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Summary

The Power Balance of Ceramic Metal-Halide
High Intensity Discharge Lamps

Artificial light is an important enabler that allows us to profit from many of
the (other) joys that the industrial and technological revolutions have brought.
Producing artificial light consumes energy and therefore it is important that the
efficacy of the light source is as high as possible. A thorough understanding of
the energy flows in the lamps is of eminent importance to reach this goal. The
power balance is a schematic way to depict the energy flows inside the lamp.
By determining and studying the power balance, the insight into these energy
flows can be improved, which will help to improve existing lamps and develop
new ones.

Most of the artificial light is produced by gas discharges, a lamp family of
which high intensity discharge (HID) lamps are an important member. The
ceramic metal halide HID (CMH) lamp is a type of HID lamp; it is characterized
by a polycrystalline alumina lamp burner that can withstand a high wall
temperature.

Commercially available CMH lamps contain mercury (Hg lamp). Because
of the environmental impact of mercury, the development of mercury free
CMH (Hg-Free) lamps is important. The main design constraint is an at least
approximately equal efficacy, for otherwise additional mercury is released into
the environment by fossil-fuel burning power plants which may result in a
higher environmental impact for the Hg-Free lamp. This high efficacy must be
obtained at operating conditions suitable for commercial application, preferably
as a retro-fit product. Up to now, no Hg-Free CMH lamp has shown to outgrow
the status of research project and evolve to a real commercially available lamp
that meets the performance of the mercury containing counterpart. Typical
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problems include lower efficacy, lower lamp voltage and/or a lower lamp life
due to wall corrosion or electrode damage.

This thesis presents an experimental investigation of the power balance of
CMH lamps. With our power balance study we aim to discover whether there
is a fundamental reason behind the inferior performance of Hg-Free CMH
lamps, but even more importantly, we want to increase the understanding of
CMH lamps in order to further improve them. This is the first work where
such a broad and complete in depth power balance study of both mercury
containing and Hg-Free CMH lamps is presented.

A high resolution, broadband integrating sphere setup was designed, con-
structed and calibrated. It was used to measure and compare the power bal-
ances of various types of commercially available and new research prototype
CMH lamps under stationary state conditions. The integrating sphere is made
of copper to ensure good heat conductivity which is important for the temper-
ature stabilization of the integrating sphere. This is essential for far infrared
measurements. It has an approximately spherical shape with diameter of al-
most 30 cm, the inside of the sphere was pearl blasted and subsequently coated
with aluminium to ensure a high (diffuse) reflectivity. The integrating sphere is
placed inside a vacuum chamber to avoid absorption of infrared radiation in
ambient air and to minimize heat conduction and convection losses.

New in this work is that the integrating sphere measurements cover a
broadband spectral range including the ultraviolet (from 250 nm), the visible
and the infrared part of the spectrum (up to 10 µm) and that we have calibrated
the absolute intensity in this complete range. No calibration standards for
spectral radiant flux are available in the infrared. Therefore, a new method has
been developed, in which we have used a resistive heated platinum ribbon as
absolute intensity reference.

After switching-off the lamp, thermal radiation from the burner wall, elec-
trode radiation and plasma radiation decay with different time-scales. Switch-off
measurements have been used to measure this time dependent signal and are
applied to distinguish between those processes. The electrode losses have also
been determined from electrode measurements and from electrodes simula-
tions. Powers scans were made to separate the non-radiative losses into its
contributions plasma conduction losses and absorption losses, thereby com-
pleting the power balance.

We have investigated CMH lamps with a nominal lamp power of 70 W. For
these lamps we have found electrode losses between 9 and 17 % of the input
power. Lowering the electrode losses is important to improve the efficacy of
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CMH lamps, regardless whether or not they contain mercury.

We have thoroughly investigated the non-radiative losses of CMH lamps.
For newer types of Hg CMH lamps, non-radiative losses are below 25% of
the input power, but for the investigated Hg-Free CMH lamps, values up to
around 40% were found. Two important design rules are known from the high
pressure mercury (HPM) lamp. They state that the conduction losses per unit
length and the transmittance are approximately constant and do not change
significantly with lamp diameter and lamp dose. A constant transmittance
results in absorption losses linear with input power. We have investigated
and confirmed these design rules for CMH lamps. It is important however to
realize that these rules apply for constant lamp fill composition and that the
values will be different for different lamp fills.

Lowering the ultra violet radiation output of the lamp will generally lead
to lowering of the absorption losses. However, because the Hg CMH lamps
already have a low UV output, there is hardly room for further improvement
here when changing to Hg-Free concepts.

For the conduction losses, the heat of dissociation transport is the dominant
contribution to the increased plasma conduction losses when metal-halides
are added to an HPM lamp. Mercury has a low thermal conductivity and a
high pressure, but when mercury is omitted, this means that measures should
be taken to prevent increasing heat conduction losses, particularly when the
mercury replacement is dosed as a molecule. We have shown that using xenon
as start gas (at increased start gas pressure) will help to limit the plasma heat
conduction losses. However, a higher xenon pressure can increase the starting
voltage of the lamp.

Another issue with a high partial pressure of molecular species in a Hg(-Free)
CMH lamp is that it negatively affects the ratio Pvis/Prad, because infrared (mo-
lecular) radiation is increasingly preferred over visible output.

The electron-atom (e-a) bremsstrahlung is also an important contribution to
the infrared plasma radiation. In the Hg containing CMH lamp it is normally
the dominant infrared plasma radiation contribution. We have shown that lamp
voltage and the e-a bremsstrahlung losses are coupled and that it is unlikely
that this contribution can be lowered. One possibility of lowering it is arc
contraction, which can be obtained by adding a species that emit a high amount
of optically thin molecular radiation. Although this limits bremsstrahlung
losses, it leads to an unstable discharge which is an unacceptable lamp property.
On top of this, it leads to a large amount of infrared molecular radiation.

Our new findings for molecular CMH lamps and the improved understand-
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ing of the general power balance allow us to draw the following conclusions:

All properties of the HID lamps are interconnected, including lamp voltage
and efficacy. So when the electric field in the lamp will be lower because
mercury is replaced, this will lead to a lower efficacy, because all measures that
can be taken to increase lamp voltage come at the cost of limiting the efficacy.
Therefore, it is highly unlikely that a mercury free (Hg-Free) CMH lamp with
an efficacy as high as that of its mercury containing counterpart can be made
when operating conditions suitable for commercial application are required.
Based on this research we expect that the efficacy of a mercury free CMH lamp
can be at best 90% of the efficacy of its mercury containing counterpart.
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Chapter 1

Introduction

1.1 General introduction

In the form of for example camp fires, torches, candles and oil lamps, fire based
artificial light has been available and important to mankind for thousands of
years. After the commercial introduction of the incandescent lamp, by Thomas
Edison around 1879, it was electric lighting that made cheap, safe and easy to
use light sources widely available for the general public. Nowadays, we profit
from the presence of artificial light on a daily basis, often without even being
conscious about it. Artificial light is so commonly and cheaply available that it
is taken for granted [34].

The output of a light source (luminous flux, Φ) is measured in lumen, a
measure for how powerful the human eye perceives the total flux of a lamp.
The efficacy is a measure for how efficiently the light is produced, it is the
ratio between the luminous flux of the lamp and the input power (see also sec.
1.2). The efficacy of the first incandescent lamps was only a few lumen per
watt [17]. Further improvements of the incandescent lamp led to the gas filled
coiled tungsten incandescent lamps, that was introduced around 1912. It has an
efficacy between 10 and 15 lm/W and is the basic form of the incandescent lamp
as we know it these days [32]. Currently, this type of lamp is being phased out
by governmental legislation, as more efficient light sources are available.

The newest type of light sources that are currently getting the most attention
are solid state lighting (SSL) sources. Within this group of sources it is the
LED that is furthest developed. LED lamps are mostly used for applications
that suffice with low luminous flux (Φ < 1000 lm), a luminous flux that is of
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the same order of magnitude as the luminous flux of a 100 W incandescent
lamps. For low flux applications, LED lamp research prototypes with an
efficacy of 200 lm/W (2013, [1]) have been shown, and lamps available on
the market show efficacies around 60-100 lm/W. For medium luminous flux
(1000 < Φ / 15000 lm), Bando [2] has shown a prototype LED chip with a
luminous efficacy of 105 lm/W at an output of 10,000 lm.

The lamps we focus on in this thesis belong to another very interesting
group of light sources: the gas discharge lamps. The operating principle of a
gas discharge lamp is that the electric input power is converted into radiation
by means of an electrical discharge in the gas medium that is contained inside
the lamp. By far most of the (artificial) light we see on earth is produced by gas
discharges. Gas discharge lamps are used for a wide variety of applications,
that range from spot lighting in stores to stadium lighting, from car head lights
to street lighting and from video projectors in home applications to those in
IMAX 3D cinemas.

The gas discharge lamps are separated into two families, the low pressure
gas discharge lamps and the high pressure gas discharge lamps. The low
pressure discharge lamps have a typical pressure well below 1 bar and typical
lamp powers are in the order of 10 to 200 W. Because they are large, they are of
low power density and low luminance. The low pressure gas discharge lamps
can be split up in the following groups:

The fluorescent lamp This lamp type is typically used in office lighting and
other indoor applications, it has an efficacy of about 80 to 110 lm/W. The
majority of the electric input power is converted into ultra violet radiation
in the 254 nm and 185 nm resonance lines of mercury. A phosphor coating
is used to convert this radiation into visible light.

The compact fluorescent lamp (CFL) This lamp type is typically found in the
consumer market (at home). As the name implies, it is a compact version
of the fluorescent lamp. It has an efficacy of about 60 to 80 lm/W.

The low pressure sodium lamp This lamp type is found in the (old fashioned)
yellow street lighting, these lamps have the highest efficacy of all light
sources and can have an efficacy above 200 lm/W. This comes however at
a cost, these lamps only produce monochromatic yellow light.

The high pressure gas discharge lamps are also known as high intensity dis-
charge (HID) lamps. Typical lamp pressures in HID lamps range from a few
bar to several tens of bar, but a pressure up to 250 bar can be found in some
types of HID lamps. Because of the high pressure, the plasmas in HID lamps

2
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are considered to be in local thermal equilibrium (LTE) [10, 34]. Local thermal
equilibrium is achieved when the interactions are so abundant that the energy
is equally distributed over all degrees of freedom. It means that all processes
can be described by one temperature. For a plasma in thermal equilibrium,
the microscopic plasma properties can be described in terms of macroscopic
quantities mass density, temperature and chemical composition. The equations
that are used to describe this plasma will be discussed in the theory chapter.

An HID lamp is a compact source of high power density and high luminance.
It is suitable for spot lighting applications, and some types are used in projection
systems. Typical lamp powers in these high pressure discharges range from
10 W to several kW. The family of HID lamps can be split up in the following
groups:

The high pressure sodium (HPS) lamp this lamp type can be seen as the high
pressure version of the low pressure sodium lamp, it is also typically used
for street lighting and other outdoor large area flood lighting applications.
The highest pressure HPS lamp types emit white light, but the standard
type does not. Typical efficacies are between 100 and 150 lm/W.

The short arc lamp because this lamp type is used for high power projection
systems, the most interesting feature of this lamp is its high brightness, i.e.
it emits a high flux from a very small volume, efficacy is a less important
parameter for such lamps. The efficacy of the short arc lamps is typically
40-50 lm/W for the xenon short arc lamps (high power projection systems),
50-60 lm/W for the mercury short arc lamp (lower power projection sys-
tems) and 70-100 lm/W for the metal-halide short arc lamp (stage lighting).
The pressure in these lamps is up to around 250 bar during lamp opera-
tion. As these lamps are used for projection systems, scattering is often
unwanted1 and these lamps are operated in quartz lamp burner

The high pressure mercury (HPM) lamp this lamp type is the predecessor
of the metal halide lamp and has an efficacy of up to 60 lm/W when
a phosphor is used to convert part of the UV radiation to the visible
spectrum. Although this lamp has become obsolete, we will often refer
to properties of this lamp, that are discussed extensively in the work of
Elenbaas [10].

The metal halide (MH) lamp these lamps are found in a wide variety of gene-
ral lighting applications, including flood lighting of smaller areas such as
those typically found in city centres or inside large buildings, and spot

1To reduce glare, the top of the outer bulb of some types of metal halide short arc lamps is etched.
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lighting applications, for example in the retail market. The basic operating
principle the metal halide lamps is the same as that of the high pressure
mercury lamp, but metal halide salts are added to this lamp to improve its
performance. The efficacy of these lamps is in the order of 70 to 120 lm/W.

The ceramic metal halide HID (CMH) lamps we focus on in this thesis belong
to the group of metal halide lamps. Because of the salts additives, the MH
lamps can have a very rich spectrum. Therefore, they can have a high colour
rendering index (CRI), which is a measure for how well the lamp allows an
object to present its real colour (see also section 1.2). Because the spectrum of
the lamp can be tuned by dosing specific additives to the lamp, there is some
design freedom to adapt the (C)MH lamp to specific applications, such as those
requiring a high colour rendering. These high demands are for example found
in the retail market. When an attractive presentation of products is important,
the CMH lamp is first choice. The CMH lamps show a high colour rendering
combined with a high efficacy. The typical lamp powers for these (indoor)
applications where the CMH lamps are mostly found are in the range of 20 to
250 W.

1.2 Photometry

Luminous efficacy

Visible light is that part of the electromagnetic spectrum which the human eye
can perceive. Within the visible wavelengths, the sensitivity of the eye also
depends on wavelength. This dependence on wavelength is expressed in the
CIE standard eye sensitivity curve [43] (figure 1.1). From this eye sensitivity
curve we can conclude that two lamps producing the same radiant flux (in W)
in visible spectrum, but with a different spectral distribution, can be perceived
as having different intensities. This can even happen for sources which have
the same colour. This means we can not use the radiant flux as a measure
to describe how powerful a light source is perceived. To correct for this, the
luminous flux (ΦV), with the unit lumen (lm) is used. The luminous flux is
obtained by integrating the spectral radiant flux (in W/nm) multiplied by the
eye sensitivity curve, over all wavelengths in the visible spectrum. When
optimizing the performance of lamps used for general lighting purposes, an
important property is the efficacy (η in lm/W); the ratio of the luminous flux
produced by the lamp to the power consumed (Pla). This is written as:
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Figure 1.1: The CIE standard eye sensitivity curve for photopic vision. It is used to
convert a (lamp) spectrum with intensities in power per unit wavelength to a value
for the luminous flux in lumen.

η =
ΦV
Pla

=
683
´ ∞

0 ΦeλV(λ)dλ

Pla
, (1.1)

with ΦV the luminous flux of the lamp, where Φeλ is the spectral radiant flux
in W/nm, and V(λ) is the eye sensitivity curve expressed in relative units. By
definition, the eye sensitivity curve V(λ) is zero outside the visible range
(380-780 nm). This means the integral can be also calculated using the limits of
the visible range in the integral.

Colour space

Two types of photoreceptors are found in the human eye, the rods and the
cones. The rods are mostly for low light and peripheral vision, the cones are
mostly active at high light levels and are mostly present in and around the
fovea, which is the central part of our vision. The rods are ’colour-blind’, there
are three types of cones and the brain interprets the combined signal from
these three different receptors in order to perceive colour. An incident signal
(stimulus) is detected by each of the tree types of cones, that each have a distinct
spectral sensitivity. The chromatic response is determined by integration of the
spectral radiant flux incident on the cone according to the sensitivity function
of the cone. This process is the underlying biological reason why we need to
calculate efficacy. The brain subsequently interprets the signals from the three
types of cones and depending on the three integrated values, perceives a colour.
From this procedure, we can readily conclude that it is possible for incident
light of different spectral power distributions to be interpreted as having the
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same colour. The perceived colour does not only depend on the object, but
also on the source that is used to illuminate it, because the light that is incident
on our receptors is reflected by the object, but was originating from the light
source. As such, the source has an important contribution to the perception of
colour.

There are three types of receptors , therefore, a set of three linear independent
spectral sensitivity functions can be constructed from the sensitivity functions
of these three receptors. These functions can be used to mathematically define
the concept colour. An example of such a set of equation is the CIE 1931 XYZ
colour space [44]. In the CIE 1931 XYZ colour space, the CIE tristimulus values
X, Y and Z are defined by:

X =
´ 780

380 Φeλ x̄(λ)dλ,
Y =

´ 780
380 Φeλȳ(λ)dλ,

Z =
´ 780

380 Φeλ z̄(λ)dλ,
(1.2)

where Φeλ is again the spectral radiant flux in W/nm, and x̄, ȳ, z̄ are the CEI
standard observer colour matching functions.

In this set of equations, the Y parameter is a measure for the brightness
(ȳ(λ) = V(λ)). Two other parameters, x and y, that are the normalized values
of X and Y, are used to represent the colour point. The parameters x and y are
used to plot the CIE 1931 xy chromaticity space [44], that is shown in figure
1.2. Monochromatic wavelengths are found at the boundary of the coloured
area and are indicated in nanometers. The central black curve represents the
black-body locus and the lines perpendicular to this black body locus represent
lines of equal correlated colour temperature, in Kelvin as is indicated by the
value of Tc(K) in the figure. Both concepts are defined in the following section.

Colour temperature

The spectral radiance (Bλin Wsr−1m−2m−1) of a black body radiator is given
by Planck’s law:

Bλ =
2hc2

λ5
1

exp( hc
kTλ )− 1

, (1.3)

where h is Planck’s constant, c is the speed of light, k is Boltzmann’s constant, T
is the temperature and λ is the wavelength. The glowing coal in a camp fire can
be used as an example for describing a black body radiator2 and to introduce

2although stricktly speaking it is a grey body, see also section 2.1.4
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Figure 1.2: The CIE 1931 xy chromaticity space [38]. Monochromatic wavelengths
are found at the boundary of the coloured area and are indicated in nanometers.
The central black curve represents the black-body locus, and the lines perpendicular
to it, with values given in the figure, represent lines of equal correlated colour
temperature. Colours perceived when viewing this image may only inaccurately
represent the actual colour that was intended, because depending on the quality
of the print and the light source, or the settings of the screen our perception is
influenced.

the concept colour temperature. When these coals have a temperature of a little
over 1000 K, they are glowing red-hot. When a current of air with fresh oxygen
is applied they become hotter and their colour can be orange, almost yellow.
Increasing the temperature of a black body to over about 2500 K will make it
seem white. Increasing the temperature even further would make the black
body radiator look blueish.

The colour temperature of the light is that temperature at which a black body
radiator would produce light of the same colour. When the colour coordinates
of black body radiation is plotted in colour space for different temperatures, a
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line called the black body locus is obtained. White light is defined as light with
colour coordinates coinciding with the black body locus.

For colours near the black body locus, the correlated colour temperature
can be defined. In the CIE international lighting vocabulary [41], the correlated
colour temperature is defined as the temperature of the black body radiator
whose perceived colour most closely resembles that of the given stimulus at
the same brightness and under specified viewing conditions.

Colour rendering index (CRI)

The colour rendering index (CRI) of a light source is an important aspect
in lighting technology. It is a number that indicates how well colours are
represented when illuminated by the light source. This colour representation
is measured with respect to how well a black body source with the same
(correlated) colour temperature represents the colours. To determine the CRI,
the average distance (∆Ei) between test samples that are lit by black body
radiation and by the test source is determined in CIE 1960 colour space [42]. It
is determined according to:

CRI = 100− 4.6∆Ē, (1.4)

with ∆Ē the average of the distances ∆Ei. There are different types of colour
rendering indexes, depending on which set of test colours is used. The most
commonly used CRI is Ra, which is based on eight test samples from a set that
was proposed by Nickerson [24]. To get an impression of the concept colour
rendering index, the CRI of several light sources is shown in table 1.1. Although
for all sources a number can be calculated and is given in this table, the CRI
is only defined for sources that are approximately white [40], in practice this
means that the concept is not meaningful for sources with a colour rendering
index below about 60.

1.3 Metal-halide lamps

A schematic picture of a MH lamp is shown in figure 1.3. The light is produced
by a plasma that is contained inside the hot lamp burner. Because of the
high power density in the lamp, the lamp burner wall will become very hot.
Temperatures up to 1500 K are typically found in commercial ceramic (C)MH
lamps. The burner wall has to be hot, as the density of the metal halides that
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Table 1.1: Typical colour rendering index values of several light sources.

source CRI
Low pressure sodium -44
High Pressure mercury (with phosphors) 50
fluorescent tube (depends on phosphors) 51-98
CMH lamp 84-96
Incandescent/Halogen 100
White LED (with phosphor conversion) 70-93

are added to the discharge becomes higher when the coldest spot of the burner
wall has a higher temperature.

Modern HID lamps are operated on a current stabilizing power circuit (also
known as the lamp ballast) that, in many cases, provides a low frequency
square wave current. The current is applied to the electrodes, which feed the
current to the plasma. The input power is provided to the discharge by resistive
heating of the plasma channel. For certain niche-markets, electrode-less, high
frequency inductively or capacitively coupled HID lamps are available, but
the resistively coupled MH lamp greatly outnumbers them. We will focus our
work and therefore also this discussion on resistively coupled MH lamps.

Before the lamp can produce light, it has to be started. Although we are
interested in the steady state operation of the lamp, a very brief description
of the starting process of an HID lamp is given here. For more a complete
discussion we refer to the dissertation of Sobota [29] on breakdown processes
in HID lamps. The vapour in the cold lamp burner consists mostly of a noble
gas, that is called the start gas, because almost all of the other species in the
lamp are condensed or solid when the lamp is cold. Therefore, the pressure
inside the lamp is low, typically between 0.1 and 0.5 bar. There is a small
number of free electrons in the start gas, that are created by cosmic radiation
or radioactive decay. In some lamps, a small UV source is used to create free
electrons. The free electrons are accelerated by high voltage pulses that are
applied to the electrodes to start the lamp. When these fast electrons collide
with the heavy particles (of the start gas), these heavy particles can be ionized
and secondary electrons are then created. These electrons are again accelerated
and the process may continue. The impact of fast electrons or ions on the
electrodes can also produce new electrons. When each electron in the electrode
gap produces on average (at least) one secondary electron before it is lost, a self
sustaining discharge has been produced and current breakdown is achieved.

After the current breakdown, the lamp will go through a warm up phase
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Figure 1.3: Schematic representation of a metal halide HID (MH) lamp. The light
is generated by a plasma that is contained inside the lamp burner (B). Liquid salt
pools (indicated with grey) containing the metal-halide additives are present inside
the lamp burner. The current is fed to this plasma by the electrodes (E) that are
connected to the lamp foot (LF) by conducting wires that also keep the burner in
place. The lamp foot is mounted so the lamp can be placed the lamp in a fixture. An
outer bulb (OB) is placed around the lamp burner for protection and to isolate the
lamp burner. The space between the lamp burner and the outer bulb is evacuated
and is kept clean by a getter (G). In some modern MH lamps, a small UV source (U)
is present. It helps to start of the lamp and is only active during the breakdown.

and steady state lamp operation is reached a few minutes after starting. During
the warm up phase, impact of fast electrons and ions (locally) heat up the
electrodes, allowing the cathode to produce new electrons via thermionic
emission. The heat conduction losses from the electrodes and the discharge
will heat up the lamp burner. Due to this increasing temperature, the other
species in the lamp will (partially) evaporate. The filling of the MH lamp can
be globally divided into the three categories start gas, buffer gas and light
emitting species, depending on the main functionality.

Start gas

The main function of the start gas is to facilitate starting the lamp and to limit
sputtering of the electrodes during this process. Therefore we need the start
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gas to be in the vapour phase during the cold state of the lamp. For ignition, a
high electrical conductivity and therefore a low cross section for electron-heavy
particle collisions is favourable. This low cross section also causes the start gas
to generally have no significant contribution on the electric field during steady
state lamp operation.

During steady state operation, a typical start gas pressure in the CMH lamps
is about 4 to 20% of the lamp pressure. As such, the start gas is the second most
abundant species in the discharge. In order to limit the heat losses, the start
gas should have a low coefficient of thermal conduction. We do not want the
start gas to contribute to the electron density, but it is quite abundantly present.
Therefore the start gas should have an ionization potential well above that of
the radiating species. The start gas should also be chemically inert, so it does
not react with the salts, the lamp burner or the electrodes. The combination of
these properties is best met by the noble gases. Typically argon and sometimes
xenon or neon is chosen.

Buffer gas

Because the MH lamp is resistively driven, a high lamp voltage is required to
obtain a high power density if we want to limit the lamp current. The main
function of the buffer gas is to aid in obtaining a high lamp voltage by limiting
the (electrical) conductivity of the lamp. The conductivity is determined by
the electron density and the electron mobility, that in turn depends on the
electron-atom collision cross-section. Since the vapour pressure of the metal
halides is typically at most several tens of kPa and the cross section of the start
gas is low, the mobility of the electrons could become very high if the buffer
gas was absent. This would lead to a low electric field and therefore low lamp
voltage, which is unwanted because a high current would be required to obtain
the wanted lamp power and a high lamp current leads to high electrode losses.
To build lamp voltage, a buffer gas that limits the electron mobility is required.
To limit the electron mobility, the presence of the buffer gas should result in a
high electron collision frequency, caused by a high cross section and/or a atom
high density.

Since the electrical conductivity increases with electron density and the
buffer gas should limit this conductivity, the addition of a buffer gas should
not lead to a significantly increased electron density. Therefore, the ionisation
potential of the buffer gas should be also high compared to that of the light
emitting species. This high ionization potential implies that the radiative
transitions will also have relatively high upper energy levels. Since the density
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of the buffer gas is high, these levels will be of high enough density such that
they strongly radiate in the high temperature regions (the core) of the discharge.
This will limit the core temperature by radiative cooling. As the resonance
lines of such species will likely (and preferably) be in the UV, a spectral range
for which absorption is strong, this aids in broadening or wall stabilizing the
discharge and helps limiting arc contraction (see also below).

Since the buffer gas typically is the most abundant species in the plasma, it
has a large influence on the heat conduction. The buffer gas should therefore
have a low coefficient of thermal conduction, and limit the heat of dissociation
transport by limiting the diffusion.

A (very) high species density is a disadvantage when starting the lamp.
Preferably, the buffer gas should not be evaporated when the lamp is cold, and
condensate after switching-off the lamp. Typically mercury is used as a buffer
gas because it matches all these properties very well. For some types of HID
lamps where a high brightness is the most important design parameter, high
pressure xenon is used as a buffer gas.

Light emitting species

The main function of the light emitting species is to produce light. In an HPM
lamp, the light emitting species is the same as the buffer gas (both mercury).
In metal halides lamps a mix of metal-halogen salts is added. Often the metal
atoms of the dissociated salt produce the light, but often molecular radiation is
important as well. Since the focus of this work is on CMH lamps, we will also
use the term ’salt’ to address the group of light emitting species in the lamp. A
very important additive is sodium-iodide, which is used in most commercially
available (C)MH lamps.

Each salt contributes to specific parts of the spectrum. By choosing which
elements constitute the salt mix, properties such as colour temperature and
colour rendering (index) are influenced. Since the radiated power is the biggest
power loss process in the lamp, the influence of the salts to the energy flows in
the lamp is important. This radiative cooling is important when determining
lamp properties such as the temperature (profile).

The salts typically have a low ionization potential and thereby contribute
significantly to the electron density. This has a negative impact on the lamp
voltage. Some of the salts do have a high electron collision cross section, but
the salt is a minority species in the lamp, therefore, the collision rate is not
significantly influenced by the salts. Through heat of diffusion (the transport
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of the reaction enthalpy of the molecular dissociation-association reaction), the
salts can have an influence on the coefficient of thermal conduction.

Core and mantle

The plasma discharge inside the HID lamp belongs to the category of the high
pressure arc discharges. A characteristic property of such discharges is that
they are composed of a bright zone in the centre, surrounded by a dim zone.
Based on such observations, the channel model was introduced. A complete
set of equations to solve the channel model was first given by Steenbeck [30].

In the channel model it is assumed that the discharge can be divided into two
regions, the core (the channel) and the mantle. In the mantle, the temperature is
low and the current density is negligible. Therefore, power is only transported
by means of heat conduction from the core to the surrounding tube.

In the core, the temperature and current density are high. In the channel
mode, the temperature in the core is assumed constant. The current provides
power input to the core due to resistive heating and power output is provided
by means of radiation and heat conduction. Elenbaas [10] has shown that
the channel model can be applied for the HPM lamp. Jack and Koedam have
published a study [18] that extends the applicability of certain key aspects of
Elenbaas’ analysis to MH lamps.

Wall stabilized versus contracted arc

We want the discharge to be stable because fluctuation in the intensity of the
light source (flicker) is disturbing. To obtain a stable discharge, a so called
wall stabilized arc is preferred. A wall stabilized arc has a broad, rather flat
temperature profile in the core, with a steep slope towards the wall. Combined,
this result in a parabolic shape of the temperature profile. If for some reason, a
wall stabilized arc would move off centre, toward one side, the temperature
gradient on that side would increase, elevating the heat conduction losses and
cooling the arc on that side. Simultaneously, on the other side, the temperature
gradient would decrease, lowering the heat conduction losses, permitting the
arc temperature to rise somewhat. Combined, these effects cancel the initial
motion and stabilize the arc.

Contrary to this is the contracted arc. A contracted arc has a bell shaped
temperature profile with a steep temperature gradient closed to the axis, and a
rather flat profile closer to the wall. Motion of an arc with such a temperature
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profile causes little change in heat conduction losses and the walls do not
stabilize the arc. Convection currents in the lamp can cause such an arc to
wander around the cross section of the tube, thereby causing flickering of the
light, which is unwanted. Another possible problem with a contracted arc is
that if it moves to the wall, this will cause additional heating on one side only,
risking cracking of the burner wall from thermal stress.

To determine whether an arc will be wall stabilized or contracted, knowledge
on the evolution of the electrical input power and the radiative output power
as a function of the temperature is required, this in turn depends on the height
of the energy levels of the radiating transitions, with respect to the ionization
energy. Waymouth [34] goes into the details in his book, here we will only
briefly cover his conclusions. A wall stabilized profile will arise when (viewed
from the core of the discharge towards the wall), the local electrical input power
is (always) higher than the local net radiative output power. In such a situation,
a continuously increasing heat conduction is required from the viewpoint
of energy conservation. Such a continuously increasing heat conduction is
obtained from a steeper and steeper decreasing temperature profile. This
results in a parabolic like temperature profile; a wall stabilized arc. On the
other hand, when the local radiative output is (from some point on) higher
than the local electrical input power, the heat conduction will reduce, thereby
lowering the temperature decrease and a bell shaped, contracted profile will
arise.

1.3.1 History and outlook

The basic principle behind the metal halide lamp, including an additive with
a specific spectrum in the lamp to improve the efficacy and colour of the
discharge has been known for a long time. In 1912 the first patent for a light
source based on this principle was granted to Charles Steinmetz [31]. He added
small quantities of the metal halide salts of the alkali metals to a mercury
discharge. At this time, the lamps where made from (hard) glass and the
electrodes where made of liquid mercury. This limited the temperature of the
coldest spot in the lamp, which limited the evaporation of the metal halides
in the discharge [34]. These effects combined with the instability of the arc,
limited the successfulness of these early metal halide lamps.

In 1961 a patent application for a metal halide lamp was filed by Reiling
[26]. This lamp consisted of a quartz lamp burner with tungsten electrodes.
The construction of this lamp was of similar nature as that of the high pressure
mercury lamps of that time. Because of the higher wall temperature that can
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be obtained in these lamps, a higher additive density can be reached in the
discharge. These lamps showed efficacies of 70 to 110 lm/W, as was published
by Reiling [25].

In the early 1990’s, metal halide lamps with polycrystalline alumina (PCA)
lamp burners have become available. Details on these lamps are published
by Carleton et al. [7]. The ceramic material of these lamp burners had some
advantageous properties. The most interesting is the combination of better
chemical resistance against the (rare earth) fill3, and the higher thermal stability
of the ceramic burner wall, which allowed for higher wall temperatures. At
these higher wall temperatures, a higher metal-halide pressure can be attained.
Due to these properties, the CMH lamps could obtain a higher efficacy, a better
colour rendering and showed better color stability.

The PCA burner wall is translucent instead of transparent, which means the
radiation is scattered when leaving the lamp. For some applications, therefore,
the PCA burners are not suitable. For example when projecting the light is
important, such as in car head lights, or in theatre spot lights, the lamp burners
are still made of quartz.

High pressure sodium (HPS) lamps with a ceramic burner wall have been
commercially available since the mid-1960’s [15]. But because of reactions
between the metal halide salts and both the niobium feed through and the
sealing frit (the vacuum tight ’glue’ between the electrode base and the lamp
burner) these lamp burners could not yet be applied to the MH lamp. The
solution was found with the use of so called extending plugs [7] (the extensions
emerging from the bulk of the burner wall that are holding the electrodes,
also shown in figure 1.3), thereby lowering the sealing frit temperature and
reducing chemical reactions. A salt dose higher than the amount of salt that
will saturate the vapour pressure in the lamp will create a liquid salt pool that
will fill up the larger part of extending plug. Because there is a temperature
gradient along the extending plug, the coldest spot in contact with the vapour
inside the lamp burner, which is found at the surface of the salt pool, is far
away from the sealing frit and is of high enough temperature to allow for a
high vapour pressure of the salts.

For the CMH lamps, we will distinguish three different generations, based
on the progress of the material science for the burner wall construction. These
three generations are extruded, shaped and without extended plug, which

3To be more precise: in a quartz lamp, the silica that is removed from the burner wall is transported to
the electrode where it dissolves into and deforms it [34]. This removal of silica from the gas phase by the
electrodes allows for new silica from the wall to enter the discharge. The alumina is still attacked by the
rare-earth fill, but it does dissolve into tungsten and therefore, the reaction is self-limiting.
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we will call unsaturated because a liquid salt pool is not required in these
lamps. The extruded lamps have a burner geometry similar to that in the
sketch of figure 1.3 and consist of joined cylindrical parts. The shaped lamps
have a smooth rounded burner, but still have the large extended plugs. The
shaped burners have less thermal stresses, lower temperature gradients, more
homogeneous (and thinner) burner walls etc. Detail on the shaping technology
of these two generations of lamps are discussed by Kappen [22].

Unsaturated CMH lamps have only very recently become commercially
available. This new generation of CMH lamps was presented in 2010, at the
12th international symposium on the science and technology of light sources
in Eindhoven, the Netherlands, by Hendricx et al. [16]. Key feature of the
unsaturated lamp is that there is no liquid salt pool required in the lamp burner
during operation. In an unsaturated lamp, all the species that are dosed in
the lamp are in the vapour phase. The advantages of these unsaturated lamps
include a better chemical stability and longer lifetime of the lamp. To be able
to obtain an unsaturated lamp, the salt must be dosed very precisely and
the burner must have a sufficiently high and homogeneous wall temperature.
Although we now skip many of the interesting details presented by Hendricx
et al. [16], this unsaturated lamp is made possible by an improved electrode
feed-through design which consists of an iridium rod through the PCA burner
wall that is mounted already during sintering. This construction eliminates
crevices and protruding parts around the feed-through. This unsaturated
design allows for new opportunities regarding faster run-up, mercury free
fillings, hot re-strike, miniaturisation and dimming [16].

This list of new opportunities that unsaturated CMH lamps allow for, is
readily corresponding with the list of current research topics. The topics of run-
up, hot re-strike, miniaturisation and dimming are part of the HID lamp work
package in the Catrene SEEL project CA502. In that project, a conglomeration
of companies of the European lighting industry and universities are developing
energy-efficient and dynamic lighting systems.

This thesis is written within the framework of the IWT-SCHELP project, a
project that aims for sustainable ceramic Hg-free energy efficient light sources
for general lighting purposes. In the next section we will go into more detail
on mercury free HID lamps.

The discussion on the history of the MH lamp shows that material innov-
ation, specifically regarding the burner wall and the electrode feed through,
has been a driving force behind improvements of the lamp. The higher wall
temperature these advancements have allowed for made higher salt additive
pressures and the use of new salt additives possible. This has improved the
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efficacy, colour rendering index, stability and lifetime of the lamp.

It would seem logical to reason that the next break-though is again related
to the burner wall. In 2004, Lister et al. [23] wrote that the development of
new materials will be central to advances in HID lamp technology. They also
wrote that new ceramics have been in the research phase for several years. The
demands on these lamps burners are however stringent. The lamp burners
must have a high thermal stability and high transmittance in the visible, but
also in the infrared to prevent extensive thermal radiation. To ensure a proper
temperature profile the heat conductivity of the burner wall must not be too
low, but to limit heat conduction losses, it should not be too high either. Other
properties such as chemical resistance to the salt fill, fracture toughness, thermal
shock resistance are also important. In 2005, Wei [35] has published a paper
on transparent ceramics. He published properties of YAG, AlON, quartz,
spinel, sapphire, Y2O3 and PCA. Although all these materials showed a high
transmittance, none of them could match the over-all performance of PCA.
Currently there is no concrete sign that a material to replace PCA in CMH lamps
will be found and introduced to the market. Although this statement was not
explicitly made by Wei [35], he did write that these new materials present
opportunities for light sources such as beamers and automotive headlights.
These are light sources that currently quarts burners are utilized for.

Solid state lighting

As of yet, there is no solid state lighting (SSL) product that is capable of
competing with the existing CMH lamps, nevertheless, SSL is an interesting
new technology. The development of SSL is changing the lighting industry [9].
Currently, SSL is specifically interesting for low lumen applications, such as
those in the consumer market, where non-integrated downlight are rapidly
being replaced by LED products. This replacement market is currently the
major stepping stone for SSL [11]. For other markets however, SSL is mainly
of interest when new systems are installed. Therefore, for other existing light
sources, a shift towards a focus on the replacement market is generally seen.
The main disadvantage of the new SSL technology is the high (initial) cost.
Bhardwaj and Shchekin [3] have however calculated that from 2013, the cost
of ownership of LED lamps is favourable against not only incandescent, but
also CFL. The US department of energy [39] has predicted 2015 for this tipping
point. They also predict the practical limit for the luminous efficacy of LED’s
will be reached in the coming decades and is between about 240 and 280 lm/W,
depending on the details of the concept and the light technical requirements.
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Such comparisons are generally between LED and other low lumen light
sources and LED is generally performing better at lower lamp powers. In
agreement with this, another market where LED’s are rapidly taking market
share is in hospitality and retail, where a.o. halogen reflector lamps are being
replaced by LED based sources [28]. When new systems are being installed, a
shift towards LED tubes instead of T8 and T5 linear fluorescent lamps is also
becoming visible in the market. So far we have discussed examples where SSL
is competing with incandescent and low pressure gas discharges.

From the performance of medium lumen LED chip prototypes [2], we can
conclude that SSL is also putting pressure on the HID lamps (in the low power
segment of this market). For example, for automotive headlights there is
competition between HID and LED, both aiming at replacing the tungsten
halogen bulbs and both are available in the market [4, 11, 27]. In this market,
the current status is that HID has a larger market share compared to LED.
A similar story holds for the projection lamps. HID is still dominant in the
market, but certainly for the lower power projection systems, LED products
are available [36], thereby competing with the short arc HID lamps. Also for
street lighting applications SSL systems are both promising [13] and are also
applied when new systems are being installed [28]. In this market they are
competing with for example the HPS lamps. The key factor which enables SSL
to compete against HID in this market is the dimming feature of LED systems,
which allows for large energy savings when intelligent lighting solutions are
applied [37].

Currently there is no SSL in competition with the CMH lamps, that are
found in applications needing for a high luminance level and at the same
time a high CRI. These demands apply to spot lighting and accent lighting
applications, that are for example found in retail lighting. However, as these
sources are on the low power side of the MH lamp segment, it is expected
that in the near future, SSL will become an alternative option in this market
as well for new systems, however for retro-fit lighting solutions in existing
systems, this is not likely and the currently existing CMH lamps will still be
an important aspect of the lighting portfolio. Therefore, understanding and
improving the currently available CMH lamps and finding a mercury free
alternative are still important goals. But for meeting these goals, it is becoming
increasingly important that the lamps are retro-fit products.

For applications where a combination of high lumen output combined with
high brightness is important, there are as of yet no serious SSL sources available.
Applications where such lamps are used include (large) area lighting, stadium
lighting etc, where HPS and MH lamps with lamp powers in the order of
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kilowatts are used.

1.4 Mercury free hid lamps

The topic of mercury free HID lamps has been important for a long time,
because of the environmental impact of mercury. Research on the topic of
mercury replacement include xenon as a buffer gas in metal halide lamps
[25], that are for example used for automotive headlights [27] and HPS lamps
[15], zinc and/or zinc-iodide buffered lamps [6, 5] and molecular radiation
dominated mercury free lamps [12, 19, 20, 21].

For many types of HID lamps, this has led to successful products. An
interesting example is the mercury free HPS lamp. A specific feature of the HPS
lamp is the high sodium pressure in these lamps. In combination with mercury
sodium shows an asymmetrical line broadening of the sodium-D resonance
lines towards the (low efficacy) red side of the spectrum. In combination
with xenon, symmetric line broadening appears. Therefore, with xenon, the
high efficacy green side of the sodium line is favoured. Because of these very
specific spectral properties, a mercury free HPS lamp with very high xenon
pressures shows an efficacy about the same as the mercury containing HPS
lamp. The HPS lamp is discussed in detail by De Groot and Van Vliet [15].
They show data for (experimental) 150 W HPS lamps, where a mercury free
HPS lamp with a high xenon pressure shows a higher efficacy (117 lm/W) than
the standard HPS lamp (104 lm/W), but they also show an example of a lamp
that contains both mercury and xenon that performs even better (122 lm/W).
Currently, commercially available mercury free HPS lamp show a luminous
efficacy that is about the same as that of their mercury containing counterpart
(around 110 lm/W for an 150 W HPS lamp).

Some HID lamps for automotive headlights are also mercury free, but they
are still mostly mercury containing. As these lamps are a sort of projection
lamps, the brightness is a more important design constraint than the efficacy. A
major driving force behind the mercury free headlight was the demand from
the automotive industry [5], as the HID headlamps in for the Japanese market
are required to be mercury free. Mercury free short arc lamps are also available.
Specifically the highest brightness (xenon) short arc lamp projection systems
that are used in the large movie theatres are mercury free.

Inductively coupled HID lamps are normally mercury free as well, and
capacitively coupled mercury free HID lamps exist as well. These two lamp
types are used in specific niche markets, often regarding high lumen applica-

19



Chapter 1.

tions, or applications where extremely long lamp life is important. Although
the luminous efficacy of these lamps is high, the lamp driver efficacy is lower
and (initial) system cost are generally much higher when compared to the
resistively coupled HID lamps.

All these examples are of lamps where high lamp voltage is not an important
design parameter, or even unwanted. Even the HPS lamp typically has a (much)
longer lamp burner and a lower electric field in the lamp than the (C)MH lamp.
For the CMH lamp, a high lamp voltage is important because the current
should remain low in order to limit the electrode losses. More specifically, to
obtain a high power per unit length, a high electric field is wanted. Mercury
is efficient in building lamp voltage. When mercury is removed, obtaining a
sufficiently high lamp voltage (without elongating the lamp) is difficult.

Because of the developments in the solid state lighting, customers are be-
coming more likely to switch to SSL when a complete lighting system has to
be replaced, or when a new system is purchased. Specifically for the lower
power HID lamps, the replacement market will be important. Therefore, it is of
increasing importance that the mercury free lamps are retro-fit products and it
must be possible to operate the mercury free lamps on the (high lamp voltage)
electrical systems that where put in place for operating mercury containing
HID lamps. In current research regarding mercury free lamps therefore, it is
very important that the lamp voltage of the mercury free lamp is about the
same as the lamp voltage of the mercury containing lamp.

Another important design parameter for mercury free lamps is the efficacy.
The main constituent of our energy mix consists of fossil fuels, as such, the
most significant mercury pollution by an HID lamp is the emission of mercury
during energy production energy production by coal fired power plants [8]. It
is therefore important that the mercury free lamp has a lamp efficacy about the
same as or preferably even better than the mercury containing lamp it aims at
replacing, for otherwise the total amount of (indirectly used and not-contained)
mercury may cancel the positive effect of reducing the mercury contained in
the lamp.

Besides these constraints on lamp voltage and efficacy, it is also important
to closely match the light technical properties and lifetime of the mercury lamp.
For the mercury free CMH lamp replacements we are investigating in this
thesis, these properties are a CRI above 90, and a correlated colour temperature
of typically 3000 K.

Up to now, no mercury free CMH lamp has shown to outgrow the status of
research project and evolve to a real commercially available lamp that meets
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the performance of the mercury containing counterpart. Typical problems
include lower efficacy, lower lamp voltage and/or a lower lamp life due to wall
corrosion or electrode damage. With our power balance study we aim to dis-
cover whether there is a fundamental reason behind this inferior performance
of the mercury fee lamps, but even more importantly, we want to increase the
understanding of the (mercury free) CMH lamps in order to further improve
them.

1.5 The power balance

The power balance is a means of expressing what happens inside the lamp.
The power balance is often represented by a schematic picture. A way of
schematically depicting the power balance of an HID lamp is shown in figure
1.4. This is a power balance for only the lamp, not including the driver or
ballast that is required to operate the lamp.

This thesis has its main focus on the study of the power balance of CMH
lamps from an experimental point of view. To be able to determine the complete
power balance, a broadband integrating sphere setup has been constructed, cal-
ibrated and tested. This setup was used to determine power balances for lamps
that are used in academic studies, but also for lamps that are representative for
commercially available products.

