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Abstract: Metal halide lamps are very efficient light sources based on a Hg plasma arc with
metal halide salt additions. In spite of their high efficiency, the lamps suffer from several
problems, such as color separation and instabilities, which currently hinder large-scale use.
These phenomena are caused by a complex interaction of convection and diffusion flows in
the plasma. In order to unravel the various contributions, experiments under microgravity
have been performed where convection is absent. 

The experiments confirm the previously held qualitative views, but also provide ab-
solute data on densities and temperatures that will be used to validate numerical models of
these lamps. 
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INTRODUCTION

Looking at Earth from a distance, as shown in Fig. 1, it is not the Great Wall of China or any of the
large cities that will first signify human activity. It is the billions of lights we use which light up nearly
all parts of the night sky. Wherever humans are present, artificial light is used, allowing us to live and
work indoors and outdoors at any time of the day. In densely populated areas, this literally lights up our
planet. Light is certainly a great commodity, but it comes at a price. Not only does it result in serious
light pollution, disturbing animal and plant life, it also has a huge energy need. Of the annual world
electricity production of 15 × 1012 kWh, about 20 % is used for lighting applications [1,2]. Let us try
to put this enormous number into perspective. A medium- to large-sized electricity plant has a produc-
tion capacity of about one GW, which corresponds to about 8 109 kWh per year. So worldwide there
are about 375 electricity plants operating continuously solely to supply the power for our lamps. Apart
from depleting our fuel reserve, this also results in an annual emission of about 2 × 109 tons of CO2,
which is a significant contribution to global heating. These numbers shows that lighting has a large eco-
nomical as well as ecological impact. 
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2005. Other presentations are published in this issue, pp. 1093–1298.
‡Corresponding author



Thinking about lighting and lamps, the thing that first comes to mind is the incandescent lamp,
see Fig. 2a. It has been around for about 150 years and is based on the well-known technology of elec-
trically heating a tungsten wire, until it is hot enough to emit visible light. Most light is, however, pro-
duced by gas discharge lamps. These can be grouped into two large families: low-pressure lamps, with
the tubular fluorescent lamps, commonly used in offices as the best-known example (Fig. 2b), and high-
pressure lamps, commonly used if much light is needed (Fig. 2c). 

It should be noted that apart from the incandescent and gas discharge lamps, solid-state lighting
in the form of light-emitting diodes (LEDs) is gaining ground rapidly. In the coming years, many new
applications based on LED technology are expected and they will take their place next to the two ex-
isting technologies. Currently, their market share in general lighting applications is still small, and it is
expected to take several years and significant technical breakthroughs before they can seriously com-
pete with the high-power plasma lamps.

Based on numbers of lamps sold, the average lifetime, and lamp efficiencies, some reasonable es-
timates can be made. Such an exercise shows that incandescent lamps consume 20 % of the power
needed for lighting, while 80 % is used for plasma-based lamps. Taking into account the fact that
plasma lamps are 5 to 10 times more efficient, this implies that about 97 % of all artificial light on Earth
is produced using plasma technology [1,2]. Evidently, plasma lamps are essential in lighting, and any
increase in their efficiency, even by as little as 1 %, has a large impact on preserving our natural re-
sources and environment. 

This contribution concentrates on the metal halide lamp. It is a high-pressure gas discharge lamp
with a very high efficiency. Despite the fact that the lamp is commercially widely available in a great
variety of forms and applications, there are still several technological and scientific problems, which
limit its applicability. Some of the problems are related to a limited understanding of the fundamental
processes within the gas discharge, and these are the focus of the current study. Below, we will explain
the workings of a metal halide lamp, discuss some of its problems, and show experiments that reveal
the workings of the lamp.
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Fig. 1 A composite satellite view of the earth by night. The visible light is virtually all produced by discharge
lamps. (Picture courtesy of: C. Mayhew and R. Simmon (NASA-GSFC), NOAA/NGDC, DMSP Digital Archive).



