher the lamp current, the larger this heating
and, therefore, the higher the anode temperature. The different influence of
electrode diameter and length during anode and cathode phase can be studied
comparing Fig. 4.46 (dgjectrode = 0-7 MM,  lgjectrode = 10 mm) and  Fig. 4.69
(delectrode = 0.5 mm, /gjectrode = 13 mm), where only electrode diameter and length
are varied (same lamp current, work function, etc.). For the 13 mm long and 0.5 mm
thick electrode (Fig. 4.69), the electrode temperature during the anode phase is
higher than the electrode temperature during the cathode phase, but for the 10 mm
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long and 0.7 mm thick electrode (Fig. 4.46), the electrode temperature during the
cathode phase is higher than the electrode temperature during the anode phase.69

The explanation for this is the following: The heat transfer by the incoming
electron current is independent of the electrode geometry, i.e., a narrow anode will
be hotter than a thick anode. The change in the heat transfer from the plasma to the
anode tip as a function of the anode diameter does not compensate for this effect. In
contrast, the cathode tip has to have a sufficiently high temperature to emit enough
electrons. The increase in the electron emitting area and the increase of the heat
conduction to the cathode root due to the increase of the diameter has only a minor
influence on the cathode tip temperature. Instead, the ratio of ion to electron
emission current is adjusting the cathode temperature to ensure a stable power
balance of plasma and cathode. The cathode tip temperature is a bit lower for a thick
electrode, but the difference is much smaller compared to the temperature
difference observed during the anode phase.

Summary

The comparison of the numerical results obtained with the self-consistent electrode—
plasma model with different experimental data shows a very good agreement. The
calculated temperature distribution along the electrodes (Fig. 4.69) and the tendency
of the ac electrode temperature to the dc cathode temperature (Fig. 4.46) agree very
well with the experimental findings. The investigations including the external laser
heating of the electrodes revealed even more interesting results: The electrode
temperature reacts strongly on the external laser heating during the anode phase but
weakly during the cathode phase (Figs.4.70 and 4.71). In contrast, the striking
feature comparing measured lamp voltage and calculated electrode fall voltages is a
strong influence of the external laser heating on the cathode fall voltage during the
cathode phase and a barely observable influence on the anode fall voltage during the
anode phase (Figs. 4.72 and 4.73). Also, numerical simulations and experimental
findings agree with respect to the response time (Figs. 4.70—4.73).

The numerical simulations are able to explain all these effects in great detail.
The strong influence of the external laser heating on the cathode fall voltage is due
to the self-regulating mechanism of the cathode: The power brought into the
electrode by the external laser heating partly “replaces” the heating by ion current.
This leads to a reduced cathode fall voltage (less power needed for the generation of
ions), but results also in an only moderately increased electrode temperature (more
power input due to the external laser heating but less power input due to reduced ion
current). The anode reacts to the external laser heating with an increased electrode
temperature, but the anode fall voltage is hardly influenced. The observed small

% Figure 4.46 (deectrode = 0-7 MM, lejectrode = 10 mm): T, 4ip = 2,950 K, T i, = 3,350 K,
and Fig. 4.69 (dejectrode = 0-5 mm, lejectrode = 13 mm): T, 4, = 3,550 K, T, 4, = 3,450 K (all
values taken from the numerical simulations).
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increase of the anode fall voltage can be explained with the help of the numerical
simulations and is due to a small increase of the operating pressure (<1%).

Furthermore, the numerical simulations explain the different response times
during anode and cathode phase at current reversal or laser on/off: The cathode
reacts faster because its self-regulating mechanism is determined by the fast
adjustment of the ratio of electron to ion current, whereas the longer response time
during the anode phase is determined by the thermal inertia of the anode. Moreover,
from the comparison of experimental results and numerical simulations we can
deduce that the electron emission current, which is essential at the cathode or during
the cathode phase of the electrode, has no impact during the anode phase. A further
result of the numerical simulations is the explanation of the different impact that
lamp current or electrode length and diameter have during anode and cathode phase:
The anode, being a more “passive” component, reacts more strongly to variations in
lamp current or electrode length and diameter. The cathode with its self-regulating
mechanism is able to “compensate” such variation to a large extend by adjusting
the ratio of electron to ion current. An interesting open question for further
investigations is the usage of external laser heating on cathodes with no or very
small ion current (cathode heated by heat conduction from plasma to temperatures
high enough for sufficient electron emission to supply the lamp current /, cf. e.g.,
Sect. 4.4.6). In this case, the laser heating cannot “replace” the ion current and the
cathode might react differently. Alternatively, the laser heating during the cathode
phase might be further enhanced, overcompensating the ion current heating.

Together with the analysis of the impact of different electrode tip geometries on
electrode and plasma temperature and electrode fall voltages (Sect. 4.4.4), the
differences between anode and cathode phase described within this section can be
used for the optimization of electrode design. In the case of a dc lamp current,
anode and cathode can be optimized independently, whereas the electrodes have to
be optimized for anode and cathode phase simultaneously in the case of an ac lamp
current. In the latter case, the different response times during anode and cathode
phase might be of particular importance.

4.4.6 D2 Automotive Headlight Lamp

The Lamp

The first generation of Xenon automotive headlight lamps (so called D1 and D2
lamps) was introduced in 1991/1992 (cf. Sect. 1.3.8). The D2 lamp is a prominent
example of modern short arc high-intensity discharge lamps (metal halide lamp). It
brought a quantum leap with respect to light intensity and lumen output (about
3,200 Im) compared to halogen lights (about 1,500 Im) with power consumption of
only 35 W instead of about 50 W in the case of halogen lights (H7). This increase in
light intensity can be used, for example, to offer different light distributions
depending on the traffic situation like town light, crosscountry light, and motorway
light (adaptive headlamp technologies [67]). The geometry of the D2 automotive
headlight lamp is given in Fig. 4.74. The electrodes have a length of only 1.2 mm in
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Fig. 4.74. Geometry of D2 automotive headlight lamp (electrode gap 4.2 mm, quartz
diameter 2.7 mm, electrode length 1.2 mm, electrode diameter 0.25 mm). Electrodes change
their “function” (anode/cathode) with time [59]

the discharge space, their diameter is 0.25 mm. The electrode gap is 4.2 mm and the
inner diameter of the discharge tube 2.7 mm. For a better understanding, the
electrodes are labeled “cathode” and “anode”, but this assignment is of course time
dependent due to the ac current. A polished cut image of the D2 lamp is shown in
Fig. 4.75 (left-hand side). According to experimental findings in [85, 86], the
electrode temperature 7g at the outside connections of the electrodes (electrode
roots) is set to 1,900 K for thoriated tungsten electrodes and to 2,050 K for pure
tungsten electrodes. The inner quartz wall temperature is set to 1,200 K. The default
choice for the work function for electron emission Qe jssion 1S 2.6 €V, corresponding
to thoriated tungsten electrodes. Additionally, pure tungsten electrodes with
Pomission = 4.5 €V are considered.

The filling of a D2 lamp consists of xenon (several bar in the cold lamp, about
5MPa=50bar operating pressure), mercury (approximately 2 MPa=20 bar
operating pressure), Nal (operating pressure about 0.003 MPa = 0.03 bar), and Scl;
(about 0.005 MPa = 0.05 bar operating pressure). Xenon is responsible for the so-
called “Xenon-Instant-Light” at the cold start of the lamp to provide the required
minimum output of 800 lumen one second after switch on. After a couple of seconds
the mercury and the metal halides are vaporized. Mercury increases the resistance of
the discharge, making it possible to operate the lamp at low currents (0.4 A, 400 Hz
rectangular-wave current) and high voltages (85 V), which is desirable with respect to
low strain and long lifetime of the electrodes. The excitation energies of sodium and
scandium lie mainly in the visible part of the electromagnetic spectrum, rendering
light output largely in the visible. Metal halides are used because their vapor pressure
is higher than the vapor pressure of the metals themselves, i.e., the metal halides are
more volatile. Moreover, metal iodides are in general less aggressive than their metals,
preventing the quartz wall being attacked (cf. Sect. 1.3.8).

Considering the small dimensions of the D2 lamp (cf. right-hand side of
Fig. 4.75), a detailed knowledge of the (time-dependent) interaction of arc plasma
and electrodes is very important for lamp efficacy, lamp stability, and lifetime of
electrodes. Unfortunately, experimental investigations of such lamps are rather
difficult. Their smallness and optical distortions caused by the quartz bulb are not
the only challenges experimental setups have to face. Thus, numerical simulations
are again an important tool for the understanding, improvement, and development
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Fig. 4.75. D2 automotive headlight lamp: polished cut image (left-hand side) and
comparison to standard match (courtesy of Osram, Berlin, [85])

of these HID lamps. To adequately describe these lamps, a detailed knowledge of
the time-dependent properties of plasma and electrodes and their interactions is
necessary. Important features to be determined are, for example, temperature
distributions within plasma and electrodes, heat fluxes to electrodes and to quartz
wall, electrode losses, and type of arc attachment to the electrodes.

All these desired data can be delivered by the self-consistent electrode—plasma
model described in Sects. 4.4.1 and 4.4.2. Time-dependence, anode and cathode phase,
interaction between plasma and electrodes, complex plasma compositions, and different
electrode geometries can be addressed by the model. The results of the numerical
simulations with the self-consistent electrode—plasma model and comparisons with
experimental data concerning electrode and plasma temperature will be presented in the
following. Because electrode and plasma properties play a decisive role for the
numerical simulations, they will be discussed in detail as well in the following.

Electrode Properties

As in all other numerical simulations shown in Sect. 4.4, the thermal conductivity
Ag(TE) of tungsten is taken from [94] (cf. Fig. 2.27 and Sect. 2.4.1), the emissivity
&(Tg) corresponds to that given in [174] (cf. Fig. 2.29 and Sect. 2.4.3). The mass
density p of tungsten is 19,300 kg m™>, the specific heat ¢ is described by
129 +0.0175T according to [31] (T in K, ¢ in T kg~'K ™).

The emissivity € might be a problem, because it depends on the surface
conditions of the electrodes ([43] and Sect. 2.4.3). A rough surface has a
considerably higher emissivity € than a polished one (black body effect). This
problem arises especially at the electrode tips, where the surface conditions might
change with time. For the numerical simulations, this effect is not important if we
assume polished surfaces. But comparing to experimental data, we have to keep in
mind that the real surface might have a higher emissivity €. If the front surface of an
electrode gets deeply structured with large bumps as shown in [86], not only the
emissivity £ might change, but also the emitting surface itself is increased.
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The main challenge of electrode properties, however, is the work function ¢ (cf.
Sect. 2.4.4). Within Sect. 4.4 concerned with the self-consistent electrode—plasma
model, we distinguish between two work functions [144]: Qomission determines the
thermionic electron emission current given for example by Richardson—Schottky.
Qomission can be lowered by thoria (thorium dioxide ThO,) at the surface of tungsten
electrodes, resulting in @ ission = 2-6 €V instead of @epission = 4-5 €V in the case of
pure tungsten. The “second” work function i @},c¢/c001 and determines the heating of
the anode’® by electron absorption (¢y.,) and the cooling of the cathode by electron
emission (¢..1). Mostly, the energy gained/lost by the anode/cathode per absorbed/
emitted electron is assumed to be equal to the work function for thermionic emission.
But Sansonnens et al. [144] propose that the total energy gain/loss of the electrode will
equal the sum of components from electrons passing through the thoria—plasma
interface and the tungsten—thoria interface (and vice versa). For small percentages of
thoria in tungsten, the net energy loss should be given by the work function of
tungsten. So the work functions proposed in [144] are Qqmission = Pheat/cool = 4.5 €V
for pure tungsten electrodes and @gission = 2.6 €V and @eat/cool = 4-5 €V for thoriated
tungsten electrodes (2.6 eV corresponds to the work function of thoria, since this
represents the energy needed for extraction of one electron from the activated surface
of the electrode). In addition to the arguments given in [144], energy conservation
suggest this choice of work functions: If we have one thoriated tungsten electrode (lets
say the cathode) and one pure tungsten electrode (the anode), the emitted electron
would cool the cathode by 2.6 eV (if we take @emission = Pheat/cool = 2.6 €V for
thoriated tungsten at the cathode) and heat the anode by 4.5 eV, which would violate
energy conservation. The energy we “pay” at the cathode for electron emission is
“paid back” at the anode.”! With the choice Pemission = 2-6 €V and @pear/cool = 4.5 €V
we solve this problem. For the numerical simulations of the D2 automotive headlight
lamp, the default choice of work functions is @epission = 2-6 €V and @peat/cool = 4-5 €V,
but we also try other combinations for comparison.

Measured values of the work function for electron emission @ep;ission at the
cathode in an operating (!) lamp can be found in [145, 146] as described in Sect.
3.1.11. A very interesting result concerning the D2 lamp (metal halide lamp) is the
lowering of the work function by the adsorption of, for example, sodium [145, 146].
If the metal halide lamp (not a D2 lamp) is operated at half the nominal power, nearly
no salts are evaporated and the (“undisturbed”) work function is measured to be
4.45 eV (£0.25 eV). Under nominal operating conditions, the partial pressures of the
metal halides are significant, leading to adsorption of (for example) sodium at the
cathode tip. The work function measured under nominal operating conditions is thus
reduced to 2.41 eV (0.2 eV). A low work function for electron emission Qe jssion at
the cathode can thus arise from the thoria of the electrodes or (for example) the
sodium of the discharge. Possibly, in D2 automotive headlight lamps, the thoria is

70 1n the following “anode” means “anode” for dc lamp currents and “electrode during
anode phase” for ac lamp currents (likewise for the cathode).