In words, the power balance can be explained as follows. The electrical
input power of the lamp is partly used to heat the electrodes of the lamp. The
electrodes have to be hot so that via thermionic emission, a sufficient amount of
electrons is launched into the discharge channel. The power input to electrodes
is determined by the lamp current and the potential drop in the electrode
sheath. The two dominant means of power loss by the electrode are thermal
radiation and heat conduction.

The majority of the lamp power is providing the input power to the arc
column. In the arc column, the electrons dissipate the power of the electric field
and transfer their energy to the heavy particles via collisions. These collisions
affect the discharge in three ways: heating of the heavy particles, ionization of
particles in the plasma and the excitation of the internal energy levels of the
radiating species so they can produce the radiation.

The main loss process in the lamp is the (mostly visible and infrared) radi-
ation4. Part of the radiation that was produced in the core is absorbed in the

4in terms of energy balances visible radiation is a loss process. In terms lamp performance, it is of course
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Figure 1.4: A schematic view of what the power balance of a lamp burner without
outer jacket looks like

colder regions of the lamp, and thereby changed into heat conduction.

Core temperatures in HID lamps are between roughly four to seven thou-
sand Kelvin, the exact value depends on the lamp fill and the power input. A
temperature gradient between the hot core and the cooler wall results in power
loss through heat conduction, which is an important loss process in HID lamps.

At the interface between the plasma and the lamp burner, the power lost
through the different types of heat conduction, grouped in the term non-
radiative losses deposit their power on the lamp burner. As a result of this
power input, the lamp burner heats up. Typical burner wall temperatures
during steady state operation range from around 900 K for the coolest parts
at the ends of the ceramic lamp burner, up to values of almost 1600K for the
hottest parts of the lamp burners in the newest generations of CMH lamps
and even higher wall temperatures can be found for reseach lamps for which
the long lamp life is less important. A high burner temperature is required to
evaporate the salts into the discharge, but a too high temperature may cause an
accelerated corrosion of the burner wall. Higher wall temperatures will result

rather strange to call visible radiation a loss process.
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in higher power losses through thermal radiation of the burner wall (and some
extra lead wire conduction losses). However, the plasma heat conduction losses
can become lower with higher wall temperature if this reduces the temperature
gradient inside the lamp.

As outer bulb obscures part of the infrared and ultraviolet spectrum of the
lamp, it is removed to be able to determine the complete power balance of
the lamp burner. The lamp burner is operated in an evacuated environment,
which is done to eliminate heat losses through conduction and convection in
the gas surrounding the lamp burner. This way, as is indicated with the bar at
the bottom of figure 1.4, almost the complete output power of the lamp burner
will be radiation. All the information on the different processes will have to be
deducted from the measured spectrum and/or can result from lamp modelling
efforts. The power balance is discussed in more detail in the theory section.

1.6 This thesis

The work presented in this thesis is aimed at obtaining a better understanding
of the power balance of CMH lamps by means of experimental investigation.
By determining and studying the power balance of the lamp, the insight into
the energy flows in the lamp can be improved. This can aid in the improvement
of existing lamps and development of new ones. In this power balance study,
special emphasis is put on the mercury free CMH lamps. In spite of a long
research effort history, the CMH lamp is one of the last types of HID lamps
for which no acceptable mercury free alternative is available. With this power
balance study, we aim to discover fundamental reasons why mercury free CMH
lamps consistently do not meet the specifications required for being capable of
replacing the mercury containing CMH lamps.

The theory of the power balance and every individual component of it is
discussed in chapter 2. In that chapter we will also discuss the channel model
and introduce some simple equations that are based on a top-hat temperature
profile and can be used to estimate properties of the lamp.

The performance of a CMH lamp is evaluated based on the visible spectrum,
but the majority of the output power is found in the infrared. A setup that aims
to determine the complete spectrum of high intensity discharge (HID) lamps
has been designed, constructed and calibrated. It consists of a high-resolution
integrating sphere that can cover a wide spectral range from 250 nm up to
10 µm. New in this work is that the integrating sphere measurements can
be used in the infrared part of the spectrum up to 10 µm and that we have
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calibrated the absolute intensity in that range. This setup is discussed in detail
in chapter 3.

We have classified 5 key elements that influence the power balance of an
HID lamp. These are the electrodes, the start gas, the geometry, the radiating
species and the buffer gas. We have set up experiments to investigate the
influence of each of these main elements to the power balance.

In chapter 4 the electrode losses will be addressed. We will present a new
method to determine the radiating part of the electrode losses. The advantage
of this new method is that it can be applied to electrodes in lamps with a
translucent burner wall. It exploits the different time scales for the decay of
the plasma radiation, the electrode radiation and the burner wall radiation
after switching off the lamp. We will compare this new method to two proven
methods. An experimental method: 2D-Pyrometry, which is based on meas-
uring the temperature profile of the electrode. This method can be applied to
electrodes in specially designed lamps with a transparent lamp burner. The
other proven method is a simulation tool: the Eldes model. This electrode
simulation model has been developed by Philips Lighting and will be used to
calculate the electrode losses.

In chapter 5 the influence of the start gas will be investigated. Elenbaas [10]
has shown that the plasma heat conduction loss increase when a start gas of
higher heat conductivity is added to the lamp. Because of its high pressure
and low heat conduction coefficient, mercury has a large influence on limiting
the heat conduction losses. When mercury is omitted, it is possible that the
influence of the start gas will increase. On the other hand, the salts in the CMH
lamps may have such a dominant influence on the total heat conduction losses
(because of their heat of dissociation transport), that the influence of the start
gas might not be of serious significance any more. This uncertainty justifies
re-evaluating the influence of the start gas.

In chapter 6 the influence of the geometry will be investigated. Elenbaas [10]
has extensively described the high pressure mercury lamp (HPM). In his work,
general design rules for the HPM lamp are obtained. Two important design
rules are: The plasma conduction losses are constant when lamp dose and
lamp diameter are varied. The plasma absorption loss are a constant fraction
of the radiated power when lamp dose and lamp diameter are varied. We will
investigate if and how these design rules can be applied to the (Hg-free) CMH
lamps.

In chapter 7 the influence of the radiating species will be investigated. Spec-
tral investigations comparing mercury vapour discharges with and without
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metal-halide additives have shown a spectral shift, increasing the power emit-
ted in the visible spectrum, when certain metal-halides are added to the dis-
charge [25, 33]. We will address this subject from the point of view of the power
balance and will not only regard the spectral shift, but also the influence of
the radiating species on the heat conduction losses and the absorption losses.
Previous studies in the framework of the ALITE-II program [14] have shown
that the infrared continuum is an important contribution to the power loss
mechanism in the (infrared spectrum of the) MH lamp. We will measure and
calculate the continuum radiation losses of two simplified metal-halide lamps
and compare them to measurements and calculations on a mercury reference
lamp.

In chapter 8 we will discuss an experiment where indium-iodide is applied
as buffer gas. Indium-iodide was chosen because it has a high vapour pressure
and at most electron energies for which the cross section is available from liter-
ature indium (when assuming isotropic scattering) has a significantly higher
electron collision cross section than mercury. These experiments indicated
an interesting direction for further investigating molecular radiation domin-
ated mercury free HID lamps, a concept that was previously described by
Käning et al. [12, 20, 21]. Lamps based on this concept were produced and
investigated and the possibility of using such lamps for the replacement of
mercury containing CMH lamps will be discussed.

In chapter 9 the results of the individual chapters combine into a complete
overview and all conclusions will be discussed in detail there. We will ex-
tensively discuss how the lamp properties are connected and to which desing
constraints this leads. These combined results will be the building blocks
for the foundation and scientific justification of the main conclusions of this
work, that will be presented in chapter 10 without the detail of the scientific
justification.
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Chapter 2

Theory

The work presented in this thesis focusses on the power balance of ceramic
metal halide high intensity discharge (CMH) lamps from an experimental point
of view. As a theoretical background for this work, we will discuss all aspects
of the power balance from a theoretical (plasma physics) point of view. After
that has been done, we will introduce the channel model and the Elenbaas
plots. The channel model will greatly simplify the equations that can be used
to estimate (plasma) properties in the lamp from the measured macroscopic
lamp properties.

2.1 Power balance of HID lamps

In the introduction we have shown a schematic representation of the power
balance (see also figure 1.4) and briefly described each process. In this chapter
the power balance will be discussed in more detail from a theoretical point of
view.

2.1.1 Electrical input power

The electrical input power into the lamp is mainly dissipated by the plasma and
partly by the electrodes. The details of both these processes will be discussed
later in the following two sections.

HID lamps show a negative voltage-current (V-I) characteristic. The reason
behind this negative V-I characteristic is as follows. If the current through
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the lamp is increased, the input power will increase and the lamp will heat
up. According to the Saha equation (eq. 2.13), the electron density increases
exponentially with temperature. Therefore, the (local) conductivity increases
with increasing temperature. When the conductivity increases, this will lead to
a decrease in the electric field and hence the lamp voltage is reduced.

Because of this negative V-I characteristic, HID lamps are operated using a
ballast that stabilizes the total current I through the lamp. Some ballasts also
measures the input power, and adjusts the current through the lamp until a
pre-set input power is obtained. Modern HID lamps are generally operated on
an low frequency square wave (LFSW) alternating current signal. This is done
to minimize the time of the zero crossing of current waveform, to prevent the
lamp from cooling down, which would result in high reignition peaks.

2.1.2 Electrode losses

The electrodes in the HID lamp are providing and collecting the current that
flows through the plasma. In an HID lamp operated on a LFSW alternating
current signal, the electrodes switch between the current collecting (cathode)
and current providing (anode) functionality. The electrons move in the opposite
direction and are provided by the cathode and collected at the anode.

In order to emit a sufficient amount of electrons, the cathode needs to be at
a sufficiently high temperature. In the cathode phase, ions accelerated in the
sheath bombard the electrode and also heat it up. In the anode phase, (hot)
electrons are collected from the plasma, heating up the anode in the process.
These processes consume part of the lamp power, therefore we will discuss the
processes of the cathode and the anode below.

The cathode

At the surface of the hot cathode, electrons are emitted by thermionic emission.
Thermionic emission is a process where electrons that have a (thermal) energy
higher than the work function (the energy binding the electrodes to the ma-
terial) can escape the electrode and enter the plasma. The current density (je)
with which these electrons escape the material depends on the local surface
temperature (T) and is described by the Richardson-Dushman equation [9],
which writes:

je = AgT2 exp(− eφ

kT
). (2.1)
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In this equation φ is the work function in electronvolt, e is the elementary
charge and k is Boltzmann’s constant. The generalized Richardson constant
Ag depends on the electrode material [8] and is typically in the order of 0.5A0,
with:

A0 =
4πmk2e

h3 , (2.2)

where m is the mass of the electron and h is Planck’s constant.

The work function φ is determined by the material at the surface of the
electrode. The electrodes in CMH lamps are made of tungsten. Tungsten
has a work function of approximately 4.5 eV. In order to obtain a lower work
function, in some cases so called emitters are added. On the surface of the
electrode, these emitters form a (mono-)layer with a lower work function
that aids the emission of electrons. The formation of this mono-layer is a
dynamic equilibrium between transport of ions and atoms to the electrode
and thermal desorption on the other hand [20]. The emitter coverage of the
electrode is an important parameter when determining the work function
reduction. Thorium was a commonly used emitter in HID lamps. Either in the
form of Thorium-oxide in the lamp fill (HPM lamps), or as a Thorium doped
in Tungsten electrode material itself (in early quartz MH lamps and in some
automotive lamps).

In modern CMH-lamps gas phase emitters are preferably used. A gas phase
emitter arrives on the electrode from the plasma. Examples of such species
are Na [12], Ce [21], and Dy [18]. The choice of the type and amount of gas
phase emitters is however not an isolated design parameter, since these emitter
materials typically also radiate (strongly) in the visible region. This radiation
also influences the radiation properties and power balance of the lamp.

The presence of the electric field near the electrode enhances the electron
emission. This is called the Schottky effect [22]. Due to the Schottky effect, the
work function is reduced by:

∆φ =

√
eE

4πε0
. (2.3)

Where E is the field strength at the cathode surface and ε0 is the vacuum
permittivity.
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Power density at the electrode surface during the cathode phase

A potential difference called the cathode sheath develops between the negat-
ively charged cathode and the quasi-neutral plasma bulk. Near and in this
cathode sheath, the positive ions accelerate towards the cathode and thereby
carry a part of the current. These accelerated ions deposit their kinetic energy
on the cathode. Each such an event deposits an energy equal to eVc. This is the
energy gained per ion accelerated by the potential difference Vc in the sheath.
When these ions hit the surface of the cathode, they recombine with an electron
and release their ionization energy (eVi). This electron has to overcome the
work function to be extracted. This process is removing an energy equal to eφ
from the cathode. The number of ion impacts per unit time, can be calculated
from the local ion current density ji and is equal to ji/e (for singly ionized spe-
cies). As such, the input power density on a cathode surface element resulting
from ion bombardment is equal to [1]:

qib = ji(Vc + Vi − φ). (2.4)

The power removed from the same cathode surface by emission of electrons
that form the electron current (je, eq. 2.1) is equal to jeφ (Richardson cooling).
These electrons are accelerated in the sheath and reach a power density equal
to jeVc. Near the end of the sheath, the electrons produce new ions by collisions
with the neutral particles. These ions again accelerate towards the cathode
and the process equilibrates. If we assume that all the energy gained by the
electrons is used to produce ions1 we can write:

jeVc = jiVi. (2.5)

The input power density on the cathode surface can now be rewritten in a
simple way. Integration over the cathode surface gives us the total power input
on the cathode, which is equal to:

Pcath = I(Vc − φ), (2.6)

where I is the lamp current. When the cathode is too cold, the potential differ-
ence Vc will reach a high value such that the energy input by ion bombardment
will heat the cathode. At higher temperatures the electron current density is a
high enough to sustain a significant part of the lamp current, so Vc will become
lower. Typical electrode tip temperatures are between 2000 and 3600 K.

1According to Bade [1] this is a rather crude approximation. However, it works well to explain the theory.
A refinement which includes a limiting value on the ion current is proposed by Bötticher [3].
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A temperature gradient exists between the hot tip and the cold base. The
electrode loses power due to both heat conduction and thermal radiation.
Depending on the type and shape of the electrodes, the conduction losses
can be as high as 75% of the losses with values as low as about 25% for the
radiation losses in rod-shaped electrodes. For electrodes of a rod-with-coil type,
the radiation losses can be as high as 75% of the losses, and the conduction
then contributes only 25%. For the lamps considered in this thesis, the total
resistive losses are below 1% of the total losses. This process therefore is at least
about 25 times smaller that the contributions of the conduction or radiation,
and therefore it can be neglected when determining the electrode losses.

The anode phase

In the anode phase, the electrode collects electrons from the plasma. The
simplest way this can happen is when the anode consumes the electrons that
happen to hit it as a result of their random thermal motion and their drift in
the electric field in the lamp. In practice, however, the small anode in the CMH
lamp will not collect sufficient electrons this way. The detailed understanding of
the exact physical processes happening during the anode phase of the electrode
in electric arcs are complex and are still not fully understood [13]. Near the
anode a sheath-like region to attract electrons can be formed. In arc discharges,
the potential of this anode fall may be very small 1 to 3 V, or negative according
to Raizer [19] . Luijks et al. [18] have reported an anode fall of about 3 V for
HID lamps. Assuming an anode sheath with a sheath potential Va, we can
write the input power at the anode as:

Pan = I(Va + φ), (2.7)

resulting in the total electrode losses:

Pel = I(Vc + Va) = IVel . (2.8)

2.1.3 Power in the arc column

The electrical field between the electrodes is accelerating the electrons in the arc
column. Resistive heating, due to collisions of these accelerated electrons with
the heavy particles provides the input power to the arc column of the lamp.
These electrons again transfer their energy to the heavy particles via collisions.
This energy exchange heats, excites and ionizes the heavy particles.
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The input power per unit length (Pin) going into a cylindrically symmetric
discharge is given by:

Pin = E2
R̂

0

σ2πr dr. (2.9)

In this formula, E is the electric field and σ is the conductivity of the plasma.
Since the conductivity is a function of the radial position r, the input power is
an integral over the radius of the lamp taken from the centre of the discharge
to the wall at r = R.

This notation of the input power implies that E is an input parameter for
lamp operation, while actually the lamp is operated by a ballast that controls
the lamp current. The local current density is determined by J(r) = σ(r)E. The
conductivity σ(r) will reach such a value that an electric field establishes across
the plasma according to:

E =
I´ R

0 σ2πr dr
. (2.10)

From the viewpoint of the current stabilized lamp operation, the input power
per unit length is written as:

Pin =
I2

´ R
0 σ2πr dr

. (2.11)

The conductivity is the product of the total charge density ene (with e the
elemental charge and ne the electron density) times the electron mobility µe.

σ = eneµe. (2.12)

The Saha equation is used to determine the electron density. In the case of
one singly ionized species, the density of ions is equal to that of the electrons
(ni = ne) and the Saha equation is written as follows.

ne =

√
nn

(2πmekTe)
3/2

h3 2
g1

g0
exp

(
− eVi

kTe

)
. (2.13)

In this equation, g0 and g1 are the degeneracies of the first exited states of
the neutral particle and ion respectively. The ionization energy of the particle
under consideration is given by eVi, with Vi the ionization potential in eV. For
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low ionization degrees, the neutral particle density nn, can be approximated
with the total density na of the particle. When multiple (singly ionized) species
are present in a plasma, the Saha equation obtains a summation (that is placed
inside the square root) over all the different species that are present in the
plasma.

The electron mobility is given by:

µe = 0.75
e

menaQm 〈v〉
. (2.14)

The simplification 〈Qm(v)v〉 = Qm 〈v〉 has be made, where Qm(v) is the velo-
city dependent collision cross section for momentum transfer, Qm the average
collision cross section and 〈v〉 the mean velocity of the electrons. In case of a
multi component mixture, naQm 〈v〉 should be replaced by a summation of the
terms naQm 〈v〉 for all the different species in the plasma.

The velocity distribution of the thermal motion of the particles in the plasma
depends on the temperature T and is given by the Maxwell-Boltzmann dis-
tribution, which describes the probability density distribution for finding a
particle with a speed v =

√
v2

x + v2
y + v2

z .

f (v) =

√
2
π

( m
kT

)3
v2 exp

(
−mv2

2kT

)
(2.15)

In this equation m is the mass of the particle. When assuming LTE, the same
temperatures are used in the Maxwell-Boltzmann distributions for all particles
and for all processes. The average thermal speed is found by integration:

〈v〉 =
ˆ ∞

0
v f (v) dv =

√
8kT
πm

. (2.16)

Combing the equations above gives the conductivity written as:

σ = 0.75
e2ne

menaQm

√
πm
8kT

(2.17)

2.1.4 Radiation

Following the SI system, the theory in this section will be presented using
the unit frequency in Hertz (ν [Hz]) and the intensity per unit frequency
(Iν

[
Wm−2sr−1Hz−1]). Our measurements are presented in wavenumber in
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inverse centimeter (v [cm−1]). This results in an intensity per inverse centi-
meter (Iv [Wm−2sr−1cm]). For convenience of the reader, the discussion of the
measurement results is often done using the unit wavelength in nanometer
(λ [nm]). This results in an intensity per nanometer (Iλ [Wm−2sr−1nm−1]). The
relation between frequency (ν), wavenumber (v) and wavelength (λ) is:

ν = c′v = c”/λ, (2.18)

with c the speed of light, c′ is the speed of light in cm/s when wavenumber in
cm−1 is used and c” is the speed of light in nm/s, when the wavelength is in
nm. The conversion between intensity per unit frequency (Iν), intensity per
unit wavenumber (Iv) and intensity per unit wavelength (Iλ) is done using
conservation of energy. This means that their integrated values must remain
the same:

Iνdν = Ivdv = Iλdλ, (2.19)

resulting in:

Iv = c′ Iν |(ν→c′v) , Iλ =
c”
λ2 Iν |(ν→c”/λ) . (2.20)

Atoms have different internal energy levels. These energies depend on the
way the electrons that orbit the nucleus are organized. This can be represented
in an energy level diagram. A sketch of a simplified energy level diagram is
shown in figure 2.1. The horizontal lines represent different energy levels. The
label Ei indicates the ionization energy, above this energy, the electrons are free
and can have any energy. In the figure this is indicated by a shaded region.
Transitions between two energy states result in line radiation when the electron
is bound to the atom for both energy states involved in the transition (bb),
transitions where free states are involved in (ff and fb), result in continuum
radiation.

Transitions between energy states can result in the emission or absorption of
a photon. The energy of the photon (hν) is related to the (sum of each particles)
energy before the transition (Eu) and the (sum of each particles) energy after
the transition (El):

|Eu − El | = hν, (2.21)

where h is Planck’s constant.
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Figure 2.1: A simplified energy level diagram for an atom. The horizontal lines
represent different energy levels. Transitions between two energy states result in line
radiation when the electron is bound to the atom for both energy states involved in
the transition (bb). The label Ei indicates the ionization energy, above this energy, the
electrons are free and can have any energy. In the figure this is indicated by a shaded
region. Transitions where free states are involved in, free-free (ff) and free-bound
(fb), result in continuum radiation.

Atomic line emission

Because the bound-bound transitions are transitions between discrete energy
levels, the photons will have discrete energies. This type of radiation appears
as lines in the spectrum and is called line emission. To determine the amount
of photons that are emitted, the density of particles in the upper state and the
transition probability have to be known. In local thermodynamic equilibrium,
this density is determined according to the Boltzmann distribution. In this
distribution, an energy level u with energy Eu will be occupied by a particle
density nu according to:

nu =
nagu

Z(T)
exp

(
−Eu

kT

)
. (2.22)
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Where na is the particle density of the particle under consideration, gu is the
degeneracy of the level u and Z(T) is the partition sum, the number resulting
from a summation over all possible levels:

Z(T) = ∑
k

gke−Ek/kT. (2.23)

For temperatures relatively low with respect to the spacing between the levels,
the partition sum can be approximated by the degeneracy of the ground state
(Z(T) ≈ g0). The Boltzmann equation is now written as:

nu = na
gu

g0
exp

(
−Eu

kT

)
. (2.24)

The spectral emission coefficient (jν,line) for line radiation can be written as:

jν,line =
hνul
4π

Aulnu ϕ(ν). (2.25)

In this equation, hνul is the energy of the photon, Aul is the Einstein transition
probability for spontaneous emission, nu is the density of the upper level, 4π
takes into account the solid angle the radiation is spread into and ϕ(ν) is the
normalized line profile:

ˆ ∞

−∞

ϕ(ν)dν = 1. (2.26)

This line profile can be influenced by different broadening mechanisms: nat-
ural broadening, that can be explained by applying the Heisenberg uncertainty
principle to the energy level and the transition probability, Doppler broad-
ening, caused by the relative (thermal) motion of the gas with respect to the
observer, Stark broadening, caused by interactions between charged particles
and the radiating species, resonance broadening, caused by dipole interactions
between particles of the same species, and Van der Waals broadening, caused
by interaction between particles of different species.

The intensity is obtained by integrating equation 2.25 over a line of sight.
Absorption can be important. In that case it is required to integrate the radiation
transport equation over the line of sight. The radiation transport equation
describes the change in intensity:

dIν

dx
= jν − κν Iν, (2.27)
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where jv is the local spectral emission coefficient, Iν is the intensity κν is the
local absorption coefficient (in m−1) and dx is an infinitesimally small step of
the position coordinate. According to Kirchoff’s law, the local emission and
absorption coefficient are related to each other by:

κν = jν/Bν, (2.28)

with Bν the black body radiation according to Planck’s law (see also equation
2.40) with local temperature. With this definition, equation 2.27 is rewritten as:

dIν

dx
= κν (Bν − Iν) . (2.29)

This equation shows that the intensity will decrease when the intensity is larger
than the black body curve intensity, and that this change is stronger when κν is
larger. When κν is large, absorption is strong and radiation is called optically
thick. When κν is small, absorption is weak and radiation is called optically
thin.

The power emitted per unit volume can be found by integrating equation
2.25 over frequency and solid angle. The resulting power per unit volume
emitted by line radiation in the transition u− l is equal to:

P′L = Eul Auln0
gu

g0
exp

(
−Eu

kT

)
. (2.30)

In this equation, Eul is the energy difference of the energy levels in the transition,
Aul is the Einstein transition probability for spontaneous transmission, and
the remaining part of the equation represents the density of the upper level
according to equation 2.24. In case of negligible absorption, the total power is
found by integrating equation 2.30 over the radiating volume.

Molecular radiation

Like atoms, molecules also have different energy levels that are determined by
the way the electrons are organised. On top of these electronic energy levels,
additional energy levels are present from the molecule’s vibration and rotation.
The energy levels related to the electronic levels show large spacing, like the
atomic energy levels. The vibrational energy levels provide a sequence of more
closely lying levels on top of the electronic levels. The rotational energy levels
provide an additional sequence of energy levels, again with a smaller spacing
between them. The emission by molecular radiation is also calculated using
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equations 2.22 and 2.25, but now using the energy levels of the molecule. The
spectrum of the closely spaced rovibrational transitions that accompany an
electronic transition appear as bands in the spectrum.

Because of the high temperature in the core of the HID lamp, virtually
all metal halide molecules are dissociated before reaching the hot core. As a
result, molecular radiation is often produced outside the core of the discharge.
Radiation in the cooler zones is possible when the molecule has energy levels
low enough so that they are considerably populated at the lower temperatures.

Continuum radiation

Continuum radiation is a general term used to indicate radiation that appears
in a broad range of the spectrum with a smooth shape. This can include
molecular bands, (extremely) broadened wings of spectral lines such as the
sodium-D line, thermal radiation, radiative recombination and bremsstrahlung.
Bremsstrahlung occurs when the energy (velocity) of a free electron changes
while it interacts with a heavy particle. Two types of bremsstrahlung radiation
are distinguished depending on whether the interaction is taking place between
free electrons and ions, or between free electrons and heavy particles.

Radiative recombination is a process that is producing continuum radi-
ation when a free electron is captured by an ion leading to a bound electron.
Together they form a neutral particle. The spectrum produced by this type
of radiation starts at the minimal energy released in the transition which is
equal to the ionization energy minus the energy of the final state (Ei − E f ). For
each transition, the spectrum extends to the high energy side of the threshold
value, as the kinetic energy of the electron is added to the energy released in the
transition. Because of this threshold value, there are fewer and fewer radiative
recombination transitions that can produce radiation in the spectrum when
going towards lower frequency (or higher wavelength). For a singly ionized
species, the spectral emission coefficient of recombination bremsstrahlung is
given by [5]:

jR(ν, Te) =
16πe6

3c3(4πε0)3(6πm3
e kTe)

1/2
nineξR(ν, Te)(1− exp(− hν

kTe
)). (2.31)

In this equation Te is the electron temperature, me is the mass of the electron, k
is Boltzmann’s constant, e is the elementary charge, c is the speed of light, h is
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Planck’s constant, ε0 is the vacuum permittivity, ν is the frequency, ni is the ion
density of the ion under consideration, ne is the electron density and ξR(ν, Te)
is the Biberman factor [2], a factor that takes the deviation of the electronic
structure of the atom from the hydrogenic structure into account.

Electron ion bremsstrahlung is radiation that is produced when the electron
changes from one free energy state to another free state in the force field of an
ion. This is radiation that is emitted when the velocity of the electron changes
due to the interaction between the electron and an ion. The energy of the
emitted photon is related to the energy change of the electron. For a singly
ionized species, the spectral emission coefficient of electron ion bremsstrahlung
emission is given by [5]:

jei(ν, Te) =
16πe6

3c3(4πε0)3(6πm3
e kTe)

1/2
nineξei(ν, Te) exp(− hν

kTe
), (2.32)

where ξei is the Biberman factor for electron ion bremsstrahlung.

Electron neutral bremsstrahlung is radiation that is produced when an
electron changes from one free energy state to another in the force field of a
neutral particle. The incoming electron is shifting the electrons that are orbiting
the nucleus of the neutral particle, thereby the neutral system gets polarized,
creating an induced dipole moment. This radiation is emitted when the velocity
of the electron changes due to the interaction between the electron and an atom.
The energy of the emitted photon is equal to the energy change of the electron.
The spectral emission coefficient of electron neutral bremsstrahlung is given by
[5]:

jea(ν, Te) =
32e2

3c34πε0

(
kTe

2πme

)3/2

naneG(ν, Te). (2.33)

In this equation G(ν, Te) is the Gaunt factor for electron neutral bremsstrahlung.
For electron neutral bremsstrahlung the Gaunt factor is written as [5]:

G(ν, Te) =

∞ˆ

x0

Qea(x)x2 exp(−x)dx (2.34)

Where x is the reduced kinetic energy mv2

kTe
of the electron, x0 is the reduced

wavelength hν
kTe

of the emitted bremsstrahlung, and Qea the collision cross
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section for the interaction between electrons and atoms. If we assume Qea(x)
can be replaced by a(n averaged) Qeam independent of v, then Qea can be taken
out of the integral and the Gaunt factor can be written in a simplified form.
After integration this results in:

G(ν, Te) = Qeam(Te)

[
1 +

(
1 +

hν

kTe

)2
]

exp
(
− hν

kTe

)
. (2.35)

With this Gaunt factor, the spectral emission coefficient for electron neutral
bremsstrahlung is written as:

jea(ν, Te) =
32e2

3c34πε0

(
kTe

2πme

)3/2

naneQeam(Te)

[
1 +

(
1 +

hν

kTe

)2
]

exp
(
− hν

kTe

)
.

(2.36)

Only a small fraction of the electron energy is lost in a collision with a
heavy particle. Except for low energies, the cross-section for the interaction
between electrons and neutral particles often shows an approximately inversely
proportional relation with the electron energy. For example, such a relation
can be roughly seen in the cross-section of the electron mercury interaction for
electron energies above 0.5 eV. In such a situation, Qea(x) is replaced by Qeam/x

and integration of equation 2.34 results in:

G(ν, Te) = Qeam(Te)

[
1 +

hν

kTe

]
exp

(
− hν

kTe

)
, (2.37)

and the spectral emission coefficient for electron neutral bremsstrahlung is
written as:

jea(ν, Te) =
32e2

3c34πε0

(
kTe

2πme

)3/2

naneQeam(Te)

[
1 +

hν

kTe

]
exp

(
− hν

kTe

)
.

(2.38)

Bremsstrahlung is an energy loss process that appears predominantly as
infrared radiation. This can be seen from the exponential decay with frequency
in the emission coefficient. Because this continuum appears predominantly in
the infrared, it does not contribute to useful visible radiation and is considered
a loss process for the HID lamps in this work2.

2For ultra high pressure mercury lamps (used for example in projection systems) this statement is not
entirely true. For those lamps, continuum radiation is an important contribution in the red part of the visible
spectrum.
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The power density per unit volume P′ea of the electron neutral bremsstrahlung
is determined by integrating the spectral emission coefficient (eq. 2.36) over
the wavelength and the solid angle.

P′ea = 4π

ˆ
jea(ν, Te)dν = 4π

32e2

3c34πε0

(
kT

2πme

)3/2

6
kT
h

nenaQeam(T). (2.39)

In case this integration would have been performed using equation 2.38
instead of equation 2.36, a factor of 2 instead of the factor 6, would be found in
equation 2.39.

Thermal radiation

Thermal radiation is the radiation that is emitted by a hot object due to its non-
zero temperature. The spectral radiance (Bνin Wsr−1m−2Hz−1) that describes
the thermal radiation of a black body radiator (see also section 1.2) is given by
Planck’s law:

Bν =
2hν3

c2
1

exp( hν
kT )− 1

, (2.40)

where h is Planck’s constant, c is the speed of light, k is Boltzmann’s constant,
T is the temperature and ν is the frequency of the radiation. A black-body
absorbs all radiation incident onto it. An object that does not absorb all incident
radiation is called a grey body.

For a grey body, the spectral radiance can be calculated by introducing a
spectral emissivity (ε(λ, T)), where the spectral emissivity is defined as the
ratio between the spectral radiance of the grey body and the spectral radiance
of a black body radiator of the same temperature.

The Stefan-Boltzmann law describes that radiant emittance (in W/m2) radi-
ated from a black body as a function of temperature is given by:

P = σT4, (2.41)

where σ Stefan-Boltzmann constant. For a grey body, the radiant emittance
can be calculated by introducing an emissivity (ε(T)), where the emissivity is
defined as the ratio between the radiant emittance of the grey body and the
radiant emittance of a black-body according to Stefan-Boltzmann law at the
same temperature.
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2.1.5 Non-radiative losses

The non-radiative losses consist of losses due to the absorption of radiation and
heat conduction losses. The heat conduction can be described using Fourier’s
law. Assuming cylindrical symmetry, the heat conduction Pc (again per unit
length) is given by:

Pc = −2πrλ(T)
dT
dr

, (2.42)

where r is the radial coordinate, T is the temperature and λ(T) is the coefficient
of thermal conduction. The coefficient of thermal conductivity (λ) consists of
multiple components: the translational- (λt), the internal- (λi), the electronic-
(λe), and the reactive thermal conductivity (λr). Although this work is ex-
perimental, an theoretical insight on the processes and equations needed to
calculate the coefficient of thermal conductivity is interesting.

The translational conductivity is the transfer of kinetic energy by the heavy
particles. The translational conductivity is also sometimes called the frozen
thermal conductivity (λ0). For a mono-atomic gas it can be described by the
Chapmann-Enskog expression [6]:

λ0 = A
√

T/M
σ2Ω(2,2)∗ . (2.43)

In this expression, T is the absolute temperature, M is the molar weight
of the gas, A is a numerical factor, σ is the neutral collision cross section
and Ω(2,2)∗ is the reduced dimensionless collision integral. The translational
thermal conductivity does not depend on the density3. This is so, because
although at higher density there are more particles that can transport heat via
random motion, there are also more collisions that hamper the transport.

The (translational) thermal conductivity of a mixture of gases can be de-
scribed by the Wassiljewa equation [23]:

λm =
n

∑
i=1

λi[1 +
n

∑
j = 1
j 6= i

φij(Xj/Xi)]
−1. (2.44)

3unless working at pressures well below about 0.1 mbar
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In this expression, Xi is the mole fraction of the i-th component of the
mixture and φij is the Wassiljewa constant, which a measure for how difficult
species i can travel through species j. As such, it is a sort of inverse diffusion
coefficient.

The internal conductivity is related to the transfer of energy stored in the
internal energy of the excited states. The average thermal energy per particle is
3
2 kT. the average internal energy per particle is:

1
Z ∑

i
Eigi exp− Ei

kT
, (2.45)

which is the sum over all energy levels of the product of the energy of the level
Ei times the population density, divided by the partition sum. This equation
shows that this contribution can be neglected for energy levels Ei � kT. Which
is the case the energy levels in atoms. The equation also shows that energy
levels Ei � kT give rise to low internal conductivity contributions. This is
typically the case for the rovibrational levels on the electronic ground state of
molecules.

The electronic conductivity is the translational conductivity due to the
transfer of kinetic energy by the electrons. Devoto [7] has written the electronic
contribution to the thermal conductivity as:

λe =
75n2

e k
8

(
2πkT

me
)

1/2 1
q11 − (q12)2/q22

, (2.46)

where ne is the electron density, k is Boltzmann’s constant, me is the mass of
the electron, T is the temperature and the q terms are combinations of collision
integrals for electron interactions with all others species. Since electrons are
very mobile, this component can become very large. However, it is only
relevant for temperatures high enough to cause sufficient ionization because a
sufficient number density of electrons has to be present.

According to De Groot [12], in an HPS lamp, the influence of the electrons
on the thermal conductivity can be neglected for temperatures below 4500K.
Sodium has the lowest ionization potential4 of all species present in a MH
lamp. We therefore assume that the same conclusion holds for metal halide

4The other group 1 elements are the only other stable elements with lower ionization potentials. Of these
elements only a trace amount of Potassium sometimes appears in HID lamps after electrode erosion and
some specialty lamps of the daylight/short arc type are also filled with CsI.
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(MH-)HID lamps as well. This means that the electronic contribution to the
thermal conductivity is only relevant in the core of the discharge. From the
high mobility of the electrons we do expect the electronic conductivity to be the
dominant contribution to the thermal conductivity in the core of the discharge.

The reactive conductivity is the transfer of energy related to the transport
of the heat of dissociation of a chemical reaction. For HID lamps this is the
dissociation of the metal halide molecules. In the lamp, atoms that are present
in the hot central part of the plasma diffuse outwards into the colder regions
of the plasma. Because the equilibrium composition at these lower temper-
atures is different, they recombine and form a molecule. At the same time,
molecules from the cold region of the plasma diffuse inwards and are dissoci-
ated. This process contributes a net transport of the heat of dissociation to the
heat conduction.

The expression qr = λr∇T, with qr the reactive contribution to the heat flux
defines λr, the reactive contribution to the heat conduction coefficient. Butler
and Browkaw [4]describe the reactive contribution to the heat flux as:

qr = ∑
i

HiWi, (2.47)

with Hi the enthalpy per mole of component i and Wi the mole flux vector of
the ith component. Hirschfelder [15] expressed the mole flux vector as:

Wi =
n2

ρ ∑
j 6=i

Dij Mj∇xj, (2.48)

where n is the number of moles per unit volume, ρ is the density of the mixture,
Mj is the molar weight, xj is the mole fraction of component j and Dij is the
multicomponent diffusion coefficient. The diffusion coefficients depend on the
interactions between the particle(s) under consideration and all the different
species in the plasma (and their densities).

Literature data (from experiments) required to perform accurate calculations
on the reactive conductivity is hardly available. Therefore an exact description
can be difficult to realize. Specifically in complex mixtures such as those that
appear in (mercury free) CMH lamps, the calculation of the diffusion constants
and resulting reactive conductivity is a complex procedure. In [17] a method
how to estimate transport properties is discussed.
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2.1.6 Power balance of the lamp burner

The lamp burner is the interface between the arc discharge and the outside
world. The non-radiative losses are deposited on the burner wall. Input power
to the burner wall is also provided by the electrodes, that lose their energy via
heat conduction and radiation. At the position where the electrode and the
burner wall join, their losses can no longer be distinguished. The electrode
conduction losses at this point can be considered power input to the burner
wall. The electrode radiation is mostly transmitted by the burner wall, but part
of the electrode radiation is absorbed and also ends up as power input to the
burner wall.

As a result of these power input processes, the burner wall heats up. Because
it can become very hot, it will lose a significant part of its energy through
thermal radiation (section 2.1.4). In our experiments, the lamp burners are
placed in an evacuated environment therefore, the only other loss process is
heat conduction through the connecting wires. We can write the following
power balance equation for the burner wall:

PNR + f Pel = Pthermal + Pclw. (2.49)

In this formula, PNR are the total non-radiative losses, f Pel is that part of the
electrode losses that end up at the burner wall, Pthermal is the total thermal
radiation from the burner wall and Pclw is the lead wire conduction loss.

At the centre of the wall, far away from the electrodes, we can assume that
the electrode losses are of negligible influence to the local power balance on the
burner wall. Also, because the temperature profile will be rather flat, the heat
conduction losses along the burner wall in the axial direction can be neglected.
In this situation, the local power balance is a balance between the non-radiative
losses and the power loss of the burner wall by thermal radiation [14]. This
power balance is written as:

P′NR = P′thermal = σε(T)p(T4 − T4
env), (2.50)

where P′NR are the non radiative losses per unit length, P′thermal is the thermal ra-
diation per unit length at the centre of the burner wall, σ is Stefan-Boltzmann’s
constant, ε(T) is the emissivity of the burner wall, p is the perimeter of the lamp
burner, T is the temperature and Tenv is the temperature of the environment.

The temperature at the centre of the wall is usually the maximum temper-
ature, as the increasing conduction losses closer to the ends lower the local
temperature there. An exception to this general situation can be found when
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the heat (conduction) losses of the electrodes are high, which can increase the
local burner wall temperature near the electrodes.

2.2 The channel model

In an HID lamp, all the plasma properties vary gradually with the radius. In
order to keep the (temperature) calculations more straightforward, Elenbaas
uses the channel model for his calculations on the high pressure mercury (HPM)
lamp. The channel model is based on the observation that an arc discharge is
composed of a bright zone in the centre, surrounded by a dim zone. Based on
such observation the discharge is divided into two zones, the hot arc channel
or core, surrounded by a cooler zone, the mantle.

We will discuss the channel model based the HPM lamp, using theory from
Elenbaas[11]. Jack and Koedam [16] have shown that the Elenbaas model is
applicable to a wide variety of HID lamps. In the channel model, a constant
temperature is assumed in the hot core. Due to the high temperature in the
core, it is characterized by a high electron density resulting in a high conduct-
ivity which allows for the input power to be coupled into the core. The high
temperature also allows for the production of radiation. In the channel model it
is assumed that all radiation is produced in the core. In the mantle, the electron
density and the temperature are both low. In this model, no current is flowing
in the mantle and no electrical input power is dissipated there. In the mantle,
heat is transported from the core to the surrounding burner tube. Also part of
radiation that was produced in the core can be absorbed in the mantle.

The boundary between these two regions is at a radius reff . The effective
radius and the core temperature must have such values that the radiated power,
the input power and the heat conduction obtain values that represent the actual
discharge. For the HPM lamp, Elenbaas has shown that reff ≈ 0.42R where R
is the radius of the lamp burner. For more detailed reading we refer to [11].

2.2.1 Limitations of the channel model

In this thesis, we are evaluating the power balance from an experimental point
of view. The assumption of a constant core temperature, as is done in the
channel model, will greatly simplify the equations needed to describe the
discharge. These simplified equations allow for an intuitive feeling of the
trends in the lamp characteristics because they provide an insight into how
the discharge properties depend on each other. We will use these simplified
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equations to estimate discharge properties, to predict the trends we see in
the experiments and to explain them. When performing calculations with
the equations derived from the channel model, we will use experimentally
determined values as input to the equations.

When it is used on its own, a model as simple as the channel model can not
be expected to very accurately predict all the properties of a system as complex
as a MH lamp. Comparing to and scaling with experimentally determined
values is essential. This is not only required for the channel model, but also for
more complicated lamp models such comparisons are essential to obtaining
trustworthy and realistic results. The accuracy of the final results of a model is
greatly influenced by the availability of accurate input data and by the effort
put into obtaining them.

For the radiated power calculations, some huge simplifications are made
in the channel model. When making a complete model, ray tracing has to be
done in order to accurately take radiation and absorption into account. In the
channel model this is not done, rather, effective properties are used to simplify
calculations. For mercury radiation from the HPM lamp, Elenbaas has shown
that the radiating levels of mercury atoms can be substituted by radiation from
one effective level which equals 7.8 V. By using such an effective potential (V̄)
and an effective transition probability, the equations in the model can be kept
simple and instructive. However, the complication of the model is then hidden
in the determination of the input values such as the effective potential, for
which knowledge on the energy levels and transition probabilities is required.

Because of these reasons, applicability of the channel model as a self consist-
ent stand-alone model is questionable and we will not use the channel model as
such. The assumption of a constant core temperature as is done in the channel
model has greatly simplified the equations that are needed to describe the
plasma parameters in an arc discharge. For the HPM lamp, Elenbaas [11] has
shown that these simplified equations will results in reasonable estimates of
discharge properties and that they can be used to reliably predict their trends.
These simplified equations therefore can be used to obtain an insight into the
working principles of an HID lamp discharge. We will use calculations based
on these simplified equations to support our experimental findings and to
estimate discharge properties for (mercury free) CMH lamps.

2.2.2 Simplified equations

When using the channel model, mostly all of the equations shown earlier in
this chapter can be simplified thanks to the assumption of a constant core
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temperature. In this section we will present the equations that are used to
determine parameter values in the power balance.

The input power per unit length (Pin) follows from the total lamp power
(Pla), the electrode losses (Pel) and the arc length, which is assumed to be equal
to the electrode distance (e.d.).

Pin =
Pla − Pel

e.d.
(2.51)

Assuming a constant temperature Tc in the core of the discharge up to an
effective radius reff , the input power per unit length according to equation 2.9
can be written as follows:

Pin = πr2
eff σ(Tc)E2, (2.52)

where σ(Tc) is the conductivity of the channel that is written as:

σ(Tc) = 0.75
e2nekTc

me paQen 〈v〉
. (2.53)

For the electron density (ne) we use the Saha equation (eq. 2.13) and the
average particle speed (〈v〉) is given by equation 2.16. In this equation for the
conductivity, we have assumed that the ideal gas law applies, so the density
(na) of a species in the core is equal to pa/kTc, with pa the partial pressure of the
species.

In the channel model, the radiated power per unit length (Prad) is written as:

Prad = πr2
eff P′, (2.54)

where P′ is the radiated power per unit volume in the core. For optically thin
line radiation, this power is given by equation 2.30. To determine the total
mercury line radiation per unit length in the HPM lamp, equation 2.54 can be
written as:

Prad = πr2
eff

pa

kTc
C1 exp(− eV̄

kTc
) (2.55)

Where the constant C1 takes the partition sum Z(T), the effective energy
level (eV̄), degeneracy (ḡ) and effective transition probability (Ā) of the trans-
ition into account. The effective potential (V̄) and the constant C1 can be
calculated when the transition probabilities and energy levels of the lines are
known. Elenbaas has applied an effective potential to perform calculations
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for the HPM lamp in the framework of the channel model. He has used an
effective potential equal to 7.8 eV for mercury.

The equations for the input power per unit length (eq. 2.52) and the radiated
power (eq. 2.55) are coupled by the power balance equation for the core.

