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Summary 
Research has been done to helical instahilities in high intensity discharge lamps. This 

type of instability is caused by the self-magnetic force of the are, which results in a rotating 
helical are and possible extinction. This problem occurs mainly with relatively efficient roetal 
halide lamps. In this study various roetal halide fillings (Na, Dy and Ce iodide) have been 
used and also the (xenon or mercury) buffer gas pressure has been varied. An attempt to 
quantify the additive pressures by spectroscopy has been made for the moment of transition 
from a stabie to an unstable are. 

A complication is the axial segregation caused by convection (gravity). Therefore, also 
measurements have been done under micro gravity conditions ( during parabolic flights and in 
the ISS) as part of the Arges project. 

Spectroscopie characterization appears to be difficult for the ceramic discharge tubes 
used. The results for the onset-point have been compared with the available theoretical 
models (Fischer) and agreement is satisfactory. From the micro gravity tests it cou1d be 
concluded that gravity I convection is essential for the rotation of the distorted are. 
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______________________ 1. Introduetion 

1. Introduetion 

This report is the result of my graduation project at the Central Development Lighting 
of Philips in Eindhoven. It concerns a study of a phenomenon called helical instability in HID 
(High Intensity Discharge) lamps. 

In literature a helical instability is described as a transition from a stabie cylindrically 
symmetrical are into a, mostly unstable, helix-like shape. This transition is caused by the self
magnetic force of the are. A picture of such an instability can he seen in figure l.I. In vertical 
HID lamps it has been observed at various occasions. Important is the comment of ZoUweg 
[3]: "helical instability represents a fundamental harrier to arcs of very high radiative 
efficiency'. lf efficiency increases and more radiation is generated, the plasma will be colder 
and as a result of that it will be less stable. This explains the renewed interest in this problem 
since the introduetion of ceramic metal halide lamps about 10 years ago. These lamps allow 
higher metal halide vapour pressures and therefore can be more efficient that the older quartz 
vers10ns. 

First results on helical instahilities in ceramic metal halide lamps with a fill of 
Nai:Cel3 have been reported by G. Winands [1]. Although this study has led to new insights, 
the interpretation of the experiments was hindered by the fact that NaCe is a complex, not 
always stabie salt mixture and, moreover, conveetien effects led to severe axial segregation 
and thus to very inhomogeneous arcs, which made interpretation of the results quite difficult. 

Therefore in this study we have chosen to explore the behaviour of helical instahilities 
in ceramic lamps with a single metal halide salt dose (Nal, Ceh and Dyl3). A second objective 
was to extend this type of HID lamp explorations towards micro gravity conditions to 
eliminate the role of conveetien and axial segregation. 

Figure 1.1, example of a helical instability. This helix is rotating around the axis. 
A wire has been mounted around the bumer for extra sajèty reasons. 

In the spring of 2002 it was announced that the Dutch astronaut André Kuipers would 
go to the international space station (ISS) to carry out a range of scientific zero-gravity 
experiments. This was an excellent opportunity to perform the type of experiments indicated 
above. At this time the project called Arges was started. Arges is an acronym for Atomie 
densities measured Radially in metal halide lamps under micro Gravity conditions with 
Emission and absorption Spectroscopy. It is a cooperative project between the university of 
Eindhoven and Philips. Two different phenomena are examined in this project: a 
spectroscopie study of radial segregation processes and an investigation of helical 
instabilities. 
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Figure 1.3, Airbus-300 plane with which the 
Bordeaux paraho/ie jlights have been 
performed. 

Figure 1.2, International Space Station (/SS) 
where the Arges experiment wil/ take place. 

The diagnostie tools for this Arges experiments are limited because the setup must be 
rather simple and robust. As a preparation for this experiment in the ISS, two parabolle flight 
eampaigns in Bordeaux have been earried out. During these flights lamps could be observed 
under conditions of both Og and I. 8g for periods of about 20 seconds. These tests were also 
meant to test the equipment developed for the ISS experiments. 

In addition to the experiments carried out at the CDL, the results obtained during these 
two parabolle flight campaigns (april and October 2003) are also part of this study. The main 
results of the experiments done by Andre Kuipers at the ISS station (April 24-25 2004) wi11 
also be presented in this report. 

In chapter 2 the general theory of IllD lamps is discussed and some phenomena that 
occur in sueh lamps. Chapter 3 deals with the theory of the helical instability itself and a 
mathematical description of it. In chapter 4 the experimental setups, that are used for all 
measurements, are explained. The results of the experiments done at the CDL are presented in 
ehapter 5. In ehapter 6 the results of the parabolle flights are given. In ehapter 7 the results 
wi11 be compared with the available theory as described by Fischer and results of a computer 
model for the calculation of conveerion flows, caused by a helical are, are shown. The results 
are diseussed in chapter 8 and some recommendations for the future are given. The references 
are numbered in the next chapter, 9. 
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2. HID lamps 

2.1 Introduetion 

An mD lamp is a so-called High Intensity Discharge lamp. They are applied more 
and more these days because of their high efficiency and small size. In these lamps light is 
generated by a hot gas. They produce a large amount of light and are used for the lighting of 
streets, stadiums and shops, for example. 
A large variety of properties are possible, by changing the composition of the hot gas or other 
variations Iike geometry or materials. As a result all kinds of colour variations are possible for 
different Iamps. The properties and the radiance are also dependent on the burning position of 
the lamp. Vertically burning lamps have different properties than horizontally burning lamps. 

2.2 The lamp 

A photograph of an mD lamp is given in tigure 2.1, also a schematic diagram has 
been drawn. The light is produced by a hot gas of about 5000 to 6000 K, called plasma or 
discharge. 1t is contained in the burner. Several materials can be used for this bumer, Iike 
quartz or PCA (Poly-Crystalline Alumina). It has to be a transparent or translucent material 
for the light to be able to Ieave the burner. Quartz is very transparent, which means that 
radiation leaves the bumer without being scattered at the wall. PCA is very translucent and 
the radiation is scattered at the wall. Another requirement is that the wall has to be able to 
withstand high temperatures and pressures. PCA can withstand higher pressures and 
temperatures than quartz and so salt pressures can be reached, that improve the properties of 
the lamp. 

The electrical energy, required to sustain the discharge, is coupled in via two 
electrodes. These electrades are inserted into both ends of the are tube. Mostly a special 
design is required to obtain a sealed end construction. Most PCA humers have an extended 
plug ( also called vup) to keep the actual seal at a sufficiently low temperature, to proteet it 
from reaction with particles inside the bumer. 
The temperature of the wallis about 1200 to 1500 K. At these temperatures metals, Iike an 
electrode feed through, are very reactive with oxygen. Therefore there is an extra quartz or 
glass tube around the bumer, called buba or outer bulb. This buba is vacuum or filled with an 
inert gas Iike nitrogen. Fora vacuum buba the heat losses are reduced, resulting in a higher 
efficiency of the lamp. The outer bulb can also block the ultra violet radiation emitted by the 
plasma. 
As a result of the production process of the lamp, small amounts of water, oxygen or other 
impurities can leave behind in the buba. To get rid of these impurities a getter is build inside. 
It is made of a very reactive material, that is more reactive than the lamp parts, at 
temperatures of about 500 to 600 K. During operation it is heated by radiation from the bumer 
and collects reactive molecules and atoms present is the buba. It ensures a sufficient quality of 
the condition to reach a long lamp life. 

The hot gas inside the bumer consists of several components. The fust component is a 
starting gas. When the lamp is at room temperature, this is the only gas present. Mostly xenon 
or argon is used as a starting gas. The second component is a buffergas. This is the gas that is 
most important for the characteristics during operation. It determines parameters Iike 
convection, heat conduction and electrical conductivity. Mercury is an important buffergas, 
but sometimes a starting gas can act as a buffergas as well. A third component, that is present 

-4-



-----------------------2. HID lamps 

in metal halide JllD lamps, is a mixture of metal iodides. They are added to the plasma to 
improve efficiency and colour properties. This salt is positioned at the coldest place inside the 
burner, because this is the place where the vapour will condensate. For vertically burning 
lamps this is at the bottorn away from the electrode. 

4 

1 

2 

3 

Figure 2.1, photograph of HID lamps with a burner made of PCA (left) and quartz (right) , and a 
schematic diagram of a lamp: 1 = getter, 2 =bumer, 3 = vup and 4 = buba. The condensed salt is 
posttioned at the botlom ofthe bumer. 

2.3 Operation of the lamp 

A ballast is needed to operate the lamp, because it limits the lamp current. Due to the 
negative voltage current characteristic, the voltage decreases, when current increases. After 
ignition of the lamp the current will increase and the voltage will decrease, leading to a short 
circuit and the lamp will extinguish. If the current is limited, the lamp voltage will reacb a 
stabie operating point and its value is determined by the gases inside. 

Before starting the lamp is at room temperature and all mercury and all the salt are 
present in a condensed state with low vapour pressures. The temperature of the burner is tbe 
same as outside the buba (room temperature ). The only gas present inside the burner is tbe 
starting gas. When the lamp is started, a high voltage peak causes break down of this gas. If 
there is absolutely no gas present in tbe burner, break down would not be possible and tbe 
discharge cannot be created. The pressure of the starting gas at room temperature is mostly in 
the order of 100 mbar to several bars, depending on the geometry of the lamp and application. 

During the first stage after ignition tbe burner will heat up and the mercury will start to 
evaporate. This mercury gas is needed to create a lamp voltage of about 100 to 120 Volts. In 
this regime tbe combination of ballast and lamp is most efficient. If the lamp voltage is lower 
or higher, energy lossesin the ballast will be larger. 

In the final stage all mercury bas evaporated, leading to an unsaturated mercury 
pressure of typically 10 to 50 bar. The axis temperature of tbe discharge is 5000 to 6000 K. 
The wall temperature bas increased to 1200 to 1500 K and part ofthe saltbas evaporated. The 
saturated partial pressure ofthe metal additives is 5 to 50 mbar. The remaining condensed salt 
is located at the coldest place inside tbe burner. Therefore, the temperature of this cold spot 
determines tbe partial pressure of tbe salt additives. Although the mercury pressure is much 
higher than tbe salt pressure, the atoms of the additive salt generate most of the light. The rare 
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earth metals are very effective radiators, because their excitation energy is much lower than 
that of mercury. By changing the composition of the salt, different spectra of light can be 
obtained. 

2.4 Temperature profile 

Due to the high pressure the collision rate between the particles is very high. The 
discharge in the burner can therefore be described with L TE, local thermal equilibrium. The 
electron temperature and the temperature of the heavy particles ( atoms, ions and molecules) 
are locally the same. The temperature is still a function of spatial position, however. There is 
rotational symmetry due to the cylindrical shape of the burner for vertical operation of the 
lamp. However, are bending is mostly neglected for horizontal operation, resulting in 
cylindrical symmetry again. 

The temperature profile is very important for the stability of the discharge. Different 
temperature profiles of the burner are given in tigure 2.2. A contracted are leads to less 
stability in genera!. A parabolle or diffuse profile on the other hand, gives a stabie are. The 
temperature is a result from a balance between ohmic heating at the axis and energy losses by 
heat conduction and radiation. 

c. 
E 
J!! 

-1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I -------------1 

0 

r/R 

xo 
1 

Figure 2.2, temperature profilefora parabolic (middle), a contracted (lower) and a diffuse (upper) 
are. R is the inside radius of the bumer. The dashed curve represents the channel model. 

The wall of the burner looses energy by conduction and heat radiation. This wall 
temperature is much lower than the temperature in the discharge. How the temperature varies 
between the wall and the central axis, depends on plasma composition and pressure. If much 
radiation leaves the discharge without being reabsorbed, the profile will be contracted. Much 
energy is lost then, and the temperature drops quickly with radius. Lamps with dysprosium 
and cerium are often contract ed. If tb ere were no radiation and heat is only lost by conduction, 
the resulting profile will be parabolic. Radiation, which is reabsorbed again before it can leave 
the plasma, acts as an extra conduction termand leadstoa broader temperature profile, i.e. 
diffuse. Sodium often generates such light. 

In the theory of helical instahilities a rough approximation for the temperature profile 
will be used, the so-called channel model. Also in the description of the axial segregation (par 
2.7) this model is very easy to work with. In this channel model the plasma is divided into two 
regions. In the outer region, with temperature Tw, the electrical conduction is zero and no 
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radiation is produced. In the central region the temperature Ta is much higher and the 
electrical conductivity is constant. Here ohmic heating takes place and radiation is produced. 
The radius ofthis channel is ro and the reduced radius is xo=rr/R. 