71 This is also reflected in anode and cathode fall voltages.
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responsible for the low work function @ ;sion at low power load (e.g., starting) and
under nominal operating conditions the sodium is responsible for the low work
function. This is also suggested by measurements and calculations described in [1]
(cf. Sect. 3.1.12), showing a lowering of the work function for electron emission for
increasing partial pressure of sodium in a sodium high-pressure discharge72 from 4.3
to 2.7 eV (pure tungsten cathodes). In [145, 146] the work function @ jssion 10 an
operating mercury HID lamp was measured to be 4.52 eV (pure tungsten electrode)
and 3.7 eV (thoriated tungsten electrode), respectively.

A proposal in [112] (based on [173]) that the heating of the cathode by ion current is
given by ji ;¢; instead of ji j(@; — @co01) 1 N0t employed here (cf. (4.20) or (4.61), ¢;:
ionization energy of the gas). The same effect would have an increase in ¢; by @, This
approach is questionable because the electrons “extracted” from the cathode by ions
heat the anode.”® The energy balance of the lamp would be out of equilibrium if we
could heat the anode by an electron, which has not cooled the cathode beforehand.
Nevertheless, for the numerical simulation of the D2 automotive headlight lamp these
considerations are superfluous because there is no ion current at the cathode (see later).

In [85] (in parts also in [86]) electrode temperature measurements at different
electrodes in D2 lamps are presented (see also Fig. 4.83). Three different types of
electrodes are investigated: thoriated tungsten electrodes (type A), pure tungsten
electrodes glowed at 1,200°C for cleaning (type B), and pure tungsten electrodes
glowed at 2,400°C for cleaning (type C). For each of the three types of electrodes at
least five lamps have been investigated to reduce statistical fluctuations. Thoriated
tungsten electrodes should have lower electrode temperatures compared to pure
tungsten electrodes due to the enhanced electron emission by a lower work function
Qomission TOr thoriated tungsten electrodes. This is true if one compares the electrode
temperatures of type A with type C electrodes. But surprisingly, the pure tungsten
electrodes of type B have practically the same temperature as type A electrodes
(thoriated tungsten). This might have many reasons including work function
Qomissions type of arc attachment (spot or diffuse), adsorption of, for example,
sodium at electrode tip, increased front surface of deeply structured electrode tip by
large bumps as shown in [86], etc. One of many possible and imaginable scenarios
responsible for the large difference between type B and C pure tungsten electrodes
could be the following: Due to the different “history” of the electrodes in the
production process, the arc attachment on type B electrodes might be more confined
than the arc attachment on type C electrodes (cf. left-hand side of Fig. 3.35 (type C
electrode) and right-hand side of Fig. 3.35 (type B electrode) after 1,000 h of
operating time). The sodium available in the discharge might be enough to produce
a monolayer of sodium over the (small) arc attachment area of the type B electrodes
with a coverage of 30—50% for instance. According to [1], where work functions

72 Sodium pressure between 11 and 84 kPa, i.e., between 0.11 and 0.84 bar.

Bof course, it is not the same electron which neutralizes the ion at the cathode and heats the
anode. The electron reaching the anode originates from the ionization of an atom and has
been replaced many times by other electrons during the “journey” through the discharge.



4.4 A Self-Consistent Electrode—Plasma Model 283

depending on sodium coverage are calculated, this would lead to a work function
for electron emission of around 2.5 eV for the type B electrodes. For the type C
electrodes (with larger arc attachment area), the sodium available in the discharge
might not be enough to create a sufficiently high sodium coverage to lower the work
function for electron emission considerably, i.e., for a coverage of, for example,
10% the work function would be about 4.0 eV [1]. These two different work
functions would lead to different electrode temperatures as measured and presented
in [85]. Another possible scenario would be that the ability to adsorb sodium on the
electrode surface might be influenced due to the different “history” of the
electrodes in the production process, leading to the same result as described above.

What we have to keep in mind is that knowing material and (initial) geometry of
the electrode is not always enough to characterize the electrode and its behavior.
Even small differences in the production process of the electrodes [85] or different
plasma compositions or electrical power inputs [146] might change the electrode
properties considerably (see also Sects. 3.1.4 and 3.1.7). Especially the work
function is very sensitive to plasma composition, electrode temperature, surface
structure, etc. This is important to know because the work function is essential for
numerical simulations of electrodes.

In [130, 168] (quoting [2]) concrete values for @epission and Richardson constant
Ag can be found. For pure tungsten we find values for @y ission Detween 4.2 and
6.0 eV with Ay equal to 0.75x10° AK>m™2 [130] and 600x10° AK>m~2 [168]. For
thoriated (ungsten Penyssion 15 2.6 eV [130, 168] with A equal to 0.5x10% AK™% m™2
[130] and 0.03x10° AK?m™2 [168]. In [146] the work function QPomission 1N an
operating mercury HID lamp was measured to be 4.52 eV (pure tungsten electrode)
and 3.7 eV (thoriated tungsten electrode), respectively. So, although the electron
emission is very important for the numerical simulation of HID lamps, we have to
live with poor data concerning @.pision and Ag. Besides the effects altering
Qomission Stated earlier, there are many more factors which might be important for
the ability to emit electrons. For pure tungsten @.n;ssion Might depend, for example,
on the surface state (crystal orientation, polycrystalline tungsten), for doped
tungsten the local surface concentration of the dopant is important, the ambiance
influences @epission (In general measurements are done in vacuum, but the real
electrodes are operated in different plasmas), etc. For the numerical simulations of
the D2 automotive headlight lamp, @qpission = 4-5 €V for pure tungsten electrodes
and 2.6 eV for thoriated tungsten is chosen. Ay is set to the theoretical value of
approximately 1.2x 10° A K?m™ (as, e.g., in [30 and 168]).

As soon as the work function Qgp;ssion 15 known, the calculation of the electron
emission current is straightforward. Thermal electron emission and field-enhanced
thermal electron emission are important in HID lamps. Only for electric fields
above 10° Vm™, pure field emission gets important, but these high electric fields
are not reached in D2 lamps. A comparison of three different approaches for the
calculation of the electron emission current is shown in Fig. 2.33. The Richardson—
Schottky approach includes thermal electron emission and field-enhanced thermal
electron emission. The approaches of Dyke and Dolan ([47], used in Sect. 4.4) and
Paulini et al. [135] include additionally pure field emission. All three approaches
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agree on the electron emission current for a given temperature (in Fig. 2.33:
3,000 K) and an electric field up to 108 v, Only for electric fields above
10° Vin™! the effect of pure field emission comes into play. The work function
Qomission 1S (besides the electrode temperature) the most important factor
determining the electron emission current.

Plasma Properties

The plasma composition, the thermodynamic properties, and the transport coefficients
of the plasma strongly vary with plasma temperature. The composition of the plasma
and the thermodynamic properties are obtained using chemical equilibrium ([171],
Sect. 2.2.2). The calculation of transport coefficients is based on the work of
Hirschfelder, Curtiss, and Bird [90] using rigorous kinetic theory according to
Chapman—Enskog theory ([171], Sect. 2.3). Constant pressure in the discharge can be
assumed in a D2 lamp driven by a rectangular-wave current of 400 Hz.

To get a general idea of the plasma, the particle densities of the different plasma
constituents are shown in Fig. 2.8 (cf. Sect. 2.2.2). According to the high partial
pressures of 50 bar xenon and 20 bar mercury, the xenon and mercury atoms
dominate the plasma. The overall ionization rate (electrons or ions compared to
neutral particles) is well below 1% even at the highest temperatures in the hot
plasma spots immediately in front of the electrodes (<8,000 K). Scls, Sc,lg, Nal,
and Na,l, are present at temperatures up to 3,000 or 4,000 K, then they dissociate
and the Sc, Na, and I atoms outstrip the molecules (3,000—-6,000 K). For even higher
temperatures (6,000 K), the Sc™ (ionization energy: 6.54 e¢V) and Na' ions
(ionization energy: 5.1 eV) get ahead of the neutrals Sc and Na.

The radiation of the plasma is presented in Fig. 2.16 (cf. Sect. 2.2.3). The line
radiation of sodium and scandium dominates all other radiation mechanisms. Only
for very high temperatures of 6,000 K and more (as in the hot plasma spots), the line
radiation of mercury matters. The net radiation emission coefficient u is calculated
according to [160], taking the radiation due to recombination and bremsstrahlung
additionally to line radiation into account. The mercury resonance lines at 185 and
254 nm are not included in u. These lines are treated separately for radiative energy
transport, using the approximation of radiation diffusion (cf. Sect. 2.3.4 and below).
For spectral lines which are partially absorbed within the plasma, a radiation
transport calculation yields spectral line weakening factors y [160]. According to
[160], x is set to 0.4 for the mercury atomic lines at 365.02, 365.48, and 546.08 nm,
and y = 0.5 for the line at 435.83 nm. For the xenon infrared lines at 820.86, §28.24,
823.39, and 834.91 nm the spectral line weakening factor y is set to 0.7.

The thermal conductivity Ap, which is shown in Fig. 2.26, is composed of transport
of kinetic energy, transport of reaction energy (here: ionization and dissociation), and
radiative energy transport. The latter is important at high temperatures (above 4,000 K
in the D2-discharge). It is estimated by radiation transport calculation for the
resonance lines at 185 and 254 nm (cf. Sect. 2.3.4). The computation of the radiation
transport is based on a given temperature profile that can be extracted from the
numerical simulations to improve Ap iteratively. It turns out that depending on the
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chosen temperature profile (of the cylindrical plasma column or of the hot plasma
spots in front of the electrodes), contributions of radiative energy transport to Ap can
be quite different (compare A,,q oo1 and A, p in Fig. 2.26). To solve this problem, a
new and successful method is to use Ap,qco1 and Apaqps in different temperature
regions (cf. Sects. 2.3.4 and 4.4.4). For temperatures below the maximum temperature
of the arc column (here 5,100 K), the radiation transport calculation is based on the
temperature profile of the arc column. For higher temperatures the temperature
profile of the hot plasma spots is taken into account to calculate radiation transport.
This method delivers good results for the temperature profile of the plasma column as
well as for the temperature distribution in the hot plasma spots (cf. Fig. 4.78).
A radiation transport calculation based only on the plasma column temperature
profile would result in too low plasma hot-spot temperatures, a radiation transport
calculation based only on the temperature distribution within the hot plasma spots
would result in too high plasma column temperatures.

Mass density p and specific heat at constant pressure ¢, are given in Fig. 4.76.
The peak in ¢, at around 2,700 K is due to the dissociation of Nal and Scl;
molecules, the increase of ¢, at temperatures above 6,000 K is caused by the
ionization of xenon and mercury (see also particle densities in Fig. 2.8).

An important point of the self-consistent electrode—plasma model is the
calculation of a non-LTE electrical conductivity o, based on the LTE electrical
conductivity o g (cf. (4.42a)). One major assumption in the derivation of the non-
LTE electrical conductivity equation is that ¢ is proportional to n./n (cf. Sect.
4.4.1). Figure 4.20 shows oy 1 and the ratio n  tg/n. Both curves are very close to
each other, which complies with the model assumption. Furthermore, it is obvious
that o g varies strongly with temperature (logarithmic scale in Fig. 4.20) and is
very low for temperatures below 3,000—4,000 K (typical plasma temperatures
immediately in front of the electrodes). This makes the concept of a non-LTE
electrical conductivity important (as for the other HID lamps discussed in Sect. 4.4).

The diffusion coefficient between ions and atoms (D; , see Fig. 4.77) has been
defined as the mean value of diffusion coefficients of most frequently occurring
positive ions Xe*, Hg", Na*, and Sc™ and the mixture of neutrals of the plasma
[129, 158]. The rate coefficient for ionization (ql, see Fig. 4.23) is the weighted
average value’ of partial ionization rate coefficients qIXe, qIHg, qINa, and qISC of
most frequently occurring neutral atoms. These coefficients have been obtained
beforehand from cross section data for ionization of atoms in collision with
electrons [129, 158]. The ionization energy of the gas, ¢;, necessary for the
boundary condition at the cathode (4.20) or (4.61), can also be calculated as the
weighted average value of most frequently occurring positive ions. However, the
question comes up if the corresponding ions can be supplied in a sufficient quantity
in the near-cathode plasma. Thus, the ionization energy used for the numerical
simulations described in this section has been set to 10.434 eV corresponding to
mercury with the operating pressure of 2 MPa (xenon with the operating pressure of

74 A similar approach as described for the calculation of qI and D , is used by Benilov et al. [22].
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Fig. 4.77. Binary diffusion coefficient between ions and atoms D; ,, for a D2 lamp plasma
(Xe, Hg, Nal, Scls) vs. plasma temperature [59]

5 MPa has a much higher ionization energy of 12.13 eV and is thus ionized with
lower probability). Nevertheless, for the numerical simulation of the D2 automotive
headlight lamp these considerations are superfluous, because there is no ion current
at the cathode (see later).

All plasma properties have been double checked with plasma properties
calculated at Philips (where available). In the case of deviations (net radiation
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Hot plasma spot

r

Fig. 4.78. Calculated temperature distribution (plasma and electrodes) with hot plasma spot
and plasma column during anode phase (D2 automotive headlight lamp, Xe/Hg/Nal/Scl;,
p=7TMPa, =04 A, 400 Hz rectangular-wave lamp current, @emission =2-6 €V, @cool/
heat — 4.5¢V, [59])

emission coefficient and thermal conductivity) the plasma properties have been
averaged between the two values at the disposal. In general, there is a very good
agreement on the plasma properties.

