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Gravity's pull on arc lamp efficiency
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herever humansare present artificial light is used. It dlows

usto liveand work indoorsand outdoorsat any time of the
day.In densdly populated aress, thisliterally lightsup our planet as
is clearly seen from outer spacein figure 1. The 30 billionlamps
operating worldwide are certainly agreat commodity, but they
comeat aprice. Not only do they causeseriouslight pollution, dis-
turbing animal and plantlife, they d so have ahuge energy need. Of
the annual world eectricity production,which is morethan 10"
kkwWh, about 15-20 % is used for lighting applications[1]. A medi-
um- to large-sized el ectricity plant has a production capacity of
about one GW. An easy calculation showsthat afew hundred
eectricity plantsare operating continuously solely to supply the
power for our lamps. Apart from depletingfuel reserves, thisaso
resultsin an annual CO, emission of about a billion ton and the
attendant effects on ecology and climate. Obvioudly,lighting hasa
largesocid, economical as well as ecologicd impact.

The best known lamp typeis theincandescent lamp, where an
eectrica current heatsawire until it lightsup. Morethan 100 years
after Edison's invention, modern incandescentlamps are still not
very efficient. Incandescentlamps produce only about 3% of all
light whereasthey consume 20%0adf the power needed for lighting.
Dischargelampsare about 5 to 10 times more efficient. They can
be grouped into two large families based on operating pressure.
Tubular fluorescent lamps, commonly used in offices, arethebest-
known example df low pressurelamps. High pressurelamps are
commonly usedif much light is needed, such as outdoor lighting.
About 97% of dl artificid light on Earthis produced using plasma
technology [1, 2]. Evidently, plasmalampsare essentid in lighting,
and any increase in their efficiency, even by aslittleas 1%, hasa
largeimpact on preserving our natural resourcesand environment.

The metal halidelamp is a high-pressuregas dischargelamp
with avery high efficiency. Despite thefact that thelampiswidey
used in outdoor lighting there are till several technological and
scientific problemslimitingits gpplicability. Someof the problems
arerelated to a poor understanding of the physics of the gasdis-
charge. Color separation, discussed hereisoned them. But before
describing the problem and discussing some experiments one
should first review thebascsdof ametal halide lamp.
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A Fig. 2 A schematicview d ametd hdidelamp. The acis
produced between two tungsten el ectrodesin a mercury buffer gas
d about 10 bar. The arc is confined indde an SiO, or Al,O; burner.
Furthermore,a metd hdidesdt like Nal, Dyls, Sclj, or Til isadded.
After evgporationand dissociation, the excited metd atom is the
man rediation source.

Metal Halide Lamps

A metal halidelamp is derived from the better known mercury
high-pressurearc discharge [2]. A schematic pictureisshownin
Hg. 2 An eectricarcis maintai ned between two dectrodes, which
are sedled into the confming space of the lamp burner. In normal
operation, the main gasin the lamp is mercury. Depending on
lamp type, Size, and application; the pressurevariesfrom afew to
saverd hundred bars. The former arelargelamps used asstreet or
stadium lights, thel atter aretiny lamps used in video and beamer
projection systems. The centre of the arc is at atemperature of
about 5000 K, whilethewall is maintained around 1200 K. Asthe
lamps arein the millimeter to centimeter size range, this implies
that there are strong temperature gradients. A high voltage peak
startsthelamp in anoblegas, but after afew secondsthe mercury
beginsto evaporate. Duetoitslower ionization energy,thearc soon
becomes a mercury discharge. Mercury dischargesare very effi-
cient, and commonly used aslamps. The main mercury emission
lines, however, arein the WV region. To obtain vishlelight afluo-
rescent coating on thelamp is needed, which transformsone UV
photon into one visible photon. It is the white coating on the
tubular fluorescencelampsthat we"ss2" not the W-light generat-
ed insidethe discharge. The lamp color is optimized by mixing
different coatings and not by changing the discharge. Unfortunate-
ly, the energy of avisible photon is about half that of the VW
photons,so the energy of mercury emissionisonly partly utilized.
Metd hdidelampsusetheefficiency of amercury dischargewhile
directly emitting visible photons. Thus there are no fluorescent
coatings. Thisis achieved by adding a mixture of metal halide
salts (such as Dyls, Scl,, Csl,, or Nal) to amercury arc discharge.
Obviously, in the hot central arcregion, the salt will dissociateand
the metalswill be excited and ionized. Thesemetal sare extremely
efficientradiators. Even though themetal densityis muchlessthan
the mercury dendty, most light is emitted by the metasin thevis-
ibleregion. Asaresult, metal halide lamps can be made, with power
efficienciesup to 40%, significantly better than most other lamp
types. A good color renderingis achieved by mixing various sdts.
Currently,theselamps are used for industrial lighting, street
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A Fig. 3 Axid segregation and color separation in averticaly
operating metd halide lamp dueto the combined effectsd
diffusion and convection. @) A pictured the arc dischargewith
color separation. b) An artis impressond the diffuson and
convectionflows