2.5 Discharges 

For a mathematical description of the plasma the Magnet-Hydro-Dynamic model will 
be used. In this model the plasma is considered as a conducting tluid and can be used only if 
there is L TE. 

The dynamics of the plasma can completely be described by the three balance 
equations for mass, momenturn and energy, and the four Maxwell equations for the electrical 
and magnetic field. Let us consider a stationary state. The balance equation [2] for mass is 
given by: 

V·(p·v)=O, eq. 2.1 

in which p is the mass density and v is the average velocity of the particles. The balance 
equation for momenturn [2] is given by the Navier-Stokes equation: 

eq. 2.2 

Here po is the total pressure, 77 is the viscosity and Kvoz is the sum of all volume forces. The 
pressure of the salt additives is negligible and so the total pressure is given by the mercury 
pressure and the starting gas pressure. This total pressure will be constant throughout the 
entire volume of the burner. It is determined by the mercury and the starting gas and can be 
calculated with use of the ideal gas law. For an effective plasma temperature a value of 2400 
K is mostly a reasonable approximaton. The pressure of the starting gas has to be added for 
calculation of the total pressure. During operation this pressure will be eight times the filling 
pressure at 300 K for the same effective temperature. 

The energy balance equation [4] for vertical operation is given by: 

eq. 2.3 

In this equation z is the axial coordinate, a is the electrical conductivity, E is the electrical 
field, Urad is the radiant power, Cp the heat capacity at constant pressure, Vz the velocity in 
axial direction, T the local temperature and ~ the thermal conductivity. In the stationary state 
the energy put into the plasma, oF!, equals the loss of energy by radiation (first term), 
convection in axial direction (second term) and conduction to the wall (third term). 

The electrical and magnetic field can be calculated using the stationary Maxwell 
equations: 

V·Ë=O 
' 

eq. 2.4 

VxË=O, eq. 2.5 

V·B=O, eq. 2.6 

VxË = p,0], eq. 2.7 

with ]=o- ·Ë eq. 2.8 
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in which J.IO is the magnetic permeability in vacuum and j the current density. The 
(local) net charge density is taken to be zero. The positive ion charge and negative electron 
charge cancel out for volumes with characteristic dimensions that are larger than the Debye
length (about 5 nm). 

If the radiation is known the properties of the plasma can be calculated using these 
equations. To determine the radiation another set of equations is needed. These equations are 
a function oftemperature again and are discussed in the next chapter. 

2.6 Radlation 

To calculate the radiation produced by the plasma, the concentration of atoms in the 
different excited levels needs to be known. In L TE this concentration of atoms in a certain 
excited state will be according to Boltzmann: 

n n ( E) g: = Q: exp - k; . eq. 2.9 

In this equation np is the concentration of atoms in the excited state p, gp the statistical weight 
of level p, no the total concentration of atoms, Qo the partition function, k the Boltzmann 
constant and Ep the energy of level p. 

In L TE the concentration of i ons and electroos will satisfy the Saha-equation: 

n0 n. n; ; ( h
2 )% (E J 

Q
0 

= Ke Q; 2tt·m.kT exp kT · 
eq. 2.10 

Herene and n; are the concentration of electroos and ions respectively, Ke (=2) is the 
statistical weight of an electron and me is its mass. Q; is the partition function of the ion and Et 
the ionisation energy of the atom. If only one type of ions is present, then ne and nt are the 
same. 

If an atom is in an excited state, it can loose its energy again by falling back to a lower 
state. This is called spontaneous emission. A pboton is then emitted with an energy that is 
equal to the difference in energy of the two levels: 

eq. 2.11 

Here h is the Planck's constant, c the velocity of light, A. the wavelength ofthe pboton 
and Ep and Eq the energy of the upper level and lower level respectively. Emission to the 
ground state of the atom is called resonant radiation. An emitted pboton passes the medium 
and might be reabsorbed by a partiele in the lower state. If the absorption coefficient K is 
small, the optical thickness, defined by equation 2.12, is small. The chancefora pboton to be 
absorbed is smalland the plasma is said to be optically thin {t < 1). Ifhowever ~eis large, the 
optical thickness t > 1 and the plasma is called optically thick. 

R 

r(.A.., r) = J IC{ A., r')dr' , eq. 2.12 
r 
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in which r is the optical thickness, r is the radial coordinate and K is the absorption 
coefficient. The law of Kirchhoff gives the relation between emission and absorption in L TE 
[5] for both optically thin and thick lines, 

eq. 2.13 

Here B;. is the emission according to Planck's curve and e;. 1s the speetral emission 
coefficient. 

2.6.1 Optically thin lines 

The radiant power Urad for an optically thin plasma is determined by the concentration 
of excited atoms np and the transition probability Ap and is given in equation 2.14. 

eq. 2.14 

in which he/A. is the energy of one photon. Together with equation 2.9 this can be 
written as, 

he gp ( EP) U =-A n -exp -- . rad À P o Qo kT 
eq. 2.15 

This equation can be written in a different form by putting all constants on the left side 
and taking the naturallogarithm. After rearranging the result is given by: 

In(~)+ 1n(Urad).,) =_EP 
hcn0 g PAP kT · 

eq. 2.16 

U0 is almost independent on temperature and can be considered constant. If several 
lines of the same element are considered with different Ep and assuming L TE the temperature 
can de determined with a linear fit through these points with Ep on the horizontal axis and the 
naturallogarithm of ).,U/gA on the vertical axis. The slope of this line is equal to -likT. Such a 
linear fit is called a Boltzmann plot. 

2.6.2 Optically thick lines 

If the emission is so strong that it approaches Planck's curve, the plasma is no longer 
optically thin and it cannot be described with equation 2.9 anymore. For optically thick 
radiation the absorption plays an important role. If a lot of particles are in the lower level and 
there is much radiation with the correct wavelength, this radiation will partially be absorbed 
by the particles in the lower state. Resonant radiation therefore is often optically thick. If the 
emission increases, more particles will be left in the lower state and the absorption will 
increase as welt. If this absorption is very strong, an emission peak suffers from a dip near the 
centre of the peak. The width of this dip is determined by the partial pressure of the radiating 
species and other parameters like geometry and mercury pressure. 

An example of a very strongly absorbed emission line is the resonant 589 nm line of 
sodium. These are actually two emission lines separated by 0.6 nm. It is given in tigure 2.3. 
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The distance between the two maximums is called ..1A. The partial pressure of the sodium can 
be estimated using the next equation [ 6] & [7], 

iU-0.6=a·~PNa~Pn1 , eq. 2.17 

in which Ä is in nm, a is a function of the temperature profile and p is the partial 
pressure. 

575.000 580.000 585.000 590.000 595.000 600.000 

wavelength (nm) 

Figure 2. 3, example of absorption of the sodium line at 589 nm (F12 at 85 W). The two small peaks at 
the left are mercury lines. 

Another line that is optically thick in some cases is the 546.07 nm line of mercury. 
Although the lower energy level is still 5.46 eV, absorption will take place because of the 
high pressure ofmercury. 

2. 7 Segregation 

Figure 2. 4, axial segregation in a quartz lamp. 

Axial segregation is a familiar phenomenon in vertically burning metal halide lamps. 
The partial pressure of the dissociated particles is not constant along the central axis of the 
lamp. For axial segregation to occur, two conditions have to be satisfied: there must be radial 
segregation and there must be convection. If one of these is not present, there is no axial 
segregation. Axial segregation can beseen in tigure 2.4. 
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2. 7.1 Radial segregation 

If an element is present in only one compound, the partial pressure will he constant in 
the entire volume of the bumer. The buffer gas mercury is an example of such an element. 
However, for metal iodides the situation is quite different. Close to the wall, where it is rather 
cold ( 1200 to 1500 K), only molecules are present. Due to the low temperature there is no 
dissociation of these molecules. But temperature increases eloser to the axis. Therefore more 
and more molecules will dissociate with approach of the central axis, where there will hardly 
he any molecules left. There is chemica! equilibrium between molecules and atoms at all 
temperatures, for example forsodium (see tigure 2.5). 

Na+l -(atorn) 

Na I -(mol) 

Na! !:;Na +I 

Figure 2.5, schematic representation of a burner with chemica/ equilibrium and diffosion coe.fficients. 

Due to dissociation there will he a radial concentration gradient for the compounds. As 
a result diffusion of molecules towards the axis and diffusion of atoms towards the wall will 
take place. In a steady state the total flux of any element must he zero, as in equation 2.18, 

eq. 2.18 
a 

with -= --DaV =- rP-l -1 n; V 
1 a - kT Pa r Po kT Pa, eq. 2.19 

derived with the hard-spheres-modeL In these equations J is the flux density of element i, ja is 
the flux density of the compound a. and R;a is the number of atoms of element i in a partiele 
a.. In the next equation D a is the ditfusion coefficient of a., rand f3 ( :=:; 1. 5) are constants, p0 is 
the total pressure, D*a is a relative ditfusion coefficient and a function of the partiele's size 
and mass of compound a. only, and Vpa is the pressure gradient of a.. Combination of the last 
two equations lead to the following equation, 

L~aD;Pa = n;P; = C;0 , eq. 2.20 
a 

in which D*; is a reduced elementary diffusion coefficient, P; is the elementary pressure and 
f!J; is a constant. Using the channel mode~ where we have single atoms in the middle and 
molecules in the outer region only, this leads to, 

eq. 2.21 
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In general the diffusion coefficient of the molecules is much lower than that of the 
atoms, because of the size and mass of the molecules. This means that the elementary 
pressure in the are is much lower than in the outer region. The elementary pressure P; as a 
function ofthe diameter is given in tigure 2.6. 

p 

R r-0 

Figure 2. 6, elementary pressure as a function of radial coordinate. 

As long asthereis no convection, this equation will hold for all heights in the burner. 
In the next paragraph conveedon will be added to this radial segregation. F or a complete 
description of segregation I refer to J. Geijtenbeek [8] and [9]. 

2.7.2 Conveetien 

Convection is a result of gravity and temperature gradients. In the absence of gravity, 
there is no convection. Radial segregation in this case is given by equation 2.20 and no axial 
segregation will occur. Normally however, we do have gravity. The equations in this 
paragraph will hold if convection is slow compared to diffusion. 

The total pressure is mainly determined by the buffergas mercury and starting gas 
xenon. This total pressure is constant throughout the entire volume of the burner. The density 
of mercury and xenon is not constant, because of different temperatures. Near the centre the 
density will be much lower than near the walt. Due to gravity conveerion flows will be 
present and the pattem can be seen in tigure 2. 7. 

6000K 
6000 ............ 

~ 

~ 

l ' 
~ g .... 

E-< 

~ ~ 
~ ~ 

-20 

Figure 2. 7, convection jlows inside the burner, and velocity as a function of radius. 

These convection flows can be calculated with the Navier-stokes equation 2.2. The 
velocity at the wall must be zero and the first derivative must be zero at the axis. The solution 
can beseen in tigure 2.7. According toEtenbaas [18] the velocity at the axis, va, varles with: 
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eq. 2.22 

where g is the gravitational acceleration and R the inside radius of the burner. As mentioned 
before, the major part of the density and the pressure is determined by mercury and xenon. 
The additives, atoms or molecules, are of minor influence on the convection and are dragged 
along with this gas. In a steady state the upward flux of mercury and xenon in the middle 
( fPHg) is equal to the downward flux near the wall. In the channel model the fluxes of mercury 
and the additive particles due to convection are 

eq. 2.23 

<I>c = P;(TJ <I> 
a Hg' 

Po 
eq. 2.24 

and me = P;(TJm 
Ww WHg. 

Po 
eq. 2.25 

where v is the velocity and A the area in the inner and outer region. 
Because the elementary pressure of additives near the wall exceeds the pressure in the 

middle, there will be a net flux of additives downwards, teading to axial segregation. Due to 
this pressure gradient in axial direction, upward diffusion will take place (eq. 2.27 and 2.28). 
All fluxes of the additives in the channel model are represented in tigure 2.8. The sum of 
these four fluxes must equal zero to lead to a steady state. 

eq. 2.26 

Figure 2.8, representation ofthe jluxes ofthe additives, using the channel model. 

The fluxes ofthe additives due to diffusion, using eq 2.23, are given by: 

eq. 2.27 
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and eq. 2.28 

where J: and j~ are the flux densities in the middle and near the wall respectively. Knowing 

there is an axial pressure gradient, equation 2.21 can be differentiated to z, teading to, 

~(TJ _ Di•(rJ~(TJ 
dz - Di• (TJ dz 

eq. 2.29 

A segregation parameter À can be defined by eq. 2.30 and the pressure ofthe additives 
is then given by eq. 2.31. 