Pin = Prad + Pc (2.56)

In this equation, Pc is used to indicate the plasma heat conduction losses
of the core. Elenbaas has shown that these plasma heat conduction losses per
unit length of an HPM lamp are 10 W/cm. For a MH lamp, we would like to
determine, or at least estimate this values as well. Elenbaas[11] has introduced
and used the Elenbaas plot to estimate the plasma heat conduction losses of
HPM lamps. Jack and Koedam [16] have shown that such Elenbaas plots can be
used also to determine the plasma heat conductions losses of an HPS lamp and
of several quartz MH lamps as well. We will therefore apply this procedure to
estimate the plasma heat conduction losses for our (mercury free) CMH lamps.
The construction and interpretation of the Elenbaas plot is discussed in the
next section.

The equations that can be used to determine Tc and E are found when fol-
lowing a procedure analogue to Elenbaas his solution. The difference between
the equations shown by Elenbaas and those shown here is that Elenbaas has
grouped constants or replaces them by the proportionality sign in the final
equations, where we will show all constants separately.

By combining equation 2.55 and equation 2.56, an equation for the core
temperature can be found:

Tc =
eV̄/k

ln(πr2
eff

pa
kTc

C1)− ln(Pin − Pc)
. (2.57)

In the equation above, the temperature also appears on the right-hand side.
The core temperature appears on both sides because of the non-linearity of Prad
with temperature. With an initial guess for Tc, this equation can be iteratively
solved. Elenbaas has used a constant value of 17.0 to replace the contribution
ln(πr2

eff
pa

kTc
C1).

Elenbaas has also shown the relation:

E ∝
P1/2

in

(Pin − Pc)
Vi/4V̄

. (2.58)
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This equation was found after combining equations 2.52, 2.53 and 2.55. When
this equation is written out completely, it reads:

E =

√√√√ h3/2 p1/2+Vi/2V̄
a Q

0.75
(

πr2
eff

)
(1−Vi/2V̄)25/7π5/4m1/4

e (kTc) (
3/4+Vi/2V̄)

(
g0
g1

)1/2

Cvi/4V̄
1

P1/2
in

(Pin − Pc)
Vi/4V̄

. (2.59)

2.3 Elenbaas plots

As is described by equation (eq. 2.56), the electrical input power per unit
length (Pin) that is supplied to the core of the discharge is lost by radiation
(Prad) and heat conduction (Pc). In the core of an HID lamp, the radiated
power is much larger than the heat conduction. The major loss term, the
radiated power, depends on the population density of the excited states and
grows exponentially with temperature (eq. 2.22). Therefore, only a small
variation of temperature is required to significantly change the radiation loss.
As such, the temperature in the core of the discharge will remain approximately
constant with small variations of input power. With constant core and wall
temperatures, the (average) temperature gradient will not change, so the heat
conduction losses are approximately independent of input power. Constant
heat conduction losses subsequently lead to a proportional relation between
the power loss by radiation and the input power minus the conduction loss.
For a range of input powers between 33 and 230 W/cm, Eardley et al. [10] have
shows model calculations on a HPM lamp. For this range of input powers,
their calculations show conduction losses of 11 W/cm plus 3.5% of the input
power. This confirms that the plasma heat conduction losses are approximately
constant with input power.

Before the radiation produced in the core of the discharge leaves the lamp,
part of it is absorbed by the mantle and/or the burner wall. With these consid-
erations, the radiated power leaving the discharge can be written as [11]:

Prad(R) = τPrad(reff ) = τ(Pin − Pc), (2.60)

In this equation, Prad(R) is the discharge radiation power leaving the lamp,
which can be determined from a broadband integrating sphere measurement,
Prad(reff ) the discharge radiation power at the boundary of the core and the
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mantle, Pin the electrical input power into the arc column, Pc the plasma heat
conduction losses at the boundary between the core and the mantle, and τ the
(net) transmittance of the mantle and lamp burner combined.

An Elenbaas plot [11] is a plot of Prad(R) versus Pin, with a linear fit of the
data. According to equation 2.60, the x-axis abscissa of a linear fit of Prad(R) as
a function of Pin gives the plasma heat conduction losses (Pc) while its slope
gives the transmittance. The absorption losses can be calculated from the slope,
assuming that the (net) absorption is one minus the (net) transmittance. The
absorption is then calculated as follows:

Pabs = (1− τ)Prad(reff ) =
1− τ

τ
Prad(R). (2.61)

The non-radiative losses of the discharge can be estimated from an Elenbaas
plot and they are equal to:

PNR = Pc + Pabs. (2.62)
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Chapter 3

Experimental setup and calibration
procedures

3.1 Introduction

The understanding of the energy flows in HID lamps can be improved by
studying their power balance. This can aid in the improvement of existing
lamps and the development of new ones. To determine the power balance,
we want to be able to determine all power loss processes that appear in the
lamp. The major loss process is radiation and the radiation which is leaving
the lamp is the quantity we can measure. Besides the total radiated power, the
lamp spectrum is also interesting, as it will allow us to draw conclusions on
important processes that are going on inside the lamp. Therefore, we want to
determine the total spectral radiant flux that is emitted by the lamp. The total
spectral radiant flux is obtained by integrating the radiant intensity for the
total solid angle and the complete source. This integration is performed with
an integrating sphere. In this chapter we will discuss the integrating sphere
setup used for the experiments discussed in this thesis.

An integrating sphere is a hollow sphere with a diffuse high reflectivity
coating on its inner surface. The light source is placed inside the sphere close
to its centre. Due to the many diffuse reflections on the inner surface, light
leaving a hole in the sphere is a well-mixed sample of the total (radiant) flux of
the source. A baffle is placed between the exit hole and the source to prevent
radiation emitted by the source from directly reaching the detector. The details

This chapter is largely based on: Rijke et al., J. Phys. D: Appl. Phys. 44, 224007 (2011).
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of the setup are discussed in section 3.3.

For our experiments, an integrating sphere has been designed that is ded-
icated to infrared measurements, but is also suitable for the visible range. To
cover this broad band measurement range, we have used a a Bruker VER-
TEX 80v vacuum Fourier transform spectrometer (FTIR) that can cover the
complete infrared and the visible spectra. In addition, an Avantes AvaSpec-HS
CCD fibre-optics spectrometer is used to cover the ultra violet and blue part of
the visible spectrum.

Small changes in the spectral reflectivity of the inner surface of the integrat-
ing sphere can cause large differences in the measured signal [1]. Therefore,
this measurement system has to be carefully calibrated before absolute meas-
urements can be performed. In the visible and ultra violet range (down to
250 nm) this is done using standard lamps, but for the infrared this is more of
an issue because existing calibration sources are either not designed for the use
in the (mid-)infrared, or are only suitable for side-on measurements.

We have developed a procedure to perform the calibration of the integrating
sphere in the infrared (see also section 3.4). In this calibration procedure a
platinum strip inside the integrating sphere is heated by Ohmic dissipation.
The temperature profile and spectral radiant flux of the platinum strip are
calculated using a model. The spectral radiant flux is integrated over the area
of the strip and this integrated flux is used as the standard for the calibration
of the integrating sphere. Using this platinum strip, the integrating sphere has
been calibrated in the complete infrared up to 10 µm wavelength.

The integrating sphere theory and design considerations, as for example
discussed by Bergman and Ohno [1], also apply to an integrating sphere in
the infra-red. There is however one additional, but very important design
parameter that needs to be taken into account when working in the (far) in-
frared. This is temperature stability (section 3.3.1). In the infrared, the thermal
radiation from the integrating sphere surface itself will produce a background
signal that has to be corrected for. The integrating sphere is usually kept around
room temperature, which is much lower than the temperature of most sources.
Therefore, the intensity of the thermal radiation produced by the sphere is much
lower than that of the source inside. However, the surface area of the sphere is
much larger than that of the source which acts as a multiplier. Therefore, for
long wavelengths (well above 3 µm), the thermal radiation of the sphere can
become significantly larger than that of the source. In such a situation, a small
temperature change (∆Tmean ≈ 1 K) of the integrating sphere already leads to
an unacceptable error, and temperature stabilization is necessary.
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Another issue for infrared (and ultraviolet) measurements is the outer bulb
of the lamp that absorbs part of the radiation. Therefore, it would obscure
information from the lamp burner. Particularly for the infrared this is an issue,
as glass has a low transmission starting between 2.5 to 3.5 µm depending on
type and thickness. Therefore the outer bulb has to be removed for reliable
far infrared measurements. A disadvantage of removing the outer bulb is that
the lamp burner operates under different conditions than nominal, possibly
affecting lamp performance. We will compare a lamp measurement with and
without outer bulb in section 3.5.1.

To still be able to operate the lamp for an extended period of time without
oxidizing its metallic components and to obtain a representative temperature
distribution of the burner, it is placed in vacuum. The lamp burners in many
commercial HID lamps with outer bulbs are also typically situated in an evac-
uated environment. There are two other reasons why the integrating sphere
setup is operated inside a vacuum system. Firstly, in the infrared there are
absorption bands of water vapour and carbon-(di-)oxide, vacuum operation
prevents the need to correct for these absorptions as they no longer appear.
Secondly, vacuum operation excludes heat losses through convection and con-
duction via a surrounding gas. Therefore the only loss process besides radiation
is conduction through the connecting wires. This reduces uncertainties in the
final measurements.

A disadvantage of evacuating the system is that due to the time required
it takes a few hours before lamp measurements can be performed. Combined
with the additional measurements required to cover the complete spectral
range, this limits the throughput of this measurement system to measuring at
most one lamp per day. In contrast, visible range limited integrating sphere
measurements in an industrial environment can have a throughput of multiple
lamps per hour. As our measurement setup is the only setup in the world
capable of integrated lamp measurements covering such a broad and complete
spectral range, this additional effort and time is worthwhile.

The measurement procedure is summarized as follows. The measurement
range is split in five spectral ranges that are determined by which combina-
tion of spectrometer and detector or beam splitter and calibration source can
cover the specific range (indicated in table 3.1). For each spectral range, three
measurements are performed to verify that the spectrum is not disturbed by
the possible regularly spaced switching transients that may appear in an FTIR
spectrum from input power modulation of the lamp driver. After these meas-
urements, the lamp is switched-off, and the time dependent decay signal is
measured in order to separate between plasma radiation and thermal radiation
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from the burner wall. When the measurement is performed fast enough, and
is accurately triggered, the electrode radiation can be separated as well (see
also section 4.4). Distinguishing between these contribution is required to be
able to construct an Elenbaas plot (section 2.3) that are used to investigate the
non-radiative discharge losses. To construct such a plot the lamp is measured
at three power levels for each spectral range. Taking into account stabilization
times required between measurements, for example from switching on and off
the lamp, the broad band integrating sphere measurement procedure required
to construct the power balance of one lamp takes one day, though we already
install the lamp at the end of the day before the measurement and evacuate the
setup overnight. Because we spend one day per week performing measure-
ments to verify the stability of the setup and the validity of the calibration, we
can measure at most four lamps per week.

Because of this extensive effort that is required to determine the complete
energy balance of one lamp, we only measure one lamp per lamp type. The
lamps in our experiment are selected from groups of lamps from experiments
performed at Philips Lighting. The lamps we measure are selected as typical
representatives of the group. We aim to compare lamps where the spread within
the group is smaller than the differences between different groups. By doing
this, we avoid a situation where the investigated trends are wrong because the
one lamp we measured was not representative for the group. By doing so, we
know that even though we measure only one lamp per experiment, the values
and the trends are representative for the lamp design.

3.2 Integrating sphere design considerations

The light that is emitted by a source inside an integrating sphere is reflected
on the inner surface of the integrating sphere many times. After the many
inter-reflections on the inside surface of an ideal integrating sphere, the spectral
radiant flux Φλ,r, from a source with a spectral radiant flux output Φλ,s is:

Φλ,r = Φλ,s Mλ, (3.1)

where Mλ is the reflection multiplication function, that is given by:

Mλ =
ρ(λ)

1− ρ(λ)
, (3.2)

with ρ(λ) the wavelength dependent reflectance of the sphere surface. After
these many diffuse inter-reflections, the spectral radiant flux is evenly distrib-
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uted over the surface of the sphere, leading to an average spectral radiant flux
density (spectral radiance) of:

Eλ =
Φλ,s Mλ

Ais
, (3.3)

where Ais is the surface area of the integrating sphere. The spectral radiant flux
leaving the integrating sphere through the exit hole is found by multiplying
the spectral radiance by the surface area Ae of the exit (cf. equation (10) in [1]):

Φλ,exit = Φλ,s f , f =
ρ(λ)

1− ρ(λ)

Ae

Ais
, (3.4)

where f is the sphere multiplication function. For a typical integrating sphere
f � 1, and the majority of the source output is eventually absorbed by the
integrating sphere even though at each reflection only a small fraction of the
radiation is absorbed.

In a non-ideal integrating sphere the factor f is reduced, for example by
foreign objects such as the baffle and the lamp holder that are placed inside the
integrating sphere. Because the setup will be calibrated and f is integral part of
the transfer function k (see also equation 3.5), it is not necessary to calculate the
factor f very accurately, However, when designing an integrating sphere, the
effects of the design choices on f have to be considered. They are summarized
here.

Size A larger sphere reduces errors due to the absorption by foreign
objects and positioning of the source. However, a larger sphere
has a lower sphere multiplication factor which reduces the spectral
radiant flux reaching the detector.

Lamp holder Any object placed inside the sphere, such as the lamp holder,
should be coated with a highly reflective layer to minimize absorp-
tion. Since the lamp holder is frequently handled, care must be
taken not to damage the coating.

Baffle The baffle is placed between the lamp and the exit hole to prevent
lamp light from leaving the sphere directly. To reduce the influence
of the baffle, it should be as small as possible, but must be large
enough to completely shield the lamp. The baffle is placed such
that any radiation reaching the detector is reflected at least twice.

Reflectance A higher reflectance (> 0.95) is preferred to increase the multiplic-
ation function and to improve mixing of the lamp output. However,
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a lower reflectance (≈ 0.8) is preferred for better stability as the
reflection multiplication function shows a lower slope for lower
reflectance. The relectance of this integrating sphere setup is es-
timated around 0.8 in the visible, around 0.9 in the infrared, and
roughly 0.7 for the UV range in our experiments.

Bergman and Ohno [1] discuss the design considerations in more detail and
refer to CEI Publication No. 84 [15] for further reading.

3.3 Broadband integrating sphere setup

Broadband spectral measurements are required to cover the complete spectral
range where the source is emitting in. Therefore, an integrating sphere has been
designed that is dedicated to the infrared, but is also suitable for the visible
range and the near ultra violet. The inside of the sphere was pearl blasted to
obtain a diffuse reflecting surface and subsequently coated with aluminium
which has a high reflectance in a broad spectral range. For infrared measure-
ments gold would provide the best performance, but gold is not suitable for
visible measurements as the reflectance drops rapidly in the wavelength range
below 750 nm. In the visible range, high reflectance white paints are normally
used, but these coatings are not suitable for the far infrared range (beyond
about 2.5 µm). An aluminium coating was chosen, because aluminium has a
high reflectance throughout the complete spectral range.

A schematic drawing of the setup around a photograph of the the inside of
the sphere, is shown in figure 3.1. The integrating sphere used for this experi-
ment has an approximately spherical wall with an inner diameter of 28 cm. The
wall is made of 4 mm thick copper to ensure good heat conduction. Its surface is
temperature stabilized with circulating water. Cooling water also runs through
the baffle and the bottom of the holder. Using two parabolic mirrors, the
light is sent into a Bruker VERTEX 80v vacuum Fourier transform spectrometer
(FTIR) that is used for the infrared and visible range. A UV-transmitting optical
fibre connects an Avantes AvaSpec-HS grating spectrometer to the integrating
sphere. This spectrometer is used for the ultraviolet spectrum and the blue part
of the visible range. A baffle is placed between each exit hole and the lamp to
prevent lamp light from directly entering the spectrometers.

The integrating sphere is situated inside a vacuum chamber. The pressure
in the vacuum chamber during the measurements is below 5 · 10−5 mbar. The
pressure inside the FTIR is a few millibar. A potassium bromide (KBr) window
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Figure 3.1: The integrating sphere (photograph) and a schematic drawing of the
setup. Inside the integrating sphere a lamp (L) is installed in a holder, the outer
bulb of the lamp is removed. The integrating sphere is placed inside a vacuum
vessel. An optical fibre connects the fibre optics spectrometer (FO). Optics (O),
schematically indicated in the figure by only one element, but in reality consisting of
one flat and two parabolic aluminium mirrors, are used to direct the light to the the
FTIR spectrometer. In the FTIR spectrometer, three different detectors (D1=DTGS,
D2=MCT, D3=Si) can be selected.

is used to separate the integrating sphere and the FTIR. The KBr window has a
transmittance above 70% in the spectral range between 300 nm and 20 µm.

The Fourier transform spectrometer can be equipped with a KBr or a CaF2
beam splitter. For detectors we can use a deuteriated L-alanine doped trigly-
cene sulphate (DTGS) detector that is temperature stabilized at a temperature
of 283 K, to cover the far infrared, a liquid nitrogen cooled mercury cadmium
telluride (MCT) detector that covers the mid infrared and a silicon (Si) detector
that covers the near infrared and visible. By combining the various beam split-
ters and detectors of the FTIR and by using the fibre-optics spectrometer for the
lower wavelengths of the (ultra)violet spectrum, this system has the possibility
to cover a spectral range from 200 nm up to 25 µm. The measurement range is
split up in five sections in which different combinations of spectrometer, beam
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Table 3.1: The combinations of spectrometer, beam splitter, detector and calibration
source that are used for the different spectral ranges.

range (cm−1) ≈range spectrometer, details calibration source
1000-4000 2.5-10 µm FTIR, KBr, DTGS pt strip
4000-8600 1.2-2.5 µm FTIR, CaF2, DTGS pt strip

8600-12821 780-1170 nm FTIR, CaF2, Si pt strip
12821-24000 420-780 nm FTIR, CaF2, Si halogen lamp
24000-40000 250-420 nm Fibre-optic spectrometer halogen lamp

splitter, detector and calibration source are used, the details are summarized in
table 3.1.

In the ultra violet, the calibration is limited to 250 nm1 because of the rapidly
decreasing spectral radiant flux of both the calibration source and the (CMH)
lamps under investigation. Due to the increasing measurement uncertainty
with increasing wavelength, which is related to temperature variations, we
have limited our infrared measurement range to 10 µm. Beyond this point, the
measured signal is extrapolated, assuming that the thermal radiation from the
burner wall follows the shape of a black-body function with a temperature of
1300 K. This 1300 K is an average value that is representative for the average
burner wall temperature of a typical lamp burner. Although this value might
not be very accurate for every lamp design, changing this value by 100 K will
only change the extrapolated signal by 12%, which is close to the error at 10 µm.
The typical power in this range is below 3% of the total lamp power so this is
an acceptable error.

3.3.1 Temperature stability

One of the problems encountered when measuring infrared radiation with
wavelengths above 3 µm is that all objects around room temperature radiate in
these wavelengths as well. This will give a background signal which has to be
corrected for. The spectral radiant flux emitted as thermal radiation by such
an object can be calculated by integrating Planck’s law (see also section 2.1.4),
multiplied by the emissivity, over the object’s area and the solid angle.

In our case, especially the background radiation from the integrating sphere
itself can contribute significantly to the measured signal. Although the tem-
perature of the integrating sphere is much lower than the temperature of the

1Some of the spectra presented in this thesis were measured before the fibre-optic spectrometer was
installed. For those spectra, the FTIR spectrometer is used down to 300 nm.
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source inside, the radiating surface of the integrating sphere is much larger.
As a consequence, the spectral radiant flux emitted by the integrating sphere
can become larger than that of the source at long wavelengths. If the sphere
heats up by absorption of lamp radiation, this background radiation will not be
constant. This holds for any object inside the integrating sphere. In figure 3.2,
an estimated value for the spectral radiant flux of a (platinum strip) calibration
source and of the sphere are shown. Also the change in spectral radiant flux
emitted by the sphere, relative to that of the calibration source is indicated
for an average temperature change of 1 K for the complete integrating sphere.
As can be seen in the figure, the spectral radiant flux emitted by the integ-
rating sphere is much larger than that of the source. Therefore, the thermal
radiation emitted by the sphere itself should stay very constant during and
between the background measurement and the source measurement. However,
as f � 1 (equation 3.4), most of the lamp radiation will be absorbed by the
sphere and without precautions, the sphere will heat up significantly during a
measurement. Therefore, temperature stabilization is necessary.

Although the typical lamp power is only 70 W, the required cooling power
is not very high, but is is important that the temperature gradient is kept as low
as possible. Therefore, the walls of the integrating sphere are made of 4 mm
thick copper to ensure good heat conduction and a temperature regulation
system circulating water around the outside of the sphere is installed. Cooling
water is also running through the baffle and along the bottom of the lamp
holder. Thermocouples are placed on the integrating sphere, the baffle and the
lamp holder, to monitor the temperature. For the integrating sphere surface,
the temperature difference between a source measurement and a background
measurement was at most 0.2 K.

Detector and spectrometer stability

For the far infrared measurements we have used a DTGS detector. The working
principle of such a detector is based on the pyroelectric effect. The pyroelectric
effect occurs in crystals that have a temperature dependent electrical polariza-
tion. As such, the surface charge of these crystals changes when they are heated
or cooled. This can be detected by a high-impedance amplifier [9]. The FTIR
spectrometer modulates the intensity of the light beam reaching the detector.
Due to this intensity modulation, the power input on the detector is modulated,
resulting in continuous (small) changes in detector temperature.

If such a detector is exposed to thermal radiation of an object of the same
temperature as the detector, no power is transferred from the object to the
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Figure 3.2: Estimated values for the spectral radiant flux emitted by the integrating
sphere (blue, left axis) and by the calibration source (red, left axis). The relative
change of the spectral radiant flux emitted by the integrating sphere, relative to that
of the calibration source for a temperature change of 1 K (black, right axis) is shown
as an indication of the importance of the temperature stability.

detector, so no temperature change is induced and no signal is measured.
In order to be detected, the sample must be either hotter or cooler than the
detector. The detector response depends on the temperature difference between
the sample and the detector [8]. As the detector cannot measure radiation
emitted by a source of the same temperature, the actually measured signal is
the source signal minus a detector signal. This detector signal is corrected for
when performing a background radiation correction, if the detector is at the
same temperature during the sample and the background measurement.

Combining this reasoning with the demand for integrating sphere stability,
it is concluded that the detector temperature stability demands are similar to
those for the integrating sphere. During a one day measurement, a detector
temperature change of about one degree is not unthinkable, so temperature
stabilization of the detector is required. A second reason for stabilizing the
detector temperature is that we want the calibration to remain valid for a few
weeks. According to Whatmore [14] the detector responsivity is dependent on
temperature. The pyroelectric coefficient as determined by Castache et al. [4]
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changes with about 7% per Kelvin at typical operating temperatures. Typical
day to day and seasonal temperature differences in the lab are easily several K.
For these reasons, we have a temperature stabilized DTGS detector. The MCT
detector is temperature stabilized due to the liquid nitrogen that is used to cool
it. The Si detector is less sensitive to temperature changes. To limit any other
(long term) temperature effects regarding the spectrometer, the temperature of
the FTIR is regulated inside a insulating box built around it. The fibre-optics
spectrometer is equipped with a Peltier element that temperature stabilizes its
CCD chip.

3.4 Calibration

In the visible and ultra violet range (down to 250 nm) the integrating sphere is
calibrated using standard lamps. These standard lamps are tungsten halogen
lamps that are calibrated at Philips OCM calibration laboratories against a
National Physics Laboratory of the UK (NPL) traceable standard source. For
the infrared, calibration is more difficult because existing calibration sources
are either not designed for the use in the (mid-)infrared, or are only suitable for
side-on measurements. Therefore a calibration standard has been developed to
perform the calibration of the integrating sphere in the infrared.

3.4.1 Infrared calibration

Our calibration source is a resistively heated platinum strip placed inside the
integrating sphere. The source is 100 mm long, 5 mm wide and 27 µm thick and
a current of maximum 10 A will be applied to it. Important properties of a calib-
ration source are stability and reproducibility. The corrosion resistance of noble
metals prevents changes in the emissivity due to oxidation. Compared to other
noble metals, platinum has a good combination of a relatively high electrical
resistivity with a relatively low thermal conductivity which aids in heating the
strip with electric current. Our measurements show that the emission of the
platinum strip is very stable; the emission changes with less than about 0.05%
per hour. To obtain this stability, and to prevent (permanent) changes in the
emissivity that can occur after operating platinum at too high temperatures [10],
we have chosen to operate our calibration source at a maximum temperature
of 1400 K.

When the platinum strip is operated inside the integrating sphere, the
measured signal SPt(λ, TPt) as a function of wavelength λ and depending on
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the temperature (profile) TPt can be written as:

SPt(λ, TPt) = k1(λ)ΦPt(λ, εPt(λ, TPt), TPt)
+ k2(λ)Φis(λ, εis(λ, Tis), Tis)
+ R(λ)

(3.5)

where the subscript Pt is used to indicate the platinum strip calibration source,
and is is used for the integrating sphere, Φ is the spectral radiant flux, which
depends on the emissivity ε(λ, T) and the temperature (profile) T. The transfer
functions kx(λ) take into account effects such as the sphere multiplication factor
f ( f appears in k1 and k2), the transmission of the windows, the reflectivity
of the mirrors, the sensitivity of the detector etc. The goal of the calibration
procedure is to calculate the transfer function k1. The residual signal R(λ) is
the signal from radiating sources picked up along the optical path after passing
the integrating sphere.

To correct for background radiation (from both Φis and R), the result of a
measurement with a cold platinum strip (Sbg(λ, Tenv) is subtracted from that
of the hot platinum strip. To avoid phase correction problems in the FTIR
spectrometer data handling, the background signal is correction is done by
subtracting interferograms rather than spectra [3, 7]. After the background
correction, the transfer function k1(λ) can be determined according to:

k1(λ) =
SPt(λ, TPt)− Sbg(λ, Tenv)

ΦPt(λ, εPt(λ, TPt), TPt)
. (3.6)

The spectral radiant flux (ΦPt) of the platinum strip is calculated using the
model described below. The lamp measurements are put on an absolute scale
by dividing the (background corrected) lamp measurement by the transfer
function.

platinum strip energy balance model

The model used to determine the temperature profile and the spectral radiant
flux of the strip consists of two parts. The first part is a calculation of the
temperature profile; the second part calculates the spectral radiant flux resulting
from this temperature profile.

For the temperature profile calculations a one dimensional temperature
profile is assumed. This is justified because the length to width ratio of the strip
is about 20:1 and the width to thickness ratio is about 200:1.

The one dimensional heat conduction equation is written as:
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∂

∂x
(λ

∂T
∂x

) + I = C
∂T
∂t

, (3.7)

where λ is the thermal conductivity, C is the heat capacity and I is the rate of
heat generation, which contains an input power due to ohmic heating, and an
output power due to thermal radiation of the strip. To calculate the temperature
profile T of the strip, the steady state solution of the one dimensional heat
conduction equation is solved numerically on a 250 points mesh using the
explicit finite differences method. Solving the heat conduction equation by this
method is discussed in detail in the dissertation of Blomberg [2].

The heat conduction between two control volumes is calculated using Four-
ier’s law, with the thermal conductivity from [13], the ohmic heating is cal-
culated using Joule’s first law, with the resistivity from [6], the radiant flux
is calculated using Stefan-Boltzmann’s law, with the wavelength integrated,
temperature dependent emissivity from [12]. The power balance equations for
all the control volumes of the strip are coupled, because the heat conduction
between two neighbouring cells is equal in magnitude but of opposite sign.

The calculated Ohmic dissipation depends on the temperature dependent
resistance of the strip, which in turn is determined by the value of the thickness
used in the calculation. As such, this thickness is important to determine the
power input, which determines the calculated temperature. To improve the
calculations, the calculated Ohmic dissipation is compared to the measured
input power for different currents in the range of 7 to 10 A, and the thickness
of the strip is varied as a fitting parameter, but its value remains within the
range determined by the error bar of the measured thickness.

The spectral radiant flux of the platinum strip is calculated from the cal-
culated temperature profile. For each control volume of the strip the spectral
radiant flux is calculated using the following equation:

ΦPt(λ) = π∆xp ε(λ, T)B(λ, T) (3.8)

In this equation the factor π comes from the integration over the solid angle,
assuming the radiation from the strip has a Lambertian profile, ∆x is the length
of the control volume, p its perimeter and B(λ, T) is the black body radiation
curve according to Planck’s law. The spectral emissivity ε(λ, T) is taken from
Touloukian [12], which contains multiple datasets. We have chosen the dataset
from Rolling et al. [10] as this is the dataset with conditions best applicable to
our situation.
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To verify conservation of energy, for each temperature, the calculated
spectral radiant flux using equation 3.8 is integrated over the complete spec-
trum, assuming a Lambertian radiation profile to obtain the total radiant flux.
This should give the same value as the radiant flux calculated using Stefan-
Boltzmann’s law, if the correct values for the (spectral) emissivity are used, and
the surface is indeed a Lambertian radiator. The values agree within 5% for
temperatures between 1000 K and 1400 K. This difference can be explained
form the radiation not having exactly the theoretical Lambertian profile, as is
also mentioned by Rolling et al. [10]. The large central part of the temperature
profile of the strip (see also figure 3.3) is emitting by far most of the total plat-
inum strip radiation has a temperature in this temperature range for the typical
operating conditions in this calibration procedure. For lower temperatures, the
difference goes up to maximum 20% at 500 K. For the lower temperatures the
majority of the error is more probably a result of discrepancies between the
literature values. We can accept this larger deviation for the lower temperature
region, because the intensity is low and the surface area with low temperat-
ure is small, therefore this region hardly contributes to the total radiance. To
ensure conservation of energy in different parts of the model calculations, the
spectral emissivity has been multiplied by a constant correction factor at each
temperature. In a formula, the corrected spectral emissivity is written as:

εcorrected(λ, T) =
π
´

ε(λ, T)Bλdλ

ε̄(T)σT4 ε(λ, T), (3.9)

where ε(λ, T) is the uncorrected spectral emissivity from [10], Bλ is the
black body radiation function according to Planck’s law (eq. 1.3), and in
the denumerator Stefan-Boltzmann’s law is written (see also section 2.1.4),
with ε̄(T) the emissivity from [12], σ Stefan-Boltzmann constant and T the
temperature. This corrected spectral emissivity is then used in equation 3.8
to calculate the spectral radiant flux of each control volume. Equation 3.8 is
then summed over all control volumes to obtain the spectral radiant flux of
the calibration source. Temperature profiles and the radiant flux profiles are
shown in figure 3.3 for three different currents.

Verifying the calibration function

The total emitted power depends on the current through the strip. To verify
the calibration, the transfer function k1(λ), equation 3.5, is calculated for three
different currents, and multiple measurements are performed for each current.
The transfer function is a property of the system, and therefore does not depend
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Figure 3.3: The temperature profile (top) of the strip and the resulting spectral
radiant flux (bottom) for different currents (from top to bottom 10, 9 and 8 A).

on the current. The individual measurements for each current yield results
for k1(l) which are within 1%. When comparing two different currents, k1(λ)
varies over the wavelength axis and deviates maximum 2.5% between one
current and the other. This can have many different reasons: errors in the
calculated temperature profile, error in the (literature) value of the resistivity
of platinum (at high temperatures), error in the emissivity of platinum etc.
Because these differences are in the order of magnitude of the measurement
errors (discussed below), the transfer functions for different currents agree
well.

3.5 Error analysis

In this section we will discuss the errors that are encountered in the measure-
ments. During this investigation we are discussing the maximum error found

71



Chapter 3.

for each contribution. Not all errors will obtain their maximum values simul-
taneously and sometimes they can partly cancel out, therefore, the difference
between the measured and the real spectral radiant fluxes will be lower than
the total error shown in this discussion.

It is important to differentiate between systematic errors and random errors.
It will be shown that the larger part of the error bar consists of systematic
errors, that will be the same for each lamp measurement. This means that
comparing the different lamps can be done accurately when the setup remains
unchanged. Figure 3.4 is an overview of the errors that exist in the different
spectral ranges and their estimated magnitude. We will discuss these errors
below. The energy balance is determined by integrating the spectral radiant
flux for large wavelength ranges. We can therefore assume that the random
errors will average out. At the end of this section the final error in the energy
balance will be estimated.

Calibration reference signal errors

The differences between the spectral radiant flux that is estimated during the
calibration procedure calculations and the really emitted spectral radiant flux
result in measurement errors we will call calibration reference signal errors.

• For the infrared, these errors are already briefly discussed in the calibra-
tion section. They are mainly the result of errors in the input values of
the model that is used to calculate the spectral radiance of the platinum
strip. The estimated error increases with the wavenumber and the value
is about 2.5% at 10 µm up to almost 7% at the boundary between the
infrared and the visible. We have estimated the contribution of this error
by changing the input values (within their error margin) such that we
have found the largest deviations.

• For the visible, this error is determined by how accurate the spectral ra-
diant flux of the standard has been determined. We have used a tertiary
standard from Philips OCM calibration laboratories. Also it is possible
that in our setup the spectral radiant flux emitted by this lamp was differ-
ent from the that during its calibration at Philips. The maximum error bar
is estimated at 4% [11].

• For the ultra-violet, we have extrapolated the signal of the halogen lamp,
assuming Planck’s law for black-body radiation and the emissivity of
tungsten. The extrapolation results in a rather high error bar that is
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Figure 3.4: A representation of the estimated relative values for the errors that are
important for the spectral radiant flux measurements. A title in the figure indicates
which spectrometer, beam splitter and detector were used for this measurement
range (see also table 3.1) when the final broadband spectrum is compiled.
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estimated to go up to about 30%. This is however an acceptable error, as
most CMH lamps emit only a few percent of their total power in the UV.

Due to ageing of the calibration source, its signal can change over time, but the
largest part of this contribution is a systematic error. Therefore, every time the
setup is calibrated, this estimated calibration reference signal error will be the
same. A calibration was done roughly bi-monthly, before a new series of lamp
measurements is performed or when the setup was changed.

Calibration measurement errors

The calibration measurement errors are the result of errors that are encountered
during the measurement of the calibration source, but are not originating from
the difference between assumed and actual spectral radiant flux emitted by the
calibration source.

• Temperature instabilities can cause serious errors, as was discussed in the
calibration section, but we limit them by having temperature stabilized
the setup. The temperature errors have a highly systematic character.
They are determined by how much the integrating sphere heats up, which
should be about the same when the same source is measured twice and
when sources of the same total power are compared. This contribution
is therefore roughly the same each time the setup is calibrated. To limit
this temperature error we have temperature stabilized the setup. Keeping
in mind these precautions, we estimate the error due to temperature
instability as negligible for wavelengths below about 5 µm, but increasing
to a value of around 4% at 10 µm.

• The random errors due to measurement noise have been determined from
the maximum deviations between individual measurements in a meas-
urement series. Typically, this error is kept well below 1% by averaging
sufficient measurements. Also, we know that the transfer function is a
smooth function. We have therefore reduced this error by smoothing
over a small wavelength interval. Because of the decreasing calibration
source signal and/or a lower detector sensitivity, the signal to noise ratio
increases and the measurement error goes up in the infrared below 1.3 µm
(above 7500 cm−1), near the transition between infrared and visible ra-
diation, and on the blue side of the visible spectrum, extending into the
ultraviolet.
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• The reproducibility of the measurement also contributes to the measure-
ment error. This reproducibility can be caused by the calibration source
not emitting exactly the same spectral radiant flux every time it is switched
on2, but also by changes in alignment that for example appear after chan-
ging the measurement range of the spectrometer. To limit the influence
of systematic errors we are performing all measurements according to
exactly the same procedure, which is written down step-by-step in a 10
page manual. The reproducibility has been researched in a similar fash-
ion as the random error, but now comparing measurements that where
performed on different days. The reproducibility error is of similar shape
and magnitude as the random error.

Integrating sphere errors

These are errors that appear because the integrating sphere is a non-ideal
system and the integration therefore is not uniform. These errors results from
non-ideal mixing, for example because of shadowing effects, absorption of
radiation by objects inside the integrating sphere, non-homogeneous reflectivity
etc. This non-ideal mixing can also result from the possibility that radiation
requires more reflections to reach the detector, when it is incident on certain
areas of the integrating sphere. The contribution from these areas is decreased
by an additional multiplication with the sphere reflectance, which is a number
close to 1. For certain specific (but unknown) solid angles, this non-ideal mixing
decreases contributions to the total signal strength. The influence of this error
depends on the design considerations that are discussed in section 3.2. We
aim for taking this non-ideal mixing into account by calibrating the integrating
sphere. This error can however still contribute when the angular distribution of
the emitted radiation is different between the calibration source and the lamps,
or when the angular distribution is different between lamps that are compared.

To reach the FTIR spectrometer, the light is leaving the sphere through a hole
that is placed in-line with the lamp axis (see also figure 3.1). For all the lamps
investigated in this work and also for the calibration sources, the radiation
is emitted mainly normal to this axis, and the radiation emitted in the axial
direction is low. Therefore, almost all radiation requires three reflections to
reach the detector and we assume that the integrating sphere error is not of
great influence for the FTIR measurements.

2this part of the reproducibility of the calibration source can also be considered belonging to the class refer-
ence signal error, but because of its less systematic nature, we have classified it as a calibration measurement
error.
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The exit towards the fibre-optics spectrometer is placed slightly to the side
of the sphere (see also figure 3.1). Therefore, there is a risk that for some lamp
geometries this exit is inside the solid angle of high emission, and for other
lamp geometries it is outside this angle. This can result in an additional error in
the fibre-optics spectrometer measurement, which is estimated to be maximum
15%. This error was determined by comparing measurements performed
with the FTIR and the fibre-optics spectrometer in our broad band integrating
sphere setup to measurements performed using a visible spectrum integrating
sphere setup at Philips Lighting. The fibre-optic spectrometer is only used
for radiation emitted at wavelengths lower than 420 nm. Typically (much)
less than 5% of the total lamp power is emitted in this range. A high error in
this range is acceptable, because of this low fraction of the total radiation so
the total contribution to the power balance is limited. Also we will not use
this spectral range for detailed diagnostics. The integrating sphere error is the
same for lamps that have the same angular distribution of the emitted light, so
when different lamps of the same lamp geometry are compared we neglect the
influence of this error.

Lamp measurement errors

The total error in a calibrated lamp measurement consists mainly of the system-
atic errors from the calibration. The random error and the reproducibility error
in the calibration source measurement will be different every time the setup
is calibrated. But once the setup is calibrated, this error is integral part of the
transfer function (k1(λ), eq. 3.6), therefore, for all lamp measurement that are
put on an absolute scale using this same transfer function, the random errors
in the calibration will be systematic errors in the calculated absolute spectral
radiant flux of the lamp.

On top of these systematic errors, random errors and reproducibility errors
are present in the measured lamp signals themselves. The typical order of
magnitude of these errors is 1%. In specific spectral ranges this error increases
up to about 3% because of the decreasing signal as a result of lower detector
sensitivity at the edge of the measurement range, as is indicated in figure 3.4.
This error has been determined the same way as the calibration measurement
error, but this time we have not spectrally averaged the signal since we know
that the lamp spectrum is not a smooth function due to line radiation.
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3.5.1 Benchmarking and the influence of removing the outer
bulb

To investigate the performance of our setup, we will compare lamp measure-
ments performed with our setup to lamp measurements performed using a
visible spectrum integrating sphere setup at Philips Lighting. Our broadband
measurements are usually performed on naked lamp burners i.e. the outer
bulb of the lamp is removed. The lamp burners are then operated inside an
evacuated environment to prevent oxidizing of the metallic components and to
prevent infrared absorptions by the outer bulb and the environmental air. Also
this evacuated environment prevents excessive cooling of the burner wall and
thereby helps to create a representative temperature distribution of the burner,
as the lamp burners are normally inside an evacuated outer bulb.

For this comparison we want to eliminate the influence of (removing) the
outer bulb. Therefore, we have measured a lamp without removing the outer
bulb and without evacuating the setup. We compare this spectral measurement
in our setup to a reference measurement from a visible spectrum integrating
sphere setup at Philips Lighting. To investigate the influence of (removing) the
outer bulb, we have also measured this same lamp after removing the outer
bulb and evacuating the setup. In figure 3.5 the spectra of the measurements
with and without outer bulb and the reference measurement are shown.

Comparison of lamp measurements with outer bulb

The comparison of the measurement with outer bulb (blue line figure 3.5) to the
reference measurement (red line figure 3.5) gives an indication of the accuracy
of our setup. In this figure, the peaks of the mercury lines in our measurement
are up to 15% different from the Philips reference measurement, but this is
explained by the mismatch in the resolutions that has not been corrected for
perfectly. When the surface area of the lines in the spectrum are compared,
the differences are below 3%. Also, the agreement between the baselines in
the two spectra is very good. The typical spectral difference is below 5%,
which is lower than the total error estimated earlier. The spectrally integrated
values agree well, the difference between the total visible lamp power we
have measured in this new aluminium coated broadband setup and that of the
reference measurement performed at Philips is less than 2.5%.
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Figure 3.5: Spectral radiant flux measurement of a lamp with outer bulb, measured
in ambient air compared to a measurement of the same lamp after removing the outer
bulb and evacuating the setup. Measurements are performed with the broadband
integrating sphere setup. As a reference, the same lamp was measured at Philips
Lighting in an integrating sphere setup dedicated for visible measurements.

Comparison of lamp measurements with and without outer bulb

By comparing a measurement with outer bulb to a measurement without outer
bulb (blue and black lines figure 3.5) we will get an impression of the typical
influence of removing the outer bulb. This discussion will contain some ’hand-
waiving’ arguments, which is unavoidable, because the limited possibility of
confirming the reasoning with additional measurements.

From the figure, it is directly clear that the spectral radiant flux of the large
(optically thick) peaks in the spectrum (the mercury lines and the sodium-D
lines) are higher for the lamp without outer bulb. The baseline and the smaller
(optically thin) lines differ only a few percent. Although the difference is small,
the lines that are considered optically thin are systematically higher for the
lamp without outer bulb. A possible explanation is that the elimination of
absorption of radiation by the outer bulb has allowed more visible radiation
to reach the detector. Also, this can be an indication that the core of the
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discharge is somewhat hotter when the outer bulb is removed. However,
because the difference is only a few percent and the emission is exponential
with temperature, we expect that the temperature profile is not wildly different.

De Groot en Van Vliet [5] have shown that the distance between the self
reversal peaks of the sodium-D line in a HPS lamp is linearly dependant on
the sodium vapour pressure. If such a linear relation between the distance the
self reversal peaks of the sodium-D line is assumed for our lamps as well, the
lamp spectra shown in figure 3.5 indicate that the sodium pressure is reduced
by about 20% when removing the outer bulb. This can be related to an about
15 K lower cold spot temperature, which is not a large difference. Because the
outer bulb isolates the lamp burner, a small reduction of the wall temperature
can be expected when removing the outer bulb. The increased height of the
sodium-D line self reversal maxima in this case should be explained by a lower
absorption in combination with a higher intensity originating from the hotter
core of the discharge. The temperature would be increased because the lower
sodium density would have reduced the radiative cooling of the plasma.

For this one sodium line, the story above is consistent, but while the optically
thick lines show a large increase, the optically thin lines only show an increase
of a few percent. It is possible that the increase of optically thin radiation due
to the increased core temperature is cancelled out due to the lower density
while it is not cancelling out as perfectly for the optically thick radiation of the
same species, because for optically thick radiation the balance between both
absorption and emission is changed, while for optically thin radiation only the
emission is affected.

The lamp voltage was reduced by less than 0.5% after removing the outer
bulb. If the sodium density is reduced, the electron density will be lower, which
decreases the conductivity and increases the lamp voltage. We also proposed
that the temperature would increase. This would increase the electron density,
thus increase the conductivity and decrease the lamp voltage. Again, it is
possible that these processes exactly cancel each other. Since the optically
thin radiation is not that much different in intensity and the lamp voltage has
changed only 0.5%, it is also possible that the species density and temperature
profile are not that much different after all.

Another process we think can play a role to explain part (but not all) of
the difference in the optically thick lines in the spectrum, is the reflection of
radiation on the inside of the outer bulb. The reflectance of the outer bulb
can be almost 10%. As the outer bulb is placed concentric around the lamp
burner, radiation reflected on the inside of the outer bulb will pass through
the plasma for a second time. For optically thin radiation, this reflection
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does not change the spectral radiant flux much, because it is transmitted by
the plasma and leaves the lamp on the other side. Reflected optically thick
radiation however is absorbed after entering the lamp burner for the second
time. Therefore, reflections on the inside of the outer bulb are lowering the
height of the optically thick peaks in the spectrum. Because this radiation is no
longer lost after removal of the outer bulb, this can result in local differences in
the net emitted spectrum.

The self reversal maxima of optically thick lines increase when the outer
bulb is removed. If these optically thick lines appear at wavelengths where
the eye sensitivity curve is high, this will influence the lamp efficacy that is
determined from the spectra. For sodium and thallium, two species found in
many MH lamps, this process can be relevant as these species can show large
self reversed peaks in the visible spectrum where the eye sensitivity is high.

Therefore, we have to be cautious when comparing the luminous efficacy of
a lamp determined from a spectral measurement from our setup to lamp data
in product data-sheets of commercially available lamps, or other data based on
experiments performed on lamps with outer bulbs.

Lamps are performing differently in our setup as compared to their ’real
world’ performance. This difference is unavoidable, as the spectral radiant flux
in thermal radiation from the burner wall, that contains between 20% and 40%
of the total lamp power, cannot be measured without removing the outer bulb.
Anyhow, the direct environment is always influencing the performance of a
lamp in real applications, for example a lamp in a well insulated fixture will
behave differently from a freely burning lamp. We cannot perform this research
for each separate application. Therefore, we will limit the applicability of the
exact values of our measurements to research lamps without outer bulb. This
way all the lamps will be compared in the same conditioned and well defined
environment inside our temperature stabilized integrating sphere setup. All
spectra will show differences such as those shown in figure 3.5 with their
’real lamp’ counterparts, but they can be compared to each other. For the
comparisons between lamps in our experiments to lamps with outer bulbs, we
will aim to take possible contributions of the outer bulb into account. Since the
general trends will still hold for lamps with outer bulb, the general conclusions
will be valid for a broader application area.