- lighting, and city beautification. Unfortunately, thelamp aso suf-
fers from several problems, which limit its use for other
applications, such as shop and homelighting. These problems
include el ectroniccontrol of thelamp, burning orientation, (re-
)ignition problems[2] and instabilities[3]. Another problemis
color separationin metal halide lamps. This meansthat different
partsd thelampsemit different colors[4, 5).

Beforegoing into adetailed explanationof the effect and show-
ing the experiments, this generd descriptionaf ametal halide lamp
should be concluded with aremark on mercury. As is commonly
known, mercury is unhealthy and thus mercury-free lamps are
desirable. However, mercury lampsin general and metal halide
lampsin particular are highly efficient.In assessing the ecologica
impact it should be noted that there are small amounts of mercu-
ry in the averagefuel mix of electricity plants. During thelong
lifetime of thesedischargelamps, generally about five to ten times
moremercury is released into the atmosphere by eectricity plants
supplying the lamp power, than is present in the lamp. Moreover,
themercury in theselampsis easily recyclable. Since current mer-
cury-freelampsarelessefficient, thereisno good dternativeto the
mercury-containingampsfor general lightingapplications. There-
foreit isimportant to understand how they work in order further
to improve their performance.

Color Separation

A metal halidelamp with color separation has different colors
alongits axis. Asaresult an object will appear differently depend-
ing on itsillumination. For some applicationsthis may not be a
serious problem, but imagineif the fancy patterned shirt that you
seein themal appearsto be plain whitein the sunlight. Figure3a
shows an example d color separation in alamp containing Dyl..
Whereas the bottom of the lamp is white with a reddish glow
around it, thetopisgreen.
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Theemissionin thelamp results from excited speciesof the
metd sat. Even though the partial pressureof the mercury buffer
gasis congtant over the discharge, a complex interplay of diffusion
and convection results in a non-homogeneousdistributionof the
radiating metals. Let us concentratefirst on the radia direction.
Going from thewall at about 1200 K to the arc core a 5000 K
metal halide moleculeswill first dissociate and thenionize. The
resultant density gradientscause strong diffusion fluxes, which are
counteracted by the back-diffusion of other species near the wadll
moleculesdiffuseinwards and atoms outwards,whilenear the cen-
trestomsmoveinwards and theions diffuseout. Unfortunately, the
diffusion speed of the moleculesis significantly smaller than that
o theatomsdueto their sze and massdifference.lonsand atoms
have similar masses, but ionsdiffusefaster dueto arnbipolar & -
sion. Thisisatypical plasmaeffect: thelighter and more mobile
electronsin the plasma are coupled to the charged ions by
Coulomb interactions. Thisresultsin an enhancedion transport,
away from the hot plasmaregions. In a stationary statewith equal
inward and outward fluxes, alower speed is balanced by ahigher
partial pressure. The total effect is called radial segregation and
resultsin areduction of the partial metal pressure (inany chemi-
cd form) near thelamp center.

In addition to diffusion, thereisa so convectionin thelamp.In
ahorizontaly operating lamp, convection will counteract the dif-
fusion as it effectively "mixes" the various lamp species.
Unfortunately,in horizontal ly operatinglamps, convection will so
lift the hot arc into the curved shape: exactly the processfrom
which an arc dischargederivesits name. Thus upward convection
bringsthe hot plasma region closeto the cold wdl, which at best
lowers thelamp efficiency and i n worse cases causeslamp failure.
To prevent this, most high-pressurelamps are operatedin averti-
cd orientation. In vertically operatinglamps, convection causesan
upward flow in the hot central arc region, which returnsdown-
wards aongthe cooler wals 4, 5). The minority metd sdt species
follow the dominant mercury convectionflow. However, dueto
radial segregationthe metal that risesin the centre diffuses out-
wardsto thewdl and istransporteddown. The combined effect of
convection and radial segregationis a decreased metd dendity in
the upper part of thelamp (fig. 3b). Such axial segregation results
in anon-homogeneousemission, called color separation,shownin
figure 3a. The effect has amaximum if convectiveand diffusive
flows are of equal magnitude. High convectiveveocitiesresultin
agood mixing of speciesthereby eliminating radia segregation.