First Impression

A first impression of the conditions within plasma and electrodes is given by the
temperature distribution shown in Fig. 4.78 (see also Fig. 4.24 for a closer look on
the near-electrode temperature distribution). The temperature (depending on r and
z) is used as the third coordinate to illustrate the tremendous temperature drop from
the hot plasma spots to the electrodes. It is obvious that the electrodes are enormous
heat (and power) sinks for the plasma, so that an additional power input into the
plasma must compensate for these losses (electrode fall voltages). A different way
to look at the temperature distribution is to focus on the lamp axis (» = 0), as done in
Fig. 4.79. The large temperature gradient of around 5,000 K within 30—60 pm is
responsible for the corresponding large electron density gradients near the electrode
tips. Driven by these gradients, diffusion of electrons increases the electron density
in the close proximity of the electrode tips, leading to the increased non-LTE
electrical conductivity discussed in Sect. 4.4.1 and used for the self-consistent
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(D2 automotive headlight lamp, Xe/Hg/Nal/Scls, p =7 MPa, I = 0.4 A, 400 Hz rectangular-
wave lamp current, @epission = 2-6 €V, Ocoolheat = 4-5 €V, [59])

electrode—plasma model. The electric potential distribution on the lamp axis
(Fig. 4.80) is determined by the non-LTE electrical conductivity (cf. (4.22)). The
electric field, which is proportional to the gradient of the electric potential, is
constant nearly everywhere (constant power input per unit length). Only close to the
electrodes the electric field increases, leading to the so-called electrode fall
voltages. The anode and cathode fall voltages are defined as the extrapolation of the
linear part of the electric potential distribution on the lamp axis to the electrode tip
positions (cf. Fig. 4.80). The difference between this extrapolation and the electric
potential at the cathode surface (=0 V by definition) is the cathode fall voltage (in
Fig. 4.80: 6.5 V), the difference between the extrapolation and the electric potential
at the anode surface (=total lamp voltage) is the anode fall voltage (in Fig. 4.80:
3.6 V). This definition is similar to the experimental determination of cathode and
anode fall voltages. The electrode fall voltages correspond to the additional power
consumption in the near-electrode plasma,’> i.c., the extra demand of electrical
power input due to the losses to anode and cathode and due to the increased
radiation output by the bright hot plasma spots (cf. (4.18), Sects. 3.2.2 and 4.1).

We have different possibilities to interpret the increased electric field in the
near-electrode plasma: One way to look at the electric field is to have Poisson’s
equation at the back of our mind (cf. (4.10)). Then, the increased electric field is
due to sources or drains. These sources and drains are ions and electrons, i.e., the

73 In contrast, the electrode fall voltages in sheath or layer models correspond to the total
voltage drop over the sheaths or layers without consideration of the “normal” power
consumption per unit length in the arc and in general without consideration of constriction
zones and hot plasma spots.
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space charge regions in front of cathode and anode. This space charge shields the
electrodes. This interpretation is preferable, if particle densities are calculated in
the first place, resulting in an electric field with the help of Poisson’s equation. If
the electrical conductivity is known/calculated first, then the current continuity
equation (4.22) is used to calculate the electric field. A high electric field
corresponds then to low electrical conductivities,’® i.e., one gets high electric fields
in plasma areas where it is “tough” to get the given current through. The force
(=electric field strength) must consequently be enlarged to ensure current
continuity. This second point of view can easily be combined with the power
balance of the near-electrode plasma to include the important self-regulating
mechanisms. If the electric field is very high (low electrical conductivity), the
corresponding electrical power input (GEZ) elevates the temperature of electrode
and plasma. An increased plasma temperature results in an increased electrical
conductivity, a higher cathode temperature implies stronger electron emission,
resulting as well in an enlarged electrical conductivity in the near-cathode plasma.
So, the electric field can decrease to a value where power balance and current
continuity are in balance. The constriction of the arc near the electrode tips is also
responsible for an enlargement of the electric field due to the increase in the electric
current density j (same current / through smaller area A). This effect cannot be
accounted for in a one-dimensional model.

76 Low electrical conductivities caused, for example, by low temperatures in the near
electrode plasma.
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Power Balance

The electrode tip temperature in the anode phase is higher (about 2,600 K) than the
electrode tip temperature in the cathode phase (ca. 2,450 K), which does not
correspond to the higher cathode fall voltage compared to the anode fall voltage
(U,=6.5V, U,=3.6 V before current reversal). At first sight, a high cathode fall
voltage should generate high cathode tip temperatures, but we have to take into
account that anode and cathode phase are different. The electrons released from the
cathode (as electron emission current and to neutralize incoming ions, cf. (4.20))
have a cooling effect on the cathode, whereas the electrons reaching the anode have
a heating effect. Accordingly, the energy we put in the cathode to release an
electron, we get back at the anode. Therefore, equal anode and cathode fall voltages
do not have to correspond to equal anode and cathode tip temperatures. In the case
of pure tungsten electrodes (Qqmission = 4-5 €V), the cathode tip temperature (about
3,300 K) is higher than the anode tip temperature (approx. 3,150 K) with a cathode
fall voltage of 17 V and an anode fall voltage of 3 V.

The total lamp voltage calculated for the D2 lamp is 85 V (corresponding to
34 W electrical power consumption) as imaged in Fig. 4.80. The specification of the
D2 lamp (voltage 85+ 17V, light source power 35 + 3 W) matches perfectly with
these results. The power input of 34 W into the plasma is converted into radiation
and heat. About 6.3 W is calculated to be heat losses to the quartz walls, about
4.0 W is heat losses through the electrode roots, and 23.7 W is radiated (IR + visible
+ UV). The radiation originates mainly from the plasma, only 0.7 W of the 23.7 W
is caused by the radiation of the hot electrodes.

The power fluxes to/from the electrodes (mainly to the tips) are very time
dependent. Looking at the electrodes just before current reversal, we have the
following situation: electron cooling at cathode 1.80 W, thermal heat flux from
plasma to cathode 2.76 W, radiation from cathode 0.33 W. The corresponding
values at the anode are: electron heating 1.80 W, thermal heat flux from plasma
1.87 W, radiation 0.34 W. Adding/subtracting all these heating/cooling terms we
end up with the 4.0 W heat losses through the electrode roots (see earlier), i.e., the
heat flux through the outside connections of one electrode (electrode root)
corresponds to 2.0 W on average.

For the thoriated tungsten simulations (@emission = 2.6 €V), the heating of the
cathode by thermal heat flux from the plasma is sufficient to obtain high enough
cathode temperatures to emit the total lamp current of 0.4 A by electron emission.
Therefore, there is no additional heating by an ion current (/,=0.4 A, [, =0 A).
Moreover, for @Qumission = 2.6 €V the anode tip temperature is higher than the
cathode tip temperature, i.e., the electrode is “preheated” in the anode phase,
increasing the electron emission current in the cathode phase. For pure tungsten
electrodes (@Pemission = 4-5 €V), the situation is different: The cathode tip
temperature (about 3,300 K) is higher than the anode tip temperature (about
3,150 K), but even this high cathode tip temperature is not sufficient to emit the
total lamp current of 0.4 A by electron emission. This results in an ion current of
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0.28 A and an electron emission current of 0.12 A (averaged over period) for pure
tungsten electrodes.

Electrode Temperature

The electrode tip temperature changes over a range of 2,450—2,600 K within one
period of the rectangular-wave current of 400 Hz (cf. Figs. 4.81 and 4.82 with
QPomission = 2-60 V). But already 0.125 mm below the tip (at the changeover from
hemispherical electrode tip to the rod), the temperature varies only between 2,400
and 2,450 K, which is hard to determine experimentally. Going further down the
electrode, the maximum and minimum temperatures move to later times within the
period and further approach each other. A time-dependent measurement of the
electrode temperature is very difficult because (apart from other problems)
reflections of the plasma especially at the hemispherical electrode tip disturb the
measurements there (cf. Sects. 3.1.1-3.1.7). Moreover, below the electrode tip the
amplitude of the temperature variation is very small. Therefore, numerical
simulations are an important tool to learn more about and to further improve HID
lamps.

Comparison to Experimental Results

Due to their smallness, HID lamps in general and especially the D2 automotive
headlight lamp are difficult to conduct experimental measurements with.
Fortunately, there are two publications presenting measurements concerning plasma
temperature [100] and electrode temperature [85, 86]. The results of the numerical



292 4 Numerical Simulations

TIK]

2,600
. 2,550
© 2,500
2,450
2,400
2,350
2,300
2,250
2,200
2,150
2,100
2,050
2,000
1,950
1,900
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simulations obtained with the self-consistent electrode—plasma model cover all
plasma and electrode properties, thus we can compare the outcome of the
calculations with the experimental findings. All numerical results originate from
one numerical simulation, i.e., we do not have one calculation optimized for the
comparison with plasma temperature measurements and another numerical
simulation optimized for the comparison with electrode temperature measurements.
A first agreement between numerical simulation and real lamp concerning lamp
voltage has already been mentioned.

Figure 4.83 shows the measured’’ ([85], time averaged) electrode temperature
in comparison with the (time-dependent) electrode surface temperature resulting
from the numerical simulation.”® The agreement is very good, especially if the
variation of the measurements at different (but identical) lamps is taken into account
(Fig. 4.83 shows measurements on the electrodes of six different lamps). The
measurements shown here were carried out at thoriated tungsten electrodes,
accordingly the work function @ jcion fOr the numerical simulations was set to
2.6 eV.

Numerical simulations of a D2 lamp with pure tungsten electrodes
(@emission = 4-5 €V) result in electrode temperatures about 300 K higher than the
measured temperatures for pure tungsten electrodes (about 3,200 K compared to

77 The method used is described at the end of Sect. 3.1.4.
78 At the end of anode phase and cathode phase, respectively.
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heat = 4.5 €V, [59])

circa 2,900 K measured in [85]). Nevertheless, in [85] there are also temperature
measurements on pure tungsten electrodes resulting in electrode temperatures
comparable to those of thoriated tungsten electrodes. These two different series of
pure tungsten electrodes (with at least five lamps in each series) are different with
respect to the cleaning (glowing) temperature in the production process (1200 and
2400°C, respectively) and with respect to the arc attachment. Together with the in
situ measurements of the work function in metal halide lamps presented in [145,
146], this might be a hint that not the thoria of the thoriated tungsten electrodes
lowers the work function, but the salts of the discharge adsorbed on the cathode
tip”® (supported maybe by the type of arc attachment).

7 One type of pure tungsten electrodes (type B) might have a work function for electron
emission of around 2.5 eV (due to a high coverage of sodium on the arc attachment area of
40% for instance), the other pure tungsten electrode (type C) might have a work function of
4.0 eV (i.e., smaller than the pure tungsten value of 4.5 ¢V due to a low coverage of sodium
on the arc attachment area of 10% for instance).
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Furthermore, Fig. 4.83 reveals the difficulties in measuring the temperature at
the very tip of the electrode (top 0.1 mm). The temperature decreases already 0.05—
0.1 mm below the electrode tip due to the finite diameter of the target spot.
Reflections of plasma radiation at the electrode tip might be the reason for the
increased temperature gradient between 0.05 mm and 0.2 mm as mentioned, for
example, for similar measurements in [43]. At 1.2 mm distance from the electrode
tip, the electrode enters the quartz vessel. The change in slope near 1.2 mm is due to
distortions arising from the glass wall curvature [86]. Needless to say that these
effects (finite diameter of target spot, plasma reflections on electrode tip,
distortions) do not appear in the results of the numerical simulations using the self-
consistent electrode—plasma model described in Sects. 4.4.1 and 4.4.2, so that a
detailed analysis of the most interesting part of the electrode, the very tip of the
electrode, is possible without any constrains. This makes the numerical simulations
very important for the investigation and development of HID lamps.

A comparison of measured [100] and calculated plasma temperature on the lamp
axis (Fig. 4.84 with @qpission = 2-6 €V) shows a good agreement of the arc column
temperature as well as the hot plasma spot temperature. According to [100], there is
no significant difference in the measured plasma temperature between cathode and
anode phase, which is confirmed by the numerical simulation. The error in the
temperature measurement can be estimated to be between + 300 and + 500 K (cf.
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Fig. 4.84. Comparison of measured [100] and calculated plasma temperature on the lamp
axis (D2 automotive headlight lamp, Xe/Hg/Nal/Scl;, p=7MPa, I=0.4 A, 400 Hz
rectangular-wave lamp current, Qqmission = 2-6 €V, @cool/heat = 4-5 €V, [59])
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[99] or Fig. 4.5), furthermore the determination of the distance to the electrode tip
might be difficult for distances of only 20 or 100 pm.

The calculated arc temperature of the hot plasma spot near the electrode tips is
different in the anode and cathode phases. But the difference is not very large
compared with the temperature difference between hot plasma spot and electrode tip
(about 7,500 K to about 2,500 K). For the heat flux from plasma to electrode, the
temperature difference between hot plasma spot and electrode tip is not the best
measure because the power transported to the electrode tip by heat conduction (heat
flux from plasma to electrode) is compensated/balanced by the increased electrical
power input between hot plasma spot and electrode tip.