À= 1 ~(TJ 
P;(TJ dz 

eq. 2.30 

eq. 2.31 

Combination of equation 2.21 and 2.24 to 2.30 results in the :final equation for the segregation 
parameter À. Like in eq. 2.19 D can be replaced by D*, using the hard sphere model, and so: 

eq. 2.32 

This equation shows that segregation is a result of the velocity in axial direction (va) 
and the chemical equilibrium (D*). This equation holds for slow convection and radial 
segregation is given by equation 2.20. 

If velocity increases, ditfusion will be too slow to keep up with the flow in axial 
direction. F or high convection flows the plasma is mixed and segregation will decrease again. 
For a certain velocity of the flow, the axial segregation will have its maximum. The 
segregation for high velocity flows is described by Fischer and À-1/g [10]. Because the 
velocity Va is proportional to g (eq. 2.22), the segregation constant will also be proportional to 
g for slow convection. This dependenee can be seen in figure 2. 9. 

Figure 2. 9, segregation constant for different gravity. 
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In figure 2.10 an illustrative example is given of axial segregation on the central axis 
for different gravity conditions, if the salt pressure just above the cold spot is considered 
constant. When gravity is very large, everything will be mixed and the additive pressure will 
be equal all over the bumer, i.e. the pressure at the cold spot (Pw). For zero gravity the 
segregation constant is zero and only radial segregation occurs according to equation 2.20 and 
figure 2.6. With the channel model and equation 2.21, the pressure in the central region is 
given by Pa. 

When gravity increases to 1g and conveetien starts, the pressure in the lower part will 
increase on the central axis. Diffusion is too slow to sustain the maximum radial segregation. 
Axial segregation will occur and the additive pressure decreases with height ofthe bumer. 

When gravity increases even more to 2g, the radial segregation will decrease again and 
the pressure at the lower electrode will be closer to the pressure at the cold spot (P w). It 
depends on g~value ofthe maximum in figure 2.9, whether the axial segregation will decrease 
(A-3) or increase (A-2). 

;g 
P. =P"+--------------------1 

~ 
~ 
0.. 

~ 
!! 

p =D"P 
a Da w 

height 

Figure 2.10, illustrative example of axial segregation on the central axis for different gravity 
conditions. 
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______________________ 3. Helical instability 

3. Helical instability 
In this chapter the theory bebind the helical instability is discussed. First a qualitative 

description is presented. The forces and counter forces that are responsible for the onset of 
instability are explained [2] & [11]. However, a solid explanation of the further transition 
from the onset to the actual helical form is described very briefly in literature. The rotation of 
the helical are is explained in literature by a magnetic force. ZoUweg [ 11] made an attempt for 
the explanation of the transition and rotation of the are. This theory however is still 
incomplete. The differences are discussed in the next paragraph. 

3.1 Qualitative description 

3.1.1 Destabilizing forces 

In the burner of the lamp a light emitting discharge is created with an electrical square 
wave current. This current is mostly carried by the electrons, because they are much more 
mobile than the ions. This way a conducting channel is created with a temperature of about 
5000 to 6000 Kelvin. A moving charged partiele creates a magnetic field, which is felt by 
other charged paticles. The force on a single charged partiele that is caused by all other 
moving charged particles, given by the Lorentz force, is directed towards the axis. This is 
called the pinching effect. During normal conditions the current density is symmetrie around 
the axis. As long as the channel is straight and symmetrie the total resulting force on the 
channel is zero as can be seen in the left picture of tigure 3 .1. The self magnetic force per unit 
of volume, acting on the conducting channel is given by, 

eq. 3.1 

where j is the current density and B the magnetic field. The magnetic field B is an 
increasing function of j as well. 

are 

Cross section 
R 

Bumer 
waU 

Figure 3.1, cross section of the burner with a stabie are from top view (Ie ft) and side view using the 
channel model. 

Now, let us suppose that the channel is pushed away from the central axis at a certain 
place. This can have several causes like electrode attachment, convection or other instabilities. 
Because of this local displacement the current density at the concave (hollow) side will 
increase and will decrease at the other side. Also the magnetic field lines are closer together at 
the concave side, but the effect of this is less important [3]. An increase in current density 
results in a stronger self-magnetic force at the concave side according to equation 3. 1 and a 
weaker force at the convex side. The total force pushes the are further to the wall, see tigure 
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3.2. If there were no stahilizing forces, a displacement would always be enforced by the self
magnetic field. This can lead to extinction of the lamp, if the are approaches the wall too 
closely. 

~I 
I 

Cross seetion 

Bumer 
waU 

Figure 3. 2, cross section of the bumer with a displacement of the are from top view (Ie ft) and side 
view. 

3.1.2 Stabilizing farces 

There are a few stahilizing forces that try to keep the are in place. These forces result 
from ohmic heating, the radial thermal conduction to the wall and axial thermal conduction 
because of axial temperature gradients. Figure 3 .3 is an overview of these forces. 

Ohmic heating increases at the concave side of the curved are, because the electrical 
field increases. Together with an increase in current density this results in an increase in 
ohmic heating, which can be calculated with Qo = u · E 2 

• At the convex side of the curve the 

ohmic heating decreases because of the smaller electrical field. A net energy flow towards the 
central axis will be the result and so the are is pushed back. 

More 
ohmle 

_F:_m +-+-·=:J!=::heallng 
Leas heat 
conduction 

R 

Figure 3.3, stabiltzing and destabi/izingforces of a helical are. 

The second stahilizing force is the asymmetrie heat conduction to the wall. If the 
temperature of the wall and the are are assumed to be constant, the temperature gradient will 
change if the are moves away from the central axis. At the concave side again the distance to 
the wall increases and the temperature gradient decreases. Less energy is lost. At the convex 
side the gradient increases and so will the heat conduction. This also works as a stahilizing 
force, in the same way as the ohmic heating does. 
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The axial thermal conduction will be very small. Apart from axial segregation, which 
in this model is assumed to be absent, the only axial temperature gradient during the fust 
displacement is due to this displacement Consider the plane perpendicular to the axis and 
crossing the maximum of the displacement This is the plane in which B and Fm are drawn in 
the right picture offigure 3.2. The axial temperature gradient is zero there. 

As long as the stahilizing forces, asymmetrie heat conduction and ohmic heating, can 
compensate for the destabilizing magnetic force, every displacement will be eliminated. This 
can bedescribed quantitatively in a modeland will be done in paragraph 3.2. 

This is all about the first onset of instability. Let us suppose that the magnetic force 
exceeds the stahilizing forces. This will fust lead to a curved are. For the transition from this 
curved are to a true helical form, as observed by several autors, no fully satisfactory 
denvation can be found in literature. A second displacement is needed somehow for this 
curved are to beoome a helix. This second displacement will be enforced for the same reason 
as the fust displacement This magnetic force results not just from j, x B z , as ZoUweg stated 
[ 11 ], but from the total current and total magnetic field. 

When a uniform helix is created, regardless the transition mechanism, no asymmetrie 
pinching effect in the q>-direction is present. There is certainly no current in radial direction, 
)r. The magnetic force cannot be the reason for the rotation ofthe are. This is in contradiction 
with the general opinion about helical instabilities, in which it is believed that the magnetic 
force is responsible for rotation [ 11]. 

3.1.3 Temperature profile 

The contraction is of major importance for the onset of helical instability. The 
contraction is determined by the temperature profile as explained in paragraph 2.4. For a 
diffuse profile the temperature gradient near the wall is very large and the profile itself is very 
broad. A small movement of the are will result in a big increase in heat conduction to the 
wall, where the are approaches. The are is 'locked up' between the walls. To move the are 
anyway, a strong force is neerled and thus a high current. 

A contracted profile is much narrower and the temperature gradient near the wall is 
much smaller. A small movement of the are does not significantly change the temperature 
near the wall and so heat conduction almost remains the same. The are is not 'locked up' 
anymore and can move freely without interfering with the wall. Only a small force, and thus 
current is needed to move the are away from the central axis. The model of Fischer, described 
in the next paragraph will end with the same conclusion. 

- 18-



3.2 Quantitative description; model of Fischer 

3.2.1 Destabilizing farces 

One of the mathematica! descriptions has been done by Fischer [2]. In hls approach he 
considers a plane perpendicular to the direction of the first displacement (plane of symmetry). 
For this description the channel model is used. The energy transport through this plane due to 
magnetically driven convection (displacement) and asymmetrie heating and cooling is 
calculated. To calculate the energy transport by convection the Navier-stokes has to be solved. 

p.o.s. 

Figure 3.4, periodically curved are with smal/ displacement, p.o.s. is the plane ofsymmetry. 

eq. 3.2 

For a first small displacement (d<<L) the electrical field E in the maximum of the 
displacement ofthe are can be approximated by equation 3.2. The meaning ofthe symbols is 
given in tigure 3.4. The current density can be determined with equation 2.8 and equation 3.2. 
The magnetic field is calculated with equation 2. 7 (Maxwell), using the undisturbed electrical 
field Eo for the current density. Now, the magnetic volume force can be calculated with 
equation 3.1. There will only be a magnetic field left in the <p-direction (Bfll). Taking the curl 
ofthe Navier-Stokes equation 2.2, eliminates the pressure and leaves us the next equation, 

77A(V xv)= V x{7 x.B}. eq. 3.3 

Because v is the only unknown, we can calculate the velocity of the displacement of 
the are. It is not possible to do this analytically and so the equation is solved numerically. 
With this velocity the amount of energy, transported through the plane of symmetry, can be 
determined using the enthalpy of the gas, 
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R 

Qm ;:: 2 J ,d1v 91 (r, ,X 7r )dr. eq. 3.4 
0 

Here, Qm is the energy flow per unit length, p the density, h the enthalpy per unit mass and v9' 
the velocity in the direction of the displacement Tagether with the numerical salution of 
equation 3. 3 this gives us the final equation for the energy flux due to the self-magnetic 
forces, with xo the reduced are radius (rr/R), Ah the difference in enthalpy between the cold 
region and the are, qz is the mass per unit length and I the lamp current, 

Q = q1p 0I
2
Md P(x0 ) 

m 1]L2 R Xo ' 
eq. 3.5 

eq. 3.6 

3.2.2 Stabilizing forces 

To calculate the effective energy flow due to asymmetrie ohmic heating, we need to 
know the difference in ohmic heating between both sides of the plane of symmetry. This is 
done with equation 3. 7, 

eq. 3.7 

Using equation 3.2 and introducing the total are current I= 7lf'0
2oE0 , the integration of 

equation 3. 7 yields 

eq. 3.8 

The heat conduction to the wall on both sides of the plane of symmetry can be 
determined in the same way. The energy flow due to asymmetrie heat conduction to the wall 
is given by 

eq. 3.9 

T 

with S = J A,dT . eq. 3.10 
T., 

Here, Sis a heat flux potential, À.r is the thermal conductivity and Tw the constant wall 
temperature. For a periodically curved are this potential can be approximated by Besset 
functions and the energy flux is then given by, 
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eq. 3.11 

Between 0.2 and 0.8 t(xo) can be approximated by, 

t(x0 ) = 1.35 -1.55x0 . eq. 3.12 

3.2.3 Onset of instability 

As long as the self-magnetic force is too small, all disturbances of the are will be 
cancelled by the effect of the stahilizing forces, thus Qm < Qo + Qe. Combination of equation 
3.5, 3.8 and 3.11leads to equation 3.13, 

eq. 3.13 

The term between square brackets is called the Maecker number. It is a dimensionless 
parameter that contains only properties of the gas and lamp current and electrical field. This 
Maecker number can be calculated for all conditions of a lamp by determination of the current 
and electrical field. 

Helical instahilities will occur when the effect of the destabilizing forces (Qm) exceed 
the effect of the stahilizing processes (Qo + Qe). The critical moment of onset is given when 
Qm is set equal to Qo + Qe. The Maecker number is then called the critical Maecker number 
[2], Mker, and is given by 

eq. 3.14 

in which Ier is the critical current and Eer the critical electrical field at the moment of onset. 
The electrical field is a result of the impedance of the plasma and forced lamp current. F or a 
small fust displacement at the moment of onset, L/R ~ 0 and equation 3 .13 can be rewritten 
as 

eq. 3.15 

and eq. 3.16 

Here Mkcr is given by eq. 3.14, t(xo) by eq. 3.12, and P(xo) by eq. 3.6. This means that Mker is 
a function ofthe contraction xo only, as shown by the solid curve (with K=1) in tigure 3.5. For 
a complete derivation of the stability criterion I refer to [2]. 
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In the denvation thus far radiation has been neglected. However, for radiative arcs, as 
the radiation efficiency increases, the threshold for instability is reduced. Radiation has a 
decreasing effect on the stahilizing farces and therefore the are will be less stable. Although 
ZoUweg [3] uses a different denvation for Mk, radiation can easily be incorporated in the 
model of Fischer in the same way as ZoUweg did, by introduetion of a factor K, which is 
defined as 

IE-U 
K= . 