In theabsenced convection, thelamp emissonwill beaxially uni-
form but radial segregationis maximal.

This explanation, first described by Fisher [6), yiddsareason- .
able qualitativedescription of the effect. However, quantitative
models, needed to increaselamp efficiency,are not avallable Dis- =
charge calculations of diffusion and convection in complex
reactivemixtures With hightemperaturegradientsaredifficult and
many thermodynamic data are not known. In addition the elec-
trodes, thelamp geometry and wall material dso affectthelamp
behaviour. Experimentsare necessary to provide input data and
verify any model results.

< Fig. 4: Pictures of a metal halide

famp during normdal gravity, hyper-
gravity and microgravity. The
differencesin the emisson profilesare”
caused by achanging in the Dy
digributioningdethe lampdueto *
varying convectionand diffusion flows:. ©
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Microgravity Experiments

The previousdiscussion showsthat diffusion and convection play
akey rolein understanding the lamp behaviour. To be able to
unravel theeomplexinteraction between convection and diffusion,
extended experimentsunder zero gravity have been performed.In
the absenc of gravity, convection is eliminated, so the effect of
diffusion can be studied undisturbed and compared with the
model results. Parabolicfreefalsin an airplane have been per-
formed in an airbus of the European Space Agency (ESA) and
extended microgravity experimentswere done in the Internation-
a Space Station (ISS). During a parabolic flight, alevel-flying
airplane pullsup strongly beforeclosingthe enginesand goinginto
aparabolic freefall for about 20s. At the end of the parabola, a
second strong accel erationis used to prevent the planefrom crash-
ing. The result isthat the plane is subjected to a series of
1.0-1.8-0-1.8-1.0 g gravity conditions. During the hyper-gravity
(1.8 9) phases, thereisan increased convection, whereasthereis no
convectionduring the microgravity phase.

Figure 4 shows picturesof atestlamp during various phases of
the parabolicflight. At normal gravity conditionsthe color separa-
tionisclearly visible, as thelower part of the lamp emits bright
whitelight,whereasin the top part only weak mercury emissionis
seen. The lamp efficiency is measured by placing thelampin an
integratingsphere (7). Such asphere collectsal lamp emission and
determinesthe lamp efficiency by using an optica filter that imi-
tates the human eye. The photographsin figure 4 show that
segregation in the hyper-gravity phaseis significantly less than
under normal gravity conditions. Thisindicatesthat for this par-
ticular lamp increased convectionresultsin a better mixing of the
radiating metal species. Theintegrated sphere measurements (fig
5) confirm this asthe total |lamp emission increases during this
phase. In the microgravity phaselight emission is homogeneous
intheaxia direction.In thisphase convectionisabsent so thereis
no axial segregation.Radial segregationdominates and depletesthe
central region of light emittingmetal. Thisisvisblein figure 5 as
adecreasein theemission at the start of the microgravity phase.
Thesubsequent increaseis caused by anincreasecof thelamp tem-
peraturein the absence of convective cooling. A temperature
increaseresultsin ahigher metal vapor pressure inside the lamp
and thus ahigher emission. It also showsthat the 20 s of micro-
gravity, availablein an airplane,are insufficient to obtain astable
lamp. In order to study afully stabilized lamp under microgravity
conditions, measurementsin the ISS are the only option. Under
theseconditions,thereis no axia segregation and thelampiscom-
pletely homogeneous. Comparing spatially resolved spectral
measurements from the ISSwith those at normal gravity show a
significantincreasedf radial segregation under microgravity con-
ditions (fig 6). Thereislessmetal in the center of thelamp asit
diffuses outwards, resulting in astrong gradient of the partial
pressurecof thelight emitting species. Obvioudly, these variations
have astrong impact on the lamp emission and its efficiency.
Moredetailson thevarious measurementsboth under normal and
microgravity conditionscan befound in the references [8, 9).