A different presentation of the same measurements compared with the results of
the numerical simulations is given in Fig. 4.85. Here, the measured radial
temperature profiles for different distances to the electrode tip from [100] are
compared to the corresponding calculated temperature profiles. Again, the
agreement is very good. The different profiles of the arc column and the hot plasma
spot can be clearly distinguished.
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Fig. 4.85. Comparison of measured [100] and calculated radial plasma temperature for
different distances to the electrode tip (D2 automotive headlight lamp, Xe/Hg/Nal/Scl;,
p=T7MPa, =04 A, 400 Hz rectangular-wave lamp current, @emission =2.6 €V, @00l
heat = 4.5 €V, [59])
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Different Electrode Geometries

The influence of different electrode geometries on the electrode temperature is
studied in Fig. 4.86. The motivation for this investigation lies in the published
pictures of used electrodes ([86] and Sect. 3.1.13) and in the interesting results
concerning different electrode shapes in mercury HID lamps described in Sect.
4.4.4. Figure 4.86 shows the temperature distribution resulting from two different
electrode tips: A (standard) hemispherical tip (dashed lines) as used for all other
numerical results shown within this section, and a structured electrode tip (solid
lines) with some kind of bump at the very top of the electrode (motivated by
pictures in [86] and Sect. 3.1.13, especially Figs. 3.35 and 3.36). The temperatures
are given at the end of anode (higher temperatures) and cathode phase, respectively.
The arc attachment is much more confined in the case of the structured electrode
tip, leading to a higher temperature at the very tip of the electrode and lower
temperatures outside the bump compared to the hemispherical electrode tip. The
effect is more pronounced during the anode 1;)hase.80 The effect of the temperature
drop at the cylindrical part of the electrode is not as strong as measurements show
for two different tungsten electrodes with different arc attachments (cf. [85],
discussion of Fig. 4.83). This means that the cultivation of an extra bump as studied
in Fig. 4.86 cannot be the only cause for the effects observed in real lamps, but we
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Fig. 4.86. Influence of electrode tip geometry on calculated electrode tip temperature at the
end of anode and cathode phase (D2 automotive headlight lamp, Xe/Hg/Nal/Scl3, p = 7 MPa,
1=0.4 A, 400 Hz rectangular-wave lamp current, @epission = 2-6 €V, @cool/heat = 4-5 €V, [59])

80 This cannot be regarded as a rule of thumb: in Sect. 4.4.4, the temperature change during
the cathode phase is more pronounced than during the anode phase.
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can propose some explanations for these observed effects: We have already
mentioned that plasma components are able to change the work function for
electron emission at the electrode tip (cf. [1, 146], Sects. 3.1.11, 3.1.12). This
influence might depend on the arc attachment, i.e., the smaller the arc attachment
area, the better the adsorption of, for example, sodium might work. Furthermore, for
a smaller arc attachment fewer atoms are needed for the same coverage than for
larger arc attachments. This would mean that a structured electrode tip leads to a
smaller arc attachment (as shown in Fig. 4.86), increasing the adsorption of, for
example, sodium (coming from the discharge plasma), resulting in a lowering of the
work function for electron emission (as reported in [1] or [146]), leading to notedly
smaller electrode temperatures (as observed in [85]). Further important issues
concerning the different electrode temperatures of pure tungsten electrodes as
observed in [85] are the extreme increase in the surface area of the electrode tip (cf.
Fig. 3.36) and the possibility of (to a large extent) thermally isolated structures on
the electrode tip. The extreme increase in the surface area of the electrode tip by
many extra bumps and some kind of swelling of the electrode tip as shown in
Fig. 3.36 increases the electron emitting surface, which is not encountered in the
geometries studied in Fig. 4.86. This increase of electron emission by the larger
surface would result in lower electrode temperatures (as a lower work function
would do). Furthermore, spherical structures with little contact surface to the
electrode body might be formed that are (to a large extend) thermally isolated but
with a good electrical contact to the electrode body. These structures might have a
much larger temperature than the electrode body without transferring a large
amount of heat to the electrode body (due to the thermal isolation). These very
localized high temperatures would be very difficult to detect by the means used in
[85, 86] and would result in much lower electrode body temperatures compared to
“normal” electrodes without these structures. Figures 3.35 and 3.36 themselves
suggest that the melting temperature of tungsten (about 3,680 K) is reached at least
temporarily and localized, although the temperature measurements indicate smaller
electrode tip temperatures of around 2,500 K. One of the many advantages of
numerical simulations with the self-consistent electrode—plasma model is the
possibility to separate different effects (here caused by the geometry of the
electrode tip, the variation of the work function for electron emission, etc.), which
are superimposed (and not separable) in real lamps.

Summary

The self-consistent electrode—plasma model described in Sects. 4.4.1 and 4.4.2
yields many interesting results concerning overall lamp performance, temperature
profiles of plasma and electrodes, electrode fall voltages, etc. Only one single
numerical simulation is necessary for all these results, i.e., the lamp is treated as a
whole, as a system with many interactions leading to the final (time dependent)
state of the lamp. It is easily possible to investigate the impact of the variation of
different parameters like work function for electron emission, geometry of the
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electrode, plasma composition, etc. The results can be analyzed straightforward
without any constraints in space and time, i.e., the temperature of the electrodes, for
example, can be studied at every position and at every point in time requested.

The only input parameters required for the numerical simulations are electrode
and plasma properties, like thermal conductivity or heat capacity, which are
thoroughly discussed within this section. Especially the D2 automotive headlight
lamp under consideration within this section has a very complex plasma
composition resulting in complex plasma properties. But the electrodes have
challenging features as well. Especially the work function for electron emission
needs the greatest care and attention. Specifying only the temperature at the inside
walls and the outside connections to the electrodes, everything else can be
calculated for any given time dependent lamp current. The fundamental principles
determining the outcome of the time-dependent simulations are the power balance
and interactions between electrodes and plasma, electrical conductivity and
temperature, etc. These basic principles are discussed within this section.

Beyond the presentation of the numerical results, a comparison with different
experimental data is presented. The time-dependent numerical results for the D2
automotive headlight lamp agree very well with the measured total lamp voltage,
the measured plasma temperature profiles, and the measured electrode temperature
profile. Numerical simulations carried out for mercury-free lamps for automotive
lighting applications show very good agreement with experimental results as well
[129, 158].

4.4.7 Mass, Pressure, and Electrode Gap

Within this and the following section, a specially built high-pressure mercury lamp
with different electrode gaps, operating pressures, and lamp currents will be
discussed. The numerical results will be compared to experimental findings.gl
Furthermore, comparing the numerical results obtained for lamps with different
electrode gaps, operating pressures, and lamp currents, the influence of these
parameters can be studied. Thus, we can learn a lot about the behavior of HID lamps
by using numerical simulations.

The Lamp

The lamp under consideration within this and the following section was specially
built by Philips to investigate the influence of different parameters like operating
pressure, electrode gap, and lamp current on lamp operation. Pictures of the lamp
are shown in Sect. 3.1: Figure 3.3 shows a picture of a precursor lamp with a coil at
the cathode, Fig.3.21 depicts one of the lamps used for the experimental
investigations, and Figs. 3.23 and 3.24 show measured electrode temperature

81 Many thanks to C. Bauer for providing the experimental data shown within this and the
following Sect. [8, 9, 11, 128].
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distributions (two-dimensional and one-dimensional, respectively). A characteristic
feature of the lamp is the Apollo-shaped anode,3? thus we will call this lamp in the
following ApolloHg-lamp to simplify matters.

Altogether, 25 different high-pressure mercury discharge lamps similar to this
shown in Fig. 3.21 were built. They differ in electrode gap (2, 3, and 4 mm),
operating pressure83 (2, 4, and 6 MPa, i.e., 20, 40, and 60 bar), and shape of the
anode (Apollo-shaped or rod-shaped as shown in Fig. 3.25). Besides the
investigation of the influence of different parameters like lamp pressure, electrode
gap, and lamp current on lamp operation, the lamp was used for the comparison of
different methods of electrode temperature measurements (cf. [9, 128]).

The Apollo-shaped anode has a length of 8§ mm and a maximum diameter of
3.5 mm. The rod-shaped cathode has a length of 4, 5, or 6 mm depending on the
electrode gap, and a diameter of 0.7 mm. The electrodes are made of pure tungsten,
thus the work function was set t0 @ = @gmission = Peool = Pheat = 4-55 €V. Because
experimental and numerical results concerning the cathode temperature agreed
better taking @emission = 3-5 €V, this value for the work function for electron
emission was also used. According to experimental findings, the inner quartz wall
temperature and the temperature of the electrode roots are set to 1,000 and 1,700 K,
respectively.

First Impression

To give a first impression of the conditions in this high-pressure discharge lamp,
Figs. 4.87 and 4.88 show the calculated temperature distribution within the plasma
and the electrodes®* for a lamp with 3 mm electrode gap, an operating pressure of
4 MPa, and a dc lamp current of 4 A obtained by using the self-consistent
electrode—plasma model described in Sects. 4.4.1 and 4.4.2. Clearly visible are the
extremely hot plasma spots very close to the electrode tips. These hot plasma spots
have temperature maxima up to 11,000 K depending on lamp current, pressure, or
mode of arc attachment to the electrodes (cf. Figs. 4.101 and 4.104). The electrodes
have tip temperatures of about 3,600 K (cathode) and 2,600 K (anode) for the lamp
configuration used in Figs. 4.87 and 4.88. This leads to extremely large temperature
gradients between the hot plasma spots and the electrode tips, driving an intense
thermal heat flux from the plasma to the electrodes. This power loss of the plasma
together with the power loss due to the enhanced radiation by the hot plasma spots

82 Lamps with two different electrodes are normally operated on dc currents, i.e., the two
electrodes are optimized for anodic and cathodic operation, respectively. As usual in dc high-
pressure lamps, the thicker electrode acts as the anode, the thinner one as the cathode.

83 Strictly speaking, the lamp was filled with 20, 40, or 60 mg mercury, approximately
resulting in the pressures given above. If not the entire dose of liquid mercury is evaporated
during operation, the resulting pressure is lower. Moreover, different lamp currents and the
resulting different temperature profiles change the mercury pressure.

84 The temperature distribution of plasma and electrodes on the lamp axis are given in
Figs. 4.101 and 4.104 for different operating conditions.
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Fig. 4.87. Calculated temperature distribution (plasma and electrodes) with hot plasma spots
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Pemission = Peool/heat — 4.55 ¢V, [62])

has to be balanced by an enlarged electric field near the electrodes. This enlarged
electrical power density leads to the electrode fall voltages. Figure 4.89 shows the
measured radiation intensity of the plasma and the electrode tips to give an
impression of the conditions in the real lamp.

Calculated and Measured Lamp Voltage

Figure 4.90 shows the calculated electric potential on the lamp axis for ApolloHg-
lamps with three different electrode gaps from 2 to 4 mm. The electrode fall
voltages can be extracted easily by extrapolation of the linear part of the electric
potential distribution towards anode and cathode, respectively. The influence of the
electrode gap on the electric potential is clearly visible by comparing the different
gradients of the linear part of the electric potential, i.e., the electric field in the so-
called plasma column.® This electric field decreases for increasing electrode gap
from 19.1 V mm™! (2 mm electrode gap) to 158V mm~! (4 mm electrode gap).
This is due to the constriction of the plasma column for decreasing electrode gaps as
shown in Fig. 4.98. The increasing plasma temperature in the center of the plasma
column for decreasing electrode gaps (cf. Figs.4.95 and 4.98) and the thus
increasing electrical conductivity is not able to balance the increase of the electrical
current density j = oF associated with the constriction of the plasma column.

85 Which is not really a plasma column in the case of small electrode gaps below approx.
5 mm.
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Fig. 4.90. Calculated electric potential on lamp axis (ApolloHg-lamp, Hg, p =4 MPa,
I=4 A (dc), dejectrode = 25 3, OF 4 MM, Peryission = Peool/heat = 4-55 €V, [62])

The corresponding anode and cathode fall voltages also depend on the electrode
gap: The cathode fall voltage, i.e., the additional power consumption in the near
cathode plasma due to the heat flux from the cathodic hot plasma spot to the cathode
plus the power necessary to generate the ion current towards the cathode together
with the power loss due to the enhanced radiation by the cathodic hot plasma spot,
increases with increasing electrode gap from 9.2 V (2 mm electrode gap) to 11.7 V
(4 mm electrode gap). The anode fall voltage also increases with increasing electrode
gap from 4.6 V (2 mm electrode gap) to 6.4 V (4 mm electrode gap). These results
concerning the dependence of the electrode fall voltages and the electric field in the
plasma column on the electrode gap demonstrate clearly that it is necessary to consider
the whole system consisting of anode, cathode, and the complete plasma especially in
the case of short arc discharge lamps with electrode gaps of 5 mm and less.

The lamp voltage is straightforward to measure. Thus, it is interesting to
compare the measured lamp voltages for different lamp parameters (lamp current,
electrode gap, operating pressure) with calculated lamp Voltages86 using the self-
consistent electrode—plasma model. Figure 4.91 shows the measured and the
calculated lamp voltage for an ApolloHg-lamp with 3 mm electrode gap, an
operating pressure of 4 MPa, and a dc lamp current between 3 and 5 A (left-hand
side of Fig. 4.91, dashed and dash-dotted lines). Unfortunately, the measured and
calculated results disagree: The measured lamp voltage rises with increasing lamp
current, the calculated lamp voltage decreases with increasing lamp current, which
looks like a principal problem of the numerical simulations at first glance. So we

86 The calculated lamp voltages include the voltage drop over the (more or less) cylindrical
plasma column, the constriction zones, and the near-electrode plasma, i.e., it can be
compared with the measured lamp voltage (cf. e.g., Fig. 4.90).
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have to think about an explanation for this apparent difference between
measurements and calculations: The numerical simulations predict a decreasing
lamp voltage for an increasing lamp current because the electrical conductivity of
the plasma increases for increasing lamp current. This is due to the increasing
electrical power input87 (UI) into the plasma for increasing lamp current and the
resulting increase in plasma temperature. This increase of the electrical conductivity
with increasing lamp current overcompensates the required increase of the lamp
voltage which would be necessary for an increasing lamp current if the electrical
conductivity would be constant.3® So, the question remains why the measured lamp
voltage does not reveal this convincing behavior.

