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Surnrnary 

High intensity discharge metal halide lamps are highly efficient and very bright lamps. An effect 
occurring inside these lamps is segregation of salt additives, causing the lamp to change in colour 
along its axis. The segregation is a result of both diffusive and convective effects and therefore 
is hard to model. Experiments under microgravity conditions could help to gain more insight in 
this problem. 

In April 2004, the Dutch astronaut Andre Kuipers will participate in a scientific research 
mission to the International Space Station. One of the experiments selected for this mission 
concerns the investigation of the above-mentioned segregation effects. For this purpose a test 
setup, consisting of three measurement diagnostics and a series of metal halide lamps, has been 
developed. The diagnostics involved an emission spectrometer, a tunable diode laser absorption 
spectrometer and a colour camera system. 

Preliminary experiments have been carried out with this setup during a parabalie fiight 
campaign. This allowed for investigations of the lamp behaviour under short-time microgravity 
conditions and, in addition, under hypergravity conditions. Due to the long stabilization times 
of the lamp (several minutes) in microgravity phase, the time given in a parabalie fiight will be 
too short for measurement on fully stabilized lamps, but at least an indication of trends can be 
obtained. 

An analysis of the data abtairred with the emission spectrometer has been performed under 
certain lamp configurations, giving interesting results. The Abel transformation methad selected 
to obtain radial intensity information from lateral intensity measurements gave satisfacory results. 
The emission profiles show high radial diffusion effects in the microgravity phase, and diffusion 
and convection mixing effects under hypergravity conditions, as we expected. Stabilization times 
are shown to be much langer than the 20 seconds of micro- or hypergravity given during a 
parabalie fiight. Fu.rthermore, estimates of the temperatures inside the burner have been carried 
out using a Boltzmann temperature determination method. It gave reliable information on the 
trends and profiles, showing a increasing contraction of the temperature profiles with increasing 
power through the lamp. The absolute values of these temperature estimates do not represent 
the actual temperatures, due to systematic errors. Therefore additional absolute temperature 
determination methods will have to be tested. In conclusion, the emission spectrometer gives us 
sufReient information to enable a good analysis of the plasma characteristics. 

lll 



Chapter 1 

Introduetion 

In April 2004 the Dutch astronaut Andre Kuipers will participate in an ESA (European Space 
Agency) mission to the International Space Station (ISS) [11]. He will carry out a series of 
experiments in life-science and physics among others. One of these experiments is the results 
of a cooperation between the Eindhoven University of Technology (TU je) and Philips Lighting, 
Central Development Lamps (Philips-CDL). It concerns the development of a set up to study a 
set of High Intensity Discharge lamps (HID lamps) under micro-gravity conditions in the ISS. 

1.1 The High Intensity Discharge lamp 

The high intensity discharge lamp is a relatively new lamp type whose light emitting properties 
result from a plasma discharge due toa potential difference over a gas. The gas, usually mercury, 
is cantairred inside a quartz glass or ceramic (polycristalline alumina, shortly PCA) container, 
called the burner. Typical mercury pressures during operation range from 10-50 bar. The burner 
again is enclosed by a outer glass balloon, for heat isolation, proteetion and UV shielding. The 
area in between burner and outer balloon is either a vacuum or filled with an inert gas like 
nitrogen. Figure 1.1 shows examples of these type of lamps. By the addition of small amounts 
of different salts to the burner, which act as very efficient radiators, the light properties of these 
lamps can be improved significantly to very bright and high light outputs. In this way typical 
visible light efficiencies of up to 40% can be obtained, a considerable impravement compared 
to regular light bulbs (5% efficiency). In future, these lamps can have significant effect on the 
reduction of electrical power consumption in our society, consiclering the fact that lighting takes 
up about 25% of this consumption. 