Itiscurrently beyond our capabilitiesto fully understand and
model a commercia metal halide lamp with a complex shapeand
chemistry. Therefore, the measurements have been performedon a
referencelamp with asimple geometry and chemistry. The absence
of convection under microgravity conditions greatly smplifies the
problem. The measurementsrevea agreat deal about lamp behav-
iour, which needsto be reproduced by any valid lamp model.
Qualitetively thelamp behaviour iswell understood and the meas-
urementssupply ample datafor thequantitativevalidationof amodel.
In addition,the measurementsclearly show that thereisstill room -
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A Fig. 5: Light output of a 10 mg mercury lamp with Dyl; during a
single parabola of an airplane. The light emission, measured using an
integrating sphere, increasesin the hyper-gravityphase. In the
microgravity phase the emission decreases initially due to radial
segregation but then starts to increase as more metal enters the
lamp [7]. The inset shows the ESA plane during a parabolic flight

(photo: ESA)

B 19 o
s 0-g ..o' '..
s -_ -. -... -.
2t - :
v .I" .
c | am® of
@ L annane® & -
E :-uu""".. :
: 7
3 i 1 il 22
0.000 0.001 0.002 0.003 0.004
Radius (m)

A Fig. 6: Light emission from excited atoms as a function of radial
positionin the lamp at normal (black squares) and micro-gravity (red
dots) conditions. Due to dominant radial segregationthere is less
emission from the central lamp region under micro-gravity
conditions. The microgravity measurements are performedin the
internationalspace station where the lamp shows no axial
segregationas seen in the picture. The normal gravity data are taken
with the same lamp just before launching. The data are
reconstructed from spectrally resolved side-on measurements,
which is reliable until the shaded area. [8]
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- for efficiency gain. Obvioudy, changing gravity is not a practical
solution, but it may help to identify how to optimize discharge
parameters,so that we can light our world usingless energy.»

About the author

Winfred Stoffelsdid his PhD on experimental plasmaphysics at
the Eindhoven University in The Netherlands.After atwo year
periodat the University of Kyato, Japan,hereturned to Eidhoven
studying dusty, €l ectronegativeand molecular plasmas. Currently
hisfocusisonthe physicsof gasdischargelampsin order to obtain
more efficientlight sources.

Acknowledgments

Thiswork isajoint effort by the many peoplein the ARGESteam
{(www.arges.tue.nl). It is sponsored by the Space Ressarch Organi-
zation Netherlands, the Eindhoven University of Technology,
Philips Lighting, the Netherlands Ministriesof Education and
Research and of Economic Affairs, Senter-Novem, COST, and
STW. Thesupport of ESA is acknowledged for the participationin
the ESA parabolic Hight Campaignsand the Delta Soyuz mission.
Particular thanks are due to astronaut André Kuipers, who per-
formed the ISS measurements.

References

(1] The International Energy Assodiation (www.iea.org) and the Internar
tionel Assodiation for Energy EfficientLighting (www.iaeel.org).

[2] GG. Lister, JE Lawler, WR Lapatovich, V.A. Godyak, Rev. Mod. Phys.
76,541 (2004).

[3] WW. Soffds FJ van den Hout, GMW. Kroesen,M. Haverlag,
R. Keyser, Appl. Phys. Lett. 83,91502 (2006).

[4] T. Nimdaauriya, A.J Hikweat, WA Stoffels, M. Havalag, JJA Mvan
O Mullen, NB.M. Pupat,J Appl. Phys. 99,53301 (2006).

[5] A JHikweart, T. Nimdasuriya CH.JM. Groothuis, GMW.Kroesn,
W.W. Saffds |. Appl. Phys. 98,073301 (2005).

[6] E Hsher,l. Appl. Phys. 47,2954 (1976).

[7} W.w. Stoffds PCM. Kamps J Beckers GMW. Kroesn,
M. Havalag. Appl. Phys. Lett. 87,241501 (2005).

[8] T. Nimdaariya A .J. Hikweat,, M. Haverlag, P Kamps
GMW. Kroesen, WW. Stioffds JA.M.ven der Mullen,
. Phys. D: Appl. Phys. 39,2993 (2006).

[91 A.}. Flikweert, M. ven Kemenede T. NimdasuriyaM . Haveleg,
GMW. Kroesan WA, Stoffds . Phys. D Appl. Phys. 39,1599 (2006).