METAL HALIDE LAMPS

A metal halide lamp is derived from the well-known Hg high-pressure arc discharge [3]. A schematic
picture is shown in Fig. 3. An electrical arc is maintained between two electrodes, which are sealed into
the confining space of the lamp burner. In normal operation, the main gas in the lamp is Hg. Depending
on lamp type, size, and application, the pressure varies from a few to several hundred bar. The center
of the arc is 5000–6000 K, while the wall is maintained at 1000–1500 K. As the lamps are in the mil-
limeter to centimeter size range, this implies that there are strong temperature gradients. Still, the lamp
is assumed to be close to local thermodynamic equilibrium (LTE), especially in the central part of the
lamp, where most light is generated. In order to facilitate igniting the lamp, a small amount of a noble
gas like Ar or Kr is added. A high voltage peak starts the lamp in the noble gas, but after a few seconds
the Hg starts evaporating, and, due to its lower ionization energy, the arc soon becomes a Hg discharge.
Hg is a very efficient radiator, and Hg lamps are commonly used. The main Hg emission lines, how-
ever, are in the UV region. This implies that a fluorescent coating on the lamp is needed, which trans-
forms a UV photon into a visible one. By mixing various coatings, a good color rendering of the lamp
is obtained, very similar to the well-known low-pressure tubular fluorescence lamps (Fig. 2, bottom).
As the energy of a visible photon is about half that of the UV photons, the Hg emission efficiency is
only partly utilized. Metal halide lamps use the efficiency of a Hg discharge, while emitting directly vis-
ible photons, thus eliminating the need for fluorescent coatings. This is achieved by adding a mixture
of rare earth halide salts (such as DyI3, ScI3, CsI2, or NaI). Since the melting and boiling temperatures
of these salts are high, they never fully evaporate, but equilibrium is established at the coldest spot in
the lamp. Consequently, the salts are present in the form of unsaturated vapor in all hotter regions of the
lamp. Obviously, in the hot central arc region, the salt will dissociate and the metals will be excited and
ionized. Like Hg, these metals are efficient radiators, however, most light is emitted in the visible re-
gion. As a result, metal halide lamps can be made, with power efficiencies up to 40 %, significantly bet-
ter than most other lamp types. A good color rendering is achieved by mixing various salts. Currently,
these lamps are used for industrial lighting, street lighting, and city beautification. Unfortunately, the
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Fig. 2 Various lamp types (not to scale). Left: an incandescent lamp, typical size 5–10 cm. Right: a high-pressure
lamp, with typical dimensions of centimeters. Bottom: a low-pressure fluorescent lamp, with a typical length of
1 m.



lamp also suffers from several problems, which limits its use for other applications, such as shop and
home lighting. These problems include electronic control of the lamp, burning orientation, instabilities,
and (re-)ignition problems [4].

In this paper, we will focus on the problem of color separation in metal halide lamps. Before
going into a detailed explanation of the effect and showing the experimental data, let us conclude the
general description of a metal halide lamp with a remark on the Hg. As commonly known, Hg is un-
healthy and thus Hg-free lamps are desirable. However, Hg lamps in general and metal halide lamps in
particular are highly efficient. It should be noted that there are small amounts of Hg in the average fuel
mix of electricity plants. During the long lifetime of these lamps, generally about five to ten times more
Hg is released into the atmosphere by electricity plants supplying the lamp power, than is present in the
lamp. Moreover, the Hg in these lamps is easily recyclable. Thus, by introducing a Hg-free lamp, a loss
of lamp efficiency is not acceptable. For general lighting applications, there are currently no good al-
ternatives for the Hg-containing lamps, thus it is important to understand how they work in order to fur-
ther improve their performance. 

COLOR SEPARATION IN METAL HALIDE LAMPS

In this paper, we will focus on the physical and chemical processes responsible for color separation in
metal halide lamps. As mentioned before, the main emission from the lamps results from excited atomic
and ionic metal species and lamp efficiency will generally increase if there is more metal in the central
region.