The answer to this problem is a principal difference between numerical
simulations and experimental setup: The operating pressure is constant for the
numerical simulations, whereas the mass of mercury within the discharge is
constant for the experimental setup (unsaturated mercury vapor, cf. Sect. 1.3.6,
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Fig. 4.91. Calculated and measured lamp voltage (left-hand side) and calculated mercury
mass in the discharge (right-hand side) vs. lamp current (ApolloHg-lamp, Hg,
p=4.0o0r4.1 MPa, I=3-5 A (dc), delectrode = 3 MM, Pemission = Peool/heat = 4-55 €V, [62])

87 Despite the decreasing lamp voltage for increasing lamp current, the electrical power
consumption (UI) rises with increasing lamp current.

8 A higher lamp current corresponds to a higher electric current density j = OE in the
plasma. If the electrical conductivity O remains constant, the electric field must increase to
ensure a higher electric current density.
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especially Fig. 1.25). In the experimental setup (and the numerical simulations), the
current increase causes an increase of the plasma temperature within the discharge
volume. Because the total mass of mercury within the discharge is constant in the
experimental setup, the operating pressure rises for increasing temperature, i.e., the
pressure increases for increasing lamp current. An increase in the operating
pressure, however, results in an increase of the lamp voltage (cf. Fig. 4.92, right-
hand side). Thus, the measured increase of the lamp voltage for increasing lamp
current is a superposition of an increase of the lamp voltage due to an increasing
operating pressure and a decrease of the lamp voltage due to the increasing
electrical conductivity as predicted by the numerical simulations (for constant
operating pressure).

This looks like an explanation for the disagreement between numerical results
and experimental measurements. We can analyze this difference in more detail: The
operating pressure is fixed for the numerical simulations and we can calculate the
corresponding mass of mercury within the discharge necessary to sustain this
pressure. The results of such a calculation are shown on the right-hand side of
Fig. 491 (solid and dash-dotted lines) vs. lamp current /. The lower curve
corresponds to a numerical simulation assuming 4 MPa, the upper curve
corresponds to 4.1 MPa. The dependence of the mercury mass in the discharge on
lamp current 7 for the experimental setup is straightforward: It is constant and given
by the lamp fill of 40 mg Hg (unsaturated mercury vapor).

So, what is the meaning of the points of intersection of the curves from the
numerical simulations and the experimental setup? The intersection of the curve
from the numerical simulation for 4.0 MPa with the 40 mg-line at / = 3.79 A means
that the operating pressure in the experimental setup is 4.0 MPa at /=3.79 A.
Increasing the lamp current in the experimental setup from 3.79 A to 4.39 A
(intersection 4.1 MPa-curve with 40 mg-line) increases the pressure from 4.0 to
4.1 MPa in the experimental setup. Thus, we have analyzed the pressure increase for
increasing lamp current in the experimental setup.

The last step in our analysis is to transfer the results obtained from the mass—
current graph (right-hand side of Fig. 4.91) to the voltage—current graph (left-hand
side of Fig. 4.91): The points of intersection in the mass—current graph correspond
to numerical results for a discharge with 40 mg mercury. So we can take the lamp
voltage from the 4.0 MPa curve at / =3.79 A (=67.31 V) and the lamp voltage from
the 4.1 MPa curve at / =4.39 A (=67.89 V) and transfer these values to the voltage—
current graph. The resulting curve is shown on the left-hand side of Fig. 4.91 (solid
line). It is labeled “Numerical simulation (40 mg).” Now we can compare the
gradient of this curve with the experimental results: They agree very well.

The absolute values differ by approximately 10%, which is a good result bearing
in mind all the (unknown) parameters which influence the total lamp voltage. There
might be, for example, an uncertainty in the mass of mercury filled in the lamp,
which would have a noticeable effect as it can be seen on the right-hand side of
Fig. 4.92. Comparing this, for example, with the measured total lamp voltage for
identical lamps shown in Fig. 3.49 and considering the results shown in Fig. 4.92,
the agreement is very good.
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Fig. 4.92. Calculated and measured lamp voltage vs electrode gap (left-hand side) and vs.
pressure (right-hand side) (ApolloHg-lamp, Hg, p = 2, 4, or 6 MPa, I =4 A (dc), dgjectrode =
2,3, or 4 mm, Pemission — Peool/heat — 4.55 ¢V, [62])

Figure 4.92 shows the measured and the calculated lamp voltage for an
ApolloHg-lamp with 2, 3, or 4 mm electrode gap, an operating pressure of 2, 4, or
6 MPa, and a dc lamp current of 4 A. The left-hand side of Fig. 4.92 depicts the
dependence of the total lamp voltage on the electrode gap (pressure: 4 MPa), the
right-hand side the dependence of the total lamp voltage on operating pressure
(electrode gap: 3 mm).

The difference in the measured and calculated gradients of the total lamp
voltage vs. electrode gap (left-hand side of Fig. 4.92) can be explained in the same
way as the different dependence of the total lamp current on the lamp current: The
mass of mercury filled in the lamp for the experimental investigations is constant,
but the operating pressure is not equal in the lamps with different electrode gaps.
The larger the electrode gap, the larger the average temperature of the plasma, and
thus the larger the operating pressure. This increase of operating pressure with
increasing electrode gap in the experimental setup results in a steeper gradient of
the lamp voltage vs. electrode gap.

There is no difference in the measured and calculated gradients of the total
lamp voltage vs. operating pressure (right-hand side of Fig. 4.92), which confirms
the considerations discussed earlier. These results again prove the ability of the
self-consistent electrode—plasma model to analyze the whole lamp including
electrodes, plasma, and the interactions between them. The results concerning the
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dependence of the operating pressure on lamp current and electrode gap in HID
lamps is a central finding. A similar result has already been discussed in Sect. 4.4.5
(end of section “Electrode Fall Voltages during External Laser Heating”), further
investigations will be given in Sect. 4.4.8.

Calculated and Measured Electrode Temperature

A comparison of calculated and measured electrode temperatures is given in
Figs. 4.93 (anode) and 4.94 (cathode). The measured and the calculated anode
temperature agree very well. The difference of about 100 K agrees well with
uncertainties in the measurements of the anode temperature. Besides the absolute
values, the gradient of the anode temperature vs. lamp current agrees very well
comparing experimental results and numerical simulations, i.e., the dependence of
the anode temperature on the lamp current is well understood and modeled correctly
by the numerical simulations.

The measured (dashed line with x in Fig. 4.94) and the calculated cathode
temperatures (QPemission = 4-95 €V, solid line in Fig. 4.94) do not match perfectly:
There is a difference of about 300 K at the cathode tip (z=0.05 and 1.0 mm) and
100 K some millimeters below the cathode tip. There might be many reason for this
difference: The cathode tip might have a different geometry compared to the one
assumed for the numerical simulations (compare with the results shown in Sect.
4.4.4), the crystal structure or microstructures of the cathode tip might enhance
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Fig. 4.93. Calculated and measured anode temperature at certain distances to anode tip vs.
lamp current during a quasistationary increase of the lamp current from 3 to 5 A (ApolloHg-
lamp, Hg, p =4 MPa, d¢jecirode = 3 MM, Pemission = Peool/heat = 455 €V, [62])
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Fig. 4.94. Calculated and measured cathode temperature at certain distances to cathode tip
vs. lamp current during a quasistationary increase of the lamp current from 3 to 5 A

(Apollng-lamp, Hg’ p= 4 MPa, delectrode =3 mm, Pemission = 3.5/4.55 eV, Peool/
heat = 4.55 eV, [62])

electron emission, or the diameter of the cathode in the experimental setup might
be slightly larger than assumed for the numerical simulations. The different
geometry is quite probable due to the high cathode tip temperature (about 3,400 K)
measured in the experimental setup close to the melting point of tungsten (3,680 K),
and thus the geometry might change during the experimental investigations (cf.
Sect. 3.1.13).

Another explanation might be the work function for electron emission @epissions
which is difficult to determine in operating HID lamps (cf. Sects. 3.1.11 and 4.4.6).
Setting  Qemission = 3-5 €V (dashed line in Fig. 4.94), the numerical and the
measured values agree very well. This is not only true for the absolute values of the
cathode temperature, but also for the gradient of the cathode temperature vs. lamp
current, i.e., the dependence of the cathode temperature on the lamp current. This
demonstrates a dilemma all numerical simulations concerned with cathode behavior
are in: The work function for electron emission plays a central role for the numerical
simulations, but it is very difficult to measure in an operating lamp (cf.
Sects. 3.1.11, 3.1.12, 4.4.3, and 4.4.6). We cannot deliver an explanation for the
differences between measured and calculated cathode temperature (e.g., electrode
tip geometry or work function), but we can deliver studies of the influence of certain
parameters on the cathode (electrode) temperature, which is not straightforward
possible in the experimental setup. The differences between anode and cathode
behavior seem to be well understood and modeled correctly by the numerical
simulations (see also Sects. 4.4.4-4.4.6).
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Influence of Electrode Gap on Arc Attachment and Plasma Column

The influence of different electrode shapes on electrode and plasma properties has
already been discussed in Sect. 4.4.4. Now we can use the numerical simulations
obtained for the ApolloHg-lamp with different electrode gaps to further investigate
the coupling of near-electrode plasma, constriction zones, hot plasma spots, and
(cylindrical) plasma column. As we have already seen in Sect. 4.4.6 concerned with
the D2 lamp with an electrode gap of 4 mm, that the transition from near-cathode
plasma over the cathodic hot plasma spot to the anodic hot plasma spot and the near-
anode plasma goes without clear-cut dividing lines. There is no distinct cylindrical
plasma column, but only a transition from one hot plasma spot to the other
(especially Figs. 4.78, 4.79, 4.84, and 4.85).

The thickness of this “transition zone” (instead of the cylindrical plasma
column in HID lamps with large electrode gaps above 5-10 mm) is determined by
the electrode gap, which has been varied in the ApolloHg-lamp between 2 and
4 mm. Figure 4.95 depicts the calculated plasma and electrode temperatures for 2,
3, and 4 mm electrode gap. It is obvious that the electrode gap has a wide influence
on the plasma, i.e., the hot plasma spots and the plasma column. The smaller the
electrode gap, the smaller the “transition zone” or plasma column. Only for
electrode gaps above 5-10 mm, the temperature in the plasma column will be
independent of the electrode properties. But Fig. 4.95 shows only one aspect of the
influence of the electrode gap on plasma and electrode properties. Further insight
into the influence of the electrode gap can be delivered by analyzing radial
temperature profiles on the electrode tips and in the plasma column.
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Fig. 4.95. Calculated plasma and electrode temperature on lamp axis (ApolloHg-lamp, Hg,
p= 4 MPa, =4 A (dc), delectrode =2, 3, 4mm, Pemission — Peool/heat — 4.55¢eV, spot mode,
[62])
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The temperature distribution on anode and cathode tip depending on the
electrode gap is shown in Figs. 4.96 (anode) and 4.97 (cathode), respectively. The
anode and cathode tip temperature rises by 150 K (anode) and 200 K (cathode),
respectively, if the electrode gap is reduced from 4 to 2 mm. Thus, it can be seen
that even the plasma far away89 from the electrodes has an influence on the arc
attachment to the electrode tips. The transitions from spot to diffuse arc attachments
in Sect. 4.4.8 also indicate a strong coupling of near-electrode plasma and plasma
between the hot plasma spots: If the electrode gap is only 2 mm, anode and cathode
might change simultaneously from spot to diffuse arc attachment. This means that
anode and cathode are coupled through the plasma between the hot plasma spots
and the arc attachment mode seems to be sensible to minor changes even in the
plasma 1 or 2 mm away from the electrode tips. This is important for electrode
models which do not take the plasma with hot plasma spots and constriction zones
into account: The predicted arc attachment modes might be wrong.

The change of the plasma temperature and the change in the temperature profile
in the plasma between the electrodes depending on the electrode gap is given in
Fig. 4.98. The plasma temperature increases by 850 K on the lamp axis and
decreases by up to 1,200 K in the outer plasma region if the electrode gap is reduced
from 4 to 2 mm. This means that the arc is much more constricted between the hot
plasma spots (“transition zone”) in the case of small electrode gaps. The
temperature profile gets more parabolic for larger electrode gaps.
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Fig. 4.96. Calculated anode temperature distribution vs. anode radius (ApolloHg-lamp, Hg,
p= 4 MPa, I=4 A (dc), delectrode =2, 3, 4mm, Pemission — Peool/heat — 4.55¢eV, spot mode,
[62])

8 Distances larger than the typical distance between electrode tip and hot plasma spots of
about 30-250 pum.
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Fig. 4.97. Calculated cathode temperature distribution vs. cathode radius (ApolloHg-lamp,
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heat = 4.55 €V, spot mode, [62])
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Summary

The comparison of numerical results and experimental measurements together with
the detailed analysis of the conditions in the lamp, which is possible thanks to the
numerical results, gives new insight into the interaction between electrodes and
plasma. Many effects which are couple in an experimental setup (like lamp current
and operating pressure), can be analyzed independently using the numerical
simulations. The self-consistent electrode—plasma model is thus, for example, able
to calculate the increase of the operating pressure for increasing lamp current and it
can predict the influence of the electrode gap on temperature profiles on anode,
cathode, and in the plasma between the hot plasma spots.