These type of lamps are called metal halide high intensity discharge lamps, sirree the additives 
usually consist of metal iodides, such as Nai. Their characteristics make that they are already 
being applied succesfully in various applications, like stadium, roadways and shops lighting and 
city beautification. When a metal halide lamp is ignited, first a buffer gas (mercury) warms up 
and starts to emit radiation. When the temperature becomes high enough, the metal iodides 
evaporate, dissociate and start emitting light. The additives do not evaparate completely, so 
during operation a saturated vapour is formed above a liquid 'salt pool', with a typical partial 
pressure between 5-50 mbar. The pressure of the buffer gas is several orders higher than the 
partial pressure of the additives and therefore determines the pressure inside the burner. However 
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CHAPTER 1. INTRODUCTION 

(a) (b) 

Figure 1.1: (a) Examples of double ended HID lamps. By 'double ended' we intend that the 
electrades emerge from both sicles of the outer balloon. The left lamp has a quartz burner , the 
other a PCA (polycrystalline alumina) burner; (b) A single ended lamp with PCA burner. Both 
electrades emerge from one side of the outer balloon. 

the light emitted by the lamp is mainly due to the metal additives, because of their lower 
excitation and ionisation levels, compared to mercury. By changing the salt additive mixture 
in the lamp we can vary the colour of the emitted light. The dominant role of additives on 
the light output makes this type of lamp very sensitive to changes in density distribution of 
these additives. An effect occurring is an axial segregation of these additives throughout the 
burner leading to axial colour separation: The center of the burner has a very high temperature 
( rv5500K) compared to the wall temperature ("' 1200K). Gravitational forces therefore in duce 
convective fiows inside the burner. These gravitational forces , in combination with the distinct 
diffusive properties of the different salt additives inside the lamp lead to a segregated density 
distribution of the different additives, which expresses itself in a variation of colour along the 
burner axis. Furthermore the discharge channel can sametimes become unstable due to self
induced magnetic fields and as aresult can start spiraling around its central axis. This is observed 
as a fiickering and obviously unwanted effect. Extensive research is being conducted on these 
phenomena occurring in metal halide lamps using both modeHing and experimental methods. 
Axial segregation effects, however, lead to essentially two-dimensional density distributions of 
radiating additives and therefore make a separation between the diffusive and convective effects 
very difficult . It is expected that axial segregation will disappear when gravity is eliminated, 
essentially leaving us a one dimensional, purely radial density distribution throughout the burner. 
By gaining information on these merely diffusive induced distributions, one could simplify and 
verify the modeHing of the much more complex convection-diffusion induced distributions. In 
the end, this could lead to a further impravement of the lamp's efficiency and give solutions to 
for example the desire to burn the lamp in any position, without having to consider segregation 
effects. 
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CHAPTER 1. INTRODUCTION 

1.2 The project 

We were offered the opportunity to do a series of experiments during the mission of Andre Kuipers 
in the ISS. It was decided to develop a diagnostic tool to study a set of metal halide lamps under 
microgravity conditions. As discussed before, we are particularly interested in the measurement 
of radial segregation, by means of measurement of radial salt additive density distributions. 
Furthermore we are also interested in the onset powers of helical instahilities under microgravity 
conditions. Therefore a set of three diagnostics are needed: a colour camera to monitor the lamp 
and its behaviour, a high resolution emission spectrometer to measure excited state densities 
and a tunable diode laser absorption spectrometer to measure atomie ground state densities of 
additives. This all has to be integrated around a carousel, containing 20 experiment lamps. 
Furthermore, the setup has to be compact, resistent to strong vibrational forces (induced by a 
roeket during launch) and temperature differences, and has to be as light-weight as possible, 
because of extensive costs per kg for the transport of equipment to the ISS. A team of experts, 
investigators and students was put together to make this challenging project to a succes. The 
subject of this report is to give a description of the setup realized, the preparation for a parabalie 
fiight campaign and an analysis of the results obtained by emission spectroscopy during these 
fiights. 