If the wall temperature and the basic thermodynamic data of the salt or salt mixture are known,
the vapor pressure of the metal salt above the solid salt can also be calculated. If the temperature dis-
tribution within the lamp is known, it is relatively easy to make an LTE approximation of the partial
pressures of the various chemical compounds in which the metal exists at different places in the lamp.
Figure 4a shows for DyI3 how the LTE distribution of the partial pressures for the various species looks
throughout the lamp. In the calculations, a Hg pressure of 10 bar is assumed and a constant partial ele-
mental pressure is defined as the summed pressure of Dy+, Dy, DyI, DyI2, DyI3,Dy2I6, and Dy3I9—
with the latter two counting double, respectively triple. In equilibrium, the elemental pressure equals
the saturated vapor pressure at the wall. A 4-mm-radius lamp having a parabolic temperature profile
with a wall temperature of 1100 K and an axis temperature of 5500 K is assumed in order to plot the
pressures as a function of lamp radius. 
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Fig. 3 A schematic view of a metal halide lamp. The arc is produced between to tungsten electrodes in a Hg buffer
gas of about 10 bar. The arc is confined inside an SiO2 or Al2O3 burner. Furthermore, a metal halide salt like NaI,
DyI3, ScI3, or TlI is added. After evaporation and dissociation, the excited metal atom is the main radiation source. 
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Fig. 4 DyIy species under chemical LTE conditions as a function of lamp radius. A 10 bar Hg plasma and a
parabolic temperature profile with an axis temperature of 5500 K and a wall temperature of 1100 K are assumed.
(a) LTE calculations without transport. (b) LTE calculations, assuming a stationary state and taking into account
the differences in diffusion coefficients between molecules atoms and ions. (c) Density of DyIy species as a
function of radius under the conditions of Fig. 4b. No convection (microgravity condition) is assumed for all
calculations.



Figure 4a shows that in the center of the lamp, ions and atoms dominate, whereas close to the wall
there are only molecules. The latter is fortunate as metallic atoms will react rapidly with the lamp wall,
forming an undesired opaque chemically stable layer. 

In spite of the imposed constant elemental pressure, the plasma-induced temperature gradient re-
sults in strong gradients of the individual species’ pressures. This causes a strong diffusion flux of the
species, which in steady state is counteracted by the back-diffusion of other species. In our case, how-
ever, the diffusion speed of the molecules will be significantly smaller than that of the atoms due to their
size and mass difference. Ions and atoms have similar masses, but ions can diffuse faster due to am-
bipolar diffusion. In order to reach a stationary state, a gradient in the elemental pressure has to exist,
such that the lower molecular diffusion speed is balanced by a higher pressure. Similarly, the ionic pres-
sure is lower than the atomic pressure due to its enhanced ambipolar diffusion, as shown in Fig. 4b. The
effect of a nonconstant elemental pressure as a function of lamp radius is called radial segregation. Light
is emitted by individual atoms and ions, therefore, the density, defined by the ideal gas law, rather than
the pressure is the controlling parameter. As the central temperature is higher than the wall, the density
is lower. This further increases the difference between the wall and center of the plasma, see Fig. 4c.
Also note that in a cylindrical type lamp, the lamp volume depends on the square of the radius, thus the
region with the high salt density between 3 and 4 mm is roughly equally large as the central zone up to
3 mm. All these effects combine to a low amount of radiating species in the hot central zone, thus low-
ering the lamp efficiency. 

In addition to the diffusion effects described above, there is also convection in the lamp. In a hor-
izontally operating lamp, convection will counteract the diffusion as it effectively “mixes” the various
lamp species as graphically depicted in Fig. 5. Unfortunately, in horizontally operating lamps, convec-
tion will lift the hot arc into the curved shape from which it derives its name. This brings the hot plasma
region close to the cold wall, which at best lowers the lamp efficiency and in worse cases causes lamp
failure. As a result, many high-pressure lamps are operated in a vertical orientation. 

In vertically operating lamps, convection causes species in the hot central arc region to rise and
to descend along the cooler walls [3]. The radially segregated minority salt species (Fig 4b) follow the
dominant Hg flow. The combined effect of convection and radial segregation is an increased elemental
metal density in the lower part of the lamp. Such axial segregation results in a nonhomogeneous emis-
sion over the lamp, called color separation. An example of this effect is shown in Fig. 6. A simple the-
ory, based on infinitely long lamps predicts an exponential decay of the metal density as a function of
height in the lamp [5,6]:

n(z) = n(0) exp (–λ z) (1)

where λ is called the segregation parameter. 