IE 
eq. 3.17 

Here, IE is the input power per unit length and U is the total amount of radiation, visible and 
non-visible, per unit length that leaves the discharge. Equation 3.16 thus corresponds to the 
case K=1 and the general expression including radiation now obtains the form 

or 

x2(4/ + t(x0 ) J 
4 ° /3 1-x; 

Mkcr =K·-· ( ) , 
7t p Xo 

eq. 3.18 

eq. 3.19 

A typical value for K is found in literature [21] being 0.28. An illustration of the 
cntical Maecker number is given in tigure 3.5 for different radiative efficiencies. 
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Xo 

Figure 3.5, representation of the critica/ Maecker number as a function of contraction for different 
radiation efftciencies. Mkcr has been calculated using equation 3.18. 

So when efficiency of the lamp increases and more radiation is produced, Mkcr 
decreases and the instability will occur more easily. 
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4. Experimental set-up 
In order to investigate the influence of xenon pressure and mercury pressure, lamps 

with different tillings of the bumer have been produced. Also three different single salts have 
been used. The lamps are operated with adjustable electronic ballasts for increasing the lamp 
current and to find the onset of instability. When the lamp current, and thus the power, is 
increased, the salt pressure also increases. To vary the salt pressure independently of the lamp 
power, a gas cooling set-up has been build. Filling the outer bulb with different pressures of 
helium or nitrogen varles the temperature ofthe cold spot for constant lamp power. 

To quantifY the salt pressures inside the bumer, speetral measurements have been 
performed. A magnetic balancing set-up is used for the determination of the contraction. The 
lamps are bumed horizontally in this case. Measurements under micro gravity conditions are 
done with the Arges set-up. The basics of this set-up is the same for the parabolle flight and 
for the ISS. Twenty different lamps can be measured in this configuration. 

Helical instahilities seem to occur easier for vertical lamps. Therefore, during all 
experiments in this project the lamps are bumed vertically, unless mentioned otherwise 
(magnetic balancing). 

4.1 Lamps 

The outer bulb geometry for all lamps is a double ended quartz buba as shown in 
tigure 2.1. Only one bumer geometry and dimension is used for alllamps in this research and 
it is given in tigure 4.1. For the measurements on helical instahilities only PCA lamps have 
been used. The electrodes are made oftungsten with a small coil around the electrode tip. The 
point ofthe electrode sticks one millimetre into the bumer. 

The lampscan be divided into two groups. The fust group (F1 to F24 and zg lamps) is 
meant for measurements at the CDL, although zg 28 to zg 34 have also been used in the fust 
parabolle flight campaign. This fust group has a fixed Hg dose and a varlation in Xe pressure. 
The second group is meant for the experiments under micro gravity conditions. It has a fixed 
ArKrss fill pressure and the Hg dose has been varied. Forthese lamps the moment of onset 
has also been determined for lg conditions at the CDL. 

The fust group has salt fillings of Ceh, Nal or Dyl3, for which an overview is given in 
table 4.1. They are all filled with 100 mbar ArKrss and 2.65 mg of mercury. For an effective 
temperature of2400 K, this corresponds with 10 bar mercury. The outer bulb ofF1 to F24 has 
an extension to conneet the lamp to a gas cooling system to vary the salt pressure 
independently of the power input. 

14.5 

14 

Figure 4.1, schematic drawing of the burner geometry. The numbers are in millimeters, the wall 
thickness is 0.8 mm and the electrodes are 1 mm inside the burner (ttb = 1mm). 
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Lamp Saltfilling Xe-pressure 
nr. (bar) 

zg09 IO mg Ce!) 2.0 
zg IO IOmgCeh 2.0 
~I5 IOmgNai 4.0 
~I7 IOmgDyh 2.0 
zg I8 IO m_g__Qy_I3 2.0 
zg27 IOmgCei3 2.0 
zg28 10 mgCel3 2.0 
~3I IOmgNal 2.0 
zg33 IOmgNai 4.0 
zg34 IO m_g_Nai 4.0 
zg35 I 0 m_g__ Dyl3 2.0 
zg36 10 m__g_Qy_I3 2.0 

FI IO mgCei3 0.5 
F2 IOmgCeh 0.5 
F4 IO mgCei3 1.0 
F7 10 m_g_ Cel3 4.0 
F8 IOm __ gCei3 4.0 
F9 IOmgNal 2.0 

FlO IO mgNal 2.0 
FI2 IOmgNal 4.0 
Fl3 IO _!!!&Nal 6.0 
FI4 IOm_g_Nai 6.0 
FI6 IOmgNai 8.0 
FI7 I5 mgDyi3 0.5 
FIS I5 mgDyi3 0.5 
FI9 I5 mgDylJ 1.0 
F20 I5mgDylJ 1.0 
F2I I5 m_g_ D_yl3 2.0 
F22 I5 mg~Dyh 2.0 

Table 4.1, overview of the .first group of lamps. The pressure of xenon is at room temperature. Zg 28 to 
zg 34 are used in the parabalie jlight campatgn in April 2003. 

Because ofthe xenon pressure of0.5 bar or higher when the lamp is started, extra help 
for ignition is required. Therefore these lamps are not suitable for the Arges experiments, 
because no extra help is possible in that set-up. The lamps for Arges are presented in the 
second group and have no extension of the buba. The outer bulb is vacuum. The humers are 
filled with 200 mbar of ArKrss only and the mercury pressure has been varied. The bumer has 
a metal wire around it against explosion in case of a possible crack. This was done because of 
safety regulations. All the lamps are filled with 6 mg of Cel3 or Nai. The mercury fillings are 
given in tigure 4.2. The mercury pressure is calculated for an effective temperature of 2400 
Kelvin. 
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Lamp nr. Salt Hg- Hg- Comment 
(6mg) filling pressure 

(mg) _(!>ar) 
F80 Ceh 6.63 25 ISS # 11 
F66 Ceh 3.98 15 ISS # 12 
F73 Cel3 5.30 20 ISS # 13 
F76 Ceh 6.63 25 ISS # 14 
F83 Ceh 7.95 30 ISS # 15 
F74 Ceh 5.30 20 ISS # 16 
F68 Ceh 3.98 15 ISS # 17 
F75 Cel3 5.30 20 ISS # 18 
F78 Cel3 6.63 25 ISS # 19 
F44 Cel3 7.95 30 ISS # 20 
F71 Cel3 5.30 20 p.fc. # 1 
F96 Ceh 6.63 25 p.fc. # 2 
F69 Cel3 3.98 15 p.fc. # 3 
F94 Nal 7.95 30 p.fc. #4 
F41 Ceh 7.95 30 p.fc. # 5 
F92 Nal 6.63 25 p.fc. #6 
F79 Ceh 6.63 25 p.fc. # 7 
F63 Ceh 2.65 10 p.fc. # 8 
F90 Nal 5.30 20 p.fc. # 9 
F88 Nal 3.98 15 p.fc. # 10 
F30 Cel3 5.30 20 
F42 Ceh 7.95 30 
F43 Ceh 7.95 30 
F44 Ceh 7.95 30 
F45 Ceh 7.95 30 
F58 Ceh 2.65 10 
F59 Ceh 2.65 10 
F62 Ceh 2.65 10 
F65 Ceh 3.98 15 
F72 Ceh 5.30 20 
F81 Ceh 6.63 25 
F85 Cel3 7.95 30 

Table4.2, overview ofthe second group oflamps. The mercury pressure is calculatedfor an effective 
temperature of 2400 K Some of these lamps have been used in the parabolic jlight campaign (pjc.) in 
October 2003 and some wil/ be used in the /SS. The number inthelast column rejèrs to the position 
inside the Arges set-up. 

4.2 Adjustable electronic ballast 

For the experiments at the CDL and Arges two different electronic ballasts are used. 
The ballast for the CDL tests is an electronic gear (MHC) that generates a square wave of 
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about 85 Hertz. It has an ignition button to proteet the other equipment from ignition pulses, if 
the lamp extinguishes. Ignition pulses are only supplied when pushing this button. This is 
done to prevent that high pulses of about 5 to 6 kV can damage a power meter for example. 
After a lamp has started other equipment can be connected to the circuit for measurement. A 
potentiometer is added to enable manual varlation ofthe lamp power between 40 and 120 W. 

For the Arges projectaso-called dynavision ballast is used. This electronic ballast also 
supplies a 85 Hz square wave and can be controlled and programmed via a computer 
interface. This way the power can be varled between 40 and 150 Watts. The difference 
between the ballast used in the ISS and in the parabolic flight, is that in the ISS it works on 
110 Volts DC instead of the normal 220 Volts AC, because of the available power supply 
there. 

4.3 Gas cooling set-up 

To vary the temperature ofthe cold spot, and thus the salt pressure, independently of 
the power, the samegas cooling set wasbuildas by G. Wmands [1]. A schematic drawingis 
given in figure 4.2. By filling the outer bulb of the lamp with nitrogen or helium the heat 
transfer to the outer bulb increases and the temperature of the wall of the burner decreases. 
Helium has a much higher thermal conductivity than nitrogen. In the regime below I 0 mbar 
the thermal conductivity of helium increases with pressure, as for nitrogen it is already 
independent of pressure. For pressures above 400 mbar heat transfer to the wall by nitrogen 
increases again with pressure, because of convection. 

The lowest pressure that can be reached with this system is about 10"5 mbar. Three 
different pressure gauges are used. The first gauge is a capacitance manometer and is used for 
pressures from 1 to 1000 mbar. It is independent of the gas. The second gauge is a pirani 
sensor based on heat conduction and is used for the range of 10"3 to 10 torr (1 torr = 1.33 
mbar). The third gauge is an ionization gauge (ofEdwards) and works in the range of 10"8 to 
1 0"2 mbar. The last two gauges are dependent on the gas. The exact absolute pressure is not 
important, however. lt is just a tooi to change the salt pressure. Current, voltage and power are 
measured with an Infratek power analyzer. 

lamp 

gas 

vacuum 
pump 

Figure 4. 2, gas cooling system for changing the temperafure of the cold spot. 
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4.4 Spectroscopie set-up 

For the speetral measurements at the CDL a Jobin Yvon HR-640 monochromator has 
been used. The mercury line of 546.07 nm is measured for alllamps that showed instability. 
Besides this line, the self-reversed line at 589 nm is determined for the sodium lamps. For 
cerium and dysprosium lamps the intensity of several optically thin speetral lines is measured. 
In table 4.3 some information about these lines is given. Speetral measurements at the CDL 
have been carried out for seven positions between the electrodes. F or the Arges zero gravity 
experiments a specially designed spectrometer has been used [9] & (20], which is given in 
tigure 4.6. This allows only measurements in a narrow speetral range. Only the first three 
lines in table 4.3 fall in the range ofthis spectrometer. 

element A. (nm) Eup_ (eV) gA (106 Hz) 
639.032 2.460 6.8 
643.439 1.955 5.9 
643.997 2.218 4.5 

Ce 645.804 2.092 15 
646.189 2.385 6.6 
646.740 2.219 15 
650.901 1.933 2.1 

H_g_ 546.07 7.731 160 

Na 
588.96 2.105 250 
589.59 2.102 120 
539.558 2.297 4.3 

Dy 
540.419 2.806 10 
541.915 4.877 1800 
552.801 3.812 61 

Table 4.3, overview of the optically thin lines used for measurements. The .first three lines are also 
used for Arges. The values for gA are obtained from a computer program [20]. 

4.5 Contraction by magnetic balancing 

The experimentalset-up for determination ofthe contraction ro is given in tigure 4.3. 
For handling of the system I refer to [12]. Here, use is made of the fact that for horizontal 
operation significant are bowing will occur . The magnetic field required to straighten the are 
will depend directly on the contraction ofthe are. 

The electricallamp parameters are measured with an Infratek power analyzer. For the 
straightening of the are several components are used. A current probe (LEM PR 50) detects 
the commutation of the lamp current and serves as a trigger for the magnet current. This probe 
gets its power from a 12 V power supply (LEM LS 50), having two 12 V terminals. The 
trigger signal from the probe passes a pre-amplifier with an output signal of maximal 10 Volt. 
With a potentiometer this output signal can be varied. For the power supply of this pre
amplifier the same 12 V unit is used. The variabie output signal enters another amplifier 
(Kepco BOP 20-1 OM), which serves as a power supply for the Helmholtz coils. A resistor of 
4.7 nis put in series with the coils to improve the output ofthe BOP. Another current probe 
is used to measure the magnet current. 
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BOP amplifier ------. 
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.L 
Jl 
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Power L...L...------1 a.-
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power 
supply 

MHC 
ballast 

Figure 4. 3, magnetic balancing set-up. Signa/ connections are drawn with a dashed line, power 
conneetion with a solid line. The magnet current is measured wtth a second probe (not drawn he re). 