1.2.1 Parabalie Flight 

To test the setup and chosen experiment lamp configurations and salt fillings, it was decided 
to participate in a Parabalie Flight Campaign (PFC). These fiights are organised by Novespace 
[14] and ESA [11], to give investigators the opportunity to do experiments under short-time 
microgravity and, in addition, hypergravity conditions. In our case it was important to get 
insight in the behaviour of the different experiment lamps under microgravity conditions, to 
make sure that we would not send the wrong lamps to the ISS. Stabilization times of experiment 
lamps under microgravity conditions are expected to be in order of several minutes; therefore the 
microgravity phase provided by parabalie fiight is too short to do measurements in a stabilized 
lamp situation and experiments conducted in the ISS offer an excellent alternative. Furthermore 
parabalie fiights gave us the possibility to test our setup and do preliminary measurements on 
lamps under multiple gravity conditions, both microgravity and hypergravity. During a three day 
fiight campaign at Bordeaux Airport, France, each day a series of parabolas (31 to be precise) 
was executed by a specially adapted Airbus A300 'Zero-G' airplane. Inside this airplane, room 
was made available to aceomadate 12 experimental setups and accompanying experimenters. In a 
parabola the airplaneis subjected to varying gravitational forces: Starting from a steady normal 
horizontal fiight, the aircraft takes a 1.8 g load factor, nosing up to 45° and climbing from 16000 
to 23000 Ft over an interval of about twenty seconds. This is the entry pull-up phase. Then 
the engine thrust is considerably reduced, to the point where it just overcomes the aerodynamic 
drag, and the pilot kills the lift by pulling the nose of the airplane down. The aircraft is then 
in microgravity phase ( rvO.Ol g) for some twenty to twenty-five seconds. A symmetrical 1.8 g 
pullout phase is then executed on the down side of the parabola to bring the aircraft back to 
its steady horizontal fiight in about 20 seconds. All this is visualized in Figure 1.2. There is an 
interval of two minutes in between two parabolas. Every 5 parabolas there is a short break of 4 
to 8 minutes. This enabled us to rotate the carousel to another lamp position and ignite a new 
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Figure 1.2: Details on the gravity phases duringa parabola (left) and the airbus A300 'Zero-G' 
airplane in flight ( right) . 

lamp. In this way, the lamp had several minutes to warm up before the next parabalie sequence 
was initiated. The complete parabalie sequence of a flight day is visualized in Figure 1.3. 

The outline of this report is as follows. We will start with a discussion on the physical back
ground of segregation effects occurring inside metal halide lamps, together with a theoretica! 
description of the determination of radial salt additive densities and temperature profiles inside 
a lamp by means of emission spectroscopy. Following, we will elaborate on the used diagnostics , 
the experimental setup realized, a vibrational testing setup developed for some preliminary vi
brational testing of different parts of the setup, and finally the experimental protocol drafted for 
the parabalie flights . The fourth chapter consists of an analysis of the data obtained with emis
sion spectroscopy, from spatially resolved speetral information to radial emission distributions. 
We will discuss the t ime-dependenee on the emission of the discharge and discuss the power and 
pressure dependenee on this emission, all under different gravity conditions. Furthermore an 
estimation of the radial temperature distributions in the burner will be made. We will end this 
report with a survey of the drawn conclusions and recommendations. 
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Figure 1.3: Overview of the complete parabalie sequenee onaflight day, eonsisting of 31 parabo
las. 

Figure 1.4: An impression of the parabalie flights: the team participating on the 3rd flight day 
(left) , including Duteh astronaut Andre Kuipers. To the right: impression of measurement during 
mierogravity phase. 
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Chapter 2 

Theory 

In this chapter we will start with a description of de-mixing effects occurring in metal halide 
lamps (Section 2.1) . InSection 2.2 we will give a theoretica! overview of the methods we used to 
obtain information from theemission spectroscopy measurements performed in parabalie flight. 

2.1 Diffusion-convection segregation in vertically oper
ated metal halide lamps 

When a metal halide lamp is operated vertically, it is often observed that the colour of the 
emitted light changes from top to bottorn of the burner, as can be seen in Figure 2.1. This effect 
is called colour separation and in order to get insight in this phenomenon, we have to elaborate 
three mechanisms: the chemical equilibrium in the burner, ditfusion and convection ([4], [8]). The 
chemical equilibrium depends on the radial temperature profile of the burner and, tagether with 
radial diffusion, this leads to radial segregation of light emitting additives. But , besides this, the 
buffer gas in the burner also drags the additive particles along in its convection stream, invoked 
by temperature differences in combination with gravity. Because of the radial segregation, the 
additive concentration in the drag downwards is larger than the additive concentration in the 
drag upwards; this causes axial segregation inside the burner. Therefore, the additive densities 
will vary in axial direction in the burner, with colour separation as a result. In the following 
sections, a more quantitative description, derived by Geijtenbeek ([4], [8]), ofthe above-described 
mechanisms will be given by having a look at a test lamp with a sodium-iodide additive filling. 
Mercury is added as a buffer gas. 