The results concerning the dependence of the electrode fall voltages and the
electric field in the plasma column on the electrode gap again demonstrate that it is
necessary to consider the whole system consisting of anode, cathode, and the
complete plasma especially in the case of short arc discharge lamps with electrode
gaps of 5 mm and less. The results concerning the dependence of the operating
pressure on lamp current and electrode gap in HID lamps is a central finding. A
similar result has already been discussed in Sect. 4.4.5 (end of section “Electrode
Fall Voltages during External Laser Heating”), further investigations will be given
in Sect. 4.4.8. This dependence is important for the interpretation of many
experimental results to avoid wrong conclusions.

Besides the absolute values, numerical simulations and measured values agree
very well concerning the dependence of the lamp properties on electrode gap,
operating pressure, and lamp current. A clear advantage of the self-consistent
electrode—plasma model is the consideration of the whole lamp, including anode,
cathode, the complete discharge plasma, and interactions among all these
components. Details of lamp properties can thus be investigated which are
inaccessible for experimental methods. Further investigations concerned with the
ApolloHg-lamp are described in Sect. 4.4.8.

4.4.8 Spot-Diffuse Transition and Time-Dependent Behavior

This section is concerned with the transition from the spot to the diffuse arc
attachment to the electrode tips and the resulting changes in the plasma and
electrode temperatures. Moreover, the time-dependent answer of the lamp
properties following a current jump from 2.5 to 6 A will be analyzed and compared
to experimental results. The lamp under consideration is the ApolloHg-lamp
described in Sect. 4.4.7.

Spot-Diffuse Transition

Increasing the lamp current slowly (quasistationary) from 3 to 5 A, a transition from
a constricted arc attachment (spot mode) to a broader arc attachment occurs (diffuse
mode). This is possible at the cathode tip as well as at the anode tip. As an example,
such a transition from spot to diffuse arc attachment on the anode tip is shown in
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Fig. 4.99. Calculated anode temperature at certain distances to anode tip vs. lamp current
during a quasistationary increase of the lamp current from 3 to 5 A (ApolloHg-lamp, Hg,
p=6MPa, delectrode =3 mm, Pemission = Peool/heat = 4.55¢eV)

Figs. 4.99 and 4.100. At/ =4.25 A, the arc attachment switches from spot to diffuse
arc attachment on the anode tip, but decreasing the lamp current below 4.25 A does
not restore the spot mode. Thus, we have a hysteresis as described in [109]: Below
4.25 A both arc attachment modes coexist, above 4.25 A only the diffuse arc
attachment mode is possible on the anode tip (ApolloHg, Hg, 6 MPa,
delectrode = 3 MM).

Figure 4.99 depicts the anode temperature vs. lamp current at different distances
to the anode tip. At /=4.25 A, the temperature difference between the temperature
at the anode tip and the temperature 0.05 mm below the anode tip decreases
suddenly from about 300 to less than 100 K. A more detailed analysis of the data
shown in Fig. 4.99 reveals that the difference between the temperature at the anode
tip and the temperature 0.05 mm below the anode tip already decreases
continuously for lamp currents below 4.25 A: In contrast to all other temperature
values, the anode tip temperature (z =0 mm) decreases for increasing lamp current
(below 4.25 A). After the transition from the spot to the diffuse arc attachment, the
anode tip temperature (z =0 mm) increases with increasing lamp current (as the
temperatures below the anode tip). It seems that the falling of the temperature
difference between the temperature at the anode tip and the temperature 0.05 mm
below the anode tip below a certain limiting temperature induces the transition from
spot to diffuse arc attachment.

The anode tip temperature suddenly decreases as soon as the current is increased
beyond 4.25 A, but the temperature below the anode tip increases suddenly during
the transition from spot to diffuse arc attachment. This increase of the “body
temperature” is consistent with experimental findings (e.g., [109]). At first glance,
it appears unusual that the anode “body temperature” increases because this
increase is coupled to an increase of the power consumption of the anode (cf. Sect.



4.4 A Self-Consistent Electrode—Plasma Model 313

7.6

7.5

7.4

7.3

7.2

Anode fall voltage [V]

71

<—— Anodic spot mode -:_><_T Anodic diffuse mode ——3]

7.0
4.0 4.1 4.2 4.3 4.4 4.5

Lamp current [A]

Fig. 4.100. Calculated anode fall voltage vs. lamp current during a quasistationary increase
of the lamp current from 3 to 5 A (ApolloHg-lamp, Hg, p =6 MPa, dgjecirode = 3 mm,
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4.4.4). This can also be seen in Fig. 4.100, showing the sudden increase of the
anode fall voltage at the transition from spot to diffuse arc attachment. We would
normally suspect the anode to switch to the mode where power consumption of the
anode is the lowest. Nevertheless, the gradient of the temperature increase vs. lamp
current is lower in the case of the diffuse arc attachment (/> 4.25 A) compared to
the gradient in the case of a spot-like arc attachment (/<4.25 A). Thus, the
“medium-term” power balance of the anode is better in the case of the diffuse arc
attachment.

The gradient of the anode fall voltage vs. lamp current (Fig. 4.100) is lower in
the case of the spot-like arc attachment (/ <4.25 A) compared to the gradient in the
case of the diffuse arc attachment (/ >4.25 A). Thus, the “medium-term” power
balance of the anode is also favorable in the case of the diffuse arc attachment.
Nevertheless, not the power balance of single components of a HID lamp are
important, but the total power balance of the lamp, i.e., the total lamp voltage. The
total lamp voltage decreases by 0.1 V at 4.25 A, i.e., the total power consumption of
the lamp decreases.””

Temperature Profiles during Different Arc Attachment Modes

The smaller the electrode gap, the smaller the plasma region between the hot plasma
spots. In the case of an electrode gap of only 2 mm, the electrodes are even able to
“feel” the influence of the opposite electrode: Both electrodes are even able

% In the numerical simulation, constant pressure is assumed. An analysis of the situation in
the case of constant mass of mercury within the discharge volume is given in the section
“Time-Dependent Behavior.”



314 4 Numerical Simulations

to switch simultaneously from spot to diffuse mode, so that there is no possibility to
tell which electrode started the transition. This demonstrates again the importance
of the plasma, the constriction zones, and the hot plasma spots for electrode models.
The arc attachment is not only determined by electrode properties, but the plasma
plays also an important role. The self-consistent electrode—plasma model used in
Sects. 4.4.3-4.4.8 is able to consider this interaction because anode, cathode,
plasma, and interactions among all these components are considered.

At I=4 A the spot and diffuse arc attachment on cathode and anode can coexist
(ApolloHg, Hg, 4 MPa, dgjectrode = 2 mm). The plasma and electrode temperature
distribution on the lamp axis for both types of arc attachments is shown in
Fig. 4.101. It is clearly visible that the lamp has to be regarded as an integrated
whole instead of treating electrodes and plasma independently. The plasma
temperature in the case of diffuse arc attachments is considerably lower compared to
the case of the spot modes. The plasma temperature profile, however, is broader in
the case of diffuse arc attachments compared to the case of the spot modes. The
resulting average plasma temperature is about 3% higher in the case of the diffuse
arc attachments, i.e., in an experimental setup, the pressure in a lamp with diffuse
arc attachments would be higher compared to a lamp with spot-like arc
attachments.’! This would result in a higher lamp voltage for the lamp with the
diffuse arc attachments. Again, two effects are superimposed in the real lamp: The
transition from spot to diffuse arc attachments leads (at constant pressure) to a
decrease of the total lamp voltage. The associated increase in operating pressure,
however, will result in a net increase of the total lamp voltage, which is also
observed in experiments considering the spot—diffuse transition [109].

The temperature profiles on anode and cathode tip for spot and diffuse arc
attachment are shown in Figs. 4.102 and 4.103, respectively. The electrode
temperatures at the electrode tip might differ by more than 300 K comparing spot
and diffuse arc attachment, but outside the arc attachment area, this difference is
reduced to about 100 K. Since temperature measurements within the arc attachment
area are nearly impossible, these differences are difficult to detect in an
experimental setup. The temperature at the electrode tip is higher in the case of a
spot-like arc attachment, but the temperature below the electrode is higher in the
case of a diffuse arc attachment. This is also consistent with experimental
observations®? presented in [109].

1 Such a small difference in the operating pressure cannot be measured, but it will influence
the lamp voltage noticeably.

92 The situation in the experimental setup described in [109] is quite different to the situation
described here: instead of mercury argon is used and the operating pressure is 0.26 MPa in
[109] compared to 4 MPa for the numerical simulations presented in Figs. 4.101-4.103.
Nevertheless, the measured temperature differences at the electrode tip (about 400 K in
[109]) and below the electrode tip (about 100-200 K in [109]) are quite close to the findings
of the numerical simulations presented here.
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Fig. 4.101. Calculated electrode and plasma temperature on lamp axis for spot and diffuse
arc attachments on anode and cathode (ApolloHg-lamp, Hg, p=4 MPa, /=4 A (dc),
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Time-Dependent Behavior

To study the time-dependent behavior of the ApolloHg-lamp, a lamp current jump
from 2.5 to 6.0 A has been used. The calculated electrode and plasma temperature
distribution in a 2 MPa mercury discharge with an electrode gap of 3 mm at certain
points in time after the lamp current jump is shown in Fig. 4.104. Compared to the
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Fig. 4.104. Calculated electrode and plasma temperature on lamp axis at certain points in
time after a lamp current jump from 2.5 to 6 A at =0 (ApolloHg-lamp, Hg, p =2 MPa,
delectrode =3 mm, Pemission = 3.5V, Peool/heat = 4.55eV)

electrodes, the plasma reacts quite fast. One ms after the current jump, the plasma
temperature in the arc column has increased by about 1,000 K, then the plasma
temperature relaxes to the new temperature distribution for /=6 A with
temperatures which are about 500 K higher than for /=2.5 A.

A more detailed presentation of the anode temperature evolution is shown in

Fig. 4.105: The calculated anode temperature distribution (right-hand side) is
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Fig. 4.105. Calculated (right-hand side) and measured (left-hand side) anode temperature
distribution at certain points in time after a lamp current jump from 2.5 to 6 A at t=0
(ApolloHg-lamp, Hg, p =2 MPa, dejecirode = 3 MM, Pemission = 3-5 €V, Peoolheat = 4-55 €V,
[128])

compared to the measured anode temperature distribution (left-hand side). Due to
the large mass of the anode and the corresponding thermal inertia, even after
400 ms no steady state is reached. The comparison between measured and
calculated anode temperatures shows a very good agreement, especially if we take
the large influence of arc attachment and electrode geometry into account (cf. Sect.
4.4.4 and as aforementioned).

The corresponding measured and calculated cathode temperature after the
current jump from 2.5 to 6 A at ¢ =0 is shown in Figs. 4.106 (linear time scale) and
4.107 (logarithmic time scale). The agreement between experimental values and
theoretical results for z=10.5, 1.0, and 3.0 mm is quite good: Both the absolute
change in cathode temperature and the time constants are reproduced very well.
Comparing the results at the very cathode tip (measurements: “0 local” and
“0 global,” numerical simulations: “z=0.05mm” and “z=0.00 mm”), the
investigations described in Sect. 4.4.4 and in this section prove very helpful: The
measurements labeled “0 local” were made within the arc attachment area at
the cathode tip, whereas the measurements labeled “0 global” were also made at the
cathode tip but not within the arc attachment area. The results obtained in Sect.
4.4.4 considering different shapes of the electrode tip demonstrate that especially
the absolute temperature as well as the temperature distribution at the electrode tip
is very sensitive to the local conditions at the electrode tip. Thus, we cannot
expect an exact agreement of the temperature evolution at the electrode tip. If we
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Fig. 4.106. Calculated and measured cathode temperature at certain distances to cathode tip
vs. time after a lamp current jump from 2.5 to 6 A at =0 (ApolloHg-lamp, Hg, p =2 MPa,
delectrode =3 mm, Pemission — 35¢V, Peool/heat — 4.55 eV, [128])

would have such an exact agreement, this would mean that we have “guessed” the
real cathode tip geometry or, to put it another way, the real cathode tip
geometry happened to coincide with the geometry assumed for the numerical
simulation.”3

Nevertheless, we can learn a lot from the comparison of measured and
calculated cathode temperature at the cathode tip: The cathode temperature
(measured and calculated) is quite close to the melting point of tungsten (3,680 K),
i.e., we can expect that the shape of the cathode tip changes during operation. The
measured temperature labeled “0 global” lies between the calculated cathode
temperature for z=0.05 and 0 mm, i.e., outside the arc attachment area a
satisfactory agreement can be reached. The measured temperature within the arc
attachment area (labeled “0 local”), however, has a much smaller time constant
compared to the time constant obtained by the numerical simulations. This indicates
that the structure on the cathode tip where the arc attached to has a small volume,
i.e., there might be some kind of micro tip on the cathode which heats up very fast.
Another possibility might be a short-time constriction of the arc attachment, maybe
induced by small structures on the cathode tip.

93 This is not only a result of the investigations presented in Sect. 4.4.4: Preliminary
numerical examination with the self-consistent electrode—plasma model for the ApolloHg-
lamp using slightly different cathode tip geometries revealed the same results.
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Fig. 4.107. Calculated and measured temperature distribution at certain points in time after a
lamp current jump from 2.5 to 6A at t=0 (ApolloHg-lamp, Hg, p=2MPa,
delectrode =3 mm, Pemission — 35¢V, Peool/heat = 4.55 eV, [128])

Summary

The self-consistent electrode—plasma model is able to predict transitions from spot
to diffuse arc attachments on anode and cathode tip. As in experimental findings,
spot and diffuse arc attachment might coexist in a certain lamp current range,
making it possible to compare the conditions associated with both types of arc
attachment. Again, the self-consistent electrode—plasma model is able to point out
the importance of the coupling of electrode and plasma: Different modes of arc
attachment have a clear influence on the arc column and the arc column couples
even anode and cathode behavior. For electrode gaps of 2 mm, the spot—diffuse
transition on anode and cathode tip can happen simultaneously. Moreover, the
numerical simulation can predict small changes in the operating pressure of a HID
lamp induced by a transition of the arc attachment to the electrodes: This change in
the operating pressure cannot be measured, but influences the total lamp voltage
noticeably. Thus, the numerical investigations help to understand and analyze
experimental findings in which different effects are superimposed inherently.