The magnetic field is applied with two separated Helmholtz coils in series with a 
radius of 6 cm each. The distance between these two coils is 6 cm as well. Each coil bas 30 
windings. The magnetic field, applied by the coils, can now be calculated with the nex.t 
equation, 

eq. 4.4 

in which ).lo is the magnetic permeability in vacuum, N is the number of windings per coil, lh 
is the magnet current through ( one of) the coils, a is the radius of the coils and C is a 
proportionality constant. After calibration this constant is set to 0.6625. The magnetic field 
between the coils is homogeneous within 6% in a volume of 45 cm2

• The characteristics of 
this particular coil can be found in [1] & [13]. For the calculation ofthe contraction I refer to 
[12] and appendix A 

4.6 Arges set-up 

As a preparation for the zero gravity tests in the ISS station, parabolle flights have 
been attended in Bordeaux, France. A parabolle flight is performed with an airplane with the 
experiment and experimenters inside. At an attitude of about six kilometres the plane pulls up 
and gravity increases to 1.8g for 20 seconds, see tigure 4.4. After these 20 seconds the angle 
with the skyline is 45°. Then, the engine is almost tumed off and the planestarts its parabalie 
fall that takes 20 to 25 seconds. During this period there is no gravity and micro-gravitational 
measurements can be performed. At the end of this period the nose of the plane is an angle of 
-45° and the plane bas to pull up again. After 20 seconds normal gravity is back. There are 
three flights each campaign with each flight 31 parabolas. 
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The disadvantage of these parabolle flights compared with the situation in the ISS 
station is that the zero gravity situation lasts only 20 seconds. This may be sufficient to reach 
a new equilibrium in the gas phase, but it is too short to allow the temperature and salt 
pressure to adjust to the new situation. The advantage is that in addition also the hyper-gravity 
case of 1. 8g can be studied. Basically the tests during the parabolle flight were also meant to 
test the set-up for real zero-gravity experiments to be carried out in the ISS station in the 
period around the 25th of April 2004. The two set-ups used in the ISS and in the parabolle 
flight are practically the same. In :figure 4.5 a photograph ofthis set-up is given. 
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Figure 4. 4, schematic presentafton of one parabola. 

carrousel webcam 

Figure 4.5, photograph ofthe set-up for the Arges experiment. 

On top of the frame there is the black carrousel with twenty different lamps in it. Ten 
of them are meant for the observation of helical instabilities, the others for radial segregation. 
This carrousel can rotate for selection of the right lamp to be measured. Several instruments 
are used for ob servation of the lamp and determination of salt pressures. An ordinary webcam 
is used for visual observation of the instahilities and segregation and is placed just on the right 
of the carrousel, pointed with an arrow. The stability and segregation can be observed 
visually. 
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The lamp voltage is measured every seè9nd during the complete flight. There is a 
specially designed spectrometer undemeath the carrousel (in a black box). It measures the 
spectrum half way between the electrodes. A schematic diagram of this spectrometer can be 
seen in figure 4. 6. It is rob u st and the only moving part is the filter wheel. The angle between 
the normal of the grating and the incoming light is 74.6°. The selection of the wavelength 
interval, is done with the filter wheel, which in this case restricts the wavelengtbs to be 
measured to the range of638 to 645 nm. For more details about this spectrometer I refer to [9] 
and [20]. The image of the lamp and the spectrum are presented on two laptops on top of the 
experiment. Via these laptops the set-up and measurements are controlled. It allows for the 
selection of individuallamps, varlation of the power in steps and for changing speetral filters. 

Figure 4. 6, spectrometer used in the Arges experiment. 

Two phenomena are measured during the parabolle flights and in the ISS as mentioned 
in chapter 1, radial segregation and helical instabilities. For the radial segregation 
measurements I refer to [20]. For the helical instahilities severallamps are measured. A lamp 
is started at low power and justafter each parabola the power is increased with a step. Visual 
observation of the lamp gives information about the stability of the lamp under different 
gravity conditions. 
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5. Laberatory results 
In this chapter the results of the experiments at CDL will be presented. First the effect 

of xenon, mercury and salt pressure are given. Then the spectroscopie measurements for the 
quantitative determination of additive pressures are presented. 

5.1 Vertical instability measurements 

5.1.1 Xenon pressure 

The onset current can change dramatically with the xenon pressure for single salted 
lamps. The power range of the MHC-ballast is from 40 to 120 Watts and therefore for some 
lamps no onset was found. These lamps were either stabie or unstable. In appendix B a short 
overview of the electrical onset parameters is given for the lamps when the outer bulb is 
vacuum and in figure 5.1 the relation is shown graphically. 
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1.2 

go.e -c: 
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~ 0.6 
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Na 

2 3 4 
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f;. 

5 6 

•Ce, onset 
o Ce, unstable 
t;. Na, stabie 

• Na, onset 
t;. Na, unstable 

+Dy, stabie 

xoy, onset 

Figure 5.1, (onset) current for different xenon pressure (at 300 K). Black dots are onset points, open 
dots are stabie and gray dots are unstable states. For those lamps no onset point is found for a 
vacuum buba. The drawn lines are only an indication of the onset as a function of xenon pressure. The 
measured lamps are: [Fl, F4, F7, zg09, zglO, zg27, zg28] for cerium; [F9, FJ2, zg15, Fl3] for 
sodium; [FJ7, F20, zg17, zg18, zg35, zg36, F21] for dysprosium. 

A lower current is neerled for higher xenon pressures to make the lamp unstable, 
which agrees with measurements done by G. Winands [1]. Forsodium much larger currents 
are neerled to make the lamp unstable. For cerium and dysprosium the currents are much 
lower. The onset current for NaCe lamps is between the two curves of sodium and cerium [ 1]. 

5.1.2 Mercury pressure 

The investigation with systematic varlation of the mercury pressure have only been 
carried out with cerium lamps, see tigure 5.2. 
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Figure 5. 2, dependenee of the onset current on mercury pressure for several cerium lamps with 
vacuum outer bulb. The line represents the constant power of70 Watts. 

An increase in mercury pressure results in a decrease of the onset current for cerium 
lamps. This trend is similar to results for Na Ce lamps [ 1 ]. The onset power only slightly 
decreases with mercury pressure. For NaCe lamps the onset power is almost independent of 
mercury pressure [1]. Data of all individual lamps can be found in appendix B. For some 
lamps no onset point was found, again due to the limited power range of the ballast. 

The large difference in onset current between 20 and 15 bar lamps and the fact that for 
the 10 bar lamps and some of the 15 bar lamps no onset current is found even at high current 
values, suggests a change in state. A possible explanation is the electrode attachment. For low 
currents (high mercury pressures) the attachment is probably a spot mode, teading to a more 
contracted are near the electrode. For higher currents however, the attachment can be diffuse, 
which leads to a less contracted are. The transition from spot to diffuse mode at the electrode 
in this case would be somewhere between 0.5 and 0.7 Ampere. 

5.1.3 Salt pressure 
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Figure 5.3, position of F4, FJO and F20 in the current-voltage-graphic. The outer bulb is vacuum. 
Mercury pressure is JO bars, F4 and F20 have 1 bar of xenon and FJO has 2 bars. 
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Figure 5. 4, onset currents and voltages of severallamps for different pressures of helium in the outer 
bulb (torr) for cerium, sodium and dysprosium lamps. F7, F8, F21 and F22 all have 2 bars of xenon, 
FJ2 has 4 bars and Fl4 has 6 bars ofxenon. 
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F or three arbitrary lamps with a vacuum buba, lamp voltage as a function of current is 
shown in figure 5.3. An important difference between the sodium lamps and the cerium and 
dysprosium lamps is the varlation of the lamp voltage. The strong increase of the voltage for 
cerium, and in particular for dysprosium, is probably caused by an increase of the salt 
pressure. 

In figure 5.4 the relation between onset voltage and onset current for different helium 
pressure in the buba is given fora cerium, a sodium and a dysprosium lamp respectively. In 
all cases a higher lamp current is required to reach instability for stronger cooling. The fact 
that at the same time also the power increases makes a good interpretation of the results in 
terms of the actual partiele density very complicated. 

5.2 Are contraction by magnetic balancing 

T o link the contraction, determined in horizontal position, with the contraction in 
vertical position, salt pressure and power need to be the same. In practice this very difficult to 
achieve. In horizontal position the are is homogeneous, but in vertical position it is not. The 
conditions near the lower electrode are used for comparison. F or sodium lamps this is 
achieved by using &, but for cerium and dysprosium there is no &-method possible. lt turns 
out that the lamp current in horizontal and vertical position are about the same for F 14 
(sodium), when AA is made the same. For practical reasoos therefore, for cerium and 
dysprosium lamps the lamp current in vertical and horizontal position was set equal. This is 
done by changing the He-pressure in the buba in horizontal position for the same power. 
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Figure 5.5, contraction as aftmetion ofonset-currentfor three lamps FJ4, F7 and F21. 

The general result for all three lamps is an increasing onset current with decreasing 
contraction, i.e. broader profile. The corresponding r/R values for cerium and dysprosium are 
lower than the lowest values for NaCe lamps [ 1]. The values of the sodium lamp are similar to 
those ofNaCe. 

5.3 Spectroscopie characterization of additlve densities 

In order to collect quantitative data about the density of additive particles in the 
discharge for the condition of interest, speetral measurements have been performed with the 
yobin spectrometer. Because the plasma is mostly optically thick for sodium, but it is not for 
cerium and dysprosium, the metbod for the determination of the density is different for these 
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lamps. For sodium M will be used for characterization, because it is linked to the sodium 
pressure by equation 2.17. For cerium and dysprosium the relative intensity of optically thin 
lines is most important. The different type of lamps will be treated separately in this 
paragraph. Although G. Winands [I] found that LU is not an accurate measure forthesodium 
pressure for NaCe lamps, it has been used again for pure sodium lamps. 

5.3.1 Sodium densities from thick line spectroscopy 

The L1À is determined for different powers and different cooling of the buba. In tigure 
5.6 the intensity ofthe mercury line at 546.07 nm and the Mis presented for different cooling 
ofthe bumer, both at 60 Watts. The mercury line is never self-reversed for this lamp. 
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Ftgure 5. 6, a sodium lamp (Fl2) at 60 Watts for different pressures of helium in the buba. The 
intensity of the mercury line (not self reversed) at 546.07 nm and the & of sodium at 589 nm is given 
as ajunetion ofheight. 
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Figure 5. 7, & of F14 just above the lower electrode for increasing current and different cooling of 
the buba (vacuum, 0.2 torr helium and 1.0 torr helium). The are is stabie for all black data points. 
Measuring is stopped at the moment of onset, i.e. open data points. 

The intensity of the mercury line increases with height and thus the temperature 
probably increases as well. The LU decreases as a function of height, in agreement with the 
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theory of segregation. In appendix C.l, the results are given for varlation of the power and at 
the moment of onset. 

In tigure 5. 7 & is given as a function of the lamp current for different cooling of the 
bumer. The last (open) data point of each line represents the point of onset. The ..12 slightly 
increases with increasing onset current. This looks very contradictive, because in paragraph 
5.1 it was found that an increase insodium pressure, leads to lower onset currents (figure 5.4). 
Also for Na-lamps, & is not an accurate measure for the sodium pressure (eq. 2.17). The 
slope of these M-onset points with the current can be explained however. 

Suppose the lamp is buming at the onset point with 0.2 torr of helium inside the outer 
bulb. Keeping the M constant, an increase in current leadstoa more stabie lamp according to 
tigure 5.7. For keeping M constantweneed to enhance cooling, if current increases. These 
are two actions with opposite effect for the instability of the lamp. In seems that enhanced 
cooling is more important than the increased current. This is in accordance with the 
calibration of the gas cooling system for NaCe lamps, done by G. Wmands [1]. In his 
calibration increased power leads to a lower temperature of the cold spot, if M is kept 
constant. Therefore, the partial pressure of the salt decreases and the are is stable, even for 
higher currents. 