Errors in the energy balance

The spectral radiant flux will be integrated for the lamp spectrum to determine
the powers that are required for determining the power balance. This means
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that random errors will average out, and only the systematic errors and the
reproducibility errors will remain. We therefore estimate that the typical error
is about 5% for the total visible power, 8% for the infrared and 25% for the
ultraviolet. Taking the typical spectral power distribution into account, the
error for the total lamp power is about 8%. For the larger part, this error is
of systematic nature, and it is the same for all lamps that are inter-compared
within one experiment. Therefore, when comparing the different lamps within
one experiment, their relative error is reduced to a few percent.
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The electrodes

4.1 Introduction

The function of the two electrodes in the HID lamp is to provide and collect
the current to the plasma. Normally HID lamps are operated using an AC
signal where the electrodes switch between providing electrons (cathode) and
collecting them (anode). In order to emit a sufficient amount of electrons, the
cathode needs to be hot. In the cathode phase, ions accelerated in the sheath
bombard the electrode and also heat it up. In the anode phase, (hot) electrons
are collected from the plasma, heating up the anode in the process. These
processes consume part of the lamp power.

In this chapter we will investigate the electrode losses and their influence on
the power balance of the lamp. Because we are mostly interested in determining
the electrode losses in the power balance of the lamp, we will not treat the
electrode in all its details. For different types of 400W HID lamps, Jack and
Koedam [4] reports electrode losses between 6 and 10% of the total lamp power.
For lower lamp powers, the absolute value of the electrode losses is typically
lower, but the typical relative values are higher. The electrode losses constitute
a significant part of the power balance.

To minimize the electrode losses, some trade-offs have to be made. There are
different optimization requirements for the anode and cathode functionality in
steady state lamp operation. The electrode behaviour during the starting-up
phase of the lamp is important for electrode lifetime and thereby lamp life. The
electrode temperature is an important control parameter to minimize electrode
evaporation, sputtering, deformation and wall blackening [6].
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Detailed studies on the electrode temperature and electrode losses involve
temperature profile measurements on the electrodes, combined with modelling
efforts. Such studies typically use specially designed lamps with rod type
electrodes in transparent lamp burners typically made of yttrium aluminium
garnet (YAG) [5, 6, 8, 12, 13, 14]. In commercially available ceramic metal halide
HID (CMH) lamps, the lamp burners are made of polycrystalline alumina
(PCA) and the electrodes are normally of the rod-with-coil type. This means
that electrode behaviour in the model lamps can be different from that in a
(commercial) production lamp.

In this chapter we present a study on electrodes of the rod-with-coil type.
The lamps in this study also have a transparent YAG lamp burner. The per-
formance of these electrodes is more similar to the performance of the electrode
in a real CMH lamp. We are using three different methods to study the elec-
trode losses. Two experimental methods have been employed. The switch-off
method (sec. 4.4), where the time dependent signal after switching off the
lamp is used to find the electrode radiation, and pyrometry (sec. 4.5) where the
electrode losses are determined from the measured temperature profile of the
electrode. These results are compared to electrode (temperature) simulations
(sec. 4.6) made using the Eldes model [6].

4.2 Electrode losses and the Elenbaas plot

The electrode losses have an important influence on the power balance. Not
only because the electrode losses consume part of the total energy, but also
because the value that is assumed for the electrode losses also influences the
other contributions when determining the power balance.

The electrode loses its energy via heat conduction and radiation only. The
electrode radiation is mostly transmitted by the burner wall, but part of the
electrode radiation is absorbed. At the position where the electrode and the
burner wall join, their losses can no longer be distinguished. The electrode
conduction losses and the absorbed electrode radiation, end up as power
input to the burner wall. Also the plasma conduction loss, and the absorbed
discharge radiation end up at the burner wall. The burner wall loses this energy
via conduction (to the lead wires) and radiation. The burner wall radiation
can be separated from the discharge radiation, but we also want to be able
to distinguish between its sources. If the electrode losses are not taken into
account properly, the values for the different sources of power input on the
burner wall are scrambled.
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The total power originating from thermal radiation from the burner can
be split up into its sources using an Elenbaas plot (see also section 2.3). In
an Elenbaas plot the power in the arc column is plotted versus the discharge
radiation leaving the lamp. A linear fit is made through the data point in
the Elenbaas plot. Using this fit we can distinguish contributions linear(ized)
with (small variations in) input power, and contributions that are constant
with power. Since the plasma temperature varies only little with such an input
power variation, the plasma conduction losses are considered constant, and can
be determined from the x-axis crossing of the fit. The total absorbed discharge
radiation is assumed to be linear with power and can be determined from the
slope of the fit.

To draw an Elenbaas plot, the electrode losses are important in two ways.
Firstly, the electrode losses are important when determining the power in
the arc column, this power is equal to the input power minus the electrode
losses. Secondly, the electrode losses are important when determining the
discharge radiation. The discharge radiation is obtained from the measured
lamp spectrum, that has to be corrected for thermal radiation from the burner
wall, and for electrode radiation.

From a theoretical point of view, there are two simplified approaches we
can use to estimate how the electrode losses change during a power scan.
The first approach is to assume that the electrode losses are linear with lamp
current within the small range of operating powers during our power scan.
This approach follows from the idea that the electrons which are accelerated in
the cathode sheath produce the ions that are required to supply the ion current
to he electrode. In this simplified reasoning, we will state that the cathode fall
will be roughly in the order of the ionization potential of the dominant species
in plasma, which does not depend on operating power, so the sheath voltage
remains approximately constant. For the anode phase, this approach assumes
that the current reaching the anode is mainly due to the electrons accelerated
in the sheath, so also the anode losses are linear with lamp current. In this
approach, the electrode losses are approximated by using a constant value V0
for the electrode fall Vel in equation 2.8

For the small input power variation we encounter during a power scan,
the lamp current is approximately linear with lamp power and therefore, the
electrode losses will also be linear with lamp power. If the electrode losses are
not determined correctly, this will influence the slope of the Elenbaas plot. This,
in turn, will influence the value we find for the plasma absorption losses.

The second approach is that we assume that the electrode losses remain
constant for the small range of operating powers we look at during a power

85



Chapter 4.

Table 4.1: Description of the YAG lamp that is used in this investigation, the schem-
atic picture of the ’Konoshima K3’ lamp burner of the lamps in this expriment is
approximately to scale 1:2.

salt type: Na-Tl-La-iodides

salt dose: 259 µg

mercury dose: 7 mg

starting gas: 300 mbar Ar

scan. To reason this approach we evaluate the Richardson-Dushman equation
(eq. 2.1). From this equation we conclude that cathode current varies rapidly
with temperature due to the exponential form of this equation. This means that
to provide the additional current, the electrode temperature will increase so
little, we will assume the temperature will remain approximately constant for
the small range of currents we are looking at. Since the electrode losses consist
of conduction (linear with temperature) and radiation (∝ T4), two processes
having a much slower response to temperature varyation than the exponent in
the Richardson-Dushman equation, we expect the electrode losses will remain
approximately constant as well especially when considering only a the small
range of input powers, such as the range we encounter during a power scan. If
the constant electrode losses are not determined correctly, this will influence
the Elenbaas plot, resulting in an error in the value we find for the plasma
conduction losses.

4.3 The experiments, comparing three methods

In the next sections we determine the electrode losses for the same lamp (details
in table 4.1) using three different methods. Two methods are experimental,
the switch-off method (sec. 4.4) and pyrometry (sec. 4.5). The third method
consists of simulations (sec. 4.6) with the Eldes program [6]. The electrode
losses determined from these three methods are compared to each other. Unless
mentioned otherwise, the figures shown here are for the lamp operated at its
nominal power of about 70 W.
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4.4 Switch-off measurements to determine the elec-
trode losses

4.4.1 setup

The broadband integrating sphere setup, that is extensively described in chapter
3 has been used to perform the switch-off measurements. After switching off
the lamp, a series of fast (but low resolution) measurements is performed to
capture the decaying thermal radiation of the lamp burner and electrode as a
function of time.

4.4.2 Measurements and results

When switching off an HID lamp, the discharge radiation, electrode radiation
and thermal radiation decrease with different time scales. In figure 4.1, a the
time dependent signal that is measured after switching off the lamp is shown
for at two different wavelengths. One measurement is done at a wavelength
where the burner material has a transmittance of approximately 0, and one
where the transmittance is about 0.85. We have normalised the signal to the
intensity (of the burner wall thermal radiation) 2 s after switching off the
lamp. After switching off the lamp, the measured signal shows a decay. At
the wavelength where the burner transmittance is approximately 0, we see a
slowly decaying signal with a time constant of 23 s. At the wavelength where
the transmittance is high, we see two time constants. On a long time scale we
see a slow decay with a time constant of 8 s. At a short time scale we see a fast
decay. After subtracting this slow decay from the total signal, we fit a time
constant of 0.2 s to the fast decay.

Slow decay

The slow decay of the signal represents the thermal radiation from the burner
wall. For the slow decay we find different decay times depending on wavenum-
ber. We see 23 s for low wavenumber and 8 s for the high wavenumber situation.
This is consistent with the fact that at higher wavenumber, the black-body curve
changes faster when temperature changes. These slow time constants are reas-
onable given it can take a few minutes before the burner wall has completely
cooled down to room temperature. For an HID lamp with a PCA burner, Van
den Bos [2] has measured the temperature decay after switching off the lamp.
When the measured and calculated decay constants for ∂T

∂t are converted to
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Figure 4.1: Time resolved integrating sphere measurement after switching off the
lamp (red) and fits using exponential decay (black). The figures are normalized at
t = 2 s . Figure A shows the decay at about 6.7 µm (1500 cm−1) where the transmit-
tance of the burner wall material (YAG) is practically zero. Figure B shows the decay
at 2.5 µm (4000 cm−1), where the transmittance of the burner wall material (YAG) is
approximately 0.85.

time time constants for ∂I
∂t (using I ∝ σεT4) we find 14 s and 9 s respectively.

Our values are of similar magnitude.

Fast decay

We only see fast decay when the burner wall is transparent. Therefore, the
fast decaying signal has to originate from within the lamp. This means either
plasma radiation, electrode radiation, or a combination of the two are the most
likely origins.

To investigate the origin of the fast decay we have made a movie while
switching off the lamp. The movie was made using a Samsung Galaxy SII
smartphone camera. Snapshots extracted from this movie with their relative
timestamps are shown in figure 4.2. The last frame shown in figure 4.2 is
at 0.83 s, this is not the last frame where the electrode radiation can be seen.
Electrode radiation can be seen up to about 1.33 s after the first frame. It
is not possible to determine a reliable time constant for the decay from this
movie. Firstly because we can not determine the exact start time because of
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Figure 4.2: Snapshots from a movie made during switching off the lamp. The time
indicated above each figure is the time difference with the first snapshot. All the
pictures in the top row show regions where the camera is over exposed.

camera over-exposure in the beginning of the movie and secondly because the
sensitivity of the camera changes (slowly) in time.

From this experiment we conclude that the electrode radiation is indeed
resulting in a fast decay signal during the first one or two seconds. We also see
such a feature in the beginning of the switch-off measurement. However, due
to the over exposure in the beginning of the movie we can not exclude plasma
radiation contributions.

We still want to know whether the first part of the fast decay signal originates
only from the electrode or also from plasma radiation. To answer this question
we have performed the switch-off measurements while focussing directly on
the lamp (outside the integrating sphere). We have measured at three different
positions. One measurement is done while focussing on the electrode, one just
next to the electrode, and one in the centre of the discharge. The results are
shown in figure 4.3.

This figures shows that the fast decay in the first part of the measurement
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Figure 4.3: Time resolved measurement after switching off the lamp. The meas-
urement is performed at three different positions as is indicated in the schematic
drawing. One measurement focusses on the electrode (red), one just next to it
(dotted, black) and one measurement is focussed in the plasma (dashed, blue).

indeed originates from the electrode. We conclude this because the strongest
signal is originating from the electrode. The measurement on the other two
positions also show a weak fast decay signal. The time constant for all these
signals is approximately the same and equals about 0.2 s, the value determined
using the integrating sphere switch-off measurement. The fast decay signal
that is seen when not focussing on the electrode is likely caused by reflections
and/or scattering of electrode radiation on the lamp burner. We conclude this
because we paid attention to the spatial resolution of the measurement and
positioned the lamp such that that the electrode was inside the measurement
volume only during the measurement ‘on the electrode’. Also in figure 4.2 (sub
figures 5-7), reflections of electrode radiation on the burner wall are present
and they are more intense closer to the electrode.

Determining the total electrode radiation losses

For each wavelength in the measurement range the time dependent signal
after switching off the lamp has been measured and a fit was made. For
each wavelength, results similar to those shown in figure 4.1 are obtained.
All these fits have been extrapolated to t = 0 s to determine the value of the
thermal radiation from the burner wall and that of the electrode during normal
lamp regime. The spectrum resulting from these extrapolations is shown
in figure 4.4. This figure shows the thermal radiation from the burner wall
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Table 4.2: Radiating part of the electrode losses determined using the fast switch-off
measurement.

Lamp power (W) Lamp current (A) Electrode radiation losses (W)
49.6 0.54 4.5
54.4 0.56 5.3
60.3 0.61 4.3
65.4 0.66 5.8
70.3 0.70 4.8

(black), the thermal radiation of the electrode (blue) and the sum of burner plus
electrode radiation (pink). As a reference, the signal while the lamp was still
on (red) is also shown. The dotted lines are extrapolated fits of the data in the
measurement range, according to Planck’s law.

Only the part of the electrode radiation that is transmitted by the burner
wall contributes to the signal we measure. To obtain the total radiated power,
we have to correct for this.

It is possible to make a reasonably good fit through the measured data points
using Planck’s law. For this fit curve a temperature of 2500 K is used, and a
scaling factor of 1.9 · 10−6 sr m2 is found. This factor represents the product
of πεA, which is taking into account the solid angle, emissivity and surface
area of the radiating object. Using the surface of the electrode, assuming an
emissivity of 0.2 for the electrode, and a typical YAG transmittance of 0.85
in the wavelength range of the data used for the fit, the factor should have
been 2.1 · 10−6 sr m2. The combination of time-scale, origin and approximate
size proves that the fast decay part of the signal indeed originates from the
electrodes.

In this procedure, data fitting and extrapolation is performed twice. First on
the time resolved data determine the t=0 values. Then a black body curve is fit
to these t=0 values. We have investigated how the electrode radiation losses
determined with this method depend on the fitting parameters, and found that
errors up to 25% are expected from this method.

We have used the switch-off method to calculate the electrode radiation
losses when operating the lamp at different input powers. The results are
shown in table 4.2.
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Figure 4.4: The t = 0 s spectra resulting from the switch-off measurement and sub-
sequent data processing. The curves show the thermal radiation from the burner
wall (black), the thermal radiation of the electrode (blue) and the sum of burner plus
electrode radiation (pink). The dotted lines are fits according to Planck’s black body
law. As a reference, the signal while the lamp was still on (red) is also shown.

4.5 Pyrometry measurements

At the Ruhr-Universität Bochum, in the AEPT group, the 2D-Pyrometry setup is
in use in electrode investigations [1, 8, 7, 12, 13, 14]. The experimental method
of the 2D-Pyrometry setup is based on the work of Luijks et al. [6]. Determining
electrode losses from a combination of temperature profile measurements with
additional power losses calculations based on fitting the temperature profile to
the heat conduction equation was published for the first time by Dabringhausen
et al. [3]. They investigated electrode losses in a specially designed model lamp
containing the noble gases argon and xenon. We have used this setup to
measure electrode temperature profiles and have then calculated the electrode
losses for the same lamp discussed above.
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Figure 4.5: Schematic picture of the 2D-Pyrometry setup (courtesy of M. Westermeier
[12], figure 3.10 on page 55). A CCD camera is used to photograph the electrode. A
filter which transmits at 890 ± 5 nm is used to avoid plasma emission to disturb the
picture.

4.5.1 2D-Pyrometry setup and data processing

A schematic picture of the setup is shown in figure 4.5. A photograph of the
electrode is taken with a CCD camera. A filter that transmits at 890 ± 5 nm is
used to avoid plasma emission that would otherwise disturb the picture. The
camera has been calibrated with a tungsten band lamp (type: OSRAM Wi17g3).
So the absolute radiance of the electrode can be determined.

Using Planck’s law with tungsten emissivities from [11], the electrode tem-
perature is calculated. This results in 2D temperature profile pictures. This
setup is has a triggered mechanical shutter to select a defined time span within
in the current phase, and it is fast enough to determine phase resolved pictures
to investigate emitter effects [1, 8, 7, 12, 13, 14]. In this power balance research,
we are interested in the phase averaged results. We use them to obtain the total
electrode losses.

The phase averaged temperature profile for the lamp in this research is
shown in figure 4.6. The base of the extended plug can be seen at the top
of the picture. In the middle, pointing downwards we see the rod-with-coil
type electrode. For this electrode, the tip extends beyond the coil. The curved
geometry at the top-right and top-left of the picture shows the outside boundary
of the burner wall. This curvature of the burner wall results in some distortions
of the picture. This means that reliable temperature determinations are limited
to approximately the top half of the electrode (the top of the electrode is
pointing down in this picture).

The temperature profile in the longitudinal direction is obtained from the
central part of the electrode in this 2-D temperature profile. For the lamp in
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Figure 4.6: The phase averaged 2D calculated temperature picture. The beginning
of the extended plug can be seen at the top of the picture. Pointing downwards
we see the rod-with-coil type electrode. The curved geometry at the top-right and
top-left of the picture is the outside of the burner wall.

this investigation, the resulting temperature profile is shown in figure 4.7. The
x-axis indicates the distance from the tip in mm.

Along some parts of the electrode reliable measurements are possible. Close
to the tip, the surface roughness of the electrode has increased due to the arc
attachment. These different surface conditions result in undefined emissivities.
Also plasma (continuum) radiation can influence the measurement at the tip.
Therefore temperature determination in this region is unreliable. Far away
from the tip the curvature of the burner wall and often (but not in this picture)
salt depositions also influence the measurement. The coil region is also an area
of special attention.

Below the coil

In the region below the coil (indicated with T1 in figure 4.7), the one dimen-
sional heat balance equation is solved and fitted to the measured temperature
profile (measurement data and fit are shown in figure 4.9, with red crosses
and black line respectively). We assume no input power from the plasma in
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Figure 4.7: The calculated electrode temperature profile according to the pyrometry
measurements. The x-axis indicates the distance from the tip. Along some parts of
the electrode reliable measurements are possible, these regions indicated with T1
and T2. The data points that are used in the fitting procedures are indicated in figure
4.9.

this region, so the heat balance equation includes only heat conduction and
radiation. This heat balance is written as:

πr2 d
dz

(λ(T)
dT
dz

) = 2πrεtot(T)σT4, (4.1)

Where r is the radius of the electrode rod, λ(T) is the temperature dependent
heat conduction coefficient, εtot(T) is the temperature dependent hemispherical
total emittance and σ is the Stefan-Boltzmann constant. The temperature
profile resulting from fitting the heat balance equation is used to determine the
radiated power in this region and the heat conduction losses at the base of the
electrode.

95



Chapter 4.

The coil region

The surface elements in the gaps that form between two windings of the coil
show an increased emission due to the reflection of radiation from surface
elements within the field of view. This results in an increased measured intens-
ity originating from these surface elements. This results in a higher effective
emissivity. On the tops of the windings, no other coil elements appear in the
field of view. Therefore, no additional effects are observed.

In the data processing an iteration step is performed to find the temperature
and emissivity. However, only emissivities equal to that of tungsten are con-
sidered. This means that the increased intensity that is observed from the gaps
between the windings and in reality results from an increased emissivity, leads
to a elevated calculated temperature. This results in the spikes in the calculated
temperatures in the coil region in figure 4.7.

The local minima in this region are are assumed to yield correct temperatures
because these are the temperatures measured at the tops of the coil. They
are correct because no additional reflections appear here. To approximate
the real coil surface temperature, a straight line fit is made through the local
minima (figure 4.8, top). With this temperature fit Tf it, we calculate the effective
emissivity (εe f f ective) using the following equation:

εe f f ectiveB(Tf it, λ f ilter) = ε1B(T1, λ f ilter). (4.2)

In this equation ε1 and T1 are the emissivity and temperature resulting from the
first data processing step and B(T, λ f ilter) is the black body radiation according
to Planck’s law at the transmission wavelength of the filter. The temperature
profile and emissivities resulting from the first data processing step, and the
corrected values are shown in figure 4.8.

In the electrode simulations, the coil windings are approximated by a cyl-
inder. This has consequences for both the conduction and the radiation. This
cylinder has a lower radiating surface than a coil. To compensate for this, an
effective emissivity needs to be taken into account. Assuming Lambertian
radiation, this effective emissivity is equal to the effective emissivity we have
calculated here. In the simulations an average effective emissivity can be used.
From the two profiles ε1 and εe f f ective this average effective emissivity factor
can be calculated as the average of their ratios:

ε f actor =
1
l

ˆ
x

εe f f ective/ε1dx, (4.3)
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Figure 4.8: The temperature (top) and emissivity (bottom) in the coil region. The
black curves indicate the temperature and emissivity found in the first data pro-
cessing step. The dashed red curves are the new temperature fit and the resulting
effective emissivity. The sides of the coil windings are indicated with dotted green
lines.

with l the length of the wound coil, and x the axial coordinate of the coil. We
have found 1.22 as a typical value for this effective emissivity factor.

The radiation from the coil region is calculated using Stefan-Boltzmann’s
law. In this calculation, the surface area is approximated by a cylinder with
diameter equal to the rod diameter plus two times the coil wire diameter, the
temperature values resulting from this new temperature fit are used, and the
effective emissivity factor is used as a correction factor.

Above the coil

For the region above the coil (indicated with T2 in figure 4.7) there are three
options depending on the electrode geometry.

1. There is a large part of the rod sticking out of the coil, such as we see for
the lamp in this example. In these situations, we use the heat balance
equation to fit the temperature profile in this region (measurement data
and fit are shown in figure 4.9, with red crosses and dashed black line
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Table 4.3: Electrode losses for one electrode, determined from the pyrometry meas-
urements.

Lamp
power (W)

Lamp
current (A)

Conduction
loss (W)

Radiation
loss (W)

Total Electrode
loss (W)

49.6 0.51 2.47 1.94 4.41
54.4 0.55 2.54 2.12 4.67
60.4 0.61 2.56 2.45 5.02
65.4 0.65 2.55 2.44 4.99
70.3 0.70 2.61 2.71 5.33

respectively). With the temperature profile from this fit we calculate the
radiation according to Stefan-Boltzmann’s law. For this geometry, it has
been considered to use the heat balance equation in both the regions T1
and T2 to calculate the power loss from the coil. This can be done by
calculating the power going into and coming out of the coil by conduction
using the heat balance equation. The difference between these values will
be the power lost by the coil. This will lead to incorrect results when the
coil is also receiving input power from other sources, for example when
the (diffuse) arc attachment reaches the coil. Therefore it has been chosen
not to use such calculations to determine the power loss from the coil
region.

2. The coil extends all the way to the tip of the electrode. In this case, there
is no region above the coil.

3. There is a little part of the rod that sticks out of the coil, but no reliable
temperature reading can be done. In this case we will extrapolate the
temperature fit in the coil region to approximate the tip temperature.

4.5.2 Measurements and results

In in figure 4.9 we show the measured temperature profile and the temperature
fits in the three different regions, according to the data processing procedure
discussed in the previous section. From these temperature profile fits we
calculate the electrode losses. This has been done for different operating powers.
The resulting values are summarized in table 4.3.
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Figure 4.9: The measured temperature profile (blue), and the temperature fits in
the region below the coil (solid black), on the coil (dotted black) and above the coil
(dashed black). The red crosses indicate the data point that are used in the fits. The
different regions are indicated in figure 4.7.

4.6 Electrode simulations

We have used the Eldes2.2 model to calculate the electrode losses. We will
compare the electrode losses determined from these simulation to the losses
determined from the pyrometry measurements and switch-off measurements.
In the Eldes model the two-dimensional time-dependent heat balance equation
is solved for rotationally symmetric electrodes. The model uses the same theory
as that presented in this chapter, but with more detailed equations that are
described in [6]. The input parameters for this model are:

• the electrode geometry and the base temperature,

• electrode material properties: the (temperature dependent) heat conduct-
ivity, the emissivity.

• the work function of the cathode and the effect of gas phase emitters,
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• the anode fall,

• plasma properties: main sheath ion and field strength,

• circuit properties: current and wave form.

The output parameters of the model are the time and spatially resolved:

• temperature profile of the electrode,

• current and input power densities,

• radiated and conducted power loss,

• and the conduction losses at the base.

To calculate the electrode losses from the model, we used the standard input
values and way of operating the model. Specific for our situation, we entered
the following data we have obtained during the pyrometry experiment:

• the base temperature as resulted from the pyrometry experiment,

• the effective emissivity factor,

• and the lamp rms current.

We have estimated the input value for the electric field in the discharge from
the power measurements during the experiment.

The effective conduction of the coil region needed in the input section of
the model was estimated by calculating the relative surface area of the real
coil with respect to the assumed cylindrical geometry in the axial direction.
We have additionally halved this value, because we have observed that the
coils are relatively loosely wound. According to the specifications, they where
mounted on the top of the electrode, but in reality they sometimes slid partially
down the rod. We observed this for two out of six lamps. As the salt fill
reacts with the YAG burner, the transmittance of the burner wall degrades and
becomes translucent over time. Therefore, relatively new lamps are used in
this investigation. For older lamps, the coils will become better fixed to the rod
because they can melt onto it after prolonged use. For these new lamps, the
contact between the rod and the coil is not as firm [9].

In the simulations we have used the work function of tungsten, ignoring a
lowering of the work function by possible (gas phase) emitter effects.

Figure 4.10 shows the temperature profile that resulted from the pyrometry
measurement, with two additional temperature curves from Eldes simulations.
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Figure 4.10: The measured temperature profile (blue, c.f. figure 4.9), and the temper-
ature profiles resulting from Eldes simulations using the work function of tungsten
(light blue, solid) and a work function 0.14 eV lower (light blue, dashed).

For the solid light blue line we have used the work function of tungsten, for
the dashed light blue line we have lowered the work function with 0.14 eV. The
top line matches the temperature profile above the coil best, while the lower
line matches the temperature profile below the coil best. The electrode losses
determined from the model using the first settings are higher, than the losses
calculated from the pyrometry experiment while those determined using the
second settings are lower.

From this brief evaluation we conclude that optimizing the simulation
parameters such as the work function, the effective conductivities and effective
emissivities can probably give a near-perfect match for both the losses and
the temperature profile. However, this is not the goal of this investigation.
Therefore, we did not optimize the simulation parameters in this comparison,
because we want to estimate how reliable our ’crude’ simulations results will
be when we cannot obtain the real losses from a pyrometry experiment. The
electrode losses determined with these ’crude’ simulations are summarized in
table 4.4.
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Table 4.4: Electrode losses determined from the Eldes simulations. The lamp current
is the input parameter for the modeling, the lamp power is given for comparison
purposes.

Lamp
power (W)

Lamp
current (A)

Conduction
loss (W)

Radiation
loss (W)

Total Electrode
loss (W)

49.6 0.51 3.06 2.53 5.58

54.4 0.55 3.00 2.61 5.61

60.4 0.61 2.85 2.76 5.61

65.4 0.65 2.88 2.82 5.69

70.3 0.70 2.79 2.92 5.72

4.7 Comparing electrode radiation losses

For three different HID lamps, each with a slightly different electrode geometry,
the electrode losses have been determined using three different methods. For
one lamp, the procedure has been discussed in detail. The electrode losses
have been determined from switch-off measurement (section 4.4), pyrometry
measurements (section 4.5) and the Eldes model (section 4.6). Since the pyro-
metry measurements and the simulations yield losses per electrode, while in
the switch-off measurements both electrodes are measured together, the values
from the switch-off measurement are divided by two in this comparison. The
acquired electrode radiation losses from the three different methods are shown
in figure 4.11.

The electrode radiation losses as determined from both the pyrometry
method and the Eldes simulations follow a smooth, slightly rising trend with in-
creasing lamp current. The results from the simulations show between 10% and
30% higher losses. This could be caused by a possible emitter effect that was
not included in the simulations but could have lowered the losses if it would
be included. This emitter effect could for example result from the lanthanum.
We have shown above (see also figure 4.10) that this possible emitter effect is
only small and likely in the order of 0.14 eV. Electrodes doped with lanthanum-
oxide have been reported to show a reduced work function [10]. The losses
calculated with the switch-off method clearly show a larger spread, but the
average results do agree with the other methods. Each individual data point
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Figure 4.11: Radiating part of the electrode losses for a single electrode, as determ-
ined from fast switch-off measurement (green triangles), from pyrometry measure-
ments (blue diamonds)and from the Eldes model (pink squares). The results from
the three different methods agree nicely. The fast switch-off results show the biggest
scatter.

from the switch-off method agrees with the corresponding values according to
the other methods within the maximum error of 25% we estimated in section
4.4.2.

Besides the lamp that is discussed in detail in the previous two sections, the
electrode losses have been determined using different methods for two other
lamps. This includes one lamp with a rod electrode, and one lamp with rod-
with-coil type electrode. The the rod and coil in this lamp are quite different;
the rod is thinner, while the coil is thicker, longer and extends to the top of the
electrode. The electrode radiation losses that result from the different methods
are shown in figure 4.12.

For the coiled electrode we conclude the same as before. The pyrometry
and simulation result show a similar, smooth slightly rising trend. The losses
resulting from simulations are between 7% and 17% above the pyrometry
results. Again, this could be caused by a possible emitter effect that was not
included in the simulations. This time the emitter effect could for example result
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Figure 4.12: The radiating part of the electrode losses for a rod-coil electrode with the
coil on the top and for a rod electrode. Losses are determined using fast switch-off
measurement (green triangles), from pyrometry measurements (blue diamonds)and
from the Eldes model (pink squares). The lamp with the rod electrode has a salt
fill containing sodium (4 mg) and cerium (2 mg), both elements known to show an
emitter effect. We therefore did not model this electrode. The temperature profile
photo of the rod electrode is a photo of an electrode of the same type, but in a
different lamp (no sodium).

from the small quantity of cerium [8] in the lamp fill1. The losses calculated
with the switch-off method show more spread, but the average values again
agree with the other methods. The switch-off measurements do show a very
different slope. This is most likely an artefact from the combination of the noise
and the low number of data points.

For the rod electrode, the electrode radiation loss determined with the fast
switch-off method agrees with the results from the pyrometry method.

From the comparisons we conclude that the switch-off measurements can
be used to obtain the radiating part of electrode losses. A typical value for the
difference between the individual results from the switch off measurement to
the pyrometry results is about 15%. This difference results mostly from the
random error on the results of the switch-off measurements. The average value
of the radiation loss according to the simulation results is almost 15% above
the average value of the two measurement method results.

4.8 Total electrode losses and the power balance

In this section we will discuss the total electrode losses and how they affect
the power balance, which depends on how the electrode losses vary during a

1Reverse engineering the work function by comparing temperature profiles from the simulations and
measurements was not the goal of this research. We have therefore not investigated this further.
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power scan. It was stated in the theory section that the power deposited onto
the burner wall is a sum of the electrode losses, the plasma conduction losses
and the absorption losses. Their distribution, determined from an Elenbaas
plot is influenced by the way the electrode loss is included in the power scan
analysis.

The switch-off measurements cannot be used to determine the electrode
conduction losses. In this section we therefore compare how well the electrode
losses from simulations agree with those from the pyrometry measurements.
All lamps in our power balance investigations have electrodes with coils. We
will therefore discuss only those results.

In figure 4.13, the electrode losses determined from the pyrometry method
and from the Eldes simulation are shown. The electrode losses in these figures
show a slightly rising trend. For the small range of lamp currents that are
encountered during a power scan we can conclude that the electrode losses are
approximately constant with current. We see this for both a small coil far away
from the electrode tip on a thick rod, and for a large coil close to the electrode
tip on a smaller rod. For the radiation losses we saw about 15% higher results
from the simulations. This is partly compensated by the lower conduction
losses. The total electrode losses determined from the simulations are typically
about 10% above those from the pyrometry measurement.

Because the electrode losses are approximately constant with lamp power
(for the small range of powers in our power scans), an error in the electrode
losses will mostly influence the plasma conduction losses that result from the
Elenbaas plot. The error in the plasma conduction losses will be approximately
equal in magnitude but of opposite sign. For the lamps in this study we can
correct for this error because we have done extensive comparisons. Doing
this before making the Elenbaas plots will prevent the additional error in the
plasma conduction losses that could have had the same absolute value as the
error in the electrode losses.

4.9 Conclusions

The advantage of the switch-off method is that the burner wall is not required to
be transparent, but can also be translucent. To investigate how the results from
the pyrometry measurements in YAG lamps translate to electrode losses in PCA
lamps the fast switch-off method can be useful, even though the conduction
loss can not be determined.

From the comparisons shown in the previous sections we conclude that the
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Figure 4.13: Electrode losses for a single electrode, determined using the pyrometry
method (solid) and Eldes simulations (hollow). The conduction loss (pink squares),
radiation loss (green triangles) and total electrode loss (blue diamonds) are shown.

fast switch-off method can indeed be used to determine the radiating part of
the electrode losses. However, the scatter on the resulting powers is larger than
that of the established methods. With some further improvements, this method
can be used systematically in electrode research with the great advantage
that also measurements on lamps with translucent burners are possible. The
most important improvements would be faster measurements over a broader
wavenumber range, combined with additional repetitions.

For power balance research, the fast switch-off measurement can be used
to distinguish between plasma radiation, electrode radiation and burner wall
radiation. For the standard lamps, the error bar of typically 15% percent for the
electrode radiation loss determined from the fast switch-off method is almost
good enough to obtain data as accurate as that obtained from electrode simu-
lations and prior knowledge. Spatially resolved temperature measurements
employed on electrodes in lamps with YAG burners and supported by mod-
elling efforts however do remain the preferred method for electrode research.
For new and more exotic research lamps (in PCA burners), with non-typical
specifications we can use the fast switch-off results to verify the approximate
correctness of estimated electrode losses from modelling efforts.

We have found that the electrode losses for electrodes of the rod-with-coil
type are approximately constant for the range of currents used during a power
scan. The electrode losses determined with the Eldes simulations are about
10% higher than those determined from the pyrometry measurements. Since
the electrode losses are approximately constant, an error in the electrode losses
leads to an error in the plasma conduction losses with the same magnitude, but
opposite in sign. For typical rod-with-coil electrodes in HID lamps of about
70W lamp power, this is also about 10%. From the study in this chapter, it
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appears this error is a a systematic error, so we can correct for it.

From the fast switch-off measurement the following typical time scales are
concluded. The time constant for the decay of the plasma radiation is at most a
few milliseconds. Typical time constants for the decay of electrode radiation
are in the order of about 0.2 s. Within about one or two seconds the electrode
radiation has completely vanished. For the thermal radiation from the burner
wall, typical time constants are about 20 seconds.

From evaluating the temperature profiles in the coil region, we conclude
that the average effective emissivity for tungsten coils is about 1.2 times higher
than the normal tungsten emissivity, for the tungsten coils evaluated in this
experiment.
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The start gas

5.1 Introduction

Knowledge on the influence of the start gas on the energy balance and perform-
ance of high intensity discharge (HID) lamps is important. The function of the
start gas is to enable ignition of the lamp. To help starting the lamp, the start gas
should have a low electron-neutral collision cross-section. We do not want the
start gas to lower the electrical conductivity of the lamp, so the start gas should
not contribute (significantly) to the electron density once the lamp is burning.
This means that the start gas should have a high ionization potential. This
high ionization potential also means that the radiating transitions will likely
have rather high energies. Consequently these transitions have low population
densities and are not contributing significantly to the radiation output of the
lamp.

Noble gases are often selected as a start gas because they are gaseous at
room temperature and have a high ionization potential. Most noble gases
however have a higher heat conduction coefficient than mercury, but xenon
even shows a slightly lower value (see also figure 5.1).

The heat conductivity during steady-state operation of the lamp can already
be influenced by a small fraction (several %) of a gas with a much different
coefficient of thermal conduction. In ceramic metal halide HID (CMH) lamps,
after the buffer gas, the start gas is the most abundant species. So we can
expect the start gas to be important for the plasma heat conduction losses. In
mercury free HID lamps, the thermal conductivity of the start gas will probably
be more important, because the start gas will likely be a more abundant species
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in the lamp. The influence of the start gas thermal conductivity on the plasma
heat conduction losses in mercury free CMH lamps is the main focus of the
experiments discussed in this chapter.

For the high pressure mercury (HPM) lamp, Elenbaas has researched and
published [1] how lamp performance is influenced by adding low quantities of
a noble gas to the lamp. Elenbaas states that because of the high energy levels
and ionization potential of the noble gas with respect to mercury, only the
mercury vapour is appreciably exited and ionized. Therefore the noble gas has
no significant direct contribution to the electron density or the radiation loss.
Elenbaas also states that there is little effect on the electron mobility, because
the cross sections of the noble gases are low with respect to that of mercury
at electron energies relevant for the HPM lamp. The effect on the losses by
thermal conduction may in some cases be considerable.

Elenbaas [1] concludes that increasing the relative amount of the noble gases
argon, neon or helium to the mercury discharge increases the plasma heat
conduction loss. The plasma heat conduction loss increases more when the
thermal conductivity of the noble gas is higher. Elenbaas [2] shows that higher
plasma heat conduction losses result in less plasma radiation and a higher
potential gradient. The effective temperature is also shown to decrease when
the heat conduction loss increases. We want to investigate whether the trends
observed by Elenbaas for the HPM lamp are also valid for mercury free CMH
lamps.

5.2 Heat conduction losses and lamp properties.

Efficacy

The lamp efficacy can be assumed approximately linear with the radiated
power if the spectrum does not change much. The total power coupled into
the core of discharge can be lost via radiative losses or via heat conduction.

Pin = Prad + Pc (5.1)

This means that if the heat conduction losses are lower, more power will be
converted into radiation. When a larger fraction of the input power is lost via
radiation, this generally means that a higher efficacy can be obtained.
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Electric field

According to the channel model (see also section 2.2), the electric field depends
on the effective radius, the core temperature, the input power and the plasma
heat conduction losses in the following way.

E ∼
reff

(Vi/2V̄−1)

Tcore(
3/8+Vi/4V̄)

P1/2
in

(Pin − Pc)
Vi/4V̄

. (5.2)

From this equation we see that lower heat conduction losses will result in a
lower electric field. According to this formula, a higher core temperature will
decrease the electric field. This can be reasoned from the higher core temperat-
ure leading to a higher electron density, which increases the conductivity and
this decreases the electric field for a constant Pin. Contraction of the discharge
will lead to a higher E field, in the formula it follows from taking into account
that typical values for Vi/V̄ between 0.6 and 0.75 are resulting in a negative
power for reff , which is between −1/6 and −1/3. This low power means that the
electric field does not depend strongly on the radius. The reasoning behind
this is that contraction will result in a higher input power density (per unit
volume), leading to a higher plasma temperature.

Wall temperature

The wall temperature is determined by the power balance between the input
power on the burner wall and the power losses from the burner wall. The
input power on the burner wall is a combined contribution of the plasma heat
conduction losses and the absorption losses. Also part of the electrode losses
end up at the burner wall. The output power is a combination of the power
losses via thermal radiation and thermal conduction through the lead wires.
We can write the following equation for the power balance at the burner wall
(eq. 2.49 combined with eq. 2.62 and 2.61):

Pc + (1− τ)Prad + f Pel = Pthermal + Pclw. (5.3)

In this formula, Pc are the heat conduction losses from the core (in W), Prad is
the radiation loss from the core (in W), τ is the (net) tranmittance of the mantle
and the burner wall combined, f Pel is that part of the electrode losses that ends
up at the burner wall, Pthermal is the thermal radiation from the burner wall and
Pclw is the lead wire conduction loss. From this formula we conclude that if
the plasma heat conduction losses are higher, the burner wall temperature will
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need to be higher in order to facilitate a higher thermal radiation output and
lead wire conduction loss in order to balance the output power to the input
power.

5.3 Experiments

We have performed two experiments to investigate the influence of the thermal
conductivity of the start gas on the plasma heat conduction losses and lamp
performance. In the first experiment we investigate the effect of varying start
gas thermal conductivity for a zinc-iodide and indium-iodide gas mercury free
HID lamp. From figure 5.2, we can conclude that above about 4000 K the zinc-
iodide and indium-iodide will be mostly dissociated, as the local increase(s)
in the heat conductivity versus temperature graph typically associated with
heat of dissociation transfer appear below this temperature. In the core of the
discharge the buffer gas role is intended to be fulfilled by the zinc and indium
atoms and possibly by free iodine as well, as these are the dominant species.

In the second experiment we investigate the effect of varying the start gas
thermal conductivity for a high pressure salt fill mercury free HID lamp. In
this lamp, the metal halide salts will provide both the role of radiating species
as well as the role of buffer gas.

5.3.1 Varying start gas thermal conductivity for a zinc and indium
buffer gas mercury free HID lamp

In this first experiment we investigate the effects of varying the start gas
thermal conductivity for a Hg-free HID lamp. In this lamp, the buffer gas role
is mainly performed by zinc and indium (dosed as InI and ZnI2 metal halide
salts). The salt fill in these lamp is a mix of sodium-, cerium-, dysprosium- and
calcium-iodides (NCDC) such that, when used in a standard mercury buffered
CMH lamp it will result in a colour temperature around 4000K and a colour
rendering index above 80. To vary the thermal conductivity of the start gas,
different mixtures of xenon and neon are used. The lamp filling specification is
summarized in table 5.1, where also a schematic drawing of the lamp burner
is shown. The lamp burner has an electrode distance of 14 mm and an inner
diameter of 5 mm. The lamps are operated on an electronic CMH lamp ballast
with a nominal lamp power of 73W.

We have calculated the translational thermal conductivity coefficient of the
start gas that is dosed in the lamp. In [6] the thermal conductivities in the
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Table 5.1: Lamp filling specification and schematic drawing of the lamps in this
experiment. The schematic drawing of the lamp is on a 2:3 scale, the electrode
distance is 1.4 cm.

Lamp
#

NCDC
(mg)

InI
(mg)

ZnI2
(mg)

start gas
composition

start gas
pressure
(mbar)

NH-7 8.8 0.54 1 100% Xe 150

NH-14 8.8 0.54 1 75% Xe - 25% Ne 150

NH-19 8.8 0.54 1 25% Xe - 25% Ne 150

Figure 5.1: The translational thermal conductivity coefficient for xenon, neon, argon,
mercury and for mixtures of xenon and neon. [5, 6]

temperature range 100 to 5000 K for many species are given. We used this data
and equation (2.44) for a xenon-neon mix, with values of 0.30 and 2.57 for φ12
and φ21 [5]. The resulting start gas conductivity is shown in figure 5.1. From
this calculation we can see that the thermal conductivity of the pure xenon gas
is lowest, for the 75% xenon 25% neon gas mix it is somewhat higher and for
the 75% neon 25% xenon gas mix it is much higher. For almost the complete
temperature range, the ratio is about 1:1.7:4.3.
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We do not expect large changes in the plasma heat conduction losses (Pc) ,
when the coefficient of thermal conductivity of the start gas is changed. Less
than 25% of the lamp fill consists of start gas, so also the other contributions
to the thermal conductivity are expected to play an important role. We have
therefore not only tried to measure the plasma heat conduction losses them-
selves, but will support the findings in this experiment by measuring the lamp
properties that are affected by Pc.

Based on our experience with mercury containing (CMH-)HID lamps, we
expect the following when Pc increases:

• the power deposited on the burner wall increases,

• the lamp efficacy goes down,

• the lamp voltage goes up,

• and the burner wall becomes hotter.

Although this work is experimental, an estimate of the thermal conductivity of
the start gas in the lamp will be made to have an idea which trends to expect.
For the first set of lamps in this experiment, complete thermal conductivity
calculations have been performed by Gendre [3]. The thermal conductivity of
the lamp fill as a function of temperature was determined with the thermal
conductivity module of the chemical equilibrium program is developed at the
Philips Forschungslabor in Aachen. A brief overview of theoretical considera-
tions regarding thermal conductivity calculations has been discussed in section
2.1.5. The results of the thermal conductivity calculations are shown in figure
5.2. The most obvious feature in this figure is the ’two-humped camel’ shaped
contribution of the reactive conductivity, resulting from the dissociation of the
buffer gas (InI and ZnI2). In the temperature range where this process appears,
it is clearly a dominant contribution to the heat conductivity. The figure shows
that the thermal conductivity of the lamps with different start gas is not much
different. This means that the start gas has a only a small contribution to the
the total thermal conductivity. For the lower temperature regions the thermal
conductivity for lamp NH14 is up to 14% and that of NH19 up to 40% higher
than that of NH7. For the higher temperature regions the thermal conductivity
has increased with 7% and 18% respectively. These numbers give a more com-
plete impression of the thermal conductivity of the lamp than only the start gas
thermal conductivity calculation.
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Figure 5.2: The results of the complete heat conductivity coefficient (calculations
from Gendre [3]). Lamp NH-7 is the lamp with 100% xenon start gas, lamp NH-14
is the 75% xenon, 25% neon start gas lamp and lamp NH-19 is the lamp with the
25% xenon, 75% neon start gas. The two humps are resulting from the reactive
conductivity.