2.1.1 The origin of radial segregation 

Chemica! equilibrium 

The met al halide plasma discharge consists mainly of a buffer gas ( mercury) and a small amount 
of additives. For choice of additive we have a range of possibilities at our disposal, such as 
sodium-iodide, cerium-iodide, dysprosium-iodide or a combination of different salt additives. 
For simplicity we willlimit ourselves in the following description to the case of only N ai present 
as an additive. The plasma temperature is highest at the axis of the burner. At this temperature 
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CHAPTER 2. THEORY 

Figure 2.1: Colour separation in a cerium-iodide metal halide quartz lamp 

the sodium-iodide molecules are dissociated into sodium and iodine atoms. Near the wall of 
the burner the temperature is low enough to recombine the atoms again into sodium-iodide 
molecules. Due to this temperature profile, at the center of the plasma mainly atoms are present 
while near the wall mainly molecules exist. Therefore the chemical equilibrium, as given in Eq. 
2.1 , is temperature-dependent and varies with the radial position in the burner. 

Na!~ Na+! (2.1) 

Generally speaking [4], if an element i (e.g. Na) is present in various compounds a (in this case 
Na and N ai), the chemie al composition will be in accordance with the free energy minimisation 
at any moment and at any place. Because of the high pressure in these lamps, the temperatures 
of various species close to each other are nearly equal and therefore Local Thermadynamie 
Equilibrium (LTE) is assumed [20]. 

Radial ditfusion 

In this section, we will neglect convection for a moment, and limit ourselves to radial diffusive 
effects. Later on (Section 2.1.2) , we will add convective effects to the discussion. The sodium
iodide molecules arelargerand heavier than the individualsodium and iodine atoms and therefore 
diffuseslowerin the buffer gas [21]. If the partial pressure of molecules near the wall would be 
the same as the partial pressure of atoms in the center, more sodium and iodine atoms would 
move towards the wall than sodium-iodide molecules would move towards the center. Therefore 
an equilibrium is established at which the partial pressure of the element Na will be lower at the 
center than near the wall. This effect is called radial segregation or radial de-mixing. 

A more quantitative model has been deduced by Geijtenbeek [4]. A brief summary will be 
given below. A salt pool, located at the coldest spot in the lamp, usually beneath the lower 
electrode, will supply Nai vapour until the vapour is saturated. The partial pressures Pa of 
species a (Na, I or Nai) are usually much smaller than the total pressure p0 , which therefore 
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CHAPTER 2. THEORY 

approximately equals the buffer gas pressure pH 9 . The only physical gas transport that takes 
place is diffusion: 

(2.2) 

where Da is the binary ditfusion coefficient for compound a in a mercury gas; kis the Boltzmann 
constant and T the gas temperature. 

For the ditfusion coefficient we can write [4]: 

Eq. 2.2 can now be rewritten as 

1rf3-l D* 
D=---

PH9 

--t 
~ rTf3-I D~ \!Pa 
Ja=-

PHgkT 

(2.3) 

(2.4) 

In Eq. 2.4 1 and f3 are constants. D~ is a function of the atomie radii and masses of the 
participating particles, but independent of the state parameters pressure and temperature. Let 
us define the stoichiometry ratio Ria as the number of atoms of element i in each molucule of 
species a. If a is the only component in the system, containing Ria atoms of element i, there will 
be notransport of element i and the pressure Pa will be constant all over the volume. If, however, 
there are more compounds containing element i, then in the steady state, the individual fiuxes 
--t --t 

( ja) of compounds a can be non-zero, but the sum of the fiuxes ( j i) of the species containing 
elemement i (the elemental flux) must be zero for every element i: 

--t 

~. _ "'R· ~ _ - r T f3-l l:a RiaD~ \!Pa = O 
J t - LJ ta J a - · 

a PHgkT 
(2.5) 

Since -~k- 1 Tf3- 2pH~ =/= 0, Eq. 2.5 reduces to: 

--t --t 

2: RiaD~ \!Pa = \1 2: RiaD~Pa = 0. (2.6) 
a a 

This implies that 
(2.7) 

a 

In steady state, the composition (partial pressures) at each position is determined by the temperature
dependence of the chemical equilibrium (Eq. 2.1) and Eq. 2.7 for the radial ditfusion transport, 
with Cf an equilibrium constant [4]. For each temperature we can define an effective elementary 
pressure Pi 

(2.8) 
a 

and, together with Eq. 2.7, we can define an elementary (reduced) ditfusion constant Di accord
ing to 

(2.9) 
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Figure 2.2: Convection velocity and temperature distribution in a mercury lamp. 