The investigation of the time-dependent behavior of an HID lamp after a current
jump from 2.5 to 6 A gives further inside into the lamp properties. Experimental
findings and numerical simulations agree very well. The influence of the electrode
tip geometry on the electrode properties especially at the electrode tip as discussed
in Sect. 4.4.4 proves to be very helpful for the interpretation of numerical and
measured temperatures at the cathode tip. Small differences in the electrode tip
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geometry or in the operating conditions may have considerable influence on the
lamp properties. Thus, numerical simulation will never be able to exactly predict all
lamp properties in all details because many details of the real lamp are not
accessible (see also Sect. 4.4.6). Nevertheless (or better: therefore), we can learn a
lot from the numerical results, especially when details are concerned which are
experimentally inaccessible. The comparison of numerical results with
experimental findings is always a source of new insights: Both the numerical
simulations as well as the experimental findings profit from such comparisons and
the understanding of HID lamps is improved considerably.

4.4.9 Summary: Self-Consistent Electrode—Plasma Model

The self-consistent electrode—plasma model used within Sect. 4.4 consists of a set
of only four equations: Two equations concerning power conservation of plasma and
electrodes to determine the plasma temperature distribution TP(%, t) (see (4.18))
and the electrode temperature distribution TE(%, t) (see (4.19)), one equation for the
electric potential V(?, t) (current conservation, (4.22)), and one additional equation
accounting for deviations from LTE-conditions due to strong diffusion of electrons
and ions in close proximity to the electrodes, resulting in a non-LTE electrical
conductivity o (see (4.42a) or (4.42b)). This last equation closes the gap between
LTE plasma (plasma column, hot plasma spots) and non-LTE near-electrode
plasma. The uniform treatment of the high-pressure plasma without using the “low-
pressure” approach of different plasma layers in front of the electrodes (each with
different sets of equations and different boundary conditions) contains all relevant
physical processes. The self-regulating mechanisms are not “concealed” by many
assumptions but can do their “job” to yield realistic results for the complete lamp
system of electrodes and plasma. The given boundary conditions are reduced to a
minimum, like temperature at the inside wall of the quartz vessel (not very
important for the results) or temperature at the electrode roots. Geometric effects
induced, for example, by different electrode tip geometries are allowed for because
the plasma itself establishes its way from cathode tip over constriction zone and hot
plasma spot to the arc column and further on to the anode with the related
constriction zone and hot plasma spot.

Advantages of the numerical simulations performed with the self-consistent
electrode—plasma model are the accuracy in space and time without any limitations
as in experimental data and the considerable accessible information and data
available from one single numerical simulation like total lamp voltage, cathode and
anode fall voltages, electrode and plasma temperature distributions, heat fluxes to
electrodes and quartz wall, etc. All these numerical results may be time dependent
in the case of time dependent lamp currents (ac operation), current jumps, time-
dependent external laser heating, etc. Furthermore, the numerical simulations offer
the possibility to vary certain parameters like electrode geometry, work function,
plasma composition, or external laser heating and separate the resulting effects,
which are inherently superimposed (and not separable) in real lamps. In this way,
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the results of the numerical simulations improve our understanding of the principles
of HID lamps and can finally lead to improved or new types of HID lamps. The
results presented within Sect. 4.4 encourage further studies especially concerning
the interaction between plasma and electrodes in order to further improve the
understanding of HID lamps.

Numerous comparisons of numerical data with experimental results concerning
plasma and electrode properties are presented in Sects. 4.4.3-4.4.8 for very
different HID lamps. The agreement between theoretical and experimental results is
very good and gives new insight into the conditions in HID lamps.

A comparison of results obtained with the self-consistent electrode—plasma
model with the results obtained using three other cathode models (based on layer
or sheath models) presented in Sect. 4.4.3 shows differences and common
characteristics of the models under consideration. The most important result of this
comparison is that the power balance of the cathode combined with the equation
describing the electron emission current as a function of cathode temperature and
local electric field is the most important part in modeling the interaction between
plasma and cathode. But as soon as one is interested in details like, for example, the
electric current density distribution on the cathode tip (arc attachment), it is
important to include the constriction zone and the plasma column, where the current
density distribution transforms from a rather broad profile in the plasma column to
the small, constricted current attachment at the cathode tip. Moreover, it is
necessary to consider the cathode at least in two dimensions if details concerning
mode of arc attachment or temperature at the electrode tip are concerned. Models
neglecting the thermal heat flux from the hot plasma spots to the relatively cool
cathode will overestimate the ion current, which is the only heating mechanism used
in these models for the cathode.

Numerical results for different electrode shapes are compared and discussed in
Sect. 4.4.4 (electrode and plasma hot-spot temperature, electrode fall voltages, arc
attachment on electrode tip) with a special focus on the interaction of plasma and
electrodes. The most important result is that the shape of the electrode tip influences
the lamp characteristics essentially. Electrode tip and electrode body temperature as
well as plasma hot-spot temperature, electrode fall voltages, and type of arc
attachment to the electrode tips are affected by the electrode tip geometry, both in
anode and cathode phase. This is important for the comparison of theoretical and
experimental lamp data. Either one knows the “real” electrode tip geometry from
the experimental setup (which is often not the case) or one has to know the impact
of the shape of the electrode tip on the lamp characteristics. For the second
alternative, the results presented in Sect. 4.4.4 are very helpful. The use of one-
dimensional electrode or plasma models or the use of models neglecting the hot
plasma spots or the constriction zone might result in major errors concerning
electrode and plasma hot-spot temperatures as well as electrode fall voltages.
Furthermore, the analysis of different electrode tip geometries is important for the
optimization of future electrodes. Choosing the best electrode tip geometry is a
compromise between hot electrode tip temperatures and low electrode fall voltages.
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The investigation of the influence of an external laser heating of the electrodes
in a 0.6 MPa high-pressure mercury discharge lamp is presented in Sect. 4.4.5. The
comparison of numerical results obtained with the self-consistent electrode—plasma
model with different experimental data shows a very good agreement. Both the
experimental and numerical results show a strong reaction of anode temperature and
a weak reaction of cathode temperature during the external laser heating of the
electrode. In contrast, there is a strong influence of the external laser heating on the
cathode fall voltage and a barely observable influence on the anode fall voltage.
Moreover, the numerical simulations and the experimental findings agree with
respect to the response time of anode and cathode to the external laser heating.

The numerical simulations are able to explain all these effects in great detail.
The strong influence of the external laser heating on the cathode fall voltage is due
to the self-regulating mechanism of the cathode: The power brought into the
electrode by the external laser heating partly “replaces” the heating by ion current.
This leads to a reduced cathode fall voltage (less power needed for the generation of
ions), but results also in an only moderately increased electrode temperature (more
power input due to the external laser heating but less power input due to ion
current). The anode reacts to the external laser heating with an increased electrode
temperature, but the anode fall voltage is hardly influenced. The observed small
increase of the anode fall voltage can be explained with the help of the numerical
simulations and is due to a small increase of the operating pressure (<1%).

Furthermore, the numerical simulations explain the different response times
during anode and cathode phase at current reversal or laser on/off: The cathode
reacts faster because its self-regulating mechanism is determined by the fast
adjustment of the ratio of electron to ion current, whereas the longer response time
during the anode phase is determined by the thermal inertia of the anode. This leads,
for example, to the tendency of the ac electrode temperature to the dc cathode
temperature as described in Sect. 4.4.5. Moreover, from the comparison of
experimental results and numerical simulations we can deduce that the electron
emission current, which is essential at the cathode or during the cathode phase of
the electrode, has no impact during the anode phase.

Together with the analysis of the impact of different electrode tip geometries on
electrode and plasma temperature and electrode fall voltages (Sect. 4.4.4), the
differences between anode and cathode phase described within Sect. 4.4.5 can be
used for the optimization of electrode design. In the case of a dc lamp current,
anode and cathode can be optimized independently, whereas the electrodes have to
be optimized for anode and cathode phase simultaneously in the case of an ac lamp
current. In the latter case, the different response times during anode and cathode
phase might be of particular importance.

Investigations considering the commercially available D2 automotive headlight
lamp are the focus of Sect. 4.4.6. From the complex plasma composition of this
metal halide lamp complex plasma properties result, which are thoroughly
discussed within Sect. 4.4.6. Moreover, the electrode properties and especially the
work function for electron emission are discussed in Sect. 4.4.6. Beyond the
presentation of numerical results concerning power balance or temperature
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distributions, a comparison with different experimental data is presented. The time-
dependent numerical results for the D2 automotive headlight lamp agree very well
with the measured total lamp voltage, the measured plasma temperature profiles,
and the measured electrode temperature profile.

Investigations on high-pressure mercury discharge lamps with different
operating pressures (2,4, and 6 MPa), different electrode gaps (2, 3, and 4 mm), and
different lamp currents from 2 to 6 A are presented in Sects. 4.4.7 and 4.4.8. The
comparison of numerical results and experimental measurements shows, for
example, that there is an increase of the operating pressure for increasing lamp
currents. This is a central finding which is important for the interpretation of
experimental data and for the comparison of numerical and experimental results.
Furthermore, it is shown in Sect. 4.4.7 that the electrode gap has an influence on
temperature profiles on anode, cathode, and in the plasma between the hot plasma
spots. Besides the absolute values, numerical simulations and measured values
agree very well concerning the dependence of the lamp properties on electrode gap,
operating pressure, and lamp current.

Finally, the self-consistent electrode—plasma model is able to predict transitions
from spot to diffuse arc attachments on anode and cathode tip. As in experimental
findings, spot and diffuse arc attachment might coexist in a certain lamp current
range, making it possible to compare the conditions associated with both types of
arc attachment, which is done in Sect. 4.4.8. Again, the self-consistent electrode—
plasma model is able to point out the importance of the coupling of electrode and
plasma: Different modes of arc attachment have a clear influence on the arc column
and the arc column couples even anode and cathode behavior. For electrode gaps
of 2 mm, the spot—diffuse transition on anode and cathode tip can happen
simultaneously. Moreover, the numerical simulations can predict small changes in
the operating pressure of a HID lamp induced by a transition of the arc attachment
to the electrodes: This change in the operating pressure cannot be measured, but
influences the total lamp voltage noticeable. Thus, the numerical investigations help
to understand and analyze experimental findings, in which different effects are
superimposed inherently.

The advantage of the self-consistent electrode—plasma model is the
consideration of the whole lamp, including anode, cathode, the complete discharge
plasma, and interactions among all these components. The coupling of plasma and
electrodes, the consideration of different electrode shapes, electrode gaps, operating
pressures, or lamp currents even in the time-dependent case are thus possible.
Details of lamp properties which are inaccessible to experimental methods can be
investigated. The comparison of numerical results and experimental measurements
together with the detailed analysis of the conditions in the lamp, which is possible
thanks to the numerical results, gives new insight into HID lamps. Both the
numerical simulations as well as the experimental findings benefit from such
comparisons and the understanding of HID lamps is improved considerably. Many
effects which are couple in an experimental setup (like lamp current and operating
pressure) can be analyzed independently using the numerical simulations obtained
with the self-consistent electrode—plasma model.



Summary

This book deals with high-pressure or high-intensity discharge (HID) lamps. An
introduction to artificial light sources with a special focus on HID lamps is given as
well as a discussion of the underlying physical laws for the description of high-
pressure discharge lamps (Chaps.1 and 2). Based on these fundamentals,
experimental and theoretical methods used for the investigation of HID lamps are
thoroughly discussed (Chaps. 3 and 4). The focus of interest for the understanding
of high-intensity discharge lamps is directed toward plasma and electrodes. Thus,
Chaps. 2—4 are divided into a plasma and an electrode section. However, electrodes
and plasma are coupled in real lamps. This is of particular importance for the
numerical simulations, where the influence of the plasma on the electrode behavior
and the effect electrodes have on the plasma properties must be considered.

In an experimental setup, this coupling between electrodes and plasma is
inherently included. Experimental investigations are necessary to understand,
improve, or develop new high-pressure discharge lamps. The overview of the
manifold experimental methods to explore electrodes and plasma given within
Chap. 3 improve the principal understanding of HID lamps and their components.
The experimental determination of the electrode temperature using different
methods is explained exemplarily in great detail in Chap. 3. This includes, for
example, the mastery of interfering plasma radiation or the problem of uncertain
emissivity properties of the electrodes. This is to visualize the challenges and
difficulties of experimental methods and to give an impression of the possible
accuracy of experimental investigations. Furthermore, experimental methods
concerned with other electrode properties like work function for electron emission
or the deformation of the electrodes during lamp operation are discussed in Chap. 3.
Concerning the plasma, the determination of plasma temperature and investigations
on the electrical properties of the plasma like electrode fall voltages and plasma
potential are addressed.

Within the framework of numerical simulations, which are the subject of
Chap. 4, electrode models and plasma models are of great importance. Thus,
Chap. 4 starts with the detailed description of these models. However, the important
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interaction between plasma and electrodes is not included in pure electrode and pure
plasma models. A huge step toward the understanding of HID lamps as a whole is
thus the consideration of electrodes and plasma including the interactions between
them, which is actually the main field of research of the author of this book. Hence,
a self—consistent electrode-plasma model occupies a large part of Chap. 4.