Measurements

Spectral measurements in the infrared

The broad band integrating sphere setup was used to measure the infrared
spectra of the lamps. We have performed a switch-off measurement to be
able to distinguish between the plasma radiation and the thermal radiation
originating from the lamp burner (and base). In figure 5.3 the measured infrared
spectrum of the xenon start gas lamp (NH7) is shown. Also the thermal
radiation from the burner wall is indicated, this is the big smooth feature at
the right-hand side. The most important infrared lines are labelled. They are
atomic line transitions originating from sodium (Na) and indium (In). Also
some calcium lines are visible (Ca). As can be seen in the figure, the baseline of
the spectrum consists mostly of the (burner) thermal radiation. This radiation
appears predominantly at the wavenumber range below about 6000 cm−1.
Furthermore, this baseline consists of some electrode thermal radiation (most
of this appears up to about 10000 cm−1) and continuum radiation (extending
just into the visible) On the left-hand side of the figure, the grass-like spectrum
of closely spaced cerium (atomic) and dysprosium (both atomic and molecular)
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lines starts to appear, these small lines therefore do not represent noise, but
acutally measured (atomic) line radiation. We have not separated between
these contributions, but we know they are all present.

We do not see big differences when the spectra of the three lamps in this
experiment are compared. For the lamps that show more thermal radiation, a
decrease of the intensity of the line radiation is seen (differences up to maximum
10% are seen in the spectral radiant flux).

The spectrum is integrated to calculate the total power. Typical numbers for
the lamps in this experiment are that about 50% of the lamp power appears in
the infrared, from which about 2/3 is thermal radiation that is mostly originating
from the burner wall together with some thermal radiation from the electrodes.
The total power output of the burner wall consist of thermal radiation and
lead wire conduction losses (Pclw). This total output is equal to the total power
input on the burner wall. The input on the burner wall consist conducted heat
and and partially absorbed infrared radiation from the electrodes, the plasma
heat conduction losses and the absorption losses. In table 5.2 the total power
input on the burner, determined from measured power output from the burner
wall is shown.

Above about 3000 cm−1 the spectrum of the burner wall thermal radiation
is relatively more intense for the lamps in this experiment as compared to other
lamps of the same wall material at about the same temperature. This is an
indication of a deposit on or surface corrosion of the wall that has increased
the emissivity. Since below 3000 cm−1 we see no significant change in the
shape of the spectrum, we conclude that the deposit is on the inside of the wall.
When looking at the lamp, we can also see there is a greyish deposit near the
electrodes. This is probably wall blackening; tungsten from the electrodes that
is deposited on the wall because the tungsten-halogen cycle not functioning
well enough. Not only does this wall blackening affect the thermal radiation
from the burner wall, it also leads to increased absorption of light.

For example, we will not know for sure how the balance between additional
absorption and extra emission will work out for the lamp. Nor will we know
exactly which part of thermal radiation is caused by a higher heat load due
to more absorption, and which part is resulting from higher heat conduction.
Therefore wall blackening will lead to less reliable results. Both the lamp
voltage and lamp efficacy can be used as additional indicators for a changed
heat conduction losses, provided that the other lamp properties remain approx-
imately the same. The lamp voltage and efficacy are also shown in table 5.2.
We are using these additional parameters to support our conclusions in this
experiment because wall blackening has made the other results less reliable.
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Figure 5.3: The measured spectrum of the xenon start gas lamp (NH7) in black. The
bottom line, in dotted blue, shows the thermal radiation. A (solid) line is added
to show the averaged and extrapolated signal on the low signal side. The most
important infrared lines are labelled in the spectrum. They originate from sodium
(Na) and indium (In). Also some calcium lines are visible (Ca).

Table 5.2: Total power input on the burner wall (Pburner), efficacy (η) and lamp
voltage (V), at nominal lamp power.

Pburner (W) η (lm/W) V (V)
NH7 (100% xenon) 27.2 75 73.1

NH14 (75% Xe 25%Ne) 29.4 75 83.7
NH19 (25%Xe 75% Ne) 29.0 72 86.4

Elenbaas plots

The plasma heat conduction losses can be determined from an Elenbaas plot.
The x-axis crossing of the line in the Elenbaas plot gives us the plasma heat
conduction losses (Pc). An Elenbaas plot should be constructed preferably
from integrating sphere measurements covering the complete spectral range to
reliably determine the plasma heat conduction losses. It has been shown [4]
that it is also possible to use the plasma heat conduction losses (Pc) determined
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Figure 5.4: Visible range Elenbaas plots for the lamps with 100% xenon (NH7), 75%
xenon 25% neon (NH14) and 75% neon, 25% xenon (NH19) start gas. On the y-axis
the total radiant flux per unit lamp length in the visible range of the spectrum, on the
x-axis the power going into the discharge per unit lamp length. The x-axis crossing
gives us the plasma heat conduction losses (Pc).

from integrating sphere measurements in the visible range only.

In figure 5.4 we show the Elenbaas plots for the lamps in this experiment
constructed from integrating sphere measurements in the visible range that
are performed at Philips Lighting in Eindhoven [3]. They are lamps with 100%
xenon (NH7), 75% xenon with 25% neon (NH14) and 75% neon with 25% xenon
(NH19) as the start gas. The plasma heat conduction loss, as determined using
the Elenbaas plot are 11.6 W/cm, 11.7 W/cm and 13.7 W/cm respectively. The slope
of the line in an Elenbaas plot is related to the absorption loss. This value is
however less meaningful when we do not measure the complete spectrum, so
it is not further discussed.

Wall temperature profile measurements

Wall temperature profile measurements are performed with the AGEMA setup
at Philips Lighting in Eindhoven. In the AGEMA setup a calibrated infrared
camera is used to determine the spatially resolved burner wall temperature
from the radiance in a small spectral range around 8 µm. A higher wall temper-
ature is an indication for higher heat conduction losses. The centre temperature
is used, because the centre position is that position furthest away from the
outsides of the lamp. As such, the influence of the electrode losses and of the
lead wire conduction losses is minimal. We therefore assume that the wall
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temperature at the centre of the burner, where also the maximum wall tem-
perature is found, is determined by a balance between non-radiative losses
as input on the burner wall, and thermal radiation as an output. With this
assumption we find a higher temperature if the non-radiative losses increase.
We assume they will increase due to higher thermal conduction losses resulting
from a higher coefficient of thermal conductivity of the start gas. Maximum
wall temperatures of 1506 K, 1519K and 1554K are found for the lamps with
100% xenon (NH7), 75% xenon with 25% neon (NH14) and 75% neon with 25%
xenon (NH19) start gas respectively.

Results and discussion

When the thermal conductivity of the start gas is varied, we do not expect to
observe large effects for these lamps. Therefore we have measured multiple
’indicators’. Also, wall blackening has been observed. Wall blackening can
change lamp properties as well, making the results less accurate. We have
determined the plasma heat conduction losses, the power loss of the burner
wall, the lamp efficacy, the lamp voltage and the wall temperature for three
lamps with different start gas thermal conductivity. The results are summarized
in figure 5.5. On the x-axis the relative value of the thermal conductivity in the
core region of the three different lamps with respect to the pure xenon start
gas lamp is indicated. On the y-axis, the relative value of the plasma thermal
conduction loss, the power loss of the burner wall, the lamp efficacy, the lamp
voltage of the three different lamps with respect to the value found for the pure
xenon start gas lamp is indicated.

We see that the plasma heat conduction losses increase when the start gas
thermal conductivity increases. For the power losses from the burner wall we
see that the intermediate thermal conductivity case shows a slightly higher
power loss than the high thermal conductivity situation. This discrepancy
could be caused by wall blackening disturbing the power balance at the burner
wall. We have indeed seen that the intermediate lamp shows higher intensities
than the high thermal conductivity lamp for the thermal radiation above 3000
cm−1 , while it is the other way around below. This shows us that the wall
blackening was more severe.

When the start gas thermal conductivity increases, the lamp efficacy goes
down, and the burner wall becomes hotter, the results show the expected trend.

When the start gas is changed from a 25% xenon with 75% neon mix to a
pure xenon gas, the thermal conductivity of the start gas decreases with a factor
of four. As was shown in figure 5.2 the total conductivity of the complete lamp
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Figure 5.5: Measured values for the power loss of the burner wall (Pburner), the
plasma thermal conduction (Pc), the efficacy (η), the lamp voltage (V) and the wall
temperature (Twall) for three lamps with different heat conductivity coefficients. All
values are shown on a relative scale with respect to value for the pure xenon start
gas lamp.

fill has reduced much less because of the contribution to the heat conduction
by other species. The change in start gas results in about 2 W lower plasma
heat conduction losses (almost 3% of the total lamp power). We also measure
an about 18% drop in lamp voltage and an increase in lamp efficacy of 4%.
These effects are large because in this experiment the variations in thermal
conductivities of the start gas where purposely chosen to be large. The trends
observed in this experiment are applicable to normal lamp design.

5.3.2 Xenon or Argon start in a molecular radiation dominated
mercury free HID lamp

In this second experiment we investigate the effects of varying the start gas
thermal conductivity for a Hg-free HID lamp where the salts are performing
the role of the radiating species and that of the buffer gas. The lamps in this
experiment are dosed with a mix of the halide salts of Na, Tl, Tm, Ca and In,
the total lamp dose is 522 µg. The lamps in this experiment have an electrode
distance of 24 mm and an outer diameter of 5.8 mm. Because these lamps did
not suffer from wall blackening, the results of this experiment can be considered
more accurate.

In this experiment 500 mbar start gas is present in the cold lamps, compared
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to only 150 mbar in the previous experiment. Since the start gas is now ex-
pected to be more dominant in the lamp, the effects of varying the start gas
thermal conductivity are also expected to be more visible. The start gas thermal
conductivity is varied by dosing one lamp with xenon, and the other one with
argon. In figure 5.1, the coefficient of thermal conductivity is shown for xenon
and for argon.

measurements and results

The broadband integrating sphere setup has been used to measure the spectrum
of the lamps from 1000 cm−1 up to 30.000 cm−1 (333 nm up to 10 µm). The
measured spectrum is shown in figure 5.6. Labels indicate the line radiation
from the most important species in the lamp. The bump in the baseline between
15000 and 20000 wavenumber is caused by TmI molecular radiation. Almost
all the not labelled smaller lines in the spectrum originate from Tm and or TmI
as well.

The thermal radiation from the burner wall of the argon start gas lamp is
much higher than that of the xenon start gas lamp. The integrated spectra
show 26.4 W and 21.5 W respectively. This is expected because the coefficient
of thermal conductivity is higher for argon than for xenon. In total, the plasma
radiation of the argon lamp is 36.7 W while that of the xenon lamp is 41.5 W.
It is difficult to see in the figure that the spectral power distribution of the
argon lamp is indeed lower than that of the xenon start gas lamp, because
this difference is spread out over almost the complete spectral range above
5000 cm−1, but specifically for the line radiation this is clearly seen in the
figure. For the calcium iodide molecular radiation around 15750 wavenumber
we see however that the argon lamp shows a more intense spectrum. This is
likely related to the higher wall temperature of the argon lamp, as the calcium
pressure is the most sensitive towards wall temperature changes.

Wall temperatures have been measured for both lamps using the AGEMA
setup. For the argon the maximum wall temperatures was 1498 K and for the
xenon lamp it was 1391 K. This trend in wall temperature confirms the trend
we see in the spectrum.

The plasma heat conduction losses (Pc) have been determined from an
Elenbaas plot. The Elenbaas plot is shown in figure 5.7. For the xenon lamp
we find a value of 14 W, for the argon lamp 18 W. The lamp voltage and the
efficacy have been determined as well. The results are shown in table 5.3.

All measured values confirm the trend that is expected from the higher
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Figure 5.6: Spectrum of the high pressure salt fill lamps with xenon and argon start
gas. The dotted black lines show the transitions between the ultra violet, visible and
infrared spectral ranges. The rainbow (appreciated best in the full colour electronic
version of the thesis) indicates the visible spectrum. The label HeNe indicates an
artefact in the spectrum resulting from the HeNe laser that is used in the FTIR
spectrometer. The labels Na, In and Tl indicate locations of important atomic line
radiation from those species. In the spectral region near each label Ca we can find a
handful of Calcium lines that are of both atomic and molecular origin. The bump
in the baseline between 15000 and 20000 wavenumber results from TmI molecular
radiation. Almost all the not labelled smaller lines in the spectrum originate from
Tm(I) as well.

Table 5.3: The plasma heat conduction losses, efficacy and lamp voltage of the xenon
and argon start gas lamps, operated at an input power of about 70 W.

Pc (W) η (lm/W) V (V)
xenon start gas lamp 14 114 63.8
argon start gas lamp 18 110 72.5
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Figure 5.7: The Elenbaas plots for the lamps with xenon and argon start gas. On
the y-axis the total radiant flux emitted by the discharge (in Watt), on the x-axis
the input power (in Watt). The x-axis crossing gives us the plasma heat conduction
losses (Pc, in Watt).

thermal conductivity of the argon start gas with respect to xenon start gas.

The atomic line radiation from the xenon lamp is more intense as compared
to the line radiation in from the argon lamp. This is an indication that either the
core is hotter and/or bigger and/or that the species density is larger. As the
wall temperature was higher for the argon lamp, it is unlikely that the xenon
lamp showed a higher species density. Arc contraction leads to a hotter and
smaller core, so the xenon lamp likely had a hotter core.

A second indication for this hotter core temperature is seen in the spectrum
as well. Compared to the argon lamp spectrum, the xenon spectrum is slightly
tilted such that the blue is relatively more important and the red less important.
This is an indication that the plasma (core) of the xenon lamp is indeed hotter.
The idea behind this is related to Kirchoff’s law. For a radiating gas (plasma) in
thermal equilibrium Kirchoff’s law states that the intensity can be written as the
product of the absorption coefficient times the black body radiation function
according to Planck’s law. If the plasma is hotter, the radiation is shifted to the
blue because the intensity according to Planck’s law shifts to the blue.

The difference between the plasma heat conduction losses (Pc) for the xenon
and argon start gas lamps is about 5% of the total lamp power in favour of the
xenon start gas lamp.
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5.3.3 Conclusions

In this chapter we have investigated the influence of the thermal conductivity
of the start gas on the lamp performance. We expect that by reducing the
thermal conductivity of the start gas, the plasma heat conduction losses will
decrease. This trend was observed in both experiments. Since the start gas is
not the only contribution to the heat conduction coefficient, the gain is not as
large as the difference between the start gas thermal conductivities.

As was shown in the theory section, from a decrease of plasma heat conduc-
tion losses we expect the lamp efficacy to go up, but the lamp voltage and the
wall temperature to go down. Also this is confirmed in the experiments.

From the experiments we conclude the following design rules still hold for
the mercury free case:

• A lower start gas thermal conductivity results in higher lamp efficacy.

• A lower start gas thermal conductivity results in a lower lamp voltage.

• A lower start gas thermal conductivity results in a lower wall temperature.

For mercury free lamps it is difficult to obtain a high lamp voltage. If a mercury
free lamp with a good efficacy, but a too low lamp voltage has been constructed,
some lamp efficacy can be sacrificed in order to increase the lamp voltage.

References

[1] W. Elenbaas. The high pressure mercury vapour discharge. Selected topics in
modern physics. North-Holland Pub. Co., 1951.

[2] W. Elenbaas. Der einfluss des Zündgases auf die quecksilber-hochdruck-
entladung. Physica, 3(1-4):219–36, 1936.

[3] M.F. Gendre. Philips Lighting, Category Professional Lamps, Eindhoven,
The Netherlands, Private Communication.

[4] V.D. Hildenbrand, A.J. Rijke, M.F. Gendre, M. Haverlag, and G.M.W.
Kroesen. A Simple Method for the Power Balance Analysis of HID lamps.
Proceedings of the 13th International Symposium on the Science and Technology
of Lighting, 1:CP028 151–152, 2012.

[5] S.C. Saxena. Transport Properties of Gases and Gaseous Mixtures at High
Temperatures. High Temp. Sci., 3(2):168–88, 1971.

124



The start gas

[6] R.A. Svehla. Estimated Viscosities and Thermal Conductivities of Gases at
High Temperatures. NASA Glenn Research Centre, 1962.

125





Chapter 6

The geometry

6.1 Introduction

In ceramic metal halide HID (CMH) lamps, the plasma that is producing
the light is contained inside the lamp burner. The metal-halide salts that are
added to the lamp have to evaporate to efficiently produce visible radiation.
To obtain substantial metal(-halide) densities, the coldest spot on the burner
wall must have a sufficiently high temperature. This coldest spot is often
located at the end of the lamp burner where, besides radiation losses, the wall
is also cooled by the conduction losses to the lead wires. The maximum wall
temperature is typically found halfway between the ends. Typical maximum
wall temperatures in commercially available CMH lamps for general lighting
purposes are around 1500 K. Due to this high temperature, the burner wall is
producing a significant amount of thermal radiation. For most CMH lamps,
the power loss by thermal radiation from the burner wall is over a quarter
of the total power output. The magnitude of this value already implicates a
great potential for lamp improvement. Therefore it is worthwhile to obtain an
understanding of the power loss processes related to the burner wall and of
the loss processes inside the lamp that are providing power input to the burner
wall.

The total power emitted by thermal radiation from a hot object, is linear with
the surface area and the emissivity, so reducing these values should reduce the
thermal radiation loss. However, only changing these values will not result in a
complete solution. During steady state operation the temperature of the burner
wall will obtain such a value that the power loss by radiation and conduction
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will balance the power input to the burner wall. If only the size or emissivity
of the lamp burner are reduced, but the input power on the burner remains
constant, its temperature will increase and the total loss will still be equal to
the power input. As such, the wall losses can be reduced only by reducing
the input power to the burner wall. At the same time, the output power from
the burner wall has to be altered such that a high enough wall temperature is
maintained to ensure sufficient metal-halide densities in the vapour phase.

The power input to the burner wall is provided by absorption of radiation
and by the plasma heat conduction losses. Also part of the electrode losses
are conducted to the burner wall. Elenbaas [2] has investigated the plasma
heat conduction losses for the high pressure mercury (HPM) lamp. He studied
such lamps in quartz burners with diameters between 0.33 cm and 2.7 cm
and mercury dosages between 0.1 and 18 mg/cm. For the HPM lamp, Elenbaas
has shown that the plasma heat conduction losses per unit length remain
approximately constant for different mercury doses and lamp diameters and
are equal to 10 W/cm. This means that the plasma heat conduction losses for
the complete lamp are approximately linear with the length of the discharge
channel. Elenbaas has also shown that the transmittance is approximately
constant for different mercury doses and lamp diameters and is equal 0.72.
Assuming the absorbance is equal to one minus the transmittance, the plasma
absorption losses are a constant fraction of the radiated power.

For (C)MH lamps we have not found a similar study where the relations
assuming constant plasma heat conduction losses per unit length and constant
transmittance have been investigated. But since mercury is still the dominant
species in such lamps, it is likely that the design rules will hold. In mercury
free lamps this might be different. We will investigate whether these design
rules will still hold for mercury free lamps. If these design rules are confirmed
for the mercury free discharges, they are assumed to be also valid for mercury
containing (C)MH lamps.

In this chapter we will discuss an experiment on mercury free lamps with
different electrode distances (e.d.), lamp diameters and lamp dose. We will
investigate the influence of the lamp geometry (e.d. and diameter) on the
plasma heat conduction losses and absorption losses.

The lamps in this experiment are mercury free lamps with molecular ra-
diators. The dominant salt additive is thulium-iodide. Käning et al. [5, 6]
have investigated mercury free high pressure lamps containing high thulium-
iodide doses. They concluded that the dominant radiating process is molecular
radiation from thulium-mono-iodide. An interesting feature of the lamps in
Känings publications was that the lamp efficacy first increased with increasing
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lamp power, and then decreased. The lamps discussed in the work of Kän-
ing et al. where saturated. In saturated lamps, there is a liquid salt pool and
the vapour pressure of the species inside the lamp is directly determined by
the temperature of the coldest spot in the lamp. The species density in these
lamps varies with the large variation in lamp power during their experiment.
Käning et al. only measured the visible part of the spectrum from 250 nm up to
10 µm. Our setup is capable of measuring the complete lamp spectrum. Also,
the lamps in this experiment are unsaturated i.e. the complete lamp dose is in
the vapour phase (see also section 1.3.1 and [3] for more details on unsaturated
HID-lamps). Therefore, the lamp power will not influence the average species
density. With these experiments, we aim to find crucial information regarding
the feasibility of molecular radiators for replacing mercury in HID lamps. This
subject is discussed in chapter 8.

The broadband integrating sphere spectra of the lamps will be discussed
below, where we will pay special attention to the infrared. Elenbaas plots
will be constructed from the integrating sphere spectra, but to construct an
Elenbaas plot, the electrode losses need to be determined. We have used the
Eldes 2.2 model [7] to calculate them. The Elenbaas plot are used to determine
the plasma heat conduction losses and the absorption losses. For our lamps
of different geometry, we will use this data to investigate the design rules
assuming constant plasma heat conduction losses per unit length and constant
transmittance.

6.2 The experiment

In this chapter we will investigate the influence of the lamp geometry on the
power balance. Four lamps, each with different electrode distance, have been
studied, all are operated at the same lamp power. The lamp length has been
changed by the same absolute value as the electrode distance and the electrode
length remained constant. In table 6.1 an overview of the lamp properties is
given. The electrode distance, the lamp diameter and the lamp dose are the
parameters that have been varied. We will now first discuss the effect of the
changes in lamp properties from a theoretical point of view. In sections 6.2.1
and later we will show and discuss the measurement results.
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Table 6.1: An overview of lamp design parameters for the geometry investigation.
All lamps are dosed with 500 mbar argon, and a metal-iodide salts mix with a fixed
mass fraction of the metal-iodides of Na, Tl, Tm, Ca and In. The lamps were operated
in the vertical position.

electrode
distance

(cm)

outer
diameter

(mm)

dose,
n̄MH

(µg/mm3)

data
marker

schematic
drawing (1:1)

2.36 5.8 1.2

1.76 4.8 2.2

1.24 5.8 4.0

0.96 4.8 5.3

Electrode distance

As was discussed in the theory section (sec. 2.3), the plasma heat conduction
losses per unit length are approximately constant. The total plasma heat
conduction losses also contain the end losses. Taking the end losses into
account, the total plasma heat conduction losses will show a linear relation
with electrode distance instead of a proportional relation.

Diameter

In equation (2.42) the heat conduction is described by Fourier’s law in cyl-
indrical coordinates. With a coordinate transformation to a dimensionless
radius (r∗ = r/R, dr∗ = dr/R, with r the radial coordinate and R the lamp
radius) the lamp radius R is eliminated from the equation and the equation is
written as:

Pc = −2πr∗λ(T)
dT
dr∗

, (6.1)

with T the temperature, λ(T) the heat conduction coefficient and r∗ the dimen-
sionless radius that ranges from 0 to 1. As the lamp radius R is not in this
equation, the heat conduction losses for two lamps with different radii will
be the same if the temperature profile, expressed as a function of the dimen-
sionless radius, is the same. For HID lamps, often a parabolic temperature

130



The geometry

profile is assumed. If the temperature profile, expressed as a function of the
dimensionless radius, is not much different for lamps with different diameters,
then also the heat conduction losses will not be much different.

Absorption is strong for optically thick radiation, and weak for optically
thin radiation. The local intensity of optically thick radiation is determined
by the intensity of the black body radiation according to Planck’s law at the
local temperature. Again, if the temperature profile, expressed as a function
of the dimensionless radius, is not much different for lamps with different
diameters, then the intensity of the optically thick radiation and therefore also
the absorption will not be much different. Elenbaas [2] has shown that for
the HPM lamp, the plasma heat conduction losses per unit length and the
transmittance are approximately constant for different lamp diameters.

Lamp dose and electrode losses

The lamps in this study are designed as mercury free replacements for the
currently available mercury containing CMH lamps. To be suitable for retrofit
applications, it must be possible to operate the lamps using standard com-
mercially available ballasts. Therefore we want each lamp in this comparison
to operate at lamp voltage, current and input power similar to the mercury
containing CMH lamps.

For lamps with the same electrodes and the same lamp fill, the electrode
losses are determined by the lamp current. A second reason to design the
lamps to operate at similar lamp voltage, current and input power is that it
makes the electrode losses equal for each lamp in this comparison. As such,
the electrode losses will be of minor influence when determining the plasma
heat conduction losses and absorption losses for the different lamps in this
comparison.

To keep the lamp voltage constant while the electrode distance (e.d.) is de-
creasing, the metal halide dose (n̄MH , see also table 6.1) has been increased with
decreasing e.d, in such a way that the product e.d.

√
n̄MH is roughly constant.

That e.d.
√

n̄MH has to remain constant, is explained as follows: The lamp
voltage is equal to the product of the electric field times e.d.. Equation 7.3 shows
that the electric field in the lamp is linear with the heavy particle density and
inversely proportional to the electron density. According to the Saha equation,
the electron density is linear with the root of the neutral particle density for
low ionization degrees and constant temperature. The lamps are designed to
be unsaturated. This means that all the metal-halide salts dosed in the lamp
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Figure 6.1: Lamp voltage and the product e.d.
√

dose for the lamps in this comparison,
presented in a graph. The black x denotes the average values, the dotted black lines
indicate the range where lamp voltage and the product e.d.

√
dose are both between

10% higher and lower than the average value. Hollow data points are used for the
4.8 mm diameter lamps, solid data points for the 5.8 mm diameter lamps. The size
of the data-point is an indication for the lamp dose; the higher the lamp dose, the
bigger the data-point.

are in the vapour phase. This is achieved by a very precise, low lamp dose and
by designing the lamp such that it has a high enough wall temperature at all
positions. Assuming all species are indeed in the vapour phase, the average
species density is linear with lamp dose. Combining these effects, the lamp
voltage will be constant if the product e.d.

√
n̄MH is constant.

In HID lamps, it is not possible to vary only one lamp parameter without
affecting all others. Therefore this relation is not exact, but only a rough
estimate. In figure 6.1 the lamp voltage and the product e.d.

√
n̄MH are plotted

for the lamps in this comparison. From this figure it is concluded that the lamp
voltage is indeed roughly constant for constant e.d.

√
n̄MH . This relation shows

that the species density was indeed higher for the shorter lamps, which is an
indication that the lamps were unsaturated.

A lamp is unsaturated when the partial pressure of all species in the lamp
is limited by the lamp dose, and not by the vapour pressure at the cold spot
temperature. In other words, a lamp is saturated when the theoretical cold
spot vapour pressure is higher than the actual vapour pressure obtained when
all the dosed metal-halides are in the vapour phase. Thulium-tri-iodide is the
molecule that is dosed the most to the lamp, it constitutes 60-mass-% of the
salt. Curry et al. [1] have determined the vapour pressure of TmI3 in the range
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1300-1384 K as:

log P(Pa) = 10.785− 8123/T(K). (6.2)

Assuming this equation is valid also for temperatures above 1384 K we can
extrapolate this curve. The TmI3 vapour pressure above the cold spot versus
cold spot temperature according to equation 6.2 is shown in black in figure 6.2,
and the extrapolation assuming validity above 1384 K is shown in dotted black.

Using the ideal gas law, assuming constant elemental pressure and an
average temperature of 2500 K, the TmI3 partial pressure in the lamp can also
be calculated from the lamp dose. This partial pressure is also plotted in figure
6.2 using dashed lines.

For those cold spot temperatures where the colored dashed line is below
the black solid/dotted line, the (partial) pressure is limited by the lamp dose,
and the lamp is considered unsaturated. For those cold spot temperatures
where the colored dashed line is above the black solid/dotted line, the (partial)
pressure is limited by the cold spot temperature and the lamp is considered
unsaturated.

We must be aware that the calculation above is only an estimate. Firstly it
is not certain that the cold spot vapour pressure equation can be extrapolated.
Secondly, assuming constant elemental pressure is not a valid assumption and
will result in an under-estimation of the TmI3 partial pressure in the lamps.
This assumption is not valid in gases with a high fraction of molecules at high
temperature, because as the molecule dissociates, the assumption constant
elemental pressure will result in a changing total pressure, while in reality, the
total pressure will be roughly constant. This means that by assuming constant
elemental pressure, the pressure of the molecule will be underestimated, while
the pressure of the dissociated components will be overestimated. Thirdly,
if the average temperature in the lamp is not well estimated, the calculated
partial pressure is not equal to the real partial pressure. As such, the data in
figure 6.2 is only a rough estimate, and we should not rely on the exact location
of the crossing points.

From wall temperatures measurements with the Agema setup (see also
section 5.3.1) it is found that, all lamps in this experiment have a minimum
wall temperature above 1475 K, even at the lowest applied lamp power, except
for the 2.36 cm e.d. lamp, where the wall temperature was above 1400 K at
the lowest lamp power. For this cold spot temperature range, the estimated
maximum vapour pressure of TmI3 is well above the partial pressure calculated
from the lamp dose (figure 6.2). Therefore, we conclude that the lamps are
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Figure 6.2: A plot that can help to estimate whether a lamp is unsaturated. This plot
concerns TmI3 only. The curved (solid and dotted) black line shows the maximum
vapour pressure above the cold spot according to the coldspot temperature. The
dashed lines show the partial pressure of TmI3 calculated from the lamp dose for
the different lamps in this study, assuming an average temperature of 2500 K in the
lamp volume and constant elemental pressures.

indeed unsaturated concerning the main salt constituent TmI3 and we assume
that the average species density as given in table 6.1 is approximately valid.

A higher salt dose in the lamp can influence the heat conduction if it changes
the thermal conductivity. Increasing the lamp dose might increase the absorp-
tion since it will increase the density of (molecular) species in the mantle. This
has to be taken into consideration when interpreting the measurement results.

6.2.1 Lamp spectra

In figure 6.3 the broadband integrating sphere spectra of the lamps in this
experiment are shown, for an input power of around 65 W for each lamp.

Käning et al. [5, 6] have investigated molecular radiation dominated HID
lamps which are containing a high thulium-iodide dose. They concluded
that the dominant radiating process is (broadband) molecular radiation from
thulium-mono-iodide. This thulium-iodide radiation is spread throughout the
whole visible range. They also show that this broadband molecular radiation
appears in the region between roughly 450 nm and 650 nm. This molecular
radiation is optically thick throughout the largest part of the spectrum and the
thulium-iodide radiation can show self-reversal.

Our spectra show similar features in approximately the same spectral range.
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Figure 6.3: Broadband integrating sphere spectra of the lamps in this experiment.
The lamps are operated at an input power of around 65 W. The dotted black lines
show the transitions between the ultraviolet, visible and infrared spectral ranges.
The label HeNe indicates an artefact in the spectrum caused by radiation from the
HeNe laser of the FTIR spectrometer. The labels Na, In and Tl indicate locations of
important atomic line radiation from those species. In the spectral region near each
label Ca a handful of Calcium lines is found with some lines of atomic and some of
molecular origin. The bump in the baseline rising at 675 nm and extending to lower
wavelengths results from TmI molecular radiation. Almost all un-labelled smaller
lines in the spectrum originate from Tm(I) as well.

The self reversal of the broadband molecular radiation in our lamp spectra is
not nearly as strong as what was shown in the work of Käning et al., but in the
inset, it can be seen as between about 520 nm and 560 nm, the spectral radiant
flux of the lamp with the highest lamp dose (green line) shows a slight ’dent’
wheras the other spectra show an approximaetly straight line. This figure also
shows that the spectral radiant flux first increases with salt dose (the spectrum
1.76 cm e.d. lamp is of higher intensity than the spectrum of the 2.36 cm e.d.
lamp), and then decreases with salt dose (the spectra of the 1.24 cm e.d. lamp,
and that of the 0.96 cm e.d. lamp are of subsequently lower intensities). The
spectra in figure 6.3 show that the self reversal maxima of the sodium-D lines
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shrink with increasing lamp dose. This means that absorption has become
stronger with increasing lamp dose. Käning et al.[5] show a similar feature on
the 535 nm thallium line in their spectra. They use this observation as one of
the main arguments to reason that a broadband molecular absorption feature
by thulium-iodide is present, and that this thulium-iodide absorption appears
mainly in the intermediate regions of the lamp. In our lamps, there is much
less thallium than in the lamps of Käning et al, but our spectra also show that
the measured spectral radiant flux originating from the 535 nm thallium line
decreases with increasing lamp dose. This means that absorption is stronger
with increasing lamp dose.

On the blue side of the visible spectrum, between about 450 nm and 500 nm
the lamps with higer dose show a higher spectral radiant flux, but for wavelengths
below about 450 nm the lamps with higher lamp dose again show a lower
spectral radiant flux. The self reversal maximum of the indium 410 nm and
450 nm lines also decrease with increasing lamp dose (similar to the sodium-D
line). Therefore we conclude that above 450 nm absorption is again important.
Käning et al. [6] have also observed such features in their lamps and write that
this has been linked to absorption by thallium-iodide that is strong at 360 nm
and decreases in strength towards 530 nm. Although the thallium-iodide dose
in our lamps is much lower, absorption by (a combination of) metal-halide
molecules in the blue and UV part of the spectrum can explain the trend of
lower spectral radiant flux with higher lamp dose observed in this region of
the spectrum.

On the red side of the visible spectrum around the HeNe artefact, radiation
from calcium and calcium-iodide molecules is clearly present in the spectrum.
The general trend shows a lower spectral radiant flux for the shorter lamps
that have a higher lamp dose. This trend shows that in this spectral region, the
radiation is again optically thick. For wavelengths higher than about 650 nm
the spectral radiant flux is however higher for the shorter lamps, the radiation
has become optically thin again.

As is discussed above, in the ultraviolet and visible range, absorption is an
important process and the total spectral radiant flux in these spectral ranges
does not change significantly for the different lamps. Contrary to this, the
spectral radiant flux in the infrared keeps increasing with increasing lamp dose
and decreasing electrode distance.
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The infrared spectrum

The visible spectrum of the thulium-iodide radiation molecular radiation dom-
inated mercury free HID lamp (TmI-MR-HID lamp) has been extensively dis-
cussed by Käning et al. [5, 6] and in the previous section. The infrared spectrum
of such lamps has not been shown and discussed in literature before.

A switch-off measurement (see also section 4.4) has been used to determine
the thermal radiation from the burner wall. It is found predominantly at
wavelenghts above 3 µm and is the dominant contribution to this part of the
spectrum. It is lower for the shorter lamps. The spectral radiant flux of the
infrared (plasma) radiation below about 3 µm is higher for the shorter lamps.
For wavelengths below 3 µm, the spectrum consists of line radiation, with a
smooth continuum as a baseline. The line radiation shows two strong sodium
lines at 818 nm and 1140 nm. Furthermore there are many smaller lines that
can be seen in figure 6.3. These lines originate from indium, calcium and/or
calcium-iodide and thulium and/or thulium-iodide.

The continuum shows a maximum around 1.2 µm and contains about 8 W
for the 2.34 cm e.d. lamp up to about 17 W for the 0.96 cm e.d. lamp. There can
be several contributions to this continuum: thermal radiation from the burner
wall and the electrode, bremsstrahlung and/or broadband molecular radiation.

The dominant part of the thermal radiation of the burner wall thermal is
found above 3 µm, as was mentioned above. Below 3 µm, there is only about
1 to 2 W of burner thermal radiation. Also only a few watt of electrode thermal
radiation is expected in this range. Together, these two contributions are below
4 W and do not explain the major part of the infrared radiation below 3 µm.

In mercury containing HID lamps, bremsstrahlung is an important contri-
bution to this continuum because mercury has an appreciable electron atom
collision cross section and there is a considerable mercury density. As the ion-
ization energy of thulium is only 6.2 eV, a high electron density is expected in
these MR-HID lamps. To build a sufficient amount of lamp voltage, there must
either be a strong interaction between the electrons and the heavy particles
and/or the arc has to be contracted. For these lamps, arc contraction plays
a dominant role in building lamp voltage [5]. Building lamp voltage by arc
contraction means that interactions between electrons and heavy particles do
not have to be strong. According to Käning et al. [5] bremsstrahlung is not an
important radiation process in these discharges.

The infrared continuum is spread over a range of almost 10000 cm−1. The
molecular feature in the visible spectrum is also spread over such a broad range.
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Figure 6.4: The Elenbaas plots for the lamps in this experiment, with on the ho-
rizontal axis the power into the discharge (Pin in W) and on the vertical axis the
emitted discharge radiation (Prad in W). The dotted lines are linear fits.

Since the other processes have been eliminated as the major contribution of
the infrared radiation, we conclude that molecular radiation is the most likely
candidate to explain most of the increase of the baseline intensity with lamp
dose in the infrared part of the spectrum.

Regardless of the exact origin of this radiation, the additional lamp dose
at shorter electrode distance significantly increases the infrared output of the
lamps, while the total power emitted as visible radiation hardly changes.

6.2.2 Elenbaas plots

Elenbaas plots have been constructed for the four lamps in this investigation
and are shown in figure 6.4. The dotted lines show linear fits of the data.
According to Elenbaas [2], the x-axis abscissa of this fit gives the plasma heat
conduction losses (in W). The plasma heat conduction losses increase with
electrode distance, which is what we expect. The figure also shows that the
slope does not vary much between the different lamps.

plasma heat conduction losses

In figure 6.5, the plasma heat conduction losses determined from the Elenbaas
plot (figure 6.4) are plotted versus electrode distance. The slope of a fit through
this data gives the conduction losses per unit length, the y axis crossing of such
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a fit can be interpreted as a measure for the end losses. For the thick lamps
the conduction losses per unit length are 6.8 W/cm and the end losses are 1.5 W.
For the thin lamps, the conduction losses per unit length are 6.4 W/cm and the
end losses are 1.0 W. The end losses are larger for the larger diameter lamps
because their cross section side surface is larger.

The lamps with shorter electrode distances have a higher lamp dose. If
this additional lamp dose is influencing the conduction losses, then the slope
and offset of the plot in figure 6.5 are both influenced. Increasing the salt
dose can lead to increased heat conduction losses, for example because of
additional heat of dissociation transport. We do not know the exact influence,
so we will not correct for this. Based on the following reasoning, we can
however conclude that this correction would not have been large: As the lamp
dose has been increased for the shorter electrode distance lamps, these lamps
would require a larger correction than the longer lamps. There is not much
room for such a correction; lowering the heat conduction loss of the shortest
lamp by approximately 12% results in zero end loss for the set of 4.8 mm
diameter lamps. Therefore it is concluded that the additional lamp dose is not
significantly influencing the heat conduction losses.

The plasma heat conduction losses per unit length are about 0.4 W/cm higher
for the thicker lamps. This difference is in the order of magnitude of the
measurement error, while the lamp radius has increased with 26%. It is there-
fore concluded that the plasma heat conduction losses per unit length remain
approximately constant with lamp diameter.

The plasma heat conduction losses per unit length (including the end losses)
are between 7.0 and 8.1 W/cm. This is a rather low value. For typical commer-
cially available CMH lamps, we have found values about twice as large [8]
. For the plasma heat conduction losses of the Philips CDM 70W Elite lamp
we have found a value of about 15 W/cm. The low value for the plasma heat
conduction losses per unit length, of the MR-HID lamps can be related to the
efficient molecular radiation in this plasma. Käning et al. [5] write that be-
cause of this radiative cooling, the arc is contracted and the temperature profile
shows a plateau at medium radial positions. At these medium radial positions,
rare-earth mono-iodides are stable and their densities are highest. This plateau
supports the low value we have found for the heat conduction loss because it is
found at a location where the molecules are stable. As the molecules are stable,
there is a low heat of dissociation transport contribution to the heat conduction
coefficient. A flat temperature profile with a heat conduction coefficient that is
not enlarged results in low heat conduction losses.

139



Chapter 6.

Figure 6.5: The plasma heat conduction losses versus electrode distance.

Absorption

In the Elenbaas plot (fig. 6.4), all fits have approximately the same slope. This
indicates that the (net) transmittance of the mantle (and burner wall), which is
equal to the slope in the Elenbaas plot, is approximately the same for all lamps.
In figure 6.6 the net transmittance has been plotted versus electrode distance
for the lamps in this study. The approximately constant transmittance is in
agreement with the observations by Elenbaas for the HPM lamp. In the lamp
spectra in figure 6.3, we have however identified multiple spectral regions
where absorption is strongly present. We have also shown that this absorption
is increasing with lamp dose.

The observation of increasing absorption with increasing lamp dose in the
spectral measurements does not seem to agree with the equal slopes in the
Elenbaas plots. However, the transmittance as determined using an Elenbaas
plot is a net transmittance. The additional lamp dose for the shorter lamps leads
to additional absorption of visible radiation, but at the same time, the lamp
spectra (fig. 6.3) also show an increase of infrared radiation. If the emission
of this (optically thin) infrared (molecular) radiation increases by the same
amount, then no net absorption is measured. The infrared radiation can have
increased because the density of radiating species has become higher. It can
also increase because the (local) heating by absorption of visible radiation has
increased the temperature, thereby increasing the population density of the
(low lying) exited states of molecules that produce infrared radiation.

For the MR-HID lamps in this comparison, the average slope of the fits in
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Figure 6.6: Net transmittance versus electrode distance for the lamps in this study.
Hollow data points are used for the 4.8 mm diameter lamps, solid data points for
the 5.8 mm diameter lamps. The size of the data-point is an indication for the lamp
dose; the higher the lamp dose, the bigger the data-point.

the Elenbaas plot is 0.77. This is a higher value than the value we have found
for a high pressure mercury discharge (0.66) that is measured and discussed in
chapter 7, but it is still not a very high value; for typical mercury containing
commercially available CMH lamps the transmittance is about 0.05 to 0.1 higher.
Our measurements on the Philips CDM 70W Elite lamp for example show a
slope of 0.86 [8]. The rather low transmittance of about 0.77 we have found for
these Hg-free lamps is consistent with the observation of strong absorptions
in the lamp spectra of these lamps and is not present to such degree in the
commercial CMH lamps.

As the transmittance of the lamps in this comparison is approximately
constant, it is likely that this transmittance is mainly determined by properties
that are the same for all the lamps. Absorption of optically thick radiation
results in comparable losses for the different lamps when the temperature
profiles are approximately the same because the emission of optically thick
radiation is determined by Planck’s law, and not by the species density.

The transmittance of the thick lamps is almost 2% lower than that of the
thin lamps, while their outer diameter is about 20% different. This difference in
transmittance is not much larger than the expected error and it is much smaller
than the relative change in diameter and salt dose. Therefore we conclude
that the transmittance is almost constant with changing lamp diameter and
salt dose. Because of this constant transmittance, the absorption is the same
fraction of the radiated power for all the lamps in this investigation.

141



Chapter 6.

Power balance

In figure 6.7 the power balance bar charts of the lamps in this experiment are
shown. The lamp efficacy is also indicated. In the previous subsections it
was shown that the heat conduction losses increase following a linear relation
with the electrode distance and that the absorbance is a constant fraction of
the radiated power. In the power balance bar chart therefore, their sum, the
non-radiative loss, is smaller for shorter electrode distance. As a result, the
ratio of discharge radiation versus input power is bigger when the electrode
distance is shorter.

Even though the total discharge radiation is higher for shorter electrode
distance, the lamp efficacy does not keep increasing with decreasing electrode
distance. The efficacy is highest for the 1.76 cm e.d. lamp and then decreases
with electrode distance. Our lamp set is not extensive enough and the statistics
are not conclusive enough to determine that (exactly) 1.76 cm is the optimal
value for the electrode distance, but that an optimum value could be found
was expected. For similar molecular radiation dominated HID lamps, Käning
et al. [4, 5, 6] have shown that lamp efficacy first increases and then decreases
with lamp power. Because their lamps are saturated, the average gas-phase
species density in those lamps is increasing with lamp power.

In our measurements, the lamp efficacy increases with lamp power for
all the lamps, except for the shortest lamp (that has the highest dose). This
different behaviour of the shortest lamp can be explained if it is assumed
that the dose was too high for the lamp to be unsaturated after all. From
our experimental results we can now definitively confirm the expectations of
Käning et al. that the increasing lamp dose is responsible for the optimum
in efficacy. Käning et al. already reported that efficacy is limited because of
molecular absorption in the visible range. Although in our lamps this effect is
not as strong as in the lamps described by Käning et al., this decreasing spectral
radiant flux between 600 and 500 nm is also contributing to the lower lamp
efficacy in our lamps, because the eye sensitivity is highest this region. With
the additional information from the complete lamp spectra in this work, we
have shown that, when decreasing electrode distance and increasing lamp dose
simultaneously, the radiation is emitted preferentially in the infrared. This
was already observed in the lamp spectra that were shown in figure 6.3. This
spectral shift results in a lower ratio Pvis/Prad with increasing salt dose, which is
the cause of the lower efficacy.

142



The geometry

Figure 6.7: Power balance bar charts for the lamps in this investigation. This chart
indicates what percentage of the lamp power is converted into which process. The
luminous efficacy, electrode distance and the input power of the lamps are indicated
in the figure.

6.3 Conclusions

For the HPM lamp Elenbaas [2] has shown that the conduction losses per
unit length are approximately constant and do not change significantly with
lamp diameter and lamp dose. He has also shown that the transmittance
is an approximately constant factor that does not change significantly with
lamp diameter and lamp dose. We have confirmed that these design rules are
also valid for mercury free molecular radiation dominated (MR-) HID lamps.
Therefore, we expect that these design rules also hold for other (mercury
free) HID lamps lamps, allthough with different values. For the lamps in this
experiment, we have found a value of about 6.6 W/cm for the plasma heat
conduction loss per unit length. When including the end losses, the value
is around 7.5 W/cm. This is a low value compared to typical commercially
available mercury containing CMH lamps , that show plasma heat conduction
losses per unit length about twice as large [8]. The plasma heat conduction
losses per unit length are low due to the contracted temperature profile, but
the lamps need to be longer to obtain the same lamp voltage. When comparing
the total heat conduction losses of these MR-HID lamps to the CMH lamps,
the values are not that much different. As mercury is efficient in building
lamp voltage, the mercury containing CMH lamps have a shorter electrode
distance. The total plasma heat conduction losses for the MR-HID lamps in
this comparison are between 7.0 W and 17.7 W, which is a range of values that
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is not much different from the range found for commercially available mercury
containing CMH lamps [8].