W. W. STOFFELS et al.
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Fig. 5 Schematic drawing of the influence of convection and formation of a curved arc (grayed area) in a
horizontally burning lamp. It results in an efficient mixing of species (shown left in a longitudinal view) but also
in an undesired curved shape of the plasma arc (shown right in a sight-on view).



The value of λ depends on the relative importance of convection versus diffusion. In the absence
of convection, there is only radial and no axial segregation, so λ = 0. With increasing convection, axial
segregation and color separation occur, thus λ increases. If convection becomes faster than diffusion,
convective mixing of species occurs. This reduces the radial segregation, which in turn reduces the color
separation. Thus, for very large convective flows, the convection parameter λ tends to zero again.
Consequently, λ and thus color separation are expected to have a maximum when diffusion and con-
vection processes are of equal magnitude and to be small in case of either weak or strong convective
flows. 

Qualitatively, this yields a good description of the high-intensity discharge (HID) lamp. In prac-
tical lamps, however, several other effects, such as electrodes, burner geometry, end effects, and spe-
cific chemistries, also affect the lamp behavior. In order to fully understand the lamp and to make quan-
titative predictions on light output, a numerical lamp model is under construction [7]. To provide input
data and verify the model results, a large variety of experiments are necessary. From the previous dis-
cussion, it follows that convection plays a key role in understanding the lamp behavior. 

This has been proven by observing the lamp behavior during a space shuttle flight [8]. To be able
to unravel the complex interaction between convection and diffusion, extended experiments under zero
gravity have been performed. Convection is eliminated in the absence of gravity, so the effect of diffu-
sion only can be studied and compared with the model results. Two microgravity experiments have been
performed, the first during parabolic free falls in an air plane and the second in the international space
station (ISS). 

REFERENCE LAMPS 

The lamps are studied using various diagnostics. Obviously, it should be possible to compare experi-
mental results; moreover, the experimental data need to be compared with numerical models. Therefore,
a reference lamp has been defined that can be readily experimentally diagnosed as well as numerically
modeled. This lamp, described below, is now in use by several research groups working on metal halide
lamps. Several demands have been incorporated into the design. To be accessible by optical techniques,
quartz has been chosen as the wall material. To simplify modeling, the burner is cylindrically shaped
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Fig. 6 Axial segregation and color separation in a vertically operating metal halide lamp due to the combined
effects of diffusion and convection. (a) Artist’s impression of the diffusion and convection flow. (b) Picture of a
lamp with color separation. 



with a 4-mm inner radius and 20 mm in length. The lamp is placed in an outer tube with symmetric
double-ended electrical connections and standard electrodes with an inter-electrode distance of 18 mm.
In the experiments described here, the outer tube is under vacuum, preventing heat losses. It also can be
filled with nitrogen, which prolongs the lamp lifetime. To simplify the lamp chemistry, only a single
relatively well-known metal halide salt is added: DyI3. Hg is the buffer gas, and an Ar/Kr mixture is
used as a starting gas. The lamp power is moderated to about 100 W.

A picture of the lamp is shown in Fig. 7. Detailed optical emission measurements have been per-
formed on the lamp [9]. Place-resolved Bolzmann plots have been constructed, similar to the example
shown in Fig. 8, which show that the center of the plasma arc is close to LTE with a temperature of
about 5500 K and an electron density in the order of 1021 m–3. In spite of uncertainties in transition
probabilities [10,11], serious deviations from LTE have been found near the plasma edge. These are
probably due to large radiative energy losses: this plasma is after all meant to be a lamp. Diode laser
absorption spectroscopy [12] has been used to probe the Dy ground-state density. The results, depicted
in Fig. 9, show that there is significant axial segregation of the Dy in the lamp. Apart from electrode ef-
fects, the segregation is well described by the exponential decay formula given by eq. 1.
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Fig. 7 Picture of the reference metal halide lamp. The inner burner (4 mm radius, 20 mm length) is positioned
inside the outer tube are by the wires connecting the electrodes. The yellowish deposition on the right-hand side of
the burner is the DyI3 salt.