2.1.2 The origin of axial segregation 

Axial transport by means of convection 

The fact that the buffer gas introduces convection in HID lamps due to radial temperature 
differences in combination with gravity is already known for a long time. The real interest for 
the effect that this convection has on the structure of a high intensity discharge has started from 
the introduetion of metal halide lamps. 

The convection profile ( which is governed completely by the buffer gas in all metal halide 
lamps) can be calculated using the N avier-Stokes equation: 

with boundary conditions 

8p 1 8 8vz 
- + pg- --(rTJ-) = 0, 
8z r 8r 8r 

0 at r = 0, 

- 0 at r = R, 

0, 

(2.10) 

(2.11a) 

(2.11b) 

(2.11c) 

where r is the radial position and R is the radius of the burner; p and p are the buffer gas 
(mercury) mass density and pressure, Tl the viscosity of the buffer gas and Vz the axial velocity 
(radial veloeities are assumed to be zero). El en baas [5] calculated the velocity distri bution in 
a vertical burning mercury lamp from Eq. 2.10, assuming a parabalie temperature distribution 
which is independent of the axial position. The results are shown in Figure 2.2 (from [4]). From 
the velocity distribution in Figure 2.2, two regionscan be distinguished: the center region where 
the gas only moves in the upward direction, and the wall region, where the mercury atoms move 
in the downward direction. The third boundary condition (Eq. 2.llc) states that the quantity 
of gas fiowing upwards (in the central part of the burner) is the same as the quantity fiowing 
downwarcis (near the tube wall), so the net mass transport in every horizontal cross-section is 
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Figure 2.3: Axial mass flux balance for the channel model, deviding the discharge in two regions. 

zero. Elenbaas calculated the velocity at r = 0 to vary according to 

(2.12) 

with p the total (buffer gas) pressure. This applies to an infinite long cylinder, where noending 
effects can occur. 

Simplified model for segregation in vertically operated lamps 

To describe axial segregation in metal halide lamps, a simplified channel model for vertically 
burning lamps has been introduced by Geijtenbeek ([4], [8]). Following a summary of the content 
of this model will be given [8]. An often-used simplification is to divide the discharge in two 
regions with constant temperatures and constant velocities. Let's assume mean temperatures T1 

and T2 and mean veloeities v1 and v2 in the center (1) and wall (2) regions, see Figure 2.3. With 
little ( or no) convection, radial diffusion transport takes place much faster than axial transport 
[4], so we can calculate the radial pressure distribution by use of Eq. 2.7. From Eq. 2.8 and 2.9 
we can calculate the effective elementary pressures Pi(TI) and Pi(T2 ) and effective elementary 
diffusion factors D7(TI) and D;(T2 ) in the center and the outer zones at mean temperatures T1 

and T2. From Eq. 2.9 it follows that 

(2.13) 
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CHAPTER 2. THEORY 

and, in the preserree of an axial partial pressure gradient of atom i ( due to the effect of radial 
diffusion and convection) 

Di(Tl) dPi(Tl) 
Di(T2) dz 

Without convection there is no concentration variation along the axis (~~ = 0). 

(2.14) 

Now we allow a gas flux upward with a mean velocity v1 in the middle and a downward flux 
with velocity v2 in the outer part of the burner. Under steady state conditions, the mass flux of 
the buffer gas (with pressure PHg) upward and downward should be the same: 

A PHg A PHg ""' 
vl 1 kTl = v2 2 kT2 = '*' H g' (2.15) 

with A1 = nRî and A2 = n(R~- Rî), the cross-sections for the inner and outer regions (see 
Figure 2.3). The upward drag of additive particles i by convection in the center part now equals: 

(2.16) 

In the cold zone (T2 , v2 