For the transmittance, the story is different. A value of 0.77 has been found
for the net transmittance of the MR-HID lamps in this study. This transmittance
is much higher than the value we have found for a high pressure mercury
discharge (0.66), but for commercially available mercury containing CMH
lamps the transmittance we found was about 0.86. The rather low transmit-
tance of about 0.77 we have found for the MR-HID lamps is consistent with
the observations in the visible part of the lamp spectra, where indications for
strong absorptions have been observed and for some lamps even a self reversed
molecular radiation profile was present. This low transmittance leads to high
absorption losses. The total non radiative losses in the thulium-iodide molecu-
lar radiation dominated mercury free HID lamp are relatively high because of
these high absorption losses.

With decreasing electrode distance, the lamp dose was increased to maintain
lamp voltage and the fraction of the input power that is converted to radiation
increases. However, because of the optically thick thulium-iodide molecular
visible radiation, the increasing lamp dose shifts the lamp spectrum towards
the infrared. This combination of effects leads to a maximum in the curve lamp
efficacy versus electrode distance. From this trend it is also concluded that the
possibility for further increasing the luminous output of these MR-HID lamps
is limited.
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Chapter 7

Radiating species and continuum radiation

7.1 Introduction

Production of radiation is the main purpose of an high intensity discharge
(HID) lamp. The species producing this radiation are called radiating species.
The dominant radiating species in the metal halide HID (MH) lamp are metal
atoms that are dosed in the lamp as metal-halide salts. Some of the metal halide
molecules themselves also contribute to the lamp spectrum. In a well designed
lamp, radiation is the dominant power ’loss’ mechanism. As such, the radiating
species have a great influence on the power balance of the lamp.

We will investigate the influence of the radiating species on the power
balance of ceramic metal halide HID (CMH) lamps. The investigation in this
chapter will focus on two important salt additives: sodium-iodide and thallium-
iodide. Sodium-iodide is present in practically all commercially available
CMH lamps for general lighting purposes. It is mainly interesting because
of its 589 nm resonance lines. The upper level of this line is at 2.1 eV, so
even at low temperatures, this level will be appreciably populated and this
level will produce a significant amount of radiation. Thallium-iodide is also
present in almost all commercially available CMH lamps for general lighting
purposes. Thallium-iodide is mainly interesting because the 535 nm resonance
line of thallium is close to the maximum of the eye sensitivity curve. Due to
its relatively high vapour pressure, thallium-iodide can reach a high partial
pressure in the CMH lamp.

An important property of the spectrum of the metals that are dosed as
metal-halide salts, is that their radiation is found predominantly in the visible
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range. This feature has been described already in articles by Reiling [24] and
Waymouth [25] which are amongst the first articles on the early quartz (Q)MH
lamps. These papers report spectra and efficiencies. The question how the
salts influence all the other aspects of the power balance remains unanswered.
Complete power balance measurements can help answering such questions.

Besides directly influencing the lamp spectrum, the additives can also influ-
ence other aspects of the power balance such as the input power distribution
and the heat conduction. The low lying energy levels that cause the salts to
radiate so efficiently are generally found in atoms that are also easy to ionize.
The additional electrons resulting from this easy ionization influence the (local)
electrical conductivity, which determines the distribution of the input power.
These additional electrons also increase the heat conductivity in the hot core of
the discharge. The heat conduction is also enhanced by the light metal atoms1

that contribute to the translational conductivity and to the transport of the heat
of dissociation.

A power balance study by Jack and Koedam [14] on QMH lamps shows that,
there is more behind the better metal-halide lamp performance, compared to
the HPM lamp besides the increased power in the visible spectrum. Their study
does confirm that the spectra emitted by QMH lamps show a larger fraction of
the total radiation in the visible range when compared to a mercury discharge.
Moreover, their data also show that a higher fraction of the input power is
emitted as plasma radiation in the QMH lamps compared to the HPM lamp.
This higher fraction of energy in plasma radiation is caused by the lower total
non-radiative losses of the QMH lamps. When these non-radiative losses are
separated into their individual contributions, plasma heat conduction losses
and absorption losses, large differences are observed between these individual
loss terms for the different QMH lamps. The direct influence of the salt is
however difficult to extract from this work, because the lamps are of different
geometry and the mercury lamp was operated at only about half the input
power per unit length compared to the QMH lamps.

Jack and Koedam [14] have studied QMH lamps, we will study ceramic
(C)MH lamps. The higher wall temperature in CMH lamps results in typical
cold spot temperatures around 1200 K instead of around 950 K, which is a typ-
ical value for the QMH lamps. As a result of this higher cold spot temperature,
the vapour pressure of the salts in the CMH lamp will be one or two orders of
magnitude higher. This can further enhance the effect of the salts on the power
balance. Three custom made lamps will be compared: a mercury lamp that

1Thallium and lead are the only metal atoms heavier than mercury which are used in the halide salts that
are dosed in HID lamps .
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serves as a reference (Hg lamp), a lamp containing mercury and sodium-iodide
(NaI lamp), and a lamp containing mercury and thallium-iodide (TlI lamp). All
lamps contain equal amounts of mercury. The broadband integrating sphere
spectrum of the lamps will be shown and the influence of the metal-halide
additive on the power balance will be discussed.

Continuum radiation is an important contribution to the infrared spectrum
of HID lamps. The continuum spectrum consists of thermal radiation from
the burner wall, electrode radiation and continuum radiation from the plasma.
Bremsstrahlung has been shown to be an important contribution to the infrared
plasma radiation [9, 16]. Therefore, we will evaluate the continuum spectrum
in detail and compare our measurements with calculated bremsstrahlung and
recombination continuum (together we will call this the BRC) radiation profiles.
To test the calculations they will first be applied to the mercury reference lamp.
After having confirmed our procedure, we will then perform the comparisons
for the NaI lamp and the TlI lamp.

This chapter is organized as follows: we will first go into the details of the
continuum spectrum and discuss our findings. After this, we will treat the
general influence of the salt additives on the power balance.

7.2 The bremsstrahlung and recombination continuum

The interactions between electrons and ions contribute to the bremsstrahlung
and recombination continuum (BRC) spectrum due to the recombination ra-
diation and electron ion bremsstrahlung. The spectral emission coefficient for
these processes is obtained by combing equations 2.32 and 2.31. For mercury,
the Biberman factor for the recombination continuum ξR has been calculated
by Biberman and Norman [3], it is close to one for the complete spectral range.
According to Griem [10], the factor ξei can be as high as 4. For our calculations,
we will use the factors 1 and 4 respectively, which was also done by Lawler
et al. [11, 20] for continuum radiation calculations on different types of HID
lamps.

The interactions between electrons and neutral heavy particles contribute to
the BRC by electron atom bremsstrahlung, the spectral emission coefficient of
this process is given according to equation 2.33, with the Gaunt factor given by
equation 2.34.

Assuming that the continuum radiation is optically thin, a spectral radiant
flux can be obtained by integrating these equations over the radiating volume
and the solid angle. To properly integrate these equations over the volume,
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the species densities and the temperature profile have to be known. In our
integrating sphere setup, such spatially resolved profiles cannot be measured,
and if this capability would have been available, the translucent ceramic dis-
charge vessel of our lamps would seriously limit such efforts. Therefore an
assumption for the temperature profile will have to be made. Elenbaas [5] uses
the channel model to calculate properties of the HPM lamp. In the channel
model it is assumed that radiation is produced in the hot arc core, for which
a constant temperature Tc up to an effective radius reff is assumed. The chan-
nel model is discussed in more detail in section 2.2. With this assumption
for the temperature profile, the integration of the BRC equations simplifies
and the spectral radiant flux of the contributions from the electron-ion and
electron-atom interactions to the BRC spectra are written respectively as:

Pei(ν, Tc) =
e.d.πr2
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where the factor e.d.πr2
eff is the radiating volume, with the electrode distance

e.d. as the length of the discharge. The Gaunt factor, written according to
equation 2.34, is an integration of the energy dependent electron atom colli-
sion cross section over the electron energy distribution. For the electron atom
bremsstrahlung calculations we will use the momentum transfer cross-sections
of mercury, as determined by McEachran and Elford [23] and apply the phase
shift approximation correction determined by Lawler [19]. The corrected phase
shift approximation has been applied to calculate the bremsstrahlung of high
and ultra-high pressure mercury lamps by Lawler et al. [20] and of a QMH lamp
by Herd and Lawler [11]. Their calculations are based on spatially resolved
measurements and their calculated spectra show good agreement with their
measured spectra. We will apply this procedure to CMH lamps, but will ap-
proximate the temperature profile with a top-hat temperature profile. Although
this approximation is rather crude, we cannot determine the temperature pro-
file inside the translucent lamp burners of the lamps in this experiment with
our setup.

To be able to calculate the BRC spectra, the core temperature (Tc), the elec-
tron, ion and neutral densities (ne, ni, na) and the effective radius reff are
required. We will use the absolute intensity of the 1014 nm mercury line to
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determine Tc. The electron density will be calculated using the Saha equation.
For the mercury reference lamp, we can assume all mercury is in the vapour
phase and Elenbaas [5] has shown that reff = 0.42. Therefore, the calculations
will be straightforward.

In lamps with salt additives, the calculation can be more of an issue, as the
electron density will strongly depend on the additive density in the core of
the lamp. This additive density is not easily accurately determined. Also we
do not know the value of reff . The additive density can be estimated from the
vapour pressure above the cold spot, assuming constant elemental pressure.
We will then calculate the electric field of the lamp and use the effective radius
as a fitting parameter to match the calculated electric field to the electric field
that is derived from the measured lamp current and voltage.

Electric field calculation

The electric field can be calculated by combining equations 2.10 and 2.17, with
again the assumption of the top-hat temperature profile, we find:

Ecalc =
InaQm(8mekTc)

1/2

0.75π1/2e2πr2
eff ne

, (7.3)

using the lamp current I determined from a measurement in the calculation.
As the reference value in the fitting procedure, we will determine the electric
field (Emeas) from the measured lamp voltage, the electrode fall (as determined
form the electrode simulations), and the electrode distance.

Arc core temperature determination

The radial profiles of the temperature and or density distribution in the plasma
can be obtained by Abel inversion of absolute line intensity measurements
performed on different lateral positions through the plasma (cf. [13]).

When a line is optically thin and the (relative) temperature profile is known,
absolute line power measurements performed with an integrating sphere setup
can also be used as a diagnostic tool. As such, the absolute line power measure-
ment is the integrating sphere version of the absolute line intensity measure-
ment. The total power emitted by an optically thin line is found by integrating
equation 2.30 over the volume of the plasma. When assuming cylindrical
symmetry, this is written as:
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PL = L
ˆ R

0
Eul Auln0(T(r))

gu

g0
exp

(
− Eu

kT(r)

)
2πrdr. (7.4)

In this equation L is the length of the plasma, r is the radial coordinate, Eul is the
energy difference between the upper and the lower level, Aul is the transition
probability, gu is the degeneracy of the upper level, g0 is the degeneracy of the
ground state and Eu is the energy of the upper level. The ground state density
n0(r) and temperature T(r) depend on the radius. To obtain the temperature
profile this equation needs to be inverted. The solution is not unique, because
there are multiple temperature profiles that can result in the same line power.
Therefore, an assumption about the shape of the temperature profile has to
be made. Again we will assume a constant temperature Tc up to an effective
radius reff to simplify the calculations. It is also assumed that no radiation is
produced outside the core. With these approximations, equation 7.4 is rewritten
as:

Tc =
Eu

k ln(
Lπr2

eff Eul Aul p
PLkTc

gu
g0
)

. (7.5)

In this equation p is the pressure of the species under investigation and L is the
length of the channel. The core temperature Tc is found on both sides of the
equation and it is found from an initial value after a few iterations.

This diagnostic will be applied to the 1014 nm mercury line. Lawler et al.
[18] have calculated the temperature profile for a conventional 150 W HID lamp
(≈ 8 bar mercury) and a UHP lamp (≈ 200 bar mercury) using the absolute
radiance of the 1014 nm mercury line [20]. Several of their conclusions are
summarized here:

• the 1014 nm line is relatively well isolated in most HID lamp spectra,

• the transition probability of the 1014 nm line is unusually well known
with very high confidence (A = 2.71 · 107 s−1 ± 5% [2]),

• the 1014 nm mercury line is optically thin in most HID lamps. A small
optical depth correction has to be made. The determined arc core temper-
ature increases with +1.8% for the conventional HID lamp and +5% for
the UHP lamp after performing this optical depth correction.

The mercury pressure in the lamps in this study is between about 25 to 30 bar.
The conventional HID lamp studied by Lawler et al. has a somewhat lower
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pressure (≈ 8 bar), and the UHP lamp a much higher pressure (≈ 200 bar mer-
cury). The lamp diameter of the conventional lamp in Lawler’s study has
an inner diameter of 7 mm. The inner diameter of the lamps in this study is
6.9 mm. The lamps in our study are much closer to the conventional HID lamp
in Lawler’s study than to the UHP lamp. For our lamps we will therefore
assume that a small optical depth correction will have to be made as well. The
value will be somewhat higher than the optical depth correction Lawler found
for the conventional HID lamp. An optical depth correction of +2% will be
made on the core temperatures obtained by the absolute line power diagnostic.

7.3 The experiment

In this experiment three lamps are compared. These are a mercury lamp
that serves as a reference (Hg lamp), a lamp with sodium-iodide added as
radiating species (NaI lamp), and a lamp with thallium-iodide (TlI lamp). The
same amount of mercury is present in all lamps. The lamp fill specifications
are summarized in table 7.1. We will investigate the influence of adding the
radiating species sodium-iodide or thallium-iodide to a mercury reference lamp
on the energy balance and on the continuum spectrum. We will pay special
attention to the influence of the additives to the core temperature, electron
density and effective radius and we will show that these values are important
to determine the electric field in and the continuum radiation of the lamp.

For these experiments we have used the broadband integrating sphere setup
(see also chapter 3) to measure the lamp spectrum, which is used to determine
the output power in the different spectral ranges. The lead wire conduction
loss are estimated from a heat conduction calculation using the temperature
difference between the top and bottom of the lamp holder.

The thermal radiation from the burner wall is determined by a switch-off
measurement, but the time resolution of these switch-off measurements was
not high enough to measure the fast decay of the electrode radiation. We have
therefore determined the electrode losses from simulations using the Eldes
model [22] (see also section 4.6).

For YAG lamps with rod-shaped electrodes, the electrode losses of lamps
containing mercury and one or more of the additives sodium-iodide, thallium-
iodide, dysprosium-iodide in different mixtures have been investigated and
compared to the electrode losses of a pure mercury reference lamp by Wester-
meier et al. [29, 30, 28]. Their investigations show that their mercury reference
lamp, NaI lamp and TlI lamp show no emitter effect and that these lamps have
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Table 7.1: Lamp fill specifications, each lamp contains 8.5 mg Hg as buffer gas and
200 mbar argon as start gas. The current and voltage are given for the nominal lamp
power, which is about 70 W. The schematic drawing of the lamp is on a scale of 1:2

Lamp Salt, dose Lamp current,
voltage

Hg - 0.79 A, 90 V

(Hg and) NaI NaI, 5 mg 0.93 A, 77 V

(Hg and) TlI TlI, 3.3 mg 0.75 A, 93 V

approximately the same electrode losses at the same lamp current. Although
each lamp in our investigation contains rod-with-coil electrodes, they are all
of the same geometry and the lamp currents do not vary much. Therefore,
each lamp in our investigation is assumed to show approximately the same
electrode losses as well.

The calculated electrode losses for these lamps are 12.8 W, with the electrode
conduction and radiation losses contributing 3.4 W and 9.4 W respectively.
Taking the transmission of the lamp burner into account, it is expected that
about 1.6 W of the electrode radiation will be absorbed by the burner wall, and
about 7.8 W will be transmitted.

7.3.1 Mercury reference lamp

Lamp spectrum

The spectrum of the mercury reference lamp is shown in figure 7.1. The atomic
line radiation is indicated by labels. The lines have been identified using the
NIST Atomic Spectra database [17] as a reference. A separation between line
radiation and continuum radiation is made by interpolation of the baseline in
the regions of the spectrum where line radiation is present.

The radiation in the infrared spectrum amounts to 45.6 W and in the visible
spectrum 14.0 W was measured. It is assumed that approximately 7.5 W is
radiated in the ultra violet, and the lead wire conduction loss were estimated as
3.4 W. The ultra violet part of the spectrum was not measured. The total power
balance of this lamp is missing 7.5 W. This missing power, which is about 11%
of the input power, is likely emitted in the ultra violet. Values between 9 % and
18 % are reported for the UV loss of different mercury discharges [5, 14], so this
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Figure 7.1: The spectrum of the mercury reference lamp. The atomic line radiation
is indicated by labels. The lines have been identified using the NIST Atomic Spectra
database [17]. The thick black line indicates the total spectrum. An estimate of
the continuum radiation is shown by the thin red line. The thermal radiation from
the burner wall is indicated with the pink line. The region where the spectrum is
dominated by thermal radiation from the burner wall is indicated with the label
thermal radiation.

is a reasonable value. This ultra violet radiation is most likely dominated by
the (broadened) line radiation originating from the 254 nm resonance line. The
total power in the spectral lines in figure 7.1 amounts to approximately 10 W.
The most important lines in this spectrum are those in the visible part of the
spectrum, together they amount to 8.7 W.

Continuum radiation

The total power in the continuum radiation amounts to approximately 48.7 W.
A switch-off measurement is used to estimate the thermal radiation from the
burner wall. This radiation is appearing predominantly in the far infrared (as
indicated in the figure, pink line and label) and with a total spectral power of
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28.6 W this process is the major contribution to the continuum radiation. Other
contribution to this continuum include thermal radiation from the electrodes
and the bremsstrahlung plus recombination continuum (BRC). We have estim-
ated that about about 7.8 W of the electrode radiation will be transmitted by the
burner wall and will appear in the (infrared) spectrum. After subtracting the
above-mentioned contributions, there is 12.3 W (with an error of about 4 W),
17% of the total lamp output, of continuum radiation unaccounted for. We ex-
pect that the BRC can explain the larger part of this remaining continuum, but
to estimate the BRC with a calculation, we will need to know the temperature
in the core of the lamp.

Absolute line power (ALP) diagnostic on the 1014 nm mercury line
Equation 7.5 will be used to estimate the core temperature of this lamp. The
absolute line power of the 1014 nm mercury line has been determined from the
measured spectrum. The power in this line is 0.57± 0.06 W. To calculate the
radiating volume, the electrode distance of the lamp will be used as the length
of the channel. Elenbaas [5] has determined the effective radius of the mercury
discharge as reff = 0.42R, with R the inner radius of the lamp. The pressure p
has been determined from the mercury dose, the core volume, using the ideal
gas law with an estimated average gas temperature of 2500 K. This results in
a mercury pressure of approximately 30 bar. For the mercury 1014 nm line,
Eu is 7.93 eV, Eul is 1.23 eV, A = 2.71 · 107 s−1 ± 5% and the degeneracies of
the upper level and the ground state are both equal to 1. With these input
values, a core temperature Tc of 5699± 80 K is found from equation 7.5. This
error margin is representing the spread in the calculated core temperatures
from errors in the input values. It does not contain the (local) deviation(s)
between the assumed top hat temperature profile and the real temperature
profile. Elenbaas [5] has determined the core temperature of an approximately
1 bar mercury discharge and found Tc = 5555 K.

Lamp electric field
For the mercury lamp we do not need to calculate the electric field, as we
already know the effective radius from the work of Elenbaas [5]. However, as a
verification of the method, the electric field will be calculated. The electric field
is determined from the plasma properties according to equation 7.3. The field
is calculated with the following input:

The lamp current is measured while the spectral measurement are performed
and is given in table 7.1.
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The temperature has been determined using the ALP diagnostic, the same
effective radius is used in these calculations as well.

The mercury density in the core region is estimated using the ideal gas law,
the pressure and the core temperature found using the ALP diagnostic.
This results in na = 3.9 · 1025 m−3.

The electron density is calculated using the Saha equation. For a temperature
of 5699 K and the ionization potential of mercury (10.44 eV), This results
in ne = 1.0 · 1022 m−3.

The momentum transfer cross section of mercury has been determined by
McEachran and Elford [23] as a function of electron energy. This energy
dependent cross section is integrated over the Maxwell-Boltzmann elec-
tron energy distribution. For a temperature of 5699 K = 0.49 eV this results
in Qm = 1.2 · 10−18m2.

This calculation yields Ecalc = 1.26 · 104 V/m. We can compare this calculated
value to the value that is determined from the measured lamp voltage: Emeas =
1.23 · 104 V/m. The calculated electric field agrees very well with the measured
value, the difference is less then 3%. This agreement shows that this method
works for the mercury reference lamp, that the optical depth correction of
+2% (discussed in section 7.2) is indeed needed, and that the approximation
reff =0.42R is correct.

Total BRC spectrum
With the lamp properties that are determined in the preceding subsections,
we can now calculate the BRC spectrum according to the procedure explained
in section 7.2, using equations 7.1 and 7.2. The spectra resulting from these
calculations are shown in blue in figure 7.2.

The thermal radiation from the burner wall has been determined using a
switch-off measurement (see also the pink line in figure 7.1). For the spectral
continuum radiation comparison in figure 7.2, we have fit a black-body curve
to the switch-off measurement data (below 3.3 µm), to extrapolate the burner
wall thermal radiation spectrum.

We have not measured the spectral power distribution of the electrode
radiation, so it will be estimated. The spectral radiant flux from the electrodes
is estimated by a black-body with a temperature of 2500 K, which is a reasonable
estimate for the average electrode radiation temperature. The black-body curve
is scaled to a total power of 9.4 W.
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Figure 7.2: Details of the continuum spectrum of the mercury reference lamp (figure
7.1 shows the full spectrum). The measured lamp spectrum is shown in black. The
continuum estimated from the measurement is shown with a solid red line, the
continuum estimated from the calculations is shown in dotted red.

The total continuum (dotted red line in figure 7.2) is the sum of the thermal
radiation of the burner wall, the electrode radiation and the plasma continuum
radiation, for the latter two processes we have assumed a transmission of
95% in the spectral range indicated in this figure (26000 cm−1 to 3000 cm−1,
≈385 nm-3.3 µm).

The total continuum, as estimated from our calculations (dotted red line in
fig. 7.2) generally follows the trend of the total continuum estimated from the
measurement (solid red line in fig. 7.2). For high wavenumber, the calculated
total continuum is lower than the measured continuum. This could be related
to an overestimation of the continuum as estimated from the measurement, as
part of the line radiation might have been included in the measured continuum,
because the broad ’feet’ of the lines may overlap. For low wavenumbers, the
calculated total continuum is above the measured continuum. This could be
related to the rough estimate of the electrode radiation. On top of this, the
electrode is partly shielded by the thick disk of the lamp burner wall. As such,
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part of the electrode radiation will have to pass a longer length through the
burner wall. Therefore, the transmittance for the electrode radiation might
have been overestimated.

Another explanation why the calculated total continuum is tilted with re-
spect to the measured continuum can be that our assumed top hat temperature
profile was too crude an assumption. For higher temperature, the BRC will
increase everywhere, but the electron-atom bremsstrahlung will grow faster for
higher wavenumber. For lower temperature, the BRC will decrease everywhere,
but it will lower faster for higher wavenumber. If the top hat temperature pro-
file has suppressed the high temperature features this can also partly explain
the spectral mismatch.

The differences between the calculated and measured continuum spectra can
be explained by the considerations above. The contribution of the calculated
BRC to the calculated total continuum in figure 7.2 is 12.5 W, of which 2.2 W
is in the visible range. This calculated value is close to the 12.3 W that was
derived from the measurement. These values agree very well and also the
spectral distribution shows acceptable agreement. Therefore, we can conclude
that the BRC and specifically the electron-atom bremsstrahlung is indeed an
important contribution to the infrared spectrum and to the total lamp output.
The calculated total BRC power in the core of the discharge, also including the
far infrared where the burner wall is not transmitting is 18.1 W (25% of the
lamp power).

7.3.2 Sodium-iodide lamp

Lamp spectrum

The spectrum of the NaI lamp is shown in figure 7.3. In this spectrum, the line
radiation of sodium totals 21 W, of which by far the largest contribution (14 W)
is from the 589 nm resonance lines of sodium. This additional sodium radiation
is an efficient energy loss process that cools the discharge. Because mercury
radiation originates from higher energy levels, the cooling of the discharge by
sodium radiation results in a reduction of the mercury line radiation. In this
spectrum only 3 W of mercury line radiation was measured. The total radiation
in the infrared amounts to 47.5 W and in the visible 22.0 W was measured.
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Figure 7.3: The spectrum of the mercury sodium-iodide lamp is shown in figure 7.3.
The atomic line radiation is indicated by labels. The lines have been identified using
the NIST Atomic Spectra database [17] as a reference. Orange labels indicate sodium
radiation, light-blue is used to indicate the mercury lines. A separation between
line radiation and continuum radiation is made. The thick black line indicates the
total spectrum, the thin red line indicates the continuum radiation. The measured
thermal radiation from the burner wall is indicated with a pink line.

Continuum radiation

The total continuum radiation power amounts to approximately 43.9 W. The
thermal radiation from the burner wall is 24.8 W and the electrode radiation was
estimated at 7.8 W, which leaves 11.3 W of continuum radiation unaccounted
for. It is likely that the BRC can again explain this continuum.

Absolute line power diagnostic on the 1014 nm mercury line
Again equation 7.5 is used to estimate the core temperature of this lamp. The
absolute line power from the 1014 nm mercury line in the measured spectrum
is 0.15± 0.02 W. Because of the additional power loss by sodium radiation
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this lamp will be cooler than the Hg lamp. Therefore, an average temperature
of 2300 K will be used to determine the mercury pressure. This results in a
mercury pressure of approximately 28 bar. The other values in the calculation
are the same as those for the mercury lamp in the previous section. A core
temperature Tc of 5273 K is found if we use an effective radius reff of 0.42R in
this calculation. The core temperature of the NaI lamp is lower than that of
the Hg lamp, which was expected from the additional power loss by sodium
radiation and its lower ionization potential. It justifies to use a lower value for
the average temperature.

Since we do not know whether assuming an reff of 0.42R for the calculations
on this lamp is justified, we will use the 1014 nm mercury line absolute line
power (ALP) diagnostic as a tool to express Tc as a function of reff . In order
to explain the measured line power, the calculated core temperature has to be
higher when we assume a smaller reff .

Lamp electric field
The calculated electric field is inversely proportional to the electron density.
The core temperature in this lamp is lower than in the Hg lamp, so the electron
density resulting from ionization of mercury is expected to be much lower as
well. The ionization of mercury will still contribute to the electron density in
this lamp and is included in the calculation. When calculating the electron
density for this lamp with equation 2.13, there are two points of attention: the
approximation Z ≈ g0 is not valid for sodium at these temperatures, so the
partition sum has to be determined, it cannot be replaced by the degeneracy
of the lower level. Also the approximation nn ≈ na is not valid for sodium at
these temperatures, so for sodium, the neutral sodium density (nn = na − ni)
must be used in the Saha equation.

In lamps with salt additives, such as this lamp, the electron density depends
strongly on the metal-atom density, which depends on the vapour pressure
above the coldest spot in the lamp. Assuming a constant elemental pressure
and using the Antoine equation [1] with fitting parameters from NIST [33], the
vapour pressure of the metal-halide above the cold spot can be determined.
The metal-atom density in the core is estimated from this pressure using the
ideal gas law. A cold spot temperature around 1200 K will be assumed for this
lamp, but to take into account errors in this estimation, we will perform our
calculations for the range of cold spot temperatures between 1150 K to 1250 K.

For this range of cold spot temperatures, we will calculate the electric field,
using the same equations as for the mercury reference lamp calculation, but this
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Figure 7.4: The dependency of the calculated electron density (solid, green), the core
temperature (dashed, red) and the effective radius (dotted, blue). The values are
normalized to ne = 1.3 · 1022 m−3, Tc = 5237 and reff = 0.445R.

time we will use reff as a fitting parameter. In every fitting step, we will apply
the ALP calculation to obtain the core temperature that explains the 1014 nm
mercury line power together with the effective radius in the fitting procedure.
For a cold spot temperature of 1200 K, we find an elemental sodium density
of 2.6 · 1022 m−3 in the core of the discharge, an effective radius of 0.45R, a
core temperature of 5237 K and an electron density of 1.3 · 1022 m−3. For the
other cold spot temperatures in the range of our calculation procedure, the
effective radius was found between 0.60R and 0.32R, the core temperature is
between 5059 K and 5450 K and the electron density is between 7.4 · 1021 m−3

and 2.4 · 1022 m−3 respectively. This is shown in normalized units in figure 7.4.
Although we have not uniquely determined reff , the range of values we find
show that this discharge is not significantly contracted. This is what we expect.

As we can see in this figure, the calculated electron density does indeed
vary quite strongly with the cold spot temperature, but the effective radius not
as much. The calculated core temperature has only a small slope in figure 7.4,
because reff is inside the logarithm of the ALP core temperature calculation
(equation 7.5).

Total BRC spectrum
The values for ne, Tc and reff are not uniquely defined as long as we do not
exactly know the cold spot temperature and sodium density profile. Therefore,
it might seem that we are reaching a dead end, but this is not the case, as we
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will show in the following discussion:

From the mercury reference lamp calculations, we can conclude that the the
electron atom (e-a) bremsstrahlung is the dominant contribution to the BRC.
The equation that describes the e-a bremsstrahlung, and that for the electric
field show a similar dependence on the plasma properties, that will become
clear when rewriting these equation is terms of the partial pressure instead of
the density (using the ideal gas law, na = pa/kTc). When equation 7.3 is rewritten,
it will show that the calculated electric field is inversely proportional to the
product πr2

eff ne
√

Tc. This product is uniquely defined in our fitting procedure
because we have used the ALP diagnostic to couple reff to Tc. When equation
7.2 is rewritten, the e-a bremsstrahlung will be approximately proportional
to the product πr2

eff ne
√

Tc. However, before a proportional relation can be
concluded, the calculation of the Gaunt factor has to be considered. Equations
2.34 till 2.39 in the theory section show that the integration of the gaunt factor
gives an additional factor that has a Tc-component. Figure 7.4 however shows
that Tc does not change much for our range of input values, therefore it is
indeed likely that the e-a bremsstrahlung will hardly change if the product
πr2

eff ne
√

Tc remains constant.

The electron-ion contributions to the BRC continuum of this lamp are now
discussed. Because the sodium density is a few orders of magnitude lower
than the mercury density, the electron atom interactions of sodium are not
taken into account. Sodium is however responsible for the larger fraction
of the electrons, therefore, the sodium ion will be the dominant ion. The
Biberman factor for the recombination continuum of sodium is determined
by Biberman and Norman [3], it is close to one for the low wavenumber side
of our spectrum, and decreases to about 0.5 for high wavenumber. As the
recombination radiation was only a small contribution to the total continuum
spectrum of the mercury reference lamp, we have used 1 for the complete
spectral range. For the electron ion (e-i) bremsstrahlung Biberman factor we
have not found any data. Therefore we will assume a factor of 4, like we did for
mercury. Again, as the e-i bremsstrahlung was not a significant contribution
to the total continuum of the mercury reference lamp we do not expect large
errors from these assumptions.

In figure 7.5 the details of the continuum spectrum of the NaI lamp are
shown. For the thermal radiation of the burner wall and the electrodes, we
have applied the same procedure for this lamp, as we did for the mercury
reference lamp.

The calculations for different cold spot temperatures have given a unique
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combination of ne, Tc and reff because the calculated electric field is matched to
the measured electric field by fitting reff combined with the ALP diagnostic to
couple Tc to reff . We have used the range of input values ne, Tc and reff that fol-
low from the electric field fitting procedure to calculate the plasma continuum
spectrum. We have reasoned that we will find an almost unique solution for
the e-a bremsstrahlung. In figure 7.5 we have plotted the extreme BRC profiles
that result from our calculation, the small differences between these profiles
confirm that the fitting procedure yields an almost unique solution for the BRC
spectrum. These spectra are only little different and within the accuracy of the
experiment we cannot choose which unique values from the set of possible
combinations of ne, Tc and reff explain the data best.

The contribution of the calculated plasma continuum to the calculated total
continuum (in the range 3000-26500 cm−1, assuming 95% transmittance) is
about 16 W. This value is an overestimation compared to the 11.3 W derived
from the measurement. Given the uncertainty in the estimations, discussed in
more detail for the mercury reference spectrum, this difference can be explained.
A similar story holds for the not perfectly agreeing spectral distributions.

The agreement is good enough to conclude that again the (electron-mercury-
atom bremsstrahlung) continuum radiation is responsible for a large fraction
of the measured continuum spectrum of the lamp. As such, it is not necessary
to further improve the calculations. From the BRC estimated from the measure-
ment, we conclude that the BRC of the NaI lamp is not much different from
that of the mercury reference lamp.

The total calculated power emitted by the BRC, also including the far in-
frared where the burner wall is not transmitting is 23 W. This is likely also an
overestimation and the real value is probably closer to the 18 W calculated for
the mercury reference lamp.

7.3.3 Thallium-iodide lamp

Lamp spectrum

The spectrum of the TlI lamp is shown in figure 7.6. The highest thallium
radiation wavelength in the NIST atomic spectra database [17] is that of the
1301 nm line. To identify the lines of higher wavelength, the energy level
database of NIST [17] has been used. Radiation from trace amounts of sodium
and potassium in the lamp is present in the spectrum at 589 nm and 767-
770 nm respectively. The thallium lines that are identified from the energy level
database are summarized in table 7.2.
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Figure 7.5: Details of the continuum spectrum of the NaI lamp (figure 7.3 shows the
full spectrum). The measured lamp spectrum is shown in black. The continuum
estimated from the measurement is shown with a solid red line, the continuum
estimated from the calculations is shown in dotted red. For the calculated BRC
contributions and for total continuum, there are two lines in this figure. They
indicate the range of calculated continuum contributions when assuming a cold spot
temperature between 1150 and 1250 K.

Within the uncertainty of the spectral resolution there are two transitions
that can be linked to the line we have observed at 1612 nm. This transition
could not be uniquely identified, so for this line, there are two entries in the
table.

The total infrared radiation emitted from this lamp is 55.9 W and the visible
radiation is 13.7 W. This spectrum shows virtually no radiation for wavelengths
below 450 nm. This is likely due to absorption by thallium-iodide molecules,
a spectral feature that was also observed by Käning et al. [15] for lamps con-
taining a high thallium-iodide pressure and is discussed in the geometry ex-
periment (section 6.2.1). The infrared radiation of this lamp is much higher
than that of the other lamps in this experiment. For the larger part, this is ex-
plained by the continuum radiation that appears predominantly in the infrared
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Figure 7.6: The spectrum of the mercury thallium-iodide lamp. The atomic line
radiation is indicated with labels, green labels indicate thallium radiation, the 546
mercury line is indicated in light blue. Sodium and potassium trace amounts in
the lamp are indicated in the spectrum at 589 nm and 767-770 nm respectively. A
separation between line radiation and continuum radiation is made by interpolation
of the baseline in the region of the line radiation. The thick black line indicates the
total spectrum, the thin red line indicates the continuum radiation. The region where
the spectrum is dominated by thermal radiation from the burner wall is indicated
with the label thermal radiation and the pink line shows the thermal radiation of the
burner wall as determined using a switch-off measurement.

spectrum.

Continuum radiation

A separation between line radiation and continuum radiation is made by
interpolation of the baseline in the region of the line radiation. For this lamp,
it is not perfectly clear at what wavelength exactly the broadening of the
535 nm thallium line ends and the continuum spectrum starts. Therefore, the
separation between continuum radiation and line radiation was more difficult
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Table 7.2: Measured thallium lines in the spectrum above 1400 nm, and the energy
level transitions they have been related to. For the line measured at 1612 nm,
two transitions are within the accuracy of our measured energy difference. Lines
indicated with * have also been observed and identified in the spectrum of thallium-
iodide photo exited with eximer laser radiation by Herrera et al. [12].

measurement theory
location

(nm)
energy
differ-
ence

(cm−1)

configuration of the transition energy
difference
(cm−1) -

location (nm)

energy
upper
level
(eV)

1453 6882 6s27d 2D5/2 - 6s27p 2Po3/2 6887.9 - 1451.8* 5.21
1612 6203 6s28p 2Po1/2 - 6s27p 2Po3/2 6207.0 - 1611.1 5.13

6s25 f 2Fo5/2, 7/2 - 6s26d 2D3/2 6200.5 - 1612.8* 5.25
1635 6118 6s25 f 2Fo5/2, 7/2 - 6s26d 2D5/2 6118.5 - 1634.4* 5.25
2182 4583 6s28s 2S1/2 - 6s27p 2Po1/2 4586.0 - 2180.5 4.8
2541 3935 6s210s 2S1/2 - 6s28p 2Po1/2 3928.7 - 2454.4 5.62
2793 3580 6s28s 2S1/2 - 6s27p 2Po3/2 3584.8 - 2789.9 4.8

than for the other lamps. The total power in the continuum, as estimated by
the line shown in figure 7.6, amounts to approximately 64.8 W. The atomic line
radiation is only about 4.5 W. The large amount of (continuum) radiation is
likely to efficiently cool the discharge. In the thallium-iodide lamp spectrum,
this is shown by the greatly reduced mercury radiation as compared to the
other lamps in this experiment. The thermal radiation from the burner wall
is 27.8 W. The estimated electrode radiation is again about 7.8 W. This leaves
29 W of continuum radiation unaccounted for.

Continuum calculations
An absolute line power from the 1014 nm mercury line of 0.022± 0.006 W has
been determined from the measured spectrum. Because of this low intensity, it
is expected that this will be either a rather cool lamp, and/or that this radiation
is produced from a small, but hot core volume surrounded by a large cool
mantle. Therefore, an average temperature of 2000 K will be used to determine
the mercury pressure for this lamp. This results in a mercury pressure of
approximately 25 bar.

Thallium-iodide has a high vapour pressure, at a temperature of 1096 K,
the thallium-iodide pressure would already be 1 bar. We therefore expect high
thallium and iodide densities in the core. Again we will assume a constant ele-
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mental pressure and use the Antoine equation [1] with fitting parameters from
NIST [33], their data is given for the temperature range up to 1096 K, we will
assume applicability in our temperature range. At the high vapour pressures in
this parameter scan, the interactions between electrons and thallium and iodine
might also play a role. We have therefore made the following assumptions:

• At the highest thallium pressures in this parameter scan, the thallium dens-
ity will be over 15% of the mercury density, so the interactions between
neutral thallium and electrons can be important. The interactions between
electrons and thallium atoms are taken into account, both in the electric
field calculation, as well as in the continuum radiation calculation. The
total electron atom collision cross section for thallium has been taken from
Felfi et al. [6]. Literature values for the momentum transfer cross sections
of thallium have not been found, therefore isotropic scattering will be
assumed. With this assumption, the momentum transfer cross section is
equal to the total cross section.

• The interactions between electrons and iodine will be neglected. The
electron atom cross sections for iodine, determined by Zatsarinny et al.
[31], are below one tenth of the value of the collision cross sections of
thallium in the relevant range of electron energies.

• For the interactions between electrons and thallium ions we do not know
which Biberman factors should be assumed. We will therefore use the
same values (1 and 4) we used for mercury.

• Iodine is known to form both positive and negative ions. To simplify our
calculations, we assume that these contributions cancel out. With this
assumption, there is no net contribution to the electron density resulting
from iodine. As the ionization potential of iodine is 10.45 eV, we do not
expect a large iodine-ion density and will neglect this contribution in the
electron-ion bremsstrahlung calculation.

Besides these additional considerations, we will apply the same calculations
and procedure to investigate the TlI lamp continuum as we did for the NaI
lamp.

For a cold spot temperature of 1200 K, we find an elemental thallium density
of 3.7 · 1024 m−3 in the core of the discharge, an effective radius of 0.14R, a core
temperature of 5422 K and an electron density of 8.9 · 1022 m−3. For the other
cold spot temperatures in the range of our calculation procedure, the effective
radius is between 0.16R and 0.12R, the core temperature is between 5313 K and
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Figure 7.7: The dependency of the calculated electron density (solid, green), the the
core temperature (dashed, red) and the effective radius (dotted, blue). The values
are normalized to ne = 8.9 · 1022 m−3, Tc = 5422 and reff = 0.14R.

5528 K and the electron density is between 6.1 · 1022 m−3 and 1.3 · 1023 m−3

respectively. This is shown in normalized units in figure 7.7.

In figure 7.8 the details of the continuum spectrum of the TlI lamp are
shown. For the thermal radiation of the burner wall and the electrodes, we
have applied the same procedure for this lamp, as we did for the other lamps
in this experiment. Again we have used the range of input values ne, Tc and
reff that follow from the estimated cold spot temperature and the electric field
fitting procedure to calculate the plasma continuum spectrum. In the figure
we have plotted the two extreme profiles. Again, these extremes do not show
large differences.

Completely different for this lamp is that the calculated BRC radiation
cannot explain the measured continuum. Although the measured continuum
has greatly increased (29 W instead of about 13 W), the calculated BRC is again
of the same order of magnitude as the values we found for the other two lamps
in this experiment (12 W versus 13 W and 16 W). We therefore conclude that
we have likely correctly estimated the BRC.

Given the details of the shape of the continuum spectrum that is estimated
from the measurement, it is likely that the measured continuum near the 535 nm
resonance line contains line radiation and was overestimated. Therefore, we
could reason to lower the measured continuum in this range with almost 4 W.
Because of the intense thallium lines superimposed on the continuum in the
infrared, we conclude that the infrared continuum radiation is optically thin
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Figure 7.8: Details of the continuum spectrum of the NaI lamp (figure 7.6 shows the
full spectrum). The measured lamp spectrum is shown in black. The continuum
estimated from the measurement is shown with a solid red line, the continuum
estimated from the calculations is shown in dotted red. For the calculated BRC
contributions and for total continuum, there are two lines in this figure. They
indicate the range of calculated continuum contributions when assuming a cold spot
temperature between 1150 and 1250 K.

for almost the complete spectral range. Above about 22000 cm−1 however, the
calculated continuum radiation was overestimated, because we assumed the
radiation was optically thin and did not take (molecular) absorption in this
spectral range into account. This will lower the calculated continuum radiation
with about 1 W. These corrections will improve the agreement above about
16500 cm−1 (≈600 nm). But between about 16500 cm−1 and about 5500 cm−1

(≈600 nm to 1800 nm) the measured continuum is still much larger than the
calculated spectrum. Clearly a process producing continuum radiation was not
yet taken into account. This other process is needed to explain roughly 14 W
(≈ 20% of the total lamp power).

Reiling [24] and Waymouth [25, 26] have also found a large continuum
contribution in the (visible) spectrum of their QMH TlI lamps. Waymouth
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has observed these contributions in the mercury indium-iodide (InI) lamp
spectrum as well (indium is directly above thallium in the 13th column of
the periodic table). Waymouth proposes this radiation could be molecular in
nature. The figures in their publication, do not show absolute numbers and
are data for 400 W lamps, but from the higher line to continuum ratio it is
concluded that their lamps have a much lower relative contribution to the
continuum. Their work was on QMH lamps, therefore cold spot temperature
and as such the thallium-iodide pressure was much lower in their lamps than
in our experiment. Funk et al. [7] published calculations for a QMH lamp with
sodium-, thallium- and indium-iodide as salt additives. These calculations
show a thallium-iodide pressure of about 0.1 bar in the coldest regions of that
QMH lamp. In our lamp, this pressure is estimated 20 to 40 times as high for
the range of assumed cold spot temperatures. If a large part of the continuum
is indeed of molecular origin, the high additive pressure in our lamp would
explain why we have observed such a large continuum contribution.

If this lamp has a molecular radiation power loss term of 14 W, this will likely
lead to a contracted temperature profile. The optically thin molecular radiation
is produced outside the core of the discharge and will lead to cooling of the
outer and intermediate regions of the lamp. Since input power is enforced
by the lamp ballast, this will lead to additional power input near the axis
of the lamp, thereby increasing the core temperature. Arc contraction is the
combination of cooling of the intermediate and outer regions and heating of
the core. Although we have not uniquely determined reff , the range of low
values (≈0.12-0.16R) we found in our calculations also show arc contraction.

The lamps in this experiment have a translucent polycrystalline alumina
(PCA) burner wall. The scatter on the burner wall does not allow spatially
resolved measurements directly on the lamp. We could therefore not verify the
contraction directly. Lamps with transparent yttrium alumina garnet (YAG)
burners, dosed with high amounts of indium iodide (InI-YAG lamp) where
available. These lamps also show large optically thin contributions to the
lamp spectrum. For the YAG-InI lamps, we have observed arc contraction (see
also section 8.4) and this is also shown in simulations [8]. In these lamps, the
contraction is stronger when more indium-iodide is dosed in the lamp.