Fig. 8 Boltzmann plot of various atomic and ionic Dy levels, obtained by Abel inversion of radially resolved
absolute line intensity measurements [9]. The data are obtained in the center of a standard lamp with 10 mg Hg
3 mm above the lower electrode using a lamp power of 100 W. The dots and triangles represent the same
measurements, but using different atomic transition probabilities to determine the absolute state density: dots [10],
respectively, triangles [11].



MICROGRAVITY MEASUREMENTS

The experiments have been performed in an Airbus during 34th, 35th, and 37th parabolic flight cam-
paigns of the European Space Agency (ESA) in 2003 and 2004 and during the Delta Soyuz mission in
the ISS in April 2004. During a parabolic flight, a level-flying airplane pulls up strongly before closing
the engines and going into a parabolic free fall for about 20 s. At the end of the parabola, a second
strong acceleration is used to prevent the plane from crashing. The result is that the experiments inside
the plane are subjected to a series of 1–1.8–0–1.8–1 g gravity conditions. During the hypergravity
(1.8 g) phases, there is an increased convection, whereas there is no convection during the microgravity
phase.

Four different diagnostics have been used during parabolic flights: optical emission and laser ab-
sorption spectroscopy, a video camera, and a light-integrating sphere. Since the optical emission set-up
was a prototype of the version in the ISS, it had to be small, light-weighted, and compact. The require-
ment for compactness is solved by using an Echelle-type grating with a high blaze angle (74°). Because
of the high dispersion, due to the high angle of incidence and the high orders used, the focal length of
the main lens can be relatively small, and consequently the spectrometer can be very compact, about
20 cm in length. A disadvantage of Echelle-type spectrometers is their small free spectral range (FSR),
which results in wavelength overlapping of adjacent orders. By installing an interference filter in the
optical system selecting a small wavelength interval, the problem of overlapping orders is avoided. In
our set-up, several interference filters can be selected, providing wavelength selection. Consequently,
the angle of the grating can remain fixed. This provides a very small but robust set-up with a similar
resolution and spectral range as the 1-m monochromator used in the laboratory (cf. Fig. 8 [9]). The set-
up allows us to reconstruct a radially resolved atomic-state density distribution function and a radial
temperature profile during microgravity. The diode laser absorption system is essentially a copy of the
laboratory system (cf. Fig. 9 [12]) measuring the Dy ground-state density. Video images provided by a
stripped webcam are used to monitor the experiment and get qualitative information on the lamp be-
havior. All hardware is integrated on one frame, which is enclosed by an aluminum dome structure. The
frame holds the spectrometer, the video camera, and the diode laser absorption set-up. It also supports
the rotating lamp holder in which 20 lamps can be mounted.

During the parabolic flights, an additional set-up has been used with a spectroscopically integrat-
ing sphere (Fig. 10) to measure the total light output under varying gravitational conditions [13]. The
light is detected by a photodiode supplied with a suitable optical filter, simulating human eye sensitiv-
ity. Thus, the lamp efficacy and power efficiency can be determined.
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Fig. 9 The atomic Dy density measured by diode laser absorption spectroscopy as a function of height above the
lower electrode in a lamp with 10 mg Hg at 113 W lamp power. The exponential segregation fit (eq. 1; λ =
0.28/mm) is only applied to the square dots [12].



Due to increased weight and size limitations, the laser absorption part of the set-up was not in-
corporated in the ISS version of the experiment, reducing it to less than 30 kg.

Figure 11 shows the ISS flight hardware, just before the aluminum safety dome is mounted on the
bottom plate which holds the frame. The astronaut, André Kuipers, operates the experiment using a
human–machine interface. The ISS experiments have been performed in the ESA Microgravity Science
Glovebox, in the U.S. Destiny lab during the Delta Soyuz mission in April 2004.

W. W. STOFFELS et al.
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Fig. 10 Picture of the inside of an integrating sphere. The lamp is mounted in the middle. Light is reflected diffusely
multiple times by the white reflective coating of the sphere before it is detected by a small detector in the wall
supplied with a suitable optical filter. Thus, the detector signal corresponds with the integrated lamp efficacy. 

Fig. 11 Picture of the inside of the experiment used in the ISS. The top part is a carousel with 20 lamps, while the
lower part contains the power supply and emission spectroscopy diagnostics. A protective aluminum dome (not
shown), covering the set-up is mounted before launch. The astronaut cannot reach the experiment directly, but
operates through the human–machine interface, shown on the right. 



Figure 12 shows pictures of the lamp during various phases of the parabolic flight. The color sep-
aration is clearly visible, as the lower part of the lamp emits bright white light, whereas in the top part
only a weak Hg emission is seen. The segregation in the hypergravity phase is significantly less than
under normal gravity conditions. In the microgravity phase, the light emission is homogeneous in the
axial direction. Increased emission during hypergravity is confirmed by measurements with the inte-
grating sphere (Fig. 13) [13]. The emission increase during the hypergravity phases shows that in this
particular lamp, convection is already dominant during normal gravity. As a consequence, increasing
gravity and therefore increasing convection leads to a better mixing and thus an increased light emis-
sion during the hypergravity phase. In the microgravity phase, convection is absent and radial segrega-
tion is dominant. In Fig. 13, this is clearly visible as a decrease in the emission, even below the 1 g
value, at the start of the microgravity phase. The subsequent increase is caused by an increase of the
lamp temperature in the absence of convective cooling. This results in a higher metal vapor pressure in-
side the lamp and thus a higher emission. It also shows that the 20 s of microgravity, available in an air-
plane, are insufficient to obtain a stable lamp. In order to study a fully stabilized lamp under micro-
gravity conditions, measurements in the ISS are the only option. The more detailed optical emission and
laser absorption data confirm the general trends observed with the webcam and integrating sphere
(Figs. 12 and 13) and will be used to validate the lamp model. Preliminary data analysis shows that the
radially resolved emission profiles can significantly change with varying gravity conditions [14].
Figure 14 shows the Abel inverted symmetrized emission profiles of excited atomic Dy (642.73 nm) in
a lamp with 5 mg Hg during hyper- and microgravity. During the hypergravity phase, there is a rea-
sonably homogeneous distribution of Dy, while under microgravity, radial segregation is so strong that
it results in a nearly full depletion of the central region. As explained before, this is undesirable for an
efficient lamp, but it also shows that these experiments help to unravel the complex transport processes
in the lamp into their various parts. Figure 15 shows the image of the lamp during operation in the ISS.
Under these conditions, there is no axial segregation and the lamp is completely homogeneous.
Analysis of the data is underway, but preliminary data show a strong radial segregation of dysprosium,
which allows for a strong Hg emission in the central region of the lamp, similar to the results shown in
Fig. 14.

© 2006 IUPAC, Pure and Applied Chemistry 78, 1239–1252

Metal halide lamps 1249

Fig. 12 Pictures of the lamp during normal gravity, hypergravity, and microgravity. The differences in the emission
profiles are caused by a change in the Dy distribution inside the lamp due to varying convection and diffusion flows.
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Fig. 13 Integrated light output of a 10-mg Hg lamp with DyI3 (cf. Fig. 12) during a single parabola, measured using
the integrated sphere shown in Fig. 10.

Fig. 14 Symmetrized and normalized radially resolved emission profiles of Dy during hypergravity (full line) and
microgravity (dashed line) of a lamp at 90 W with 5 mg Hg [14].

Fig. 15 Picture of the lamp during experiments in the ISS. As expected, the lamp emission is homogeneous in the
axial direction.



CONCLUSIONS

Metal halide discharges are very efficient lamps. In spite of their advantages, there are still several is-
sues limiting a wider applicability. One of the discharge-related problems is color separation, which is
caused by a complex interaction of diffusion and convection transport of the light-emitting metal
species in the discharge. It is currently beyond our capabilities to understand and model a general metal
halide lamp with a complex shape and chemistry. Therefore, a simple reference lamp has been defined
as useful for experiments and modeling.

To eliminate convection, experiments under microgravity have been performed during parabolic
flights and in the ISS. Due to stringent weight, volume, and safety regulations, dedicated experimental
designs needed to be developed, which proved to work successfully in the space station. The results sup-
port the qualitative theory of the lamp, but more importantly supply ample data for future model vali-
dation. 
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