The derivation of this electrode—plasma model and many numerical results
obtained with this model are treated in Sect. 4.4: Different cathode models are
compared in Sect. 4.4.3, the influence of different electrode shapes on anode and
cathode properties as well as the effect of the electrode geometry on the plasma are
discussed in Sect.4.4.4. This investigation of the consequences of different
electrode shapes proves to be very important for the interpretation of numerical and
experimental results, and for the comparison of measured and simulated electrode
and plasma properties. Section 4.4.5 compares experimental and numerical findings
in the case of external laser heating of electrodes, showing the differences of anode
and cathode characteristics with respect to electrode temperature, electrode fall
voltage, power balance, and response time. The numerical simulations are of
particular importance for the analysis of the experimental data and reveal new
insight into electrode behavior. Investigations considering the commercially
available D2 automotive headlight lamp are the focus of Sect.4.4.6. Here, the
complex plasma composition of a metal halide lamp and the profound
characteristics of electrodes are discussed. For example, the influence of the plasma
composition on the electron emission of the cathode is analyzed. Furthermore,
comparisons between experimental and numerical findings concerning electrode
and plasma temperature are given. Section 4.4.7 is concerned with the variation of
electrode gap, operating pressure, and lamp current and the resulting changes in
plasma and electrode properties. Again, the strong coupling between electrodes and
plasma is demonstrated by the detailed numerical results. A comparison of
experimental and numerical data concerning the total lamp voltage shows that, for
example, an increasing lamp current leads to an (not measurable) increase of the
operating pressure, leading to an increase of the total lamp voltage. Thus, some
effects may be superimposed in an experimental setup and can only be analyzed in
detail by numerical simulations. This is, for example, important for the
interpretation of experimental data. Finally, spot-diffuse transitions of the arc
attachment to the electrodes and the time-dependent response of lamp properties to
a current jump are discussed in Sect. 4.4.8 with a special focus on electrode—plasma
interactions.

A fundamental result of the investigations described in this book and especially
in Sect. 4.4 is the coupling between plasma and electrodes: The shape of the
electrodes does not only change electrode properties, but also influences
considerably the near-electrode plasma. Moreover, different arc attachments to
electrodes with the same geometry have a distinct influence on the plasma column
even some millimeters away from the electrode tips. The plasma between the
electrodes can even couple anode and cathode, for example with respect to the mode
of arc attachment to the electrodes, and the plasma composition may effect the
electron emission current of the cathode. Variations of electrode geometry,
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electrode gap, operating pressure, or lamp current always influence plasma,
electrodes, and the interactions between them. Another result is the importance of
the power balance of the electrodes for the interaction between electrodes and
plasma. Further investigations are concerned with the time-dependent behavior of
plasma and electrodes, the difference between anode and cathode characteristics,
and the comparison of experimental and numerical findings. A more detailed
summary of all these results can be found in Sect. 4.4.9 and, of course, in
Sects. 4.4.1 to 4.4.8.
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A

Abel inversion 153

absorbance 95

absorption coefficient 95
absorptivity 95

additive color mixing 10, 11
ambient temperature 32, 36
angular momentum quantum number 66
anode fall voltage 89, 106, 156, 181
ApolloHg-lamp 299

application area 33, 37, 41, 44

arc attachment area 172

arc attachment mode 256, 311
atomic mass units 54

auxiliary gas 23, 24, 33, 35
average velocity 54

B

Bartels method 155

binary diffusion coefficient 78
black body radiation 91, 109
black body radiator 20

blanking 126

blind spot 4

bolometer 109

Boltzmann distribution 51, 91, 98
Bose-Einstein distribution 91, 98
boson 91, 98

bound-bound transition 74

breakdown 23

bremsstrahlung 38, 72
broadening of spectral lines 70
buffer gas 24, 43

C

calorimetric measurements 138

candela 14

carbon 18

cataphoresis 36

cathode fall voltage 89, 106, 156, 171,
181

cathode sheath model 171

CCT 16

ceramic material 48

ceramic metal halide lamp 48

charge density 186

chemical equilibrium 59

chromaticity diagram 9, 10

CMH 48

coefficient of expansion 48

cold end attack 21, 89, 106

cold fill pressure 166

cold spot 35

cold spot temperature 24, 31, 35, 38, 40,
44, 62, 166

collision broadening 70

collision frequency 58

color 5
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color gamut 10

color rendering 31

color rendering index 14, 15

color space 8, 9

commercial pyrometer 114

compact fluorescent lamps 33

cones 4, 5

constriction zone 158, 170, 185
continuum radiation 70, 72
convection 193

convective flow 188

convective heat transfer 187
conventional ballast 25

correlated color temperature 15, 16, 17
cross section 58

current conservation 184, 189
current continuity equation 184, 189

D

D2 automotive headlight lamp 25, 47,
65,76, 81, 88, 107, 117, 126, 148, 166,
278

Daltons law 57

dark adapted eye 4

de-excitation 66

deformation of electrodes 148

degree of freedom 56

diffuse arc attachment 256, 311

diffuse mode 256, 311

diffusion 77

dissociation 59, 84, 203

Doppler line broadening 70

Drude model 98

dynamic viscosity 188

E

effective collision area 58
Eggert-Saha equation 62
eierlegende Wollmilchsau 199
elastic collision 23

elastic collisions 24, 25, 27
electric field 184

electric potential 96, 184
electrical conductivity 79
electrode diagnostics 106

electrode fall voltage 89, 106, 156
electrode properties 89

electrode pyrometry 108
electrode sheath voltage 156
electrodeless fluorescent lamps 33
electrode-plasma model 200
electron emission 96

electron emission processes 103
electron spin 66

electron temperature 27, 37, 59
electron-atom Bremsstrahlung 73, 155
electronic ballast 25

electron-ion Bremsstrahlung 73, 155
Elenbaas-Heller equation 187
emission spectroscopy 152
emissivity 95

energy distribution function 56
energy level diagrams 66

energy width 70

enthalpy 187

evaporation 62

evaporation of tungsten 19
evaporation rate 40

excitation 66

excited atom 52

experimental investigations 105
external laser heating 143, 256
external magnetic field 188

eye 3

F

Fermi energy 98

Fermi level 98

Fermi sea 98

Fermi sphere 99

Fermi-Dirac distribution 98

fermion 66, 98

field emission 96, 102

field-enhanced electron emission 101

field-enhanced thermal electron emis-
sion 96

finite element method 220

flow velocity 187

fluorescent lamp 26, 29

fluorescent material 29, 30



fluorescent powder 26, 38
fovea centralis 4
free-bound transition 74
free-free transition 74

G

gamma-effect 98, 103
gamut 10

gas discharge lamps 22
gas temperature 27

gas velocity 187
gravity 188

gravity force 188

H

halogen cycle 21, 40

halogen incandescent lamp 21

heat conduction equation 171, 188

heat diffusion equation 171, 188

heavy particle temperature 27, 37, 59

Heisenberg’s uncertainty principle 70,
99

high frequency 25

high-intensity discharge lamp 16, 22, 27

high-pressure discharge lamp 16, 22, 27

high-pressure mercury lamp 37

high-pressure sodium lamp 41

horizontally burning lamp 195

hot plasma spot 27, 48, 287, 300, 301

HPS 41

human eye 3

|

ideal gas 57

ideal gas law 57

ignition voltage 104

illuminance 14

Impac IS10 114, 143

incandescent lamp 18, 19
inductively coupled fluorescent lamps 33
inelastic collisions 23, 24

inert gas 20, 23, 24, 166

initial pressure 166

interference filter 110, 119, 128
inverse Abel transformation 153, 156

Index 341

ionization degree 63, 207
ionization zone 172

J
Joule heating 171, 187
Judd lines 16

K

kinetic temperature 56

Kirchhoff's law of thermal radiation 95
Kirchhoff’s law 95

L

Langmuir probe 161

law of mass action 59

lifetime 70

light adapted eye 4

line radiation 66

line weakening factor 72, 73, 86
line width 70

local temperature equilibrium 60
local thermal equilibrium 60

local thermodynamic equilibrium 60
Lorentz force 188

low pressure discharge lamp 26
low-pressure discharge lamp 22, 26
low-pressure mercury discharge lamp 26
low-pressure sodium discharge lamp 26
low-pressure sodium lamp 33

LPS 33, 41

LS8-lamp 226

LS9hg-lamp 240, 257

LTE 60

lumen 12

lumen depreciation 89

luminous efficacy 12, 13

luminous flux 12

luminous intensity 13

M

macula lutea 3

magnetic field 188

magnetic quantum number 66
mass conservation 188

mass continuity equation 188
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Maxwell velocity distribution 53
Maxwell-Boltzmann distribution 51, 91
mean free path 24, 26, 27, 58
mean velocity 54

mercury amalgam 32

mercury vapour pressure 32, 39
metal halide lamp 45

metameric 11

mixing colors 10

mode of arc attachment 256
modes of arc attachment 311
molecular band radiation 69
molecular radiation 38, 40
molybdenum foil 48

momentum balance 188
monolayer of sodium 147

most probable velocity 54

N

natural line width 70

Navier-Stokes equation 188

net radiation emission coefficient 65, 73

noble gas 20, 23, 24, 166

non-LTE electrical conductivity 203,
204, 206

normalised photopic response 12

(0]

one+one-lambda pyrometry 108, 120
one-lambda pyrometry 108, 109
operating pressure 166

optical interference filter 110, 119, 128
optical pyrometer 110

optically thin radiation 69

optimum pressure 26

optimum vapour pressure 31, 35

P

partial local thermal equilibrium 61
partial LTE 61

partial pressure 57, 62

particle density 63

partition function 52

Paschen’s law 24

Pauli exclusion principle 66, 98

PCA 48, 155

penning mixture 23, 36

photo effect 104

photoelectric effect 103, 145, 183

photo-emission 98, 103, 145, 183

photometric characteristics 11

photopic response curve 4

photopic vision 4, 5

Planck’s law 91, 109

Planck’s radiation formula 91

Plasma Column 189

plasma column 27, 48, 156, 184, 287,
300, 301

plasma potential 161

plasma radiation 65

pLTE 61

Poisson’s equation 186

polar distribution curve 153

polycrystalline alumina 48, 155

population density 52

power balance of plasma 171, 187

pressure 57

pressure broadening 71

primary color 9

primary colors 10

principle quantum number 66

probe measurements 161

projection system 40

pyrometer 114

pyrometry with plasma correction 108,
119

Q
quartz 198

quartz recrystallization 40, 48, 106, 198
quartz transmission 138
quasi-continuum radiation 69
quasi-neutral 63

quasi-neutral plasma 186

quenching collision 66

R

radiation diffusion approximation 87
radiative energy transport 84

rare gas 20, 23, 24, 166



ratio pyrometry 108
Rayleigh-Jeans law 93
reabsorption 71, 85

recombination 72, 155

rectangular shaped lamp currents 26
resonance line 66, 167

resonance radiation 26

retina 3, 5

Richardson constant 100
Richardson equation 100
Richardson-Dushman equation 100
Richardson-Schottky equation 101
rigorous kinetic theory 77

rods 4, 5

rough electrode surface 96, 112

S

Saha equation 62, 201
Saha-plasma 201

saturation temperature 38, 39, 62
Schottky correction formula 101
Schottky effect 102, 146
scotopic vision 4, 5

secondary electron emission 104
secondary emission 98, 103
Selection rules 66
self-absorption 71, 85
self-reversal 28, 43, 71, 155, 167
self-sustained discharge 23
sensitivity of a pyrometer 114
shear rate tensor 188

simplified kinetic theory 76
sinusoidal lamp current 26
sodium amalgam 44

sodium D-lines 33, 41, 66, 167
sodium vapour pressure 36
softening of quartz 40, 48, 106, 198
softening quartz 198

solar radiation 19

SON 41

SOX 33, 41

space charge zone 171

spatial non uniformity 76
specific heat 187

spectral emissivity 95

Index 343

spectral line weakening factor 72, 73, 86

spectral power distribution 31, 35, 38,
39, 43, 44, 46

spot mode 256, 311

spot-diffuse transition 311

spot-like arc attachment 256, 311

Stark broadening 71

starting gas 25

starting of discharge lamps 23

starting voltage 23

statistical weight 52, 53

Stefan-Boltzmann law 94, 115

subtractive color mixing 10

sun 17

super high pressure mercury lamp 39

super spot mode 253

T

temperature 56

thermal conductivity (plasma) 82
thermal conductivity (Tungsten) 89
thermal electron emission 96, 98
thermal equilibrium 52, 59
thermodynamic equilibrium 59
three-lambda pyrometry 108, 120
total lamp voltage 156

total thermal equilibrium 59

total thermodynamic equilibrium 59
total time derivative 187, 188
translucent 49, 155

transmission losses 112, 118
transmission of quartz 113
transport coefficients 76

transport of tungsten 149
tristimulus values 8

tungsten 18, 89, 106
tungsten-halogen cycle 21, 40
two+tone-lambda pyrometry 108, 120
two-color pyrometry 108
two-lambda pyrometry 108, 118

U

UHP lamp 23, 39, 40, 104, 126, 130, 138,
148, 166, 167, 199

Ulbricht sphere 152
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uncertainty principle 70, 99
unsaturated vapour 38, 62, 167

v

van der Waals broadening 71
velocity of gas 187

vertically burning lamp 196
voltage-current characteristic 25

W
wall blackening 20, 89, 106, 112

weakly ionized plasma 63, 207, 209
Wien’s displacement law 92
Wien’s law 92, 109

work function 100, 145

working pressure 166

X
Xenon-Instant-Light 25, 47, 279
x-ray technique 155