Another process that might be important is (very broad) line broadening
resulting from interactions between thallium and iodine or thallium and thal-
lium. That the possible broadening is not likely from thallium and mercury
interactions is again concluded from the analogy with indium. For lamps with
indium-iodide, the broad continuum has been observed for lamps with and
without mercury. The infrared continuum is larger when more indium-iodide

171



Chapter 7.

is dosed in the lamp. If the continuum radiation in those lamps is a result of
line broadening or some kind of quasi-molecular process, this is not due to
interactions with mercury. Regardless of the exact origin of this radiation, the
large optically thin contributions to the TlI lamp spectrum have been shown to
result in arc contraction.

In order to explain arc contraction, it was important to rule out the BRC
spectrum. Although the larger part of the BRC spectrum in this lamp is also
optically thin it will not likely (significantly) contract the arc. For the arc
contraction it is necessary that the (optically thin) radiation leads to an increase
of radiation losses larger than the increase of input power at the lower and
intermediate temperatures that are found off-axis in the arc. This condition is
obtained when the radiation is produced from an effective energy level lower
than half the ionization energy, which is the effective energy level of the input
power. This factor half is found because the input power is proportional to
the electron density, that, according to the square root in the Saha equation
has an effective energy level of half the ionization potential. The dominant
contribution to the BRC; electron-atom bremsstrahlung is also proportional
to the electron density. Therefore the effective energy level of the BRC will
be (approximately) equal to the effective energy level of the input power and
therefore the BRC will not contribute to arc contraction.

Molecular radiation on the other hand, will likely result from levels below
on half the ionization potential of the (metal) atom it contains. On top of
this, it is (also) largely emitted outside the core because in the core, where the
input power and temperature are high, the molecule is (largely) dissociated,
which will decrease its radiation. For the lower and intermediate temperatures,
the molecule density increases because of association, thereby compensating
(partly) the decrease with temperature of the radiating (excited) level pop-
ulation. The process of arc contraction is discussed in detail by Waymouth
[26].

With the following statements, we summarize this discussion of the TlI
lamp continuum: The BRC continuum of the TlI lamp is roughly equal to that
of the mercury reference lamp and the NaI lamp. The e-a bremsstrahlung is
the largest contribution to the BRC continuum. In the range where the burner
wall is highly transparent, the BRC continuum is an important contribution tot
the total continuum radiation, but (quasi-) molecular radiation is required to
explain the total measured power. This (quasi-) molecular radiation is most
likely originating from the interactions between thallium and iodine (atoms)
and leads to contraction of the arc.
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Table 7.3: Lamp efficacy split up in different terms for the mercury reference lamp,
the mercury sodium-iodide lamp and the mercury thallium-iodide lamp.

Hg lamp Hg NaI lamp Hg TlI lamp
ΦV/Pvis 284 284 259
Pvis/Prad 0.46 0.60 0.40
Prad/Pla 0.43 0.52 0.48

7.3.4 lamp efficacy

The luminous efficacies of the lamps have been calculated from the measured
spectra using equation 1.1. The lamp efficacies are 57 lm/W for the mercury
reference lamp, 88 lm/W for the mercury sodium-iodide lamp and 51 lm/W for
the mercury thallium-iodide lamp.

These values might be somewhat larger than might be expected for such
lamp concepts. This is because these lamps are measured without the outer
bulb. The outer bulb has a low absorption (only several percent) in the visible
range, but a reflectivity of about 10% can be expected. Since the outer bulb
is placed cylindrically symmetric around the lamp burner, a large part of the
reflected radiation enters the discharge again. For optically thin radiation this
reflected light will pass through the discharge and leave the lamp on the other
side. For optically thick radiation, the reflected light will be absorbed in the
discharge.

Without outer bulb, the line inversion maxima of the optically thick lines are
higher. This is why a somewhat higher efficacy is found in this study compared
to measurements on lamps with outer bulbs.

To investigate what is behind the different luminous efficacy between the
three lamps, equation 1.1 will be rewritten as:

η =
ΦV
Pla

=
ΦV
Pvis

Pvis
Prad

Prad
Pla

, (7.6)

where the first fraction in the equation is the efficacy of the visible radiation, the
second fraction is the ratio of the visible radiation to the total plasma radiation,
which is the fraction also discussed by Reiling [24] and Waymouth [26] and
the third fraction is the ratio between the plasma radiation and the electrical
power going into the lamp. These values are summarized in table 7.3 for the
three lamps in this experiment.

The NaI lamp emits a relatively larger fraction of the radiation in the visible
part of the spectrum compared to the mercury reference lamp. This agrees with
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observations by Reiling [24] and Waymouth [26] on QMH lamps. Between
these lamps, the ratio between visible radiation and infrared radiation has
hardly changed. The improved ratio of visible radiation with respect to total
radiation is therefore mainly due to the reduction of the ultra violet radiation.
For the NaI lamp the radiation in the ultra violet is assumed to be negligible,
whereas for the mercury lamp, about 10% of the input power is converted to
UV radiation.

In Reiling’s paper [24], the QMH lamp with mercury and thallium-iodide
shows the highest luminous efficacy compared to the mercury and mercury
with sodium-iodide lamps. Both Reiling and Waymouth, have observed a con-
tinuum contribution in the mercury thallium-iodide lamp. A typical thallium(-
iodide) pressure in a QMH lamp is around 0.1 bar [7]. This is much lower than
the thallium(-iodide) pressure in the TlI lamp in this work, that is estimated
between 2 and 4 bar. At their lower thallium(-iodide) pressure, the (molecular)
continuum radiation is much lower as well.

We have not measured TlI lamps containing different amounts of thallium-
iodide to confirm this, but we have done such an experiment for InI lamps. For
the InI lamps, we have also observed large continuum contributions in a similar
spectral range, also extending to the lower energy side of the lowest resonance
line, in both experimental work (chapter 8 and [21]) and in simulations [8]. In
those lamps, we have also observed a large continuum that shifts towards the
infrared when more indium-iodide is dosed in the lamp. From the similarity
between indium(-iodide) and thallium(-iodide), we expect that the spectrum
of the TlI lamp in this experiment will also shift to the infrared when more
thallium is added. This is negatively affecting lamp performance.

The TlI lamp in this work shows a smaller fraction of radiation in the visible
part of the spectrum than the mercury reference lamp. This is due to the strong
continuum, which is largely emitting in the infrared. As there is a larger fraction
of the lamp power emitted as (infrared) continuum radiation, less power is
used to produce line radiation in for example the high-efficacy 535 nm line. To
prevent this inefficient continuum spectrum it is important to limit the thallium-
iodide pressure in the CMH lamp. Since thallium-iodide easily evaporates, this
must be done by lowering the amount of thallium-iodide dosed in the lamp.

Compared to the mercury reference lamp, both the NaI lamp and the TlI
lamp show a higher fraction of the input power converted to radiation. This
agrees with observations by Jack and Koedam [14] for QMH lamps. More of
the input power is leaving the lamps as radiation when the non-radiative losses
are lower. An Elenbaas plot can be used to further investigate the non-radiative
losses.
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Figure 7.9: The Elenbaas plots of the mercury reference lamp (blue, diamonds), the
mercury sodium-iodide lamp (red, squares) and the mercury thallium-iodide lamp.

7.3.5 Non radiative losses

In figure 7.9 the Elenbaas plots of the Hg reference lamp, the NaI lamp and the
TlI lamp are shown. From the x-axis crossing of the fit in the figure it can be seen
that adding sodium-iodide or thallium-iodide to a mercury discharge will result
in higher plasma core conduction losses. The plasma core conduction losses
are 11.3 W, 12.4 W and 15.2 W respectively. The increased conduction loss is
likely the result of an increased thermal conductivity in the metal halide lamps.
The thermal conductivity can increase due to a higher heat of dissociation
transport, due to a possibly higher electron density in the core of the lamp,
and because of the higher translational conductivity of the light metal atoms
in the metal halide salts. Since the conduction losses have increased most for
the TlI lamp, and Tl is actually heavier than mercury, the latter process is not
the most likely. We have calculated a higher core electron density (factor 7)
and a much higher additive density (factor 140) in the TlI lamp compared
to the NaI lamp. Based on these numbers, heat of dissociation transport is a
more likely candidate to explain the increased heat conduction loss. But as
diffusion speed, that is influenced by the species density and the temperature
dependent reaction enthalpy, plays an important role for determining the heat
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of dissociation transport, detailed calculations would be needed to investigate
its exact contribution.

The slope of the line in the Elenbaas plot gives an estimate for the net
transmittance (τ) of the mantle and burner wall. From this net transmittance
the absorption can be calculated by assuming that the (net) absorption is 1− τ.
The absorption losses in these lamps are 16 W, 10 W and 9.5 W respectively.
There are several effects that can affect the absorption loss.

When calculating the continuum spectra, we have assumed a (net) transmit-
tance of 95% for the burner wall. With this assumption, the burner wall has
absorbed less than 2 W of plasma radiation in the spectral range where a high
burner wall transparency can be assumed. For the three lamps in this experi-
ment, we have calculated the BRC and shown the results in the spectral region
where the burner wall has a high transmittance. For longer wavelengths, where
the burner wall has no transmittance, the calculations show another 5.5, 7.5
and 5.5 W respectively. These calculations are only rough estimates. The value
for the NaI lamp was possibly overestimated and in reality probably closer to
the value found for the other lamps. Even with the uncertainties, we can still
conclude that the burner wall absorption of the far infrared BRC is responsible
for a large part of the plasma absorption losses of these lamps. Specifically
for the lamps with additives, the numbers above explain the larger part of the
plasma absorption loss. We conclude that in these lamps, the absorption losses
are largely due to absorption by the burner wall.

For the larger part of the (far) UV spectrum, the PCA burner wall trans-
mission is low [27] and also the mantle is also likely to strongly absorb due to
molecular absorption and the high mercury density. The mercury reference
lamp is believed to emit a large fraction of its radiation in the UV. Therefore, the
lower transmittance and hence higher absorption loss of the mercury reference
lamp is likely related to the high fraction of UV radiation in the spectrum of
that lamp. The addition of the metal-halides lowers the core temperature and
reduces the UV radiation. As was shown in the spectral measurements, this
temperature reduction, resulting from the metal additive radiation (in the vis-
ible range) has shifted the spectrum such that a relatively lower fraction of the
total radiation output is in the UV. Since the absorption is strong in the UV, the
reduced UV radiation of the lamps with additives result in lower absorption
losses.

Another explanation for the lower absorption losses in the lamps with ad-
ditives is that the absorption derived from an Elenbaas plot is a net absorption.
Absorption of radiation will lead to local heating of the plasma. The lower
energy levels (as compared to mercury) of the metal atoms and or molecules in
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the salt will still radiate at lower temperatures. As such the absorbed radiation
is partly compensated for by newly produced radiation, this can result in a
lower net absorption.

The plasma core conduction losses are higher in CMH lamps compared to
the HPM lamp. However, these lamps have lower absorption losses at the
same time. Together, this results in a higher fraction of the input power leaving
the lamp as plasma radiation for the lamps with metal-halide additives. From
the discussion on the absorption loss above, it is concluded that it is reduced
because the salt additives lower the core temperature of the lamp, leading to a
reduction of the strongly absorbed UV radiation.

7.3.6 Power balance

In figure 7.10 the power balance bar charts are shown for the lamps in this
experiment. The bar chart indicate what percentage of the lamp power is
converted into which loss process. From top to bottom they are: plasma
radiation that is leaving the lamp burner in the ultra violet, visible and infrared
spectral ranges. Non-radiative losses, which are deposited on the lamp burner
and are then converted into thermal radiation and lead wire conduction loss.
Electrode losses resulting in power input on the lamp burner and electrode
thermal radiation. Both the luminous efficacy and the input power of each
lamp is indicated in the power balance bar chart as well.

7.4 Discussion of the continuum radiation

For the mercury reference lamp, the calculated bremsstrahlung plus recombin-
ation continuum (BRC) power and the BRC power measured with the integ-
rating sphere agree very well. For the NaI lamp, the measured BRC power is
approximately equal to that of the mercury reference lamp. The calculated spec-
tral power distributions are very similar, but the total calculated BRC power
emitted by the NaI lamp is over 25% higher and it is likely overestimated.

For the TlI lamp, the measured plasma continuum is much larger than that
of the other two lamps. The calculated BRC power and its spectral distribution
are however similar to that of the other two lamps in our experiment. We
have argued that the remaining difference is most likely related to molecular
interactions between thallium and iodine.

We have assumed a top-hat temperature profile to perform the calculations.
This is a rather crude approximation. Also, we have only roughly estimated
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Figure 7.10: The power balance bar charts for the lamps in this experiment. The bar
chart indicates what percentage of the lamp power is converted into which process.
From top to bottom they are: ultra violet, visible and infrared plasma radiation
leaving the lamp burner, the non radiative losses and the electrode losses. The
luminous efficacies and the input powers of the lamps are indicated.

the mercury pressure in the lamp. As the equations for the electric field and for
the electron-atom bremsstrahlung contribution to BRC power are linear with
the mercury pressure, this is an important parameter in the calculations. Our
estimations (from both the measurement and the calculations), are accurate
enough to conclude that the plasma continuum emission is not much different
for the lamps in this experiment. If for other experiments, more detailed calcu-
lations are required, the first step would be to accurately determine the mercury
pressure. Examples of methods that could be employed for this purpose are
fitting of line broadening profiles (determined using a high resolution meas-
urement) [18], or X-ray absorption [4]. The second step would be to assume a
more realistic temperature profile and/or to measure the additive density. To
determine the additive density, an absolute line power measurement or similar
diagnostic could be used.

We have shown that almost 20% of the total lamp power of the 70 W lamps
in this experiment appears as plasma continuum radiation in the lamp spec-
trum and have argued that this value does not differ much for these high
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pressure mercury discharges. For a 70 W CMH lamp (MasterColor ED17
MHC/70/U/M/4K produced by Philips), Kato et al. [16] have determined
the power in the NIR2 continuum as 28% of the input power, but they did
not separate this continuum into different contributions. In the same spectral
range, the total continuum spectrum for the mercury reference lamp and the
NaI lamp in our experiment was 25% of the input power. We have separated
between different contributions and in the range that Kato et al. defined as NIR,
we found 12% BRC, 8.5% electrode radiation and 4% burner wall radiation. For
our TlI lamp an additional contribution of about 17% of molecular radiation is
present. Although all these lamps are CMH lamps with a high mercury dose,
the lamps are not dosed with the same amounts and types of metal-halides.
Therefore, the small difference between the total value found in our work
compared to that of Kato et al. is easily explained by a different contribution of
the molecular radiation continuum.

For the mercury plasmas in these experiments, the electron atom bremsstrah-
lung is the dominant plasma continuum radiation process in the infrared and
visible part of the spectrum. The total power of the electron-ion interactions
is mostly due to the recombination radiation and is approximately constant
throughout the complete spectral range. Extrapolation of the curves in figures
7.2 and 7.5 shows that the recombination radiation becomes the dominant pro-
cess in the UV, because the electron-atom bremsstrahlung has greatly reduced
at these low wavelengths. For the TlI lamp, which had an electron density
roughly 8 times higher than the other lamps, the electron-ion continuum has
become the dominant BRC process already below 530 nm. But in the spec-
tral region where the electron-ion contributions to the BRC are dominant, the
plasma absorption is strong, such that the emission of the plasma continuum in
this spectral range is no longer a relevant contribution to the total lamp output.

The electron atom bremsstrahlung is the dominant contribution to the total
BRC power for the typical conditions found in these lamps, which is in agree-
ment with literature [11, 16, 20, 32]. This dominance of the electron-atom
bremsstrahlung can be explained the following way: The spectral emission
coefficients of the bremsstrahlung processes involving ions are linear with the
ion densities (equations 2.31 and 2.33). The spectral emission coefficients of the
bremsstrahlung process involving neutrals is linear with the neutral densities
(equation 2.33). The estimated ratio ne/na for the lamps in this experiment is
2.6 · 10−4, 3.3 · 10−4 and 2.4 · 10−3 respectively. This low ionization degree,
in combination with the large electron atom cross section of mercury is what
makes electron-atom bremsstrahlung the dominant bremsstrahlung process in

2In the experiments of Kato et al. NIR is defined as the range 4000-12800 cm−1 (2500-781 nm).
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a mercury containing HID lamp.

The BRC continuum and specifically the electron atom (e-a) bremsstrahlung
contribution is found predominantly in the infrared part of the spectrum and
does not contribute much to the luminous output of the lamp. These processes
where shown to contribute about 17% of the input power to the output spec-
trum, and including the far infrared where the burner wall is not transmitting
in the calculation, the total BRC is estimated to consume about 25% of the input
power. Regardless of the exact numbers, our estimations show that the BRC
clearly is a significant loss process. It is therefore interesting to investigate
whether this contribution can be reduced.

Our experiments have shown that the electric field, and the e-a bremsstrahlung
power calculations are coupled. First we evaluate the electric field, related to
the lamp voltage, and then compare lamp voltage to e-a power.

One of the constraints of lamp design is that the lamp voltage (Vla) and cur-
rent used to operate the (commercial) lamp are roughly fixed (when retrofitting
is required). For a 70 W lamp, these values are around 85 V and around 0.8 A.
The electrode distance (e.d.), electric field in the lamp and the electrode fall (Vel)
are coupled according to:

Vla −Vel = Vdis = Ee.d., (7.7)

where Vdis is the total potential drop along the discharge channel. With this
consideration, equation 7.3 is rewritten to:

Vla −Vel =
e.d.IpaQm(8me)

1/2

0.75π1/2e2πr2
eff ne(kTc)

1/2
= Cla

e.d.IpaQm

πr2
eff ne(kTc)

1/2
, (7.8)

with:

Cla =
(8me)

1/2

0.75π1/2e2 . (7.9)

The mean momentum transfer cross section in this equation can be calculated
by:

Qm =
〈Q(v)v〉
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(7.10)

In section 7.3.2 we have argued that equation 7.2 can be rewritten to contain a
factor πr2

eff ne(kTc)
1/2 as well. In that same section, we have discussed that the
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integration of the Gaunt factor is important. Although the same cross-section is
integrated for both processes, the integration is not the same, and an additional
factor that includes Tc must be taken into account. With these considerations,
we will write the total e-a bremsstrahlung power in a similar fashion as equation
2.39 following the procedure described in the theory (section 2.1.4) as:

Pea = Ceae.d.πr2
eff (kTc)

1/2ne(kT)paQeam, (7.11)

where comparing this equation to eq. 2.39 shows us:

Cea = 4π
32e2

3c34πε0

(
1

2πme

)3/2 6
h

. (7.12)

The mean cross section in this equation can be calculated by (see also equation
2.34):

Qeam =

´ ´ ∞
x0

Qea(x)x2 exp(−x)dxdν´ ´ ∞
x0

x2 exp(−x)dxdν
, (7.13)

with x = mv2

kTe
and x0 = hν

kT , if the collision cross-section is known. In the
electric field and BRC calculations we have already numerically integrated the
numerator of the fractions in equations 7.10 and 7.13 using the electron atom
cross section according to [23]. Also calculating the denominator allows us
to calculate the mean cross sections in these theoretical formula, their values
are shown in figure 7.11. Their dependence on the temperature shown in this
figure is very similar. This was expected, since both values are expectation
values whose calculations are based on averaging the same momentum transfer
cross-section over the same electron energy distribution, where Qm is averaged
∝ ε and Qeam is averaged ∝ ε2, with ε the electron energy. Evaluation of the
calculated values allows us to extract the following relation:

Qm ∼= CQ(kT)0.617Qeam ≈ C′Q(kT)1/2Qeam, (7.14)

where
CQ ≈ 8.3 · 1011, C′Q ≈ 4.8 · 109. (7.15)

These two constants might seem largely different, but their difference is ex-
plained from the difference in the power of kT and in the temperature range
between about 4500 to 6500 K these two approximations are at most about 2%
different. Within a 10% accuracy in this temperature range, we could also use:
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Figure 7.11: The averaged momentum transfer cross sections of mercury. Qm is
shown in blue diamonds, Qeam is shown in pink squares.

Qm ∼= 1.3Qeam (7.16)

We have verified this relation for mercury in the temperature range of about
4500 to 6500 K (roughly 0.4 to 0.6 eV) . For other species, we can expect a similar
relation, however the scaling factor CQ and the power of the temperature
dependence will have different values.

Firstly, it is concluded from these calculations that the factor kT in (7.11),
that was also mentioned in section 7.3.2 is now reduced to a power of about
0.5, which, together with the small changes in T, hereby confirms more firmly
from a theoretical point of view that indeed the BRC continuum does not vary
much when πr2

eff ne(kTc)
1/2 remains constant.

Secondly, using equation (7.14), equations (7.11) and (7.8) can be combined
and the cross section in equation 7.11 can be replaced by plasma (and lamp)
properties that are less complicated to determine. This is particularly inter-
esting for research on mercury free HID lamps, as the electron atom collision
cross sections are not available in literature for all species. This results in the
following equation:

Pea = Cn

(
πr2

eff ne

)2
(kT)3/2 Vla −Vel

I
, (7.17)

where Cn is equal to Cea/CQCla ≈ 2.0 · 10−6. Given the assumptions and the
estimations in the discussion above and considering that the factor CQ and the
power of kT in equation 7.14 are not exactly known for other species, the use of
this formula for other lamps than those with mercury as a buffer gas should be
restricted to comparing trends between similar lamps, it cannot be used as a
tool for detailed calculations. Especially for lamps with very high metal-halide
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salt pressures and high core temperatures, the e-i interactions can play a role
and one should be cautious to trust the exact values resulting from this formula.
It predicts only the e-a bremsstrahlung contribution to the total BRC power.

That it is possible to write the electron-atom (e-a) bremsstrahlung power
as a function of the lamp voltage should not come as a complete surprise,
since the e-a bremsstrahlung and the lamp voltage are both determined by the
interactions between the electrons and the neutral particles in the plasma.

As was discussed earlier, because of the design constraints, all lamps suitable
for commercial applications should have approximately the same ratio Vla/I for
fixed lamp power. This means that if the e-a bremsstrahlung is to be suppressed,

this should be done by changing the product
(

πr2
eff ne

)2
(kT)3/2. It would seem

that some straightforward conclusions can be made:

• a smaller effective radius will decrease the e-a bremsstrahlung,

• a lower electron density will decrease the e-a bremsstrahlung,

• lower core temperature will decrease the e-a bremsstrahlung.

In reality however, these properties are coupled, as we have seen for the effect-
ive radius and the core temperature in the discussion of the ALP diagnostic
and in the arc contraction discussion. Such coupling also exists for the electron
density and the temperature according to the Saha equation. For the lamps
discussed in this chapter we have also observed such correlations, for example,
adding a metal-halide salt will cool the discharge due to radiative cooling, but
at the same time the easily ionized metal additives will increase the electron
density. With the different additives in the lamps in this experiment, we could
not observe a reduction of the bremsstrahlung power, this power had either
increased when metal-halides where added (shown in the calculations), or it
remained approximately constant (shown in the measurements).

Wrong interpretation of equation 7.17 might even lead to the conclusion that
increasing the lamp current will decrease the e-a bremsstrahlung. This is not
a valid conclusion, because no single lamp parameter can be varied without
changing all others. Increasing the lamp current will for example increase the
input power per unit length, which will affect (increase) the core temperature,
effective radius and electron density, this in turn will change the lamp voltage.

The use of equation 7.17 should therefore be limited to estimating the e-a
bremsstrahlung losses from lamp properties that are less complicated to de-
termine when the cross section that is required for using equations 2.33 and
2.34 is not available in literature. If it can be assumed that equation 7.14 is
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also approximately valid for lamps filled with other buffer gas species than
mercury and when the e-a interactions are the dominant contributions to the
BRC and the lamp voltage in those lamps as well, equation 7.17 can be applied
to such lamps. If this is the case, the (unknown) cross-section of the mercury
replacement is not needed to make the following statements:

• If in a wall stabilized mercury free HID lamp with the same ratio Vla/I, the
electron density is still determined by the metal-halide additives, then it
is likely that the total bremsstrahlung power is also approximately the
same.

• If however the mercury replacement will have a lower ionization potential
than mercury, this may increase the electron density and that will likely
increase the continuum radiation.

• If the mercury replacement will provide a strong radiative cooling of the
intermediate zones of the discharge (such as that discussed for the TlI
lamp), the mercury free discharge will be contracted. In this situation, it
will depend on how T and ne will have changed with respect to reff to
determine what will happen to the continuum radiation.

• If the mercury replacement shows a strong radiative cooling of the core,
without significantly increasing the electron density or contracting the arc,
this would result in a lower continuum radiation power. If such a species
would exist3, it should be also considered as an interesting additive to a
mercury containing lamp.

Removing the cross sections from the equation has also eliminated the mercury
density from the equations, but the mercury density is an important factor for
both lamp voltage and e-a bremsstrahlung. The mercury density (or pressure)
in the lamp is however important. If (somehow) the product

(
πr2

eff ne

)
(kT)1/2

(in equation 7.8) can be reduced, then also the mercury pressure in the lamp
can be reduced by the same amount, such that again the required lamp voltage
is obtained. The bremsstrahlung will then be reduced by the reduction in
mercury pressure squared.

3It will also have to be chemically compatible with the electrodes and the burner wall, to be a suitable
mercury replacement.
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7.5 Conclusions

A mercury with sodium-iodide and a mercury with thallium-iodide lamp have
been compared to a mercury reference lamp. The broadband integrating sphere
spectra of the three lamps have been shown and were discussed in detail.
Elenbaas plots and power balance bar charts have been constructed from these
broadband integrating sphere spectra. The continuum spectrum of these lamps
has been evaluated in detail and the spectral radiant flux of the continuum
has been split up into the contributions thermal radiation from the burner
wall, thermal radiation from the electrodes, the bremsstrahlung and radiative
continuum (BRC) radiation and (quasi-) molecular contributions. Comparison
of the calculated and measured electric field and power in the 1014 nm mercury
line as a function of the additive density has allowed us to estimate the BRC
continuum. The combination of measurements and simple model calculation
where a top hat temperature profile is assumed have led us to the following
conclusions:

• The lamp spectra have confirmed earlier conclusions that an important
part of the increased lamp efficacy of the mercury with sodium-iodide
lamp with respect to the mercury lamp is due to a higher ratio Pvis/Prad. This
experiment has shown that this shift is largely the result of the reduction
of the ultra violet radiation.

• The thallium-iodide lamp in this work showed a lower lamp efficacy,
which resulted mainly from the lower ratio Pvis/Prad. This is due to a large
power (' 14 W) from a continuum radiation process which is related to
the high thallium(-iodide) pressure and is likely of molecular origin. This
continuum has shifted the spectral power distribution of this lamp to the
infrared.
The increased wall temperature of the CMH lamp with respect to the QMH
lamps can result in too high thallium(-iodide) pressures that negatively
influence lamp efficacy. To prevent this, the thallium(-iodide) pressure
in the lamp should be limited by significantly reducing the thallium-
iodide dosed in the lamp (as compared to the thallium-iodide dose in our
experimental lamp).

• The plasma conduction losses increase when sodium-iodide or thallium-
iodide is added to the mercury lamp. This is expected based on additional
contributions to the coefficient of thermal conduction, predominantly the
increased heat of dissociation transport.
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• A large part of the absorption losses in these lamps can be explained by
the burner wall absorption of far-infrared plasma continuum radiation.
Absorption of UV radiation by the mantle (and burner wall) is also an
important process. This latter part of the absorption losses decreases when
sodium-iodide or thallium-iodide is added to the mercury lamp. The shift
of the spectral power distribution from the UV to the visible (and infrared)
is likely behind the reduced absorption loss. The ultra violet radiation is
reduced as a result of the lower arc core temperature that is achieved by
radiative cooling provided by the efficiently radiating additives.

• We have confirmed that electron-atom bremsstrahlung is the dominant
contribution to the BRC. The total e-a bremsstrahlung power was ex-
pressed as a function of the lamp voltage. For lamps with the same lamp
voltage at the same input power, it is determined by the effective ra-
dius, the core temperature and the electron density. These parameters
are coupled and therefore high pressure mercury containing CMH lamps
with the same lamp voltage at the same input power will likely show
approximately equal total e-a bremsstrahlung powers.

• Even though our calculations have produced a range of values for the
electron density, core temperature and effective radius, that could not
be uniquely determined because of the uncertainty in the metal-halide
density in the core of the discharge, fitting of the calculated electric
field to the measured values has given a unique value for the product
πr2

eff ne
√

Tc. This has allowed us to estimate the spectral distribution and
the total power of the BRC, which is dominated by the electron-atom
bremsstrahlung that also depends on the product πr2

eff ne
√

Tc.

• Our calculations have indicated that adding sodium-iodide to the dis-
charge will not contract the arc of the NaI lamp in this experiment with
respect to the discharge in the mercury reference lamp. We have also
shown contraction of the arc in the TlI lamp, which is in agreement with
the large fraction of optically thin (molecular) radiation of that lamp.

• A typical value for plasma continuum losses appearing in the spectra of
these 70 W lamps is about 17% of the total input power. It was estimated
that the total BRC continuum produced in the core of the discharge is
about 25% of the input power. This is a significant power loss mechanism.
A theoretical evaluation of the processes involved has shown that the e-a
bremsstrahlung and the lamp voltage are related, and that it is unlikely
that this power loss can be significantly reduced. This was also observed
in our measurements.
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• A mercury replacement that can provide lamp voltage by a large mo-
mentum transfer cross section combined with a high partial pressure
should not have an ionization potential significantly below that of mer-
cury. Otherwise the buffer gas might contribute to the electron density
which will likely increase the BRC losses.

• A suitable mercury replacement from the viewpoint of the lamp voltage
should limit the core temperature and electron density, without contract-
ing the arc. A species with these properties would be an interesting
additive to a mercury containing lamp as well. If the relation between
building lamp voltage and producing BRC radiation of this species is
favourable with respect to that of mercury, this could allow for reduction
of the mercury density.
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Chapter 8

Replacing mercury by a metal-halide

8.1 Introduction

HID lamps are compact sources of high luminance. The typical electrode
distance (e.d.) of a 70 W ceramic metal-halide HID (CMH) lamp is below 1 cm.
This short e.d. means that a high power density is present in the lamp. Such a
high power density can be obtained by a high current, or by creating a high
lamp voltage. We must limit the current in order to limit the electrode, wiring
and ballast losses, so a high lamp voltage (around 90-100 V) is aimed at. This
high lamp voltage is acquired by limiting the electrical conductivity, which
is done by adding a buffer gas to the lamp. Commercially available CMH
lamps (and similar research lamps) are dosed with mercury as a buffer gas,
such commercial lamps will be called Hg lamps in this chapter.

Mercury limits the electrical conductivity of the lamp because it has a high
vapour pressure which allows for a high mercury density, combined with the
high electron-atom collision cross section, a high collision frequency can be
obtained. Furthermore, the high ionization potential of Hg limits its contri-
bution to the electron density. This (rather unique) combination of properties
that mercury has allows it to be used for limiting the electrical conductivity (eq.
2.17). A downside of this high collision frequency is that this can result in a
high power loss by radiation from bremsstrahlung and radiative recombina-
tion (BRC) (see also chapter 7). The high collision frequency also provides an
efficient mechanism for energy exchange between the electrons and the heavy
particles, thereby ensuring that the discharge is in local thermal equilibrium.

Mercury has a low thermal conductivity that aids in thermal isolation of the
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arc core, thereby limiting the plasma heat conduction losses. At the high core
temperatures, mercury radiates efficiently, thereby limiting the core temperat-
ure and because of the strong self absorption it helps flattening the arc as well.
Furthermore, mercury is chemically inert, so it does not react with the burner
wall, the electrodes or the salt additives in the lamp. By forming HgI2, mercury
limits the free iodine in the cold lamp, which reduces the reignition voltage.

Mercury can be considered an ’ideal’ buffer gas because it fulfils almost all
requirements that a buffer gas should meet. Unfortunately, mercury is toxic
and therefore its environmental impact is an issue. Therefore, the search for an
alternative buffer gas that can be used to create mercury free HID lamps has
been important for a long time. For many types of HID lamps, mercury free
alternatives are available (see also sec. 1.4), but no mercury free CMH lamp is
commercially available.

The two main mercury replacements that have been investigated are xenon
and zinc(-iodide). The use of xenon (and other noble gases) as a buffer gas
was already shown by Reiling [16] in the first article about (quartz) MH lamps.
When he compared a Hg-Tl-NaI lamp to a Xe-Tl-NaI lamp, he observed that
the burner wall of the Xe lamp did not appear to reach the temperature usually
obtained with the Hg lamps, therefore too little additives where evaporated
into the discharge and the efficacy became too low. This is an indication that,
to limit the heat conduction losses, the Xe buffer performs even better than
Hg. Reiling writes that adding a small amount of helium, to increase the
wall losses, remarkably improved the efficiency of the Xe buffered lamp, but
still it remained below that of the Hg containing lamp. He concludes that
the efficiency of the metal-halide will be not as high with the replacement of
mercury by a noble gas. However, we can conclude that adding a sufficient
amount of xenon to the lamp can limit the heat conduction losses and thereby
largely cover this requirement for the buffer gas. A trend pointing in this
direction was also observed in chapter 5, where we have investigated the
influence of the heat thermal conductivity of the lamp fill by changing the start
gas.

To limit the electrical conductivity, a species with a high electron-atom
collision cross section and a high ionization energy, that can obtain a high
vapour pressure should be found. Tables with vapour pressures can be difficult
to find, but elements that can obtain a higher vapour pressure have a lower
boiling point. The boiling points of the elements can be easily found online (cf.
Wikipedia [22]).

From such a list, it can be concluded that zinc might be a possibly interesting
mercury replacement. It has an ionization potential of about 9.4 eV and also its
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Figure 8.1: The electron-atom collision cross section of mercury [14], xenon [4], zinc
[21], thallium [5] and indium [5]. For the range of electron energies where no data
for indium is available from literature, a dotted line is shown. It is an interpolation
between the data of Felfi et al.[5] and Rabosovic et. al [15]. .

electron-atom collision cross section is high [21]; for typical core temperatures
it is significantly higher than that of Xe [4], but it is still much lower than that of
Hg [14] (see also fig. 8.1). The resonance lines of zinc are located in the UV and
have a high transition probability [12], this will limit the core temperature and
improve radiation transport in the core. The replacement of mercury by zinc(-
iodide) was researched by Born [2, 3]. He wrote that the electrode distance
in the Zn lamp is increased by about 25% in order to obtain the same lamp
voltage, and that the efficacy of the Zn lamp is about 93% of that of the Hg
lamp. However, no complete energy balances have been published by Born.

Born has calculated the thermal conductivity of the gas mixture in the Zn
lamp and concludes that it is higher than that of the Hg lamp. This leads to
higher thermal losses. Application of the design rule ’plasma conduction losses
per unit length are approximately constant’ (see also chapter 6) in combination
with the higher thermal conductivity and the longer electrode distance allows
for the conclusion that, from the heat losses point of view, the Zn lamp will be
less efficient than the Hg lamp. Born also writes that replacement of mercury
by zinc halides1 is under investigation. The higher vapour pressure of the
metal halide will lead to a higher Zn density, thereby increasing the collision
frequency so a higher electric field can be obtained in the ZnI2 lamp. This
means that the the electrode distance can be reduced, which should result in a

1The boiling point of Zn is 1180 K, that of ZnI2 is somewhat lower: 1150 K. A lower boiling point indicates
a higher vapour pressure at the same temperature.

193



Chapter 8.

higher efficiency, if the plasma heat conduction losses per unit length are not
(too) negatively affected by changing from zinc to zinc-halide(s). However, no
follow up on this subject was published. Apparently, his research did not result
in a ZnI2 buffered lamp capable of replacing the mercury containing lamps.

In section 5.3.1 we have investigated lamps that contain ZnI2 (and InI) as a
buffer gas. Although the lamp voltage of these lamps was almost as required,
the heat load on the burner wall was somewhat higher than typical (≈ 40% of
the input power vs ≈30% for the Hg lamps [17]) and, with only about 75 lm/W,
the efficacy of these lamps was too low (see also table 5.2 for details of these
lamps). The latter two effects are partially explained by blackening of the
burner wall that has reduced its transmittance and increased its emissivity.

Even though no ZnI2 lamps capable of replacing the mercury containing
lamps have been shown, the idea of searching for a metal-halide instead of a
pure metal to replace mercury is interesting because the metal-halides typically
have higher a vapour pressure than the pure metal [20].

In this chapter we will discuss an experiment that was set up to test the
feasibility of using indium(-iodide) as a mercury replacement. Indium is
an interesting possible buffer gas, because indium has a high electron-atom
collision cross section [5]; it is roughly equal to that of mercury for electron
energies close to 0.5 eV and for other energies it is (estimated) to be higher (see
also fig. 8.1). Since the electron-atom collision cross section is higher compared
to mercury, this implies that a lower indium density can suffice.

With a boiling point of 985 K it is expected that indium-iodide will be able
to reach sufficiently high vapour pressures in the CMH lamp; pressures up to
about 5 bar are expected for the range of typically found cold spot temperatures.
Although we have not found a reference for the (translational) conductivity of
indium, it is expected that this will not be a serious issue, as the (translational)
thermal conductivity is approximately proportional to 1/

√
M, with M the mass

(eq. 2.43) and indium is not a very light atom (115 u). Furthermore, the thermal
conduction losses can be lowered by adding xenon.

Indium has several strong lines in the ultra-violet spectrum and the reson-
ance lines are found at 410 and 451 nm. Even the indium UV lines have upper
levels around the same energy as that of the mercury 254 nm resonance line
[12], thereby having the capability of providing radiative cooling to the core of
the lamp.

The experiments on the indium-iodide lamp described below will indicate
an interesting direction for further investigating molecular radiation dominated
mercury free (MR) HID lamps, a concept that was previously described by
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Käning et al. [6, 10, 11] for thulium-iodide (TmI) lamps. Lamps based on this
concept were produced and investigated. Those lamps and the experiment
we have performed with them, are described in chapter 6. We will discuss the
possibility of using such lamps for replacing Hg lamps. In this discussion, we
will compare these lamps to the CDM-T Elite, a commercially available mercury
containing CMH lamp produced by Philips Lighting (that was previously
investigated [17]).

8.2 The indium-iodide lamp experiment

For the experiments that are described in this section we will compare five
lamps that contain indium-iodide (InI). In order to investigate the (buffer gas)
properties of InI, three lamps containing only InI and a start gas are measured.

When additives are added to a high pressure mercury (HPM) lamp, the mer-
cury radiation is suppressed in favour of that of the more efficiently radiating
additives, but the buffer gas properties of Hg are conserved. To investigate this
for the InI lamps, a metal-halide salt containing a mix of sodium-iodide and
dysprosium-iodide is added to two InI lamps. The details of the lamp fill and a
sketch of the lamp geometry are shown in table 8.1.

The main purpose of the buffer gas is to aid in building lamp voltage. As
can be seen in table 8.1, the lamp current and voltage of the medium-InI lamp
is close to that of the commercially available CMH lamps which is what we
were aiming for. The thermal radiation of the burner wall (appearing at the
right-hand side of the spectra in figure 8.2) has been separated from the plasma
radiation using a switch-off measurement. It is roughly 1/3rd of the input
power, which is also a typical value for commercially available CMH lamps
[17]. From the viewpoint of lamp voltage and thermal losses, these InI lamps
are a promising mercury replacement.

Lamp spectra and related properties

The broadband integrating sphere spectra of the InI lamps are shown in figure
8.2. The larger lines are from atomic indium, but radiation from trace amounts
of sodium (at 589 nm), potassium (at 767-770 nm) and dysprosium (most not
labelled smaller lines) is present in the spectrum. A large continuum baseline
is observed throughout almost the complete lamps spectrum, except for the
UV. Practically no UV radiation is leaving these lamps. The infrared indium
lines that are observed in the spectrum have lower levels that do produce
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Table 8.1: Lamp specifications, each lamp contains 350 mbar (cold) xenon added as
a start gas and the electrode distance is 1.4 cm. The current and voltage are given for
the lamp operated near the nominal lamp power, which is 70 W

Lamp InI (mg) NaI-DyI3(mg) Current (A),
voltage (V)

scale
2:3

low 1.08 - 1.2, 57

medium 2.34 - 0.80, 87

high 5.04 - 0.55, 126

low+salt 1.08 1.49 1.0, 69

medium+salt 2.34 1.49 0.67, 104

UV radiation when they make a transition to the ground state. Therefore we
conclude that strong molecular absorption by InI explains the lack of UV output
from the lamp.

The continuum is extending from the indium resonance lines (at the left of
the spectrum) towards higher wavelengths. As the continuum radiation is also
largely appearing in the infrared, this is limiting the ratio Pvis/Prad and thereby
limiting the efficiency of these lamps. Nevertheless, about 1/3rd of the input
power is appearing as visible radiation in the spectrum of these lamps, a value
that is also found for commercially available CMH lamps [17].

The lamp efficacy is about 62 lm/W for the low InI lamp and around 68 lm/W

for the other two . The large broadband continuum provides these lamps with
a high colour rendering index (CRI, see also section 1.2) above 90. As such,
the spectrum of the InI buffer gas is much more attractive than that of HPM
lamps. Those lamps have about 20% of their input power in the visible (table
7.3) and have almost the same efficacy when UV converting phosphors are
used. However, they only have a CRI of about 50 (table 1.1).

The mercury radiation in an HPM lamp is suppressed when metal-halides
are added to the discharge. The additive radiation then provides the lamp
with an attractive spectrum of high efficacy. By adding metal-halides to the
InI lamps, we are hoping to improve the efficacy of the lamp by suppressing
the (infrared) continuum in favour of the more efficiently radiating additive
spectrum. We have chosen the metal-halide salts of sodium and dysprosium
as additives to these lamps, because they are increasing the radiation on the
red side of the spectrum. This will reduce the correlated colour temperature
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Figure 8.2: Broadband integrating sphere spectra of the InI lamps, in table 8.1 the
lamp properties are summarized. The atomic line radiation is indicated by labels.
The lines have been identified using the NIST Atomic Spectra database [12] as a
reference.

(CCT, section 1.2) of the lamp. This is needed because the InI lamps in this
experiment have a CCT between 4400 and 6800 K, while for general lighting
purposes, a CCT close to 3000 K is desired.

The spectra of the InI lamps with salt additives are shown in figure 8.3.
In these figures, the spectra of the lamps with additives are compared to the
lamps of the same InI dose without additives. The radiation of the additives
increases the intensity in the spectral range between about 550 and 750 nm,
which has lowered the CCT to around 3300 K. The additives also increased
the lamp voltage, as can be seen in table 8.1. Although this was not predicted;
it may be explained by a lowering of the core temperature due to additional
radiative cooling, or by arc contraction.

The additives have only increased the lamp efficacy to about 86 and 82 lm/W

for the low and medium InI lamps respectively. This is not as much an increase
as what we were aiming for and this efficacy is still much lower than that of
the commercially available CMH lamps that have efficacies of up to 120 lm/W.
Also, we were aiming to reduce the InI continuum radiation, but no significant
reduction has been shown. It is interesting to further investigate the origin of
this continuum radiation.
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Figure 8.3: The spectra of the InI lamps compared to a lamp with the same InI dose,
but with also the additives sodium-iodide and dysprosium-iodide.

Molecular radiation continuum

Waymouth [19, 20] has also found a large continuum contribution in the (visible)
spectrum of (mercury containing, quartz)MH lamps with indium-iodide (InI)
as an additive. Waymouth proposes this radiation could be molecular in nature.
For molecular radiation to produce such a broad band continuum, the potential
energy curve of one of the levels involved in the interaction has to be a repulsive
state, or at least have a large almost flat plateau in its potential energy curve.

The potential energy curves of the A and X states of indium-iodide, ac-
cording to data of Banerjee and Das [1] are shown in figure 8.4 (left). The
wavenumber of the radiation at which the A-X transition could radiate is cal-
culated from the energy difference between the potential energy curves. This
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Figure 8.4: Potential energy curves of the A and X states of indium-iodide (left)
and inter-nuclear distance required for radiation at a specific wavenumber (right).
Data extracted of calculated potential energy curves published by Banerjee and Das
[1]. Arrows roughly indicate the limits of the spectral range where the (possibly
molecular) continuum was observed in the measured InI lamp spectra.

wavenumber is also shown in figure 8.4 (right). The internuclear distance (in-
dicated on the y-axis) at which this radiation is produced is not very relevant,
it is only a means of linking the figures. Rather the transition moment and
the temperature dependent population density will be important factors that
determine the exact shape of the emission spectrum. Although those properties
are not shown, figure 8.4 does indicate that radiation of the A-X transition could
appear in the large spectral range where continuum radiation is observed in
the measured spectra of the InI lamps. Therefore this observed continuum
could be explained by (molecular) interactions between indium and iodide.
This discussion shows that molecular radiation is a plausible cause, but more
detailed calculations are required to also prove the molecular origin of the
continuum.

Going into more detail on such calculations and lamp simulations is beyond
the scope of this thesis. Within the framework of the IWT-SCHELP project2,
such calculations and simulations have been performed by Gnybida et. al
[7]. Atomic line radiation, molecular radiation and the bremsstrahlung and
radiative recombination continuum is taken into account in the model that is
used for those calculations. For the molecular radiation, radiative transitions
between the ground state and two3 exited indium-iodide levels are taken into

2This thesis is also written in the framework of the IWT-SCHELP project
3The A state and a repulsive state slightly above it.
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account.

From these lamp simulations it is concluded that molecular radiation by
indium-iodide is required to explain the continuum radiation emitted by InI
lamps. That molecular radiation is indeed important is in agreement with our
expectations. By assuming similar behaviour for indium and thallium, that are
in the same column in the periodic table, the importance of molecular radiation
to explain the observed continuum is also in agreement with the calculations
performed on the TlI lamp in chapter 7. For that lamp, we concluded that
an additional process that was most likely molecular radiation is required to
explain the measured continuum spectrum.