5.3.2 Ce and Dy densities from thin line spectroscopy 

To be able to say something about the densities of cerium and dysprosium, the total 
emission of some thin lines is determined and the temperature is calculated with the use of a 
Boltzmann plot, see appendix C.2. A spectrum is also given there. With equation 2.14 the 
density can then be calculated by filling in the temperature and the total emission of one of 
the lines (line 4 in this case). A reason why the data points for the plot are not all on a straight 
line is probably the error in the transition probability. The intensity of the 546.07 nm line of 
mercury is also determined. This line is self-reversed for all measurements at all heights in the 
bumer for the cerium lamp (F4). 
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Figure 5.8, emission ofthe mercury line at 546.07 nm and the temperature, calculated with emission 
lines of cerium, at 7 heights in the burner for different cooling at 80 Watts. The used lamp is F4. 

F or the cerium lamp, the mercury emission slightly decreases with height, see tigure 
5.8. The are near the bottorn could be so contracted, that the electrical field increases and 
more ohrnic heat is generated. The measured data points at 0 and 12 mm are unreliable. These 
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measurements might be too close to the electrode. The effect of enhanced cooling on the are 
temperature is rather small. The relative cerium density, n, can be seen in tigure 5. 9. 

10 

8 

~ 6 111 
c: 
Cl) 
"0 

(i) 4 .._ 

2 

0 
0 2 4 6 

height(mm) 

8 10 12 

Figure 5.9, relative density of cerium in F4 at 80 Watt for different He pressures in the buba. 

The relative density decreases with height, in agreement with the theory of segregation 
and enhanced cooling does indeed lead to lower cerium densities. The density gradient due to 
segregation are much larger than due to cooling. Results of power variations are given in 
appendix C.2. 

For dysprosium the mercury line at 546.07 nm is not self.reversed. For different 
helium pressures in the buba the intensity of this line and the temperature, determined with 
four dysprosium lines, are given in figure 5.10. An example of a Boltzmann plot and a 
spectrum is given in appendix C.2, tagether with the results of power variation. 
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Figure 5.10, emission of mercury line at 546.07 nm and the temperature, calculated with emission 
lines of dysprosium at different heights in the bumer for different helium pressures in the outer bulb. 
The used lamp is F21 and the power is 60 W. 
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The intensity of the mercury line increases with height and enhanced cooling leads to 
an increased intensity of the mercury line. In figure 5.11 the relative density of a dysprosium 
lamp (F21) is given. 
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Figure 5.11, relative density of dysprosium (F21) at 60 Wattfor different He pressures in the buba. 

The relative density decreases with height again and also in this case, enhanced 
cooling does indeed lead to lower densities. The density gradients due to axial segregation are 
larger than due to enhanced cooling. 

The total amount of radiation depends on the radiating volume, which is determined 
by the temperature profile. Because Abel inversion is impossible in these ceramic lamps, this 
volume is unknown and interpretation of the emission lines is difficult. 

-38-



------------------------6 .. Arges results 

6. Arges results 
In this paragraph the results of the parabalie flights and the ISS will be presented. Two 

parabolle flight campaigns were attended, one in April 2003 and one in October 2003. Lamp 
operation was always vertical. The most important information regarding lamp stability is 
obtained ftom the visual observation with the webcam (as a function of the lamp power that is 
set at different levels. Additional information could be obtained ftom the monitoring of the 
lamp voltage. In some cases also spectroscopie measurements have been carried out. 

During the first campaign all ten PCA lamps had high xenon pressures and several 
lamps did not ignite. Only four lamps (table 4.1) could be measured, one cerium lamp and 
three sodium lamps. The only information obtained in these tests is the visual observation. 

For the second campaign we replaced the lamps by lamps with 200 mbar ArKrss and 
no xenon (table 4.2) for better ignition. Various mercury doses were used instead. Results 
have been collected for four cerium lamps and one sodium lamp. In this case, for two of the 
cerium lamps we have obtained, in addition to the webcam information, also lamp voltage 
data and speetral information for cerium lines from the speetral region around 640 nm. Based 
on the results of these parabalie campaigns appropriate lamps (table 4.2) for the ISS 
experiments have been chosen. 

6.1 Parabolle flights 

6.1.1 Visual stability 

The first conclusion that can be deduced ftom the results during both flights is that the 
stability under micro gravity (Og) and hyper gravity (1.8g) conditions is different ftom that at 
1g. In the first eampaign it was found that for micro gravity and for 1g all three sodium lamps 
(zg 31, 33 and 34), were stabie for all settings (i.e. up to the maximum power level). For 
hyper gravity (1.8g) there was a clear transition to an unstable are at higher power settings. 
For the cerium lamp (zg 28) the transition to instability shifted towards Iower power for 1.8g 
and towards higher power for Og. Remarkable was that at Og only are curvature was observed 
and no are movement 

Lampnr F71 F79 & 96 F41 F94 
&type Cel3 Cel3 Cel3 Cel3 Cel3 Nal 

Hg- 10 15 20 25 30 30 
pressure 

Og - - Onset Ons et Onset Stabie 
1g Stabie Onset On set On set Onset Stabie 

1.8g - - Unstable Onset Onset Onset 

Table 6.1, visual resultsfor thefour Ce/3 and one Na/lamp in the second campaign. No JO and 15 bar 
Ce/3 lamps were measured. 

The visual results for the second campaign are given in tabie 6.1. The sodium lamp 
was stabie for all powers up to 150 Watt for both Og and 1g conditions, but unstable above 
120 Watt for 1.8g conditions. All four cerium lamps measured are more stabie for Og and less 
stabie for 1. Sg. The instability for Og was a non-rotating curved are again. 
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6.1.2 Lamp voltage 

During the second campaign the lamp voltage was measured for two cerium lamps 
(F41 and F96) with mercury pressures of 30 and 25 bar, respectively. In figure 6.1 the lamp 
voltage curve for one of these lamps (F96) is given as a function of time during two parabolas 
for two power levels. 
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Figure 6.1, lamp voltage of F96 during two parabolas at a power of 62.6 Watt (lower curve) and 82.3 
Watt. The duration of the Og and I. 8g time intervals is 20 seconds. The voltage increase for the upper 
curve (82.3 W) is due to lamp stabilization after the power stepfrom 62.6 Watt to 82.3 Watt. 

In general the lamp voltage changes when the g-value changes. For the change from 
1.8g to Og, for example, the lamp voltage drops in about 6 seconds (time required fora new 
equilibrium in the gas phase ). This is consistent with the visual observation that it takes 6-7 
second for the axial segregation to disappear in the Og interval. Another important fact that 
can be deduced from the voltage curves is that thermal stabilization of the whole are tube 
takes more than 20 seconds. The drop in lamp voltage at the beginning of the Og period 
indicates that the overall pressure of the additives is lower for Og. But this changes apparently 
also the energy balance of the lamp, which will lead to a change ( an increase in this case) of 
the cold spot temperature. The lamp response as result of evaporation of more salt takes 
clearly much more than 20 seconds, hence a real new equilibrium will not be reached under 
the present conditions. Nevertheless, the data obtained give a good indication of the direction 
ofthe changes as aresult ofvariations ing. 

The electrical onset parameters for Og, 1g and 1.8g for lamps F96 and F 41 are given 
in figure 6.2. The onset current is calculated using the (known) power level and measured 
lamp voltage, and it decreases with increasing gravity. 
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Figure 6.2, electrical onset parameters for different gravity condinons for cerium lamps with Hg 
pressures of 25 and 30 bar, respectively. 

6.1.3 Emission spectroscopy 
The spectrum from 638 to 645 run is measured at a position half way between the 

electrodes. With this spectrum the temperature has been determined with the Boltzmann plot 
metbod in a similar way as for the laboratory experiments (seetion 5). The main differenee is 
that here only three cerium lines are available (see table 4.3). The result is shown in tigure 
6.3. This has only been done for lamp F96 at various points in time. The time between two 
separate measurements in the same interval is about 3 seconds. 
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Figure 6. 3, are temperatures obtained from a Boltzmann plot for lamp F96 during a parabolic jlight 
for 2 different powers, basedon three cerium lines (see table 4.3). 

The variations in temperature are very large: changes of much more than 1 OOOK have 
been observed. This is not realistie. The explanation has to be found in the faet that the are is 
not always stable. Also, the are has insu:fficient time to reaeh thermal equilibrium All this 
together it can be concluded that speetral measurements under these eonditions for this kind 
oflamps (PCA) are not very meaningful. 
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6.1.4 Rotatien frequencies 

The rotation frequency has been determined for different gravity conditions and 
different powers for the two Iamps F96 and F41 again. The result is presented graphically in 
figure 6.4. 
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Figure 6. 4, rotation frequency for two lamps, F96 with 25 bar ofHg and F41 with 30 bar ofHg, under 
1.8g and lg conditions andfor different powers. 

The rotation frequency is independent of mercury pressure, but it increases with 
increasing gravity. Also, the rotation frequency decreases with increasing power. 

6.2 ISS 

Only visual results of the stability at different powers and data about the lamp voltage 
are collected. The instability only appeared as a curved are again in all cases. An overview of 
the electrical onset parameters is given in the next table. The power before the power at which 
the are was really curved, is taken as the onset power. The current is calculated with this onset 
power and the measured voltage. The electrical onset parameters under 1g conditions, 
measured at the CDL, are also given. 

lamp/ p(Hg) Og (onset) 1g (onset 
car. # (bar) P(W) V (V) I(A) P(W) V (V) I (A) 

F66/12 15 94.3 151 0.62 92.5 140 0.67 
F68/17 15 99.6 160 0.62 108 159 0.68 
F73/13 20 111.1 189 0.56 82.3 163 0.50 
F74/16 20 99.6 186 0.54 71.8 162 0.44 
F75/18 20 111.1 198 0.56 76.8 158 0.49 
F76/14 25 111.1 219 0.51 75.8 185 0.41 
F78/19 25 89.3 204 0.44 68 182 0.37 
F80/11 25 80.1 202 0.40 64 182 0.35 
F83/15 30 <70 225 <0.31 61 203 0.30 
F44/20 30 <70 225 <0.31 59 204 0.29 

Tab ie 6. 2, electrical onset parameters for the !SS lamps at Og and 1 g conditions. 
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The onset current for micro-gravity conditions is mostly a little higher than for lg 
conditions, which is consistent with the results of the parabolle flights. For a few lamps it is 
lower, however. The salt pressure seems to have increased forthese lamps. The temperature 
distribution inside the burner is totally different ftom normal conditions. The place of the cold 
spot may have changed, for example because of different ttb (see paragraph 4.1), and 
(unfinished) salt displacements could result. 

6.3 Arges conclusions 

• Due to axial segregation the are is most contracted just above the lower electrode, and 
so this is the place where the onset of instability will occur fust. The salt pressure at 
the cold spot (bottom of lamp) can be considered constant during one parabola, 
because the temperature will not change much in this period. During micro gravity 
radial segregation is maximal and the additive pressure in the are is minimal. There is 
no axial segregation. As gravity increases, radial segregation decreases and axial 
segregation appears. The additive pressure above the lower electrode increases. This 
leads to a more contracted are for more gravity, and thus a less stabie are. 

• The most astonishing condusion of the two p.f. campaigns and the ISS campaign is 
the fact that during Og conditions we have never seen a rotating helical are. The 
instability under micro gravity was always a non-rotating curved are. Under 1.8g 
conditions the rotation is wilder than it is under lg conditions. ft looks like convection 
is a necessary requirement for the rotation of the are! 

• Twenty seconds is not enough to reach a thermal equilibrium in this parabalie flight 
experiments. In the ISS the conditions are more appropriate to reach a stabie situation. 

• Spectroscopie results are difficult to interpret and therefore not very meaningful for 
PCA lamps under these conditions. 
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7. Comparison with model 

7.1 Si mulation of the convection for a helical are 

With a computer program called ansys I made a simulation of a helical are, to see what 
convection flows look like. The written program is given in appendix E. In this simulation 
there is a non-rotating helix-like are of three windings in a cylindrical burner. The radius of 
the burner is 6 mm, the radius of the helix is set to 3 mm with a diameter of the are of 2 mm. 
The height of one winding is 8 mm and the height of the burner is 44 mm. The wall 
temperature is set to I 000 K. In the are I 0 Watts of heat is generated. If more heat is 
generated, convection flows become rather complicated. The result can be seen in tigure 7 .I. 

-1000 -0 
1111 • 037629 -1222 - .075258 liïi 1333 - .112886 -1444 - .150515 -1556 - .186144 

GJ 1667 G .225773 
c:J 1778 CJ . 263402 
~ 1889 liii1 .30103 -2000 - . 336659 

Figure 7.1, temperafUre (K) andjlow streams (mis) on a surface across the middle ofthe bumer of a 
non-rotating helical are. The helical are is at the position of the black spots. 

The convection flow is still upward in the middle. The convection near the are is 
pointed with arrows in the right picture of tigure 7 .I. The velocity of the flow is highest at the 
top of the bumer. Convection could act as a force on the are, that has a higher viscosity than 
the surrounding gas, and drive the are upwards. An are that is moving upwards, looks like it is 
rotating. There is only one direction possible for the rotation. If the helical shape is right
handed, like a normal screw, the rotation must be counter-clockwise as seen from below. It 
must be clockwise for a left-handed helix. Although the direction of the rotation was hard to 
observe in the present bumers, it has been found indeed in the past with the correct direction 
by Zollweg [ II] and Gaede [ I7]. 

7.2 Model of Fischer 

With a report of the NASA [I9] the viscosity and the enthalpy of the gas mixture 
could be estimated. An effective temperature of 2400 K has been used and a temperature 
difference Ta-T w ( channel model) of 4000 K. With the onset parameters, the critical Maecker 
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numbers are calculated for three lamps. In tigure 7.2 these numbers are given for different 
contraction. An overview of the calculated viscosity and enthalpy, together with the onset 
parameters and contraction is given in table E.l in the appendix. 
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Figure 5.15, critica/ Maecker numbers for different lamps F7, F12 and F21. The curves are calculated 
with equation 3.18 and K = 0. 40 and K = 0.15. 

-45-



8. Discussion and conclusions -----------------------------------------

8. Discussion and conclusions 

8.1 Discussion 

In literature some features of helical instahilities are mentioned [17]. One of those 
features says that an are is either stabie or unstable. In my observation however some 
exceptions have been noticed. I have seen lamps become stabie or bent with increasing power 
after they became unstable. Also the transition from a stabie are to an unstable are is not 
always instantaneous. Lamps have been observed in which the transition was rather slowly 
increasing with power. Stabie and unstable arcs can be seen altemately in one lamp for one 
power. This shows that some different appearances are possible and that it is not just a matter 
of stabie or unstable. 

A helix-like are with one or more windings was never seen. This makes it difficult to 
determine whether the nature of instability is really helical Although the self-magnetic farces 
are always present, the instability seen in these lamps can be a combination of circumstances. 
Cerium, and especially dysprosium lamps suffer from dynamical instabilities. This is a high 
frequency asciilation in the current. These lamps often extinguished due to this asciilation 
after the lamp became unstable and power was increased again with about 10 to 15 Watts. It is 
difficult to determine whether the instability is caused by magnetic farces only, or by this 
asciilation as well. Convection can also play an important role [14], and so can electrode 
attachment (spot or diffi.lse) as explained before. However, what is important for the are to be 
free to move around is the contraction. 

The dependency on the xenon pressure can he explained with the theory of Fischer. 
The terms qL and NI increase for higher xenon pressure. The term qL *NI, multiplied by the 
velocity, is the amount of energy transported through the plane of symmetry in case of a 
displacement Ohmic heating and heat conduction are hardly dependent on the xenon 
pressure. With the same heat conduction, a larger amount of energy needs to he conducted to 
the wall for higher xenon pressure. This leads to a more unstable lamp. 

From the spectroscopie measurements at the CDL the choice for doing experiments 
under micro-gravity conditions can be justified. The density gradients caused by axial 
segregation are much larger than density differences caused by power variations or enhanced 
cooling. 

It turned out that AA. alone is not a correct measure for the sodium pressure. According 
to equation 2.17 LU is also determined by other parameters, like mercury pressure and optical 
path. Mercury pressure can be considered constant. This means that the optical path changes 
for different conditions. This optical is dependent on the temperature profile, and thus 
contraction. 

The determination of the additive densities and temperature by spectroscopy is very 
difficult. The major problem is the PCA, of which the bumer is made. This is a diffuse 
material, and therefore Abel inversion of the measured radiation is impossible. As a result, it 
is di:fficult to determine the volume and place from which the radiation is originating from. 
Note that contraction is again an important parameter for this volume. For optiealtines the 
total emission is dependent on this volume; the larger the volume, the more radiation. The 
temperature, determined with a Boltzmann plot like in chapter 5, is some sort of effective 
temperature of the radiating volume. The densities, determined with this temperature and one 
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emission line, can be misteading therefore. Because the upper level of the mercury line is 
much higher than those of the salt lines, the volume in which it is generated is also different. 
This can explain the contradictive results found with mercury and Ce or Dy. Only for self
reversed lines the height of the emission line is proportional to the maximum temperature in 
the line of sight. 

Also for optically thin lines the total emission is determined by taking the height of 
the peak and not the total area under the spectrum. As long as the width of the peak is 
determined by the resolution of the spectrometer, so for a bad resolution or for very narrow 
peaks, the intensity and height are proportional. If the lines of the additives all have the same 
width, the relative intensities can also be determined by just the height. All lines of cerium 
and the lines of dysprosium seem to have the same width in this research. 

F or comparison of the Maecker numbers with the theory of Fischer several remarks 
can be made. One ofthe unknown factors is K. Iffor Ka value of0.40 is taken, which is very 
reasonable, the results for cerium and sodium lamps match the curve. For dysprosium a much 
lower value of 0.15 should betaken to match the curve, which is too low. The voltages of 
these lamps are much higher than for the others, which is the reason why the Mk-numbers are 
lower. 

Another error in the determination of the Maecker numbers could be the electrical 
field. The average field is taken to calculate the Maecker number. However, the field close to 
the lower electrode is probably higher than the average field because of the great contraction, 
teading to lower Maecker numbers. 

The method for determination of the contraction is also a point of discussion. The 
contraction is determined for horizontally burning lamps while all unstable lamps are burned 
vertically. Due to the axial segregation it is difficult to say for which contraction the 
instability occurs. The contraction determined with magnetic balancing is the contraction as 
defined in the channel model. The temperature profile can be quite different however, but still 
result in the same contraction. A different profile has different stability criteria. 

F or all calculations of the Maecker numbers, the same values for Ta, T w and the 
effective temperature are used. For the calculation of qz the ArKrss has notbeen taken into 
account. 

8.2 Conclusions 

• Higher xenon or mercury pressures lead to lower onset currents. Higher xenon 
pressures are needed for sodium lamps than for cerium and dysprosium lamps. Higher 
salt pressures also lead to lower onset currents. 

• Quantitative measurements by spectroscopy are very difficult for PCA lamps, because 
Abel inversion is impossible. 

• Density gradients as a result of convection are much larger than resulting from power 
or cooling rates. 

• The onset current increases with decreasing contraction, which is consistent with the 
theory of Fischer. 

• The onset of instability is influenced by gravity. Under micro-gravity conditions the 
are is more stabie and under hyper-gravity it is less stable. 

• Under micro-gravity conditions no rotating are was observed, only curved. 
• The simulation model showed that convection is the driving force for rotation of the 

curved are, consistent with observations found in literature. 
• The critica! Maecker numbers are close in agreement with the theory ofFischer. 
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8. Discussion and conclusions -----------------------------------------
8.3 Recommendations 

• To find lamps with a different geometry, so that an instability with several windings 
can be observed or less segregation occurs. 

• U se of more different xenon pressures, because of the high influence on onset current. 
• Determination of the transition from the first onset to the actual helix with, for 

example, a high speed camera. 
• To find an alternative method or alternative material for the bumer to determine the 

additive pressures and contraction in vertical direction. 
• U se lamps that have burned at least 100 hours to exclude instahilities as aresult of salt 

displacements. 
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Appendix 

A Theory of magnetic balancing 

To determine the contraction a magnetic balancing setup is build as given in tigure 
4.3. In this setup the lamp is bumed horizontally, not vertically. It is not possible to determine 
the temperature profile as a function of the diameter, but an average width for the conducting 
discharge is determined, like it is defined in the channel model, paragraph 2.4. 

In horizontal position the are inside the bumer is bent upward, due to gravitationally 
induced free convection of the gas. The density of the are is much lower than in the outer 
region, because of the high temperature there. The convection streams are given in tigure Al. 
When the are approaches the wall, heat conduction to the wall increases and a stabie position 
of the are will be reached. The force per unit length due to the difference in density, in the 
channel model, can be calculated with [12], 

eq.A.l 

in which Fb is the force due to convection (also known as buoyancy force), ro is the 
radius of the hot are, g is the gravitational acceleration and Pw and Pa are the densities at the 
wall and in the are respectively. Here, ro is a measure for the contraction. 

If a transversal magnetic field is applied to the discharge, the are can be straightened. 
There are two requirements for straightening. This field needs to have to correct direction and 
the correct magnitude. If the field is too low, the are will still be bent upwards a little, and if it 
is too high, it will bend even downwards. The other requirement is also very important. 
Because the lamp current is a square wave, the applied magnetic field must have the same 
frequency and phase. If the current changes direction, the field must switch direction as well 
for the Lorentz force to keep the same direction. The magnetic field is constant between the 
two coils (ref 13). The Lorentz force acting on the are, is given by equation 3.1 again and 
because the current density j is constant in the used channel model, this equation becomes, 

eq.A.2 

Here Fm is the Lorentz force, I the lamp current and B the applied magnetic field. If the 
Lorentz force and the buoyancy force are set equal, the contraction for a straight are can be 
calculated. This contraction is equal to, 

r. (q g )-~ ( T )-~ 
~ = Xo = I~ B + 1 . 1- T: , eq.A.3 

where qL is the total mass per unit length, Tw is the temperature in the outer region (set 
to 1300 K) and Ta the are temperature (set to 5300 K). 
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Figure A. I, forces on the are in horizontal position. B is the external magnetic field 

B lnfluence of xenon and mercury 

Lam_p_nr. Salt p (Xe) (bar) I(A) V (V) P(W) 
zg09 

Ceh 
2.0 0.690 106.5 73.5 

zg 10 2.0 0.640 105.3 68 
zg 15 Nai 4.0 0.876 101.5 89 
zg 17 

Dyi3 
2.0 0.541 156.4 84.5 

zg 18 2.0 0.447 147.1 66 
zg_27 

Ceh 
2.0 0.637 113.4 72 

zg28 2.0 0.675 111.1 75 
zg35 

Dyi3 
2.0 0.454 177.9 80 

zg36 2.0 0.460 176.4 80 
F1 0.5 0.835 115.2 96 
F2 0.5 0.807 115.5 93 
F4 Cel3 1.0 0.670 112.0 75 
F7 4.0 < 0.335 < 125.8 <42 
F8 4.0 <0.349 < 120.6 <42 
F9 2.0 > 1.273 >93.8 > 119 
F10 2.0 > 1.210 >95.8 > 116 
F12 Nai 

4.0 0.836 101.5 85 
F13 6.0 < 0.385 > 117.2 <45 
Fl4 6.0 <0.455 > 110.1 <50 
F16 8.0 Too unstable to measure 
F17 0.5 >0.588 > 171.8 > 100 
F18 0.5 > 0.684 > 170.8 > 115 
F19 

Dyl3 
1.0 > 0.509 > 170.8 >86 

F20 1.0 > 0.572 > 176.3 > 100 
F21 2.0 0.394 162.7 64.07 
F22 2.0 0.359 153.3 55.03 

Tab ie B.l, the electrical onset parameters for the different lamps when the outer bulb is vacuum. 
Lamps Fl7, Fl8, FJ9 and F20 extinguished before the onset ofinstability. Forsome lamps no onset 
point was found They were a/ready unstable for the lowest power (< ... ) or stabie until the highest 
power(> ... ). 
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Lamp Hg pressure I V p Stability 
nr. (bar) (A) (V) (W) 

F58 10 0.938 124 115 Still stabie 
F59 10 0.99 134 134 Still stable 
F62 10 0.82 125 102 Still stable 
F65 15 0.66 144 95 On set 
F66 15 0.75 170 127 Still stable 
F66 15 0.665 140 92.5 On set 
F68 15 0.73 160 117 Still stable 
F68 15 0.68 159 108 Onset 
F71 20 0.462 152 70 Onset 
F71 20 0.50 163 82 Ons et 
F72 20 65 Onset 
F73 20 0.48 165 80 Onset 
F73 20 0.50 167 84 Onset 
F74 20 0.45 162 72.5 Onset 
F74 20 0.45 163 74 Onset 
F75 20 0.49 158 77 Onset 
F75 20 0.49 159 78 Onset 
F30 20 0.42 165 70 Onset 
F76 25 0.363 175 63 Onset 
F76 25 0.38 185 70 On set 
F76 25 0.41 185 76 Onset 
F78 25 0.38 180 68 Onset 
F79 25 0.40 189 76 Onset 
F80 25 0.34 188 63 Unstable 
F80 25 0.35 186 64 Onset 
F81 25 0.36 183 66 Onset 
F96 25 0.37 184 68 Ons et 
F41 30 0.30 207 63 Unstable 
F42 30 0.31 212 66 Onset 
F43 30 0.29 201 59 Unstable 
F44 30 0.29 204 59 Onset 
F45 30 0.36 206 74 Onset 
F83 30 0.30 203 61 Onset 
F85 30 0.29 205 60 Unstable 

Tab ie B. 2, the electrtcal (onset) parameters for lamps with different mercury pressures. 

C Emission 

C.1 Sodium 

The effect of power varlation on the spectrum of sodium, and at the moment of onset 
is given bere. As power is increased, the axis and wall temperature increase as well, according 
to the intensity ofthe mercury line at 546.07 nm (Ta) and according to M (Tw). 
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Figure C.J, the intensity ofthe mercury line at 546.07 nm and LU as ajunetion ofheightfor two 
different powers. The measured lamp is FJ2 with 0.2 Torr helium in the outer bulb. 

In tigure C.2 the intensity of the mercury line and A'A. at the moment of onset are 
given. Note that both power and helium pressure are different at the same time. 
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Figure C. 2, the intensity of the mercury line at 546.07 nm and LU at the moment of onset for different 
helium pressures in the outer bulb. The measured lamp is Fl2. 

The varlation of A'A., which is not an accurate measure for the sodium pressure, is very 
small at the moment of onset. The axis temperature is higher for enhanced cooling. 

C.2 Cerium and dysprosium 

A spectrum of a cerium lamp can be seen in figure C.3. The lines, used for 
temperature determination with a Boltzmann plot, are numbered. These lines are selected for 
their different upper energy levels and because no other lines with the same wavelength are 
added. All seven selected lines are optically thin. 
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Figure C. 3, the spectrum of a cerium lamp, F4 at 78 Wand vacuum outer bulb. 

An example of a Boltzmann plot is also given in tigure C.4. How the density varles for 
different power (constant cooling) and at the moment of onset, is illustrated in tigure C.S and 
C.6. at the moment of onset not only the cooling is different, but also the power. 
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Ft gure C. 4, a Boltzmann plot of a cerium lamp, F4 at 78 Wand vacuum outer bulb. 
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Figure C.5, relative density of cerium atoms, calculated with emission lines of cerium, at 7 heights in 
the bumer for 2 different powers. The used lamp is F4 and the outerbulbis vacuum. 
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Ft gure C. 6, relative density of cerium atoms, calculated with emission /i nes of cerium, at 7 hetghts in 
the burner (of F4) for different pressures in the buba at the moment of ons et. 

The same measurements are performed for dysprosium lamps. A spectrum is 
illustrated in tigure C. 7, and a Boltzmann plot for these four optically thin lines is given in 
tigure C.S. 
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Ft gure C. 7, the spectrum of a dysprosium lamp, F21 at 60 Wand vacuum outer bulb. 
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Figure C.8, a Boltzmann plot of a dysprosium lamp, F21 at 80 Wand 4 Torr of helium in the outer 
bulb. 
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The results for the calculated density for different powers and at the moment of onset 
are presented in figure C.9 and C.IO. 
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Figure C.9, density of dysprosium, at 7 heights in the burner for 55 and 60 W. The used lamp is F21 
and the buba is vacuum. 
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Figure C.J 0, density of dysprosium, at 7 heights in the bumer for different pressures in the buba at the 
moment of onset. 

D Ansys model for convection 

The computer program, written for the calculation of the convection flows for a helical 
are, is given here. Two volumes are defined, a bumer volume and a helical volume inside this 
bumer of three windings. In this non-rotating helical volume heat is dissipated. The gas can 
flow through this helix volume freely. 

! helixmodel by Frank van den Hout 
fini 
/clear 
/title, helix model frank 
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/units, SI 
! use mechanicallflotran 

! definitions: 
straal=3e-3 
ront=1e-3 
spoed=8e-3 
diam=2 *straal 
wind=3 
pi=acos( -1) 
segh=90 
seg=wind*360/segh 
burd=6e-3 

! general setup: 
/color,pbak,off 
/rgb,index, 100,100, 100, 0 
/rgb,index, 80, 80, 80,13 
/rgb,index, 60, 60, 60, 14 
/rgb,index, 0, 0, 0, 15 

! modelling: 
/prep7 
TOFFST, 0.1 

! creating a helix: 
k, 100,0,0,0 
k,101,1,0,0 
k, 102,0, 1,0 
cskp, 11, 1, 100,101,102, 1,1 

csys, 11 

! si units 

! radius of the helix 
! contraction (radius are) 

height of one helix 
diameter of the helix 
number of helix es 
3,14 
angle of one segment (a fourth of one helix) 
total number of segments for total helical are 

! burner inside radius 

! color background off 
! white background 

! to preprocessor 
! using [K] 

! definition coordinate system 11 

! to coordinate system 11 

*do,nnn,1,seg+1 ! pointsofhelix every 90 degrees 
k,nnn,straal,segh*(nnn-1),(nnn-1)*spoed*segh/360 
*enddo 

numstr,line,3 01 
tel=O 
*do,nnn, 1,seg 
tel=tel+1 
l,nnn,nnn+ 1 
*IF,tel,eq,4,then 
lcomb,all 
tel=O 
lsel,none 

*endif 
*enddo 

! giving narnes to lines 

! line between two points 

! direction of helix is finished 
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allsel 

creating a volume around helix 

hoekd=atan(spoed/(pi*diam)) ! angle from which helix starts 
k,200,straal, 0, 0 
k,201,straa1+1e-3,0,0 
k,202,straal, -sin(hoekd),cos(hoekd) 
cskp,12,1,200,201,202,1,1 ! definition coordinate system 12 
csys, 12 ! to coordinate system 12 
wpcsys"12 

Cyl4 0 0 ront t. crr· cle around helix 
' ' ' vdrag,all,,,,, ,301,302,303 ! dragging of area, creating a volume. 

! definition cylinder: 
csys,11 
wpcsys"11 
cylind, burd, , -1 Oe-3 ,34e-3 
vovlap,all 

! definition ofthe burner (cylinder) 
! subtracts helix from cylinder 

ET, 1,FLUID142 
mshape, 1,3-D 
esize,ront 
vmesh,all 

! 3-D fluid thermal, definition of material 
! assign mesh volumes (tetraeder) 

! meshing of the total volume 

vse~s,volu, ,1,3 
vsum 

! selection 3 helix volumes 

* get, vhelix, volu, 0, volu 
allsel 

! volume calculation 

/solu 
acel,0,0,-10 ! gravity definition 

! assign material properties: 
! Start conditions (with flow) 

FLDATAI,solu,TEMP,true 
FLDATA1,solu,FLOW,true 
FLDATA2,iter,EXEC,200 
FLDAT A2,iter,APPE,O 
FLDATA2,iter,OVER,O 
FLDAT A3,term, TEMP, 1E-04 
FLDATA3,term,PRES, 1E-04 
FLDAT AS,outp,SUMF, 1 

Fluid properties 

! temperature calculation; ON 
! starting with flow; ON 
! # global iterations 
! no results between appends saved 
! no extra results 
! Temp; convergence criterion 

! Pres; convergence criterion 
! # iterations between results file 

FLDATA7 ,prot,DENS,GAS ! density; according ideal gas law 
FLDATA7 ,prot,VISC,GAS ! viscosity; according Sutherland 
FLDATA7 ,prot,COND,TABLE ! onductivity; according Table 
FLDATA7 ,prot,SPHT,CONSTANT ! specific heat; constant 
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! Temperature tahle for Thermal Conductivity 

MPTGEN, 1,40,200,200 ! from T = 200 to 40*200 = 8000 [K] 
! 
! Thermal conductivity [W/m/K]; Hg_NaTIDy_Plasma (from PFA) 
! 
*DIM:,k_plas"40 ! numher of discrete values 
*DO,j, 1,40,1 

Tj = j*200 
k_plas(j) = 0.375*EXP((Tj/4000)+ATAN((Tj-5200)/330)-0.9) 

*END DO 
! 
*DO,j,1,40,1 
MPDAT A,KXX,m _plasj,k _plas(j) 

*END DO 
MPTEMP, 

! Hg_NaTIDy_plasma 

FLDATA8 ,nomi,DENS,9.20 
FLDATA8 ,nomi,VISC, 22.60E-6 
FLDATA8 ,nomi,COND, 0.031 
FLDATA8 ,nomi,SPHT, 121.0 
! 
FLDATA9 ,cofl,DENS,273 
FLDATA9 ,cofl,VISC,273 
! 
FLDATA10,cof2,DENS,1e+5 
FLDATA1 O,cof2, VISC,909 
! 
FLDATA12,prop,UFRQ, 1 
! 
FLDATA13,vary,DENS,T 
FLDATA13,vary,VISC,T 
FLDATA13,vary,COND,T 

Operation conditions 

FLDATA14,temp,BULK,300 
FLDATA15,pres,REFE, 1e6 

houndary conditions: 

asel,s,area" 17,20 
nsla,s,1 

! density [Kg/m"3] 
! viscosity [Pa. s] 
! conductivity [W /m.K] 
! specific heat [J/Kg/K] 

! nomi-values at T = 273 K 

! nominal pressure [Pa] 
! Sutherland constante C2 

! update frequency properties 

! cany out variations 

! ref. temp. for heat-transfer coeff. 
! work (reference) pressure 

d,all,vx,O 
d,all,vy,O 
d,all,vz,O 
d,all, temp, 1000 

! h.c. on an area, velocity is zero at the wallof cylinder 
! h.c. on an area, velocity is zero at the wallof cylinder 
! h.c. on an area, velocity is zero at the wallof cylinder 
! h.c. on an area, temp is 1000 Kat the wallof cylinder 
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allset 

d, 100,pres,O 
vsel,s,volu, ,1,3 
nslv,s, 1 
BP,all,hgen, 1 0.0/vhelix 
allset 

! Solver conditions 
FLDATA18,meth,PRES,6 
FLDATA18,meth, TEMP,6 
PLDAT A31,capp, TEMP, T 
FLDATA31,capp,Tmin, 500 
FLDAT A31,capp, Tmax, 10000 
PLDATA25,RELX,temp,0.5 

! selection 3 helix volumes 

! generating heat in helix ( 10 W) 

! PRESS. PBCGM-solver 
! TEMP. PBCGM-solver 
! set capping temperature flag 
! minimal temperature 
! maximum temperature 

-------Solution; end----------
solve 
save 

E Maecker numbers 

Por three different lamps the viscosity and enthalpy are calculated. Por the viscosity of 
the lamp the molar average is taken from the viscosity of mercury and xenon. These 
viscosities are taken from [ 19] for an effective temperature of 2400 K. 

lamp 1-onset V-onset 11 (10"3
) ql (10-j) ah (105

) r/R Mkcr 
(A) (V) (kg/ms) (kg/m) (Jikg) 

0.500 120.1 0.195 26.6 

P7 0.586 119.3 0.134 0.578 5.66 0.198 31.4 
0.604 119.2 0.191 32.4 
0.423 120.9 0.179 22.4 
0.633 107.3 0.247 54.7 
0.574 108.0 0.234 49.2 

P14 0.615 107.4 0.128 0.776 5.832 0.243 53.1 
0.959 105.3 0.277 84.4 
1.021 104.8 0.294 90.3 
0.381 160.0 0.189 8.5 
0.527 157.7 0.191 12.0 

P21 0.562 156.8 
0.148 0.380 5.296 0.197 12.8 

0.693 132.7 0.237 18.7 
0.422 158.7 0.189 9.5 
0.457 157.7 0.189 10.4 

Table E.J, date neededfor the calculation ofthe Maec/cer numbers, together with the contraction 
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The enthalpy (Jikg) is calculated with 

M =_AH_= __ c--=-P_· ~_r __ 
Mlamp XHgMHg +XxeMxe 

eq. E.J 

Here &I is the molar enthalpy, M~amp the molar mass ofthe mixture, Cp the molar heat 
capacity and XHg and Xxe the molar fraction of mercury and xenon respectively. The heat 
capacities for mercury and xenon are taken from (19] again (2.5R for both, with R the gas 
constant). For the enthalpy of the gas mixture inside the burner the molar average has been 
determined. For .t1T a value of 4000 K has been taken. 

For the calculation of qz the total mass of xenon and mercury is divided by the 
length of the burner (14.5 mm), ArKrgs bas been neglected. The critical Maecker number is 
calculated with equation 3.14. The result is presented in table E.I. The onset parameters for 
different helium pressures inside the buba are also given, together with the contraction. T o 
determine the electrical field, the lamp voltage is divided by the electrode distance (12.5 mm). 
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