8.3 Thulium-iodide MR-HID lamps

Our experiments have shown that the continuum in the InI lamps is not signi-
ficantly suppressed by using salt additives. However, the lamp voltage and
thermal properties of these InI molecular radiation (MR) HID lamps are in-
teresting. Instead of aiming to suppress the continuum, it might be possible
to exploit it. The continuum radiation can contribute more efficiently to the
lamp efficacy when a molecule is used whose continuum spectrum has a shape
close to that of the eye sensitivity curve. According to Käning et al. [6, 11, 10],
thulium-iodide has this property.

Lamps with thulium-(III-)iodide added as a buffer gas, similar to the lamps
studied by Käning et al. [9, 10, 11] have been designed and constructed. These
lamps are made with different electrode distances and total salt dosage to
investigate the heat conduction losses and absorption losses of these lamps.
The details of the lamps and of the experiment are discussed in chapter 6. Here
we will discuss whether these lamps are suitable to replace Hg lamps.

The visible spectrum of thulium-mono-iodide follows the eye sensitivity
curve closely and therefore a high efficacy is obtained (see also figure 6.7).
Because of the broad thulium-mono-iodide molecular spectrum, the lamps
have a high colour rendering index (CRI). The lamps in our experiment, as well
as the lamps of Käning et al. [9, 10, 11] have a CRI above 90.

Känings publications show that the lamp efficacy first increases and then
decreases with increasing lamp power. Käning has found a maximum efficacy
of almost 110 lm/W at an input power of about 120 W. At this power, the lamp
voltage was about 60 V [9]4, but the wall temperature, a parameter important

4Our TmI lamps show a lamp voltage in the range 70-80 V.
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for lifetime, was not published.

The efficacies and power balances of our lamps are shown in figure 6.7. With
increasing lamp dose and decreasing electrode distance (e.d.), the lamp efficacy
first increases and then decreases. The maximum efficacy in this experiment is
found for the 1.76 cm e.d. lamp and we will use this lamp for the comparisons.
At an input power of 65 W this lamp has an efficacy of 117 lm/W (figure 6.7).
This value has been determined in the broadband integrating sphere setup at
the TU/e for a lamp without outer bulb. This maximum efficacy is somewhat
higher than that of the lamps of Käning et al.

The luminous efficacy of these lamps has also been determined using a setup
dedicated for visible radiation measurements at Philips Lighting in Eindhoven.
In that setup, the lamps were operated inside their outer bulb. For these lamps,
operated at similar input powers, values typically 8 lm/W lower were found in
the Philips measurements. Those values are closer to the data published by
Käning et al. The better calibration and dedication to the visible spectrum in
the Philips setup is most likely a minor difference in this comparison. More
likely, the efficacy is lower as a result of absorption of radiation that is reflected
on the inside of the outer bulb. With an estimated reflectivity of the outer bulb
around 10%, and assuming that the majority of the reflected visible radiation
will be absorbed by the optically thick molecular plasma, this difference is
easily explained.

Käning et al. have shown that the lamp voltage increases with input power.
Because their lamps are saturated, the average gas-phase species density in
those lamps increasing burner wall temperature and therefore with increasing
lamp power. Therefore, it is likely that lamp voltage did not increase due to the
increasing input power but rather because of the increase in average species
density. Our lamps are unsaturated and therefore the average species density
does not depend on the input power.

The lamp voltage of these unsaturated lamps has been measured at different
input powers. The electric field in the lamp is estimated from the measured
lamp voltage. It is shown versus input power per unit length in figure 8.5.
Because the slope of the lines in this figure is small compared to the difference
between them, we conclude that the electric field in the TmI lamps is mainly
increasing because of increasing lamp dose, not because of increasing input
power.

To evaporate the amount thulium-iodide that is needed to build a sufficient
lamp voltage, the wall temperature needs to be high. Wall temperature meas-
urements show that the maximum wall temperature of our lamp increases with
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Figure 8.5: Calculated electric field in the unsaturated TmI lamps versus input
power per unit length.

input power. It already has a (maximum) wall temperature around 1650 K at
50 W input power. At this input power the luminous efficacy of the lamp is
106 lm/W and the lamp voltage is 84 V.

Many of the properties of this 50 Watt, 1.76 cm e.d, molecular radiation
dominated mercury free (MR) HID lamp are similar to those of the CDM-T
Elite5, a commercially available mercury containing (Hg) CMH lamp produced
by Philips Lighting. The colour rendering index (CRI>90 for both lamps),
luminous efficacy (both around 106 lm/W) and lamp voltage (around 80 V)
are all roughly alike between these two lamp types. The colour temperature
(3500 K vs 3000 K) is somewhat higher for the MR-HID lamp.

So far, this indicates a very promising mercury free lamp, but there are
two important downsides of the molecular radiation dominated HID lamp.
These are the high wall temperature (discussed below) and arc contraction
(next section).

The CDM-T Elite lamp has its maximum wall temperature below 1500 K.
The molecular radiation dominated lamp shows a wall temperature above
1650 K. According to De Groot and Van Vliet [8], the wall temperature of a
PCA burner should be at maximum about 1500 K, for otherwise aluminium
will sublimate from the PCA burner and condensate on the inside of the outer
bulb. The lifetime of the lamp will be reduced due to this process, because

5The Elite lamp is available at a nominal lamp power of 35 W and 70 W. The properties of the (imaginary)
50 W Elite lamp used in this comparison are power weighted average values of the lamp properties of the
commercially available 35 W and 70 W Elite lamps.

202



Replacing mercury by a metal-halide

this condensed aluminium is reducing the transmittance of the outer bulb.
So the high wall temperature is an issue for the outside of the lamp burner.
Because thulium-iodide is aggressive against the burner wall [23], this high
wall temperature can also cause serious lamp life issues because it is also
corroded from the inside at the same time. A decisive factor behind the high
efficacy in these lamps is that the thulium-mono-iodide spectrum resembles the
eye sensitivity curve closely. Therefore, changing thulium-iodide for another
molecular radiator does not seem a suitable solution.

If the wall temperature can be reduced, this will decrease the maximum
attainable vapour pressure, thereby lowering the electric field in the lamp and
reducing the lamp voltage. To compensate, the electrode distance could be
increased, but this has been shown to increase the total plasma heat conduction
losses, which decreases the lamp efficacy. Käning et al. [9] have reported an
efficacy of about 90 lm/W for a 140 W thulium-iodide MR-HID lamp at operating
conditions suitable for commercial use. The mercury containing counterparts
of this lamp however show lamp efficacies about 10% higher. This value of
90 lm/W is only 82 % of the maximum luminous efficacy that Käning et al. have
reported. At the operating conditions suitable for commercial use, the lamp
dose and electrode distance will not be equal to the optimum values that result
in the highest luminous efficacy. Therefore, the efficacy of these lamps be lower
than that of the Hg lamps at operating conditions required for commercial use.

The TmI spectrum is close to the eye sensitivity curve, so it is expected
that the TmI MR HID lamp would be the highest efficacy MR HID lamp, and
that other MR HID lamps will have a lower efficacy. It is therefore concluded
that MR HID lamps are not likely capable of replacing the Hg lamps that are
currently available for general lighting purposes because their efficacy will be
lower than that of the existing Hg lamps.

8.4 Arc contraction in Hg free MR HID lamps

Although we have just shown that MR HID lamps cannot replace mercury
containing lamps due to the lower efficacy at acceptable lifetimes, we will
also discuss the other issue: arc contraction. Mercury can build lamp voltage
because it has a high vapour pressure combined with an appreciable electron
atom collision cross section. Another way to increase lamp voltage is reducing
the conductivity by decreasing the diameter of the discharge channel. This is
called arc contraction. According to Käning et al. [10], the dominant voltage
building mechanism in the TmI MR HID lamp is arc contraction.
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Table 8.2: Lamp specifications of the (Hg-free) InI YAG lamps, each lamp contains
350 mbar (cold) xenon added as a start gas and the electrode distance is 7mm. A
schematic picture (scale 1:2) of the ’K3’ YAG lamps is added to the table.

Lamp InI (mg)

low InI YAG 1.5

high InI YAG 4.5

The idea is that molecular radiation in the mantle of such lamps cools
down the outer and intermediate regions of the discharge, causing these lower
temperature regions to grow. This means that the high temperature region
in the core shrinks. To obtain the same total power in this smaller core, the
power input per unit volume has to be higher, which leads to an increased core
temperature with respect to the (hypothetically) not contracted arc. Therefore,
a contracted arc has a large cool mantle with a small hot core. Arc contraction
is unwanted because it leads to an unstable discharge and to too large wall
temperature gradients.

We will further investigate arc contraction, because the idea that lamp
voltage in MR HID lamps is dominantly obtained by arc contraction is contrary
to our initial expectation for the InI lamps, for which we aimed at taking
advantage of the high electron-atom collision cross section of indium to build
lamp voltage. Although we have already shown that molecular radiation is
an important contribution to the InI lamp spectrum and arc contraction is a
logical consequence, an additional investigation to confirm this arc contraction
is performed.

For these experiments we have obtained lamps with two different InI doses
in transparent yttrium aluminium garnet (YAG) lamp burners. The lamp
specifications are described in table 8.2, where also a schematic drawing of the
burner geometry is shown.

We have looked at these InI-YAG lamps (through a neutral density filter)
and compared them to a mercury containing YAG lamp. This latter lamp
has a salt dose similar to that of the CDM-T Elite, a commercially available
CMH lamp that contains mercury as a buffer gas. It is assumed that the arc in
this Elite-YAG lamp is not (significantly) contracted. The lamps are operated
vertically and we have observed the following:

• The Elite-YAG lamp has a straight arc, but the InI-YAG lamps have a
curved arc.
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Figure 8.6: From left to right, the lamp photos of the Elite-YAG, low InI YAG and
high InI YAG lamp.

• The arc of InI-YAG lamp is unstable and the arc attachment to the electrode
can change position every several seconds, but sometimes it remains stable
for a few minutes. The arc of the high InI lamp is more unstable than that
of the low InI lamp.

• All lamps show a bright channel in the centre, surrounded by a zone of
less bright radiation, that is likely molecular radiation or atomic radiation
of low energy level.

• The bright channel in the InI-YAG lamps is smaller than the bright channel
in the Elite-YAG lamp and the channel is smaller when the InI dose is
higher.

We have photographed the arc through a cross-polarized filter, such that the
photo was not saturated. We aim at showing the estimate size of the discharge
channel with these photos. The photos of the InI lamp are shown in figure
8.6 and as a comparison a photograph of the Elite YAG lamp is also shown.
Although these photos are not as clear as our direct observations, they indeed
indicate a contracted arc, specifically for the high InI lamp, because the bright
zone is smaller in the InI lamp than in the mercury containing lamp. The
photos also show that the InI arcs are not straight.

To visualize this more clearly, the relative profile of the camera counts is
calculated for a line located halfway between the two electrodes and perpen-
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Figure 8.7: Relative profile of the camera counts over a line perpendicular to the
lamp axis, at the centre between the electrodes for the three lamps shown in figure
8.6. The 0-position is located at the centre of the discharge vessel and the horizontal
axis spans the distance between the outsides of the lamp burner.

dicular to the lamp axis. The relative profiles for the three lamps are shown in
figure 8.7. These (lateral ’relative intensity’) profiles show that the arc of the InI
lamps is contracted with respect to the Elite-YAG lamp and this particularly
the case for the lamp with the high InI dose. As these profiles are determined at
the centre of the lamp and the curved arc was in the plane perpendicular to the
optical axis, the offset of the maximum is a direct indication for the arc bending.
For the curved InI arcs, the profile is not only asymmetric with respect to the
centre of the lamp, but also with respect to the peak. This latter asymmetry is
because the temperature gradient and hence the intensity gradient is stronger
on the side where the arc is closer to the burner wall.

From the photographs in figure 8.6 and more clearly from the profiles in
figure 8.7, we can conclude that the arc of the InI lamps is contracted and
curved. The contraction and the curvature increase with InI dose.

Lamp simulations of InI MR HID lamps with different indium pressures
have been performed by Gnybida et. al [7]. These simulations also show
that the temperature profile is more contracted when the indium pressure is
higher. Detailed side-on measurements by Lemmens [13] also showed that arc
contraction is present in InI MR HID lamps.

Furthermore, the continuum radiation calculations performed on the TlI
lamp in chapter 7 also indicate that contraction is stronger when a higher TlI
vapour pressure is to be expected, thereby also confirming arc contraction
for molecular radiation dominated lamps that also contain high metal halide
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pressures.

All of the above combined, leads us to the conclusion that MR-HID lamps
will be contracted and that this arc contraction is an important contribution to
the lamp voltage in these lamps. This is an undesired property, because it leads
to an unstable discharge.

Stockwald et al. [18] have shown that acoustic resonances can help stabilize
a contracted arc. They presented examples of two (research) lamps, a mercury
free lamp with a lamp efficacy of 120 lm/W and a mercury containing lamp with
an efficacy of 140 lm/W. There are however two important points of attention.
The first one is that the acoustic resonance stabilized mercury containing HID
lamp in the work of Stockwald et al. still shows a higher efficacy than the
mercury free one. So if this concept would be feasible, it is still not necessarily
in favour of the mercury free lamp. The second point of attention is that
lamps requiring acoustic resonance stabilization are not suitable for retrofit
applications, which is an important requirement for the design of Hg free
lamps. The new types of ballasts required for the acoustic stabilization are
not yet standardized, so the commercial introduction of such systems (if at all
possible) will be difficult. Because of the issues with arc contraction, the MR
HID lamp is not suitable for commercial use and therefore it is not a suitable
replacement for the Hg lamps.

8.5 Conclusions

We have investigated and discussed several types of metal-halide mercury
replacements.

The InI buffered lamps showed interesting thermal and electrical properties.
However, a broad molecular continuum was observed in the spectra of the InI
lamps. The continuum produced large amounts of infrared radiation, thereby
limiting the efficacy of these lamps and causing arc contraction. To obtain a
high lamp voltage, the InI dose needed to be high, but the (infrared) molecu-
lar continuum increased with lamp dose, thereby increasing arc contraction.
Contrary to the suppression of the unfavourable mercury radiation in the Hg
containing metal-halide lamps, we have not been able to significantly suppress
the InI continuum by adding salt additives.

The thulium-iodide MR-HID lamps have a molecular continuum with a
spectral shape close to that of the eye sensitivity curve. For research lamps,
efficacies as high as that of the best commercially available mercury containing
CMH lamps have been obtained. However the high wall temperature of these
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research lamps in combination with the thulium-iodide will cause lifetime is-
sues. The maximum attainable efficacy of the MR-HID lamps under conditions
suitable for commercial application (assuming all lifetime issues are solved) is
below 90% of this value.

Another unacceptable downside of the MR-HID lamps is that their arcs are
contracted. This has been observed for InI lamps and is shown in the lamp
photos discussed above and in simulations by Gnybida et. al [7]. It is also
shown for the TlI lamps in the calculations in chapter 7, and for TmI lamps by
Käning et al. [10]. Because contracted arcs are unstable, a special new type of
ballast would be required to stabilize such discharges. Although this concept
has been shown for research lamps (by Stockwald et al. [18]), it was not proven
that this concept is feasible for commercial application. Also, it is not proven
that this will allow mercury free lamps to performing equally to or better than
mercury containing lamps in terms of maximum lamp efficacy at operating
conditions suitable for commercial use.

Because of both the arc contraction and the lower efficacy, it is concluded
that currently MR-HID lamps cannot replace the available mercury containing
CMH lamps for commercial application.
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Chapter 9

Complete overview and detailed
conclusions

We have studied the power balance of ceramic metal halide (CMH) high in-
tensity discharge lamps. This has improved our understanding of the energy
flows inside these lamps. We have classified five key elements that influence
the power balance of an HID lamp: the electrodes, the start gas, the geometry,
the radiating species and the buffer gas. In the previous chapters of this thesis,
we have treated each of these components in detail and discussed experiments
that investigated their (individual) influence to the power balance.

However, all of the properties of the CMH lamp are interconnected, but we
have not yet focussed on this. Therefore we will now present a compilation
of the separate results and set out the bigger picture behind the individual
conclusions. The insights gained from the individual experiments the previous
chapters combine into a complete overview that contains the detailed conclu-
sions of our work. From this overview, the investigated design constraints of
the (mercury free) CMH lamp will become clear. These will be summarized in
the next chapter.

9.1 New methods

9.1.1 Broadband integrating sphere setup

A setup to accurately determine the spectral radiant flux of high intensity
discharge (HID) lamps in has been designed, constructed and calibrated. With
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this setup we have determined the spatially integrated high-resolution spectra
of CMH lamps over a wide spectral range. New in this work is that we have
obtained broadband spectra that range from the ultraviolet (down to 250 nm)
to the infrared (up to 10 µm) and that we have calibrated the absolute intensity
in that range. No calibration standards for spectral radiant flux are readily
available in the infrared.

To put the infrared integrating sphere measurements on an absolute scale,
we have developed a calibration procedure that uses a resistive heated plat-
inum ribbon as absolute intensity reference. From these calibrated broadband
integrating sphere measurements, we have determined and investigated the
complete power balance of mercury free (Hg-Free) and mercury containing
(Hg) ceramic metal-halide HID (CMH) lamps. This is the first work where such
a broad and complete in-depth power balance study of both Hg and Hg-Free
lamps is presented.

The complete power balance of these different types of CMH lamps has
been determined from these absolutely calibrated spectrally resolved broad-
band integrating sphere measurements. An important (intermediate) step for
determining the power balance is the separation between thermal radiation
from the burner wall and plasma radiation. This was done using a switch-off
measurement, which employs the different time-scales for the decay of plasma
radiation and burner wall radiation after switching off the lamp. The power
balances were presented as power balance bar charts, a compact way to present
the power balance. This new way to present the power balance allows for clear
and direct comparisons of the power balance of different lamps.

9.1.2 The fast switch-off method

We have designed, tested and verified a new method to determine the radiating
part of the electrode losses in lamps with translucent burners. We have named
this new method the fast switch-off method, as it exploits the different time
scales by which the plasma, electrodes and burner wall cool down after the
lamp has been switched off. To be able to apply such a method, the time
resolution of the measurement device must be high enough to measure the
electrode contribution. A typical time constant for the decay of the electrode
radiation after switch-off is in the order of 0.2 s.

The great advantage and new breakthrough of this method is that the burner
wall is no longer required to be transparent, it can also be translucent. Even
though the electrode conduction losses cannot be determined from these meas-
urements, ours is the only method that can be used to measure the radiative
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losses of electrodes inside translucent lamp burners.

We have compared the new method to two proven methods. Firstly 2D-
Pyrometry, an experimental method, based on measuring the temperature
profile of the electrode. This method can be applied to electrodes in specially
designed lamps with transparent burner walls. Secondly we have compared
to electrode losses determined using a simulation tool called the Eldes model.
This electrode simulation model to calculate electrode losses is developed by
Philips Lighting.

These comparisons show that the fast switch-off method can indeed be used
to determine the radiating part of the electrode losses. However, the random
uncertainty on the resulting powers as presented in this thesis is larger than
that of the established methods. With some further improvements, this method
can be used systematically in electrode research with the great advantage that
also measurements on lamps with translucent burners are possible. The most
important improvements would be a higher time resolution, measurements
over a broader wavenumber range and additional switch-off repetitions.

The fast switch-off measurement can be used for power balance research
to distinguish between plasma radiation, electrode radiation and burner wall
radiation. For the standard lamps, the current error bar (without the proposed
improvements) of typically 15% percent for the electrode radiation loss is al-
most as accurate as that obtained from electrode simulations and 2D-Pyrometry
measurements. The fast switch-off measurement can be used to verify the cor-
rectness of estimated electrode losses from modelling efforts without the need
for additional lamps in transparent lamp burner. Thereby additional insight
into the electrode losses can be obtained at a small additional effort in an early
stage of the investigation.

9.1.3 Pyrometry measurements extended to electrodes with coils

The pyrometry measurements have been performed at and with the AEPT
group of the Ruhr-Universität Bochum. The interpretation of pyrometry meas-
urements on electrodes with coils is more difficult compared to that of rod
electrodes, because the shape of the coil influences the (effective) emissivity
of the coil surface. Those parts of the coil with increased emissivity to inter-
reflections will appear as regions of increased temperature in the pyrometry
measurement. The local minima are the tops of coil, where no such emissivity
increase is found. A (linear) fit through these local minima was used to estim-
ate the surface temperature of the coil. This temperature fit was then used to
determine the effective emissivity of the coil.
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For the rod-with-coil electrodes that are typically used in CMH lamps we
have found an average effective emissivity that increases the average emissivity
with a factor 1.22. This value is used to determine the radiative losses of the
coil. With these insights, complete interpretation of pyrometry measurements,
including the region of the coil and the complete electrode losses determined
from these measurements is now possible. This new way of taking the coil into
account allows a broader application of this existing method in electrode losses
research.

9.2 The electrode losses

When no emitter effect is present, the electrode losses of a CMH lamp can be
as high as 17% of the total lamp power. If an emitter effect is present, the total
electrode losses are as low as 9%. This is concluded from the range of electrode
losses we have encountered in our work. We have found the high electrode
losses for many lamps, for example for those discussed in chapter 7. The lowest
electrode losses where found for the thulium-iodide lamps that are discussed
in chapter 6. Although most of our electrode loss determinations were based
on simulations, the range of values is in rough agreement with that reported
in detailed studies of Westermeijer et al. [15, 16, 17] where values between 3.8
and 6 W per electrode were reported with and without emitter effect, for lamps
with an intended operating power around 70W.

Cerium and dysprosium can significantly lower the work function of the
electrodes [10, 13]. In chapter 4, the electrode losses of a cerium containing
lamp with a salt fill similar to the CDM Elite (a commercial lamp produced by
Philips Lighting) have been determined. In this specially designed Elite-YAG
lamp, we have not been able to prove a significant reduction of the electrode
losses. Therefore we have not been able to prove a significant reduction of the
work function in this Hg lamp that contained other salts beside cerium.

We have also calculated the electrode losses of this lamp using the Eldes
model. With the assumption that no emitter effect was present at all, the calcu-
lated electrode losses where only roughly 10% higher than those determined
from the pyrometry measurements. Therefore, we could not prove a significant
reduction of the work function in this cerium containing lamp. This might
be explained by poisoning of the emitter effect by the other salts in the lamp,
particularly thallium. To our knowledge, this effect was first discovered and
described in detail by Westermeijer et. al [15, 16, 17] for the case of poisoning of
the emitter effect of dysprosium by thallium.
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For both mercury free and mercury containing lamps, lowering of the work
function and hence electrode tip temperature by (gas phase) emitters is very
important to minimize the electrode losses and to optimize lamp life. Under-
standing and improvement of these processes should remain an important
focus of CMH lamp research.

The electrode losses are unfortunately not an isolated design parameter,
because the emitter materials may also radiate (strongly) in the visible region
or can have a low ionization potential and can therefore influence other lamp
properties such as the correlated colour temperature or the electric field.

For mercury free lamps it is important that the mercury replacement is not
poisoning a possible emitter effect and that it is not aggressive to the electrodes.

In section 5.3.1 we have investigated lamps that where dosed with ZnI2 and
InI to replace mercury. For these lamps we have observed wall blackening.
This can be the result of tungsten from the electrodes being deposited on the
burner wall. A mercury replacement that shows wall blackening leads to lamps
with reduced lifetimes. Therefore the lamp discussed in section 5.3.1 and other
Hg-Free lamps with a buffer gas species that make wall blackening possible
are not suitable mercury replacements.

9.3 The non-radiative losses

The non radiative losses consist of the plasma conduction losses and the ab-
sorption losses. In the channel model (explained in section 2.2), a top hat
temperature profile is assumed to simplify the calculation of lamp properties.
In the core of the discharge, the temperature is assumed constant and high,
while it is low in the surrounding mantle. the plasma conduction losses are
the heat conduction losses at the boundary between the core and the mantle,
and the absorption losses is that part of the plasma radiation that is converted
into heat conduction losses due to absorption in the mantle and burner wall.
Elenbaas plots (explained in section 2.3) are used to determine the distribution
of the non-radiative losses in the components plasma conduction losses and
absorption losses. The electrode losses are also important in this procedure,
because if the contribution of the electrode losses to the input power on the
burner wall is wrongly estimated, the plasma conduction losses are different
by the same power of opposite sign. The electrode losses are also important
for determining the absorption losses, because if the contribution of the elec-
trode radiation losses to the infrared radiation (the electrode radiation that is
transmitted by the burner wall) is wrongly estimated, the plasma (continuum)
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radiation is different by the same power of opposite sign, and the determined
plasma absorption loss might be influenced.

If we assume typical electrode losses around 15% of the lamp power, and
we assume we can determine the electrode losses with an accuracy much better
than 20%, then at most 3% of the total lamp power is wrongly distributed
amongst the processes involved. This is only a small part of the power balance
and will not influence the general conclusions.

The plasma conduction losses are determined from the x-axis abscissa of an
Elenbaas plot, while the slope of an Elenbaas plot yields the (net) transmittance
(τ) of the mantle and burner wall combined. The absorption losses are found by
assuming that the fraction of absorbed radiation is equal to 1− τ. The plasma
conduction losses determined by this procedure are the plasma conduction
losses at the boundary of the core and the mantle of the plasma as defined
according to the channel model (see also section 2.2). The absorption losses are
the plasma core radiation losses that are converted to heat conduction losses
due to net absorption in the mantle and by the burner wall.

The non-radiative losses are deposited on the lamp burner that heats up
due to this input power. The balance between the input power on the one hand
and the output powers, thermal radiation and lead wire conduction losses,
on the other hand determine the wall temperature. For lamp life, the wall
temperature can not be too high, but in order to evaporate a sufficient amount
of additives, the wall temperature can not be too low either. Therefore, when
the input power to the lamp burner is changed, attention should be paid the
output power as well (and vice versa) to prevent the wall temperature from
changing too much.

9.3.1 The plasma conduction losses

We have investigated the influence of the start gas on the heat conduction losses
of Hg-Free lamps. The total heat conductivity during steady-state operation of
the lamp can be influenced by the start gas as it is one of the most abundant
species. Commercially available mercury containing CMH lamps are often
dosed with argon as a start gas. Mercury has a low coefficient of thermal
conduction and facilitates thermal insulation of the arc discharge in the lamp.
There is no urgent need to further suppress the heat conduction losses in these
lamps, as a sufficiently high wall temperature is required to evaporate the
metal-halides.

For mercury free lamps however, the conduction losses are no longer limited
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by mercury and an alternative has to be found. Dosing a start gas with a low
heat conductivity is a possible solution. Because the heat conduction coefficient
of xenon is even below that of mercury, we have used xenon as a start gas in
our Hg-Free lamps.

We have investigated the plasma heat conduction losses for different types
of mercury free HID lamps. In section 5.3.2 we have investigated them for two
mercury free HID lamp that are identical, except for the start gas, one lamp was
dosed with argon start gas and the other with xenon. In accordance with our
expectations, we found that using xenon instead of argon lowers the plasma
heat conduction losses. For this experiment, they were reduced by almost 25%,
which is almost 5% of the lamp power. This is a much bigger change than
that observed by Elenbaas who added 4% argon to a mercury discharge, but
in our lamps the start gas was the dominant species. In that perspective, the
total reduction of the plasma heat conduction losses by using xenon instead
of argon was not that great and therefore, the posibilities for improving lamp
performance by changing the start gas are limited.

This is also seen in the investigation in section 5.3.1, where the heat con-
duction coefficient of the start gas was increased by a factor of 4 by replacing
75% of the xenon startgas by neon, but the plasma heat conduction losses for
those lamps increased with only 15%. This small change in heat conduction
losses for the large change in heat conduction coefficient indicates that a high
pressure of a start gas with a low thermal conductivity is required to seriously
insulate the arc.

In chapter 7 we have investigated the plasma conduction losses for two
mercury containing (Hg) lamps. We have compared two Hg lamps with
salt additives, a sodium-iodide and a thallium-iodide lamp, to a mercury
reference lamp. In section 7.3.5 of that chapter, we proposed that the heat of
dissociation transport is likely the most important contribution to the plasma
heat conduction losses in lamps with metal-halide salt additives.

The influence of a high salt dose to the heat conduction coefficient is shown
in section 5.3.1 for a mercury free lamp dosed with ZnI2 and InI as a buffer gas.
It is concluded that the heat of dissociation transport of the salts is a dominant
contribution to the heat conduction losses, which is in agreement with the
conclusions above. This confirms that the relative influence of the start gas
to the plasma heat conduction losses is weakened in the metal-halide lamps
because the salt additives in the lamp are the dominant contribution to the heat
conduction coefficient.

The heat of dissociation losses in a Hg lamp are limited as the high mercury
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pressure limits the diffusion of the metal halides from the core to the plasma
mantle. When mercury is omitted, (part of) this functionality is lost. To decrease
the heat conductivity and the heat of dissociation transport in the lamp, it is
advised to increase the (xenon) start gas pressure in Hg-Free lamps with respect
to that in the Hg lamps.

In the (Hg-Free) CMH lamps, the presence of the salts has suppressed the
influence of the start gas as compared to the HPM lamp. However, in principle
it can be concluded that adding a sufficiently high xenon dose to Hg-Free lamps
can compensate the loss of mercury from the heat conduction losses point of
view.

We have however experienced that our Hg-Free research lamps were some-
times difficult to ignite. This can be related to a too high xenon pressure which
increases the ignition voltage [6]. Preventing a too high ignition voltage is
important for safety compliance regulations and for retro-fitting. Therefore,
the xenon pressure cannot become too high if the lamps are to be operated on
standard commercial lamp drivers in existing lighting systems.

Although we have just discussed that using a start gas with a lower thermal
conductivity will increase the lamp efficacy (but may increase the ignition
voltage), another big disadvantage is that this can lower the electric field in the
lamp. This can be concluded from the lower lamp voltage for lamps with a
lower start gas heat conductivity as is shown in chapter 5.

Building enough lamp voltage without increasing the electrode distance is
a difficulty in Hg-Free lamps. Therefore, if a mercury free lamp with a good
efficacy, but a too low lamp voltage has been constructed, some lamp efficacy
can be sacrificed by increasing the thermal conductivity of the start gas in order
to increase the lamp voltage. Unfortunately, obtaining a high enough efficacy
is the other main difficulty that is encountered when designing Hg-Free lamps,
so there is no room for such a sacrifice.

For the high pressure mercury lamp, Elenbaas [3] has shown that the plasma
conduction losses per unit length are approximately constant and do not signi-
ficantly change with mercury dose and lamp diameter. In chapter 6 we have
investigated and confirmed that design rule for Hg-Free lamps of different
diameter, electrode distance and salt dose.

For the Hg-Free lamps investigated in chapter 6, the plasma conduction
losses per unit length were about half of those of the commercially available Hg
lamps investigated earlier [12]. Therefore, increasing the electrode distance is a
less severe penalty for these lamps. Also for the ZnI2 and InI buffered Hg-Free
lamps discussed in section 5.3.1, the plasma conduction losses per unit length
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where lower than those (but only at most 15%) of a commercial Hg lamp in the
same burner geometry [5].

These are indications that a contracted arc will have lower plasma heat
conduction losses per unit length than a wall stabilized arc. This would seem
logical, if the larger mantle provides better insulation. However, the core is
likely hotter as well which points in the opposite direction. Also the contracted
Hg+TlI lamp of chapter 7 does not confirm this trend, so no definite conclusion
can be drawn. This trend is an interesting subject for further investigation.

Concluding: the plasma heat conduction losses per unit length in Hg(-Free)
lamps are constant, but their value will be different for each lamp fill. Because
these losses are constant per unit length, the total plasma heat conduction
losses will be larger when the electrode distance is longer. This leads to the
conclusion that increasing the electrode distance leads to a less efficient lamp
because the total plasma heat conduction losses increase.

However, if the electric field in the lamp is not high enough, a short electrode
distance can lead to a low lamp voltage and hence a high current. If the lamp
current will be high, the electrode losses and/or electrode tip temperature will
be high as well. High electrode losses negatively affect the lamp efficacy and
a too high tip temperature negatively affects the lamp life. Therefore, this is
a situation that should be avoided and can be avoided by choosing a longer
electrode distance, but this is conflicting with the minimization of the plasma
heat conduction losses previously discussed. The unavoidable conclusion is
that the low electric field that is typically found in the Hg-Free lamps will either
lead to increasing electrode losses or to increasing plasma conduction losses
and a lower lamp efficacy will result.

9.3.2 Absorption losses

For the HPM lamp Elenbaas [3] has shown that the transmittance is an approx-
imately constant factor that does not change significantly with lamp diameter
and lamp dose. In chapter 6 we have investigated and confirmed this design
rule for Hg-Free lamps. Because of this constant transmittance, the absorption
losses are also a constant fraction of the plasma radiation. This means that the
absorption losses show a linear relation with the lamp power.

In chapter 7 we have shown that the spectral power distribution is an
important parameter that influences the absorption losses. Particularly, if the
UV radiation is reduced, the absorption losses decrease. Since most CMH
lamps already have a low fraction of their input power leaving the lamps as
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UV radiation, there is not much room for further improvement.

In our investigations, we have not found a significant influence on the
transmittance of the mantle by the choice and pressure of the start gas and thus
the influence of the start gas on the absorption losses was limited.

In wall stabilized, resistively coupled CMH lamps the bremsstrahlung and
radiative continuum (BRC) output will be a significant part of the total output
power. We have shown that about 25% of the input power can be converted
into these processes (chapter 7). As this radiation also appears strongly in the
far infrared where the transmittance of the burner wall is low, much of this
radiation will be absorbed and the BRC can be a significant contribution to the
absorption losses.

9.4 Plasma radiation

The lamp efficacy is determined by how much power is emitted in the visible
spectrum and how well this matches the eye sensitivity curve. This lamp effic-
acy can be split up in a product of the following contributions: the efficacy of
the visible spectrum, the ratio Pvis/Prad and the ratio Prad/Plamp. Design constraints
such as the correlated colour temperature (CCT) and the colour rendering
index (CRI) put strong demands on the spectral shape and the salts that should
be used to obtain such a spectrum. They also have a strong influence on the
efficacy of the visible spectrum and to the ratio Pvis/Prad. This is why our in-
vestigation focussed mainly on investigating the different lamp properties that
affect the ratio Prad/Plamp. This latter ratio is determined by the electrode losses
and the non-radiative losses, both extensively discussed above. During our
investigation of those contributions, we have come across several findings that
are important for Hg(-Free) lamps and these findings are summarized here.

We have confirmed earlier findings that an important contribution to the
improved efficacy of the CMH lamp with respect to the high pressure mer-
cury (HPM) lamp is an improved ratio Pvis/Plamp. We have concluded that this
improved ratio Pvis/Plamp is mostly a result of the reduced UV output.

A large amount of optically thin molecular radiation will contract the dis-
charge. Therefore, it is important that the mercury replacement should not
produce a large amount of optically thin molecular radiation. This means that
the salt dose of elements such as thallium, indium, tin, thulium, dysprosium
and other strong molecular radiators should be limited in Hg(-Free) lamps if
arc contraction is to be avoided.
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We have observed that metal-halide molecules with strong visible radiation
will also radiate in the infrared. When increasing the average density of these
molecules, we have observed that the infrared output grows faster than, or at
the cost of the visible radiation. This is related to a combination of increasing
absorption in the (UV and) visible spectrum and at the same time an increase
in infrared radiation. It will negatively effect the ratio Pvis/Prad which leads to a
lower lamp efficacy. Therefore, a high dose of molecular radiators should be
avoided because this leads to a less efficient lamp, as this will shift the lamp
spectrum towards the infrared.

The bremsstrahlung and recombination continuum (BRC) is an important
contribution to the spectrum of the mercury containing CMH lamp. It appears
predominantly in the infrared and as such it is a significant loss process and it
is interesting to find a way to reduce this. Because the dominant continuum
radiation process is the electron atom bremsstrahlung, determined by the inter-
action between electrons and neutral particles, the continuum radiation and
electric field in the lamp are both mainly determined by the same type of inter-
actions. As such, the continuum radiation and the lamp voltage are coupled. It
is therefore unlikely that the continuum radiation can be significantly reduced
for wall stabilized resistively coupled HID lamps of the same lamp power and
lamp voltage.

9.5 Lamp voltage or efficacy in the Hg-Free lamps

In the previous sections we have reasoned that if the electric field in the Hg-Free
lamp will be lower than that in the Hg lamp, this will lead to a lower efficacy
because either the electrode losses or the plasma conduction losses will be
higher. This means we have to search for a way of increasing the electric field
in the Hg-Free lamp. Although this has been done by others before and was
always kept in mind by us as well, we will go into the details step by step one
last time.

Using the simplifications of the channel model (that only simplify the equa-
tion and does not affect the physics or conclusions), the electric field is written
as (see also equation 7.8):

E =
IpaQm(8me)

1/2

0.75π1/2e2πr2
eff ne(kTc)

1/2
,

where I is the lamp current, reff the effective radius of the channel, ne the
electron density, Tc the core temperature and pa and Qm are the pressure and
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the electron-atom collision cross section of the species that is building the lamp
voltage. The constants me and k are the mass of the electron and Boltzmann’s
constant respectively. Although it will not be known a priori, we can use the
current I in this formula, because we have reasoned that the demands for the
electrode losses and the ballast have approximately fixed the current and lamp
voltage permitted at a given input power.

The electron density is mainly determined by the radiating species which
are imposed by the required spectral properties, so there is not much room to
play with these.

In Hg lamps, the high ionization potential of mercury limits its contribution
to the electron density, which is then mainly determined by the salt additives.
If an Hg replacement has a higher ionization potential, ne will not seriously
decrease, but if it has a lower ionization potential it may increase ne. If the
electron density is different between the Hg and the Hg-Free lamp it will be
affected unfavourably. There is no room for improvement here, but the mercury
replacement will not necessarily behave worse.

The core temperature could be lowered by radiative cooling. This radiation
can be in the infrared thereby reducing the ratio Pvis/Prad and as such negatively
influence the efficacy of the lamp. If the radiative cooling is in the visible
spectrum, it can either negatively impact the color and quality of the emitted
light, or have a positive contribution. In the latter case, the proposed Hg
replacement will also be an excellent additive to a Hg lamp and either is already
been found (and not used for another reason, such as chemical incompatibility)
and/or it will improve the Hg lamp as well.

These two contributions, core temperature and electron density, have not
provided decisive arguments in favour of either the Hg or the Hg-Free lamp.
But now we will discuss the product paQm. Mercury has the unique property
that it can reach a high vapour pressure and also has a high electron-atom
collision cross section, a combination that provides the high collision frequency
required for a high electric field. No other element with this combination of
properties has been identified.

The boiling point of an element is an indication for the vapour pressure it
can obtain in a CMH lamp. When the elements are sorted by boiling point
and we cross out elements that are poisonous, highly reactive and radioactive,
there are only few left. The elements that are left are the alkali metals, that
are omitted because of their low ionization potential and because they will
react with the iodides of the metal-halide salts in the lamp no longer allowing
them to evaporate and the noble gases, that unfortunately have a low cross
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section for interactions with electrons of energies typically found in the core
of the CMH lamp. This limits the possible attainable electric field. They have
been investigated by Reiling [11], who concluded that the efficiency of the
metal-halide lamp will be not as high with the replacement of mercury by a
noble gas.

The only other remaining element that comes close is zinc. Zn lamps have
been studied by Born [1, 2]. He even needed to use unpractically high wall
temperatures in order to get a high enough vapour pressure, but still he has
found no Zn lamp that was a suitable Hg-Free lamp.

Mercury-free CMH lamps for general lighting have been under development
by all the major lighting manufacturers ([9], 2004), but no successful products
have been reported as of yet. Based on these findings and this discussion we
conclude that there is no element that can replace mercury without sacrificing
lamp voltage and/or efficacy.

This part of the discussion has focussed on the vapour pressure. Although
the cross section of many elements are not available, there are no indications
that a suitable element with a cross section well over an order of magnitude
higher than that of mercury exists, so the focus will remain on vapour pressure

A possibility to increase the vapour pressure is to search for a metal-halide
instead of a pure metal to replace mercury, this is similar to what Waymouth
[14] discussed regarding the search for suitable additives to the HPM lamp.
This is also proposed by Born for the Zn lamps, lamps based on this prin-
ciple are discussed by Käning et al. [4, 7, 8] and were the main focus of our
investigations.

For molecular Hg-Free lamps we have observed the following in our invest-
igations:

• The molecules provide (optically thin) radiation in a broad spectral range,
at the high pressure required for a high enough electric field, it appeared
preferentially in the infrared, limiting the lamp efficacy. We could not
significantly suppress this molecular radiation by adding salt additives to
the lamps.

• The highest efficacy molecular Hg-Free lamp was the TmI lamp, but
it could not compete with the best Hg lamp and it could only obtain
its highest efficacy at a too high wall temperature which limits lamp
life. Furthermore, the molecules required to obtain this high efficacy are
aggressive to the lamp burner.

• The dominant lamp voltage building mechanism in these molecular lamps
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was not a high collision frequency, but it was arc contraction that was
imposed by the high amount of (optically thin infrared) molecular radi-
ation. Arc contraction leads to unstable lamps that are not suitable for
commercial application.

Again, the general trend increasing lamp voltage reduces efficacy was shown.
Now the efficacy was not mostly reduced because of increasing wall losses, but
because of increasing infrared molecular radiation. For the only lamp were a
high efficacy was found, the operating conditions were unsuitable for commer-
cial application. Based on these observations, we have to conclude that also
molecular Hg-Free lamps will not lead to a successful Hg lamp replacement.

The thorough, systematic and detailed approach we have taken and the new
insights obtained into the power balance of the CMH lamps, allows for the
following conclusion:

It is highly unlikely that a Hg-Free CMH lamp with both a lamp voltage and
an efficacy as high as that of its mercury containing counterpart can be made,
when operating conditions suitable for commercial application are required.
That these conditions can be simultaneously met when arc contraction is not
allowed and the mercury free lamp must be suitable for retro-fit applications
into existing lamp systems is even more unlikely.
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Chapter 10

Conclusions

This thesis presents an experimental investigation of the power balance of
ceramic metal-halide HID (CMH) lamps. With this power balance study we
aim to increase the understanding of CMH lamps in order to further improve
them. We have studied the power balance of mercury containing and mercury
free ceramic metal halide high intensity discharge (CMH) lamps. For the
Hg-Free lamps we focused on buffer gases based on metal-halide molecules.

A setup to accurately determine the spectral radiant flux of high intensity
discharge (HID) lamps was designed, constructed, calibrated and used to
determine spatially integrated high-resolution spectra of CMH lamps over a
wide spectral range. New in this work is that we have obtained broadband
spectra that cover the complete spectral range from the ultraviolet (down to
250 nm) to the infrared (up to 10 µm) and that we have calibrated the absolute
intensity in that range.

These unique and complete measurements allowed us to accurately de-
termine the power balance of a wide variety of CMH lamps. This is the first
work where such a broad and complete in depth power balance study of both
mercury containing and Hg-Free CMH lamps is presented.

The power balance contains three main contributions. They are the electrode
losses, the non-radiative losses and the plasma radiation. The non-radiative
losses have been split up into the terms plasma heat conduction losses and
plasma absorption losses, and the plasma radiation has been split up into three
spectral regions: the ultra-violet, the visible and the infrared.

We have classified five key elements that influence the power balance of an
HID lamp: the electrodes, the start gas, the geometry, the radiating species and
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the buffer gas. To each of these key elements we have devoted one chapter of
this thesis, where we treated each component in detail and discussed exper-
iments that investigated their individual influence to the power balance. In
chapter 9 those results are synthesized into a complete overview where all the
details come together.

Our study has resulted in a thorough understanding of the molecular CMH
lamps and also significantly improved the understanding of the general power
balance of all other CMH lamps. This allows us to draw the following conclu-
sions:

Without additional measures, the electric field in the Hg-free lamps is lower,
which will lead to a lower lamp voltage and a high lamp current. This leads
to a lower driver efficacy and increased electrode losses that will result in a
lower lamp efficacy and may result in a reduced lamp life. The lamp voltage
can be increased by increasing the electrode distance. This, however, will lead
to increasing thermal losses from the burner wall, which is also limiting the
lamp efficacy.

The other options for creating a higher lamp voltage are increasing the
buffer gas pressure by increasing the wall temperature, which will lead to
higher wall losses and a reduced lifetime, or by dosing the buffer gas as a
(metal-halide) molecule. However, at the high buffer gas pressures required,
this will lead to high amounts of infrared molecular radiation that also limits
efficacy. Molecular CMH lamps inevitably have a contracted arc which is highly
undesirable because this leads to an unstable discharge that is not suitable for
general lighting purposes.

All properties of an HID lamp are interconnected, including lamp voltage
and efficacy. When the operating conditions are optimized for commercial
application with long lamp life, the efficacy of the Hg-Free CMH lamp will
be too low. Vice versa: when the Hg-Free CMH lamp is optimized for effic-
acy, the efficacy can be almost as high as that of the best Hg lamps, but the
operating conditions are unsuitable for commercial application with long lamp
life and the arc is contracted which means the lamp is not suitable for retro-fit
application.

Therefore, it is highly unlikely that a Hg-Free CMH lamp with simultan-
eously a lamp voltage and an efficacy as high as that of its mercury containing
counterpart can be made when operating conditions suitable for commercial
application are required, specifically when arc contraction is not allowed. Based
on this research (and assuming all lifetime issues are solved,) we expect that
the efficacy of a mercury free CMH lamp can be at best 90% of the efficacy of its
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mercury containing counterpart. When the mercury free lamp must be suitable
for retro-fit applications into existing lamp systems, the difference in efficacy
will likely be higher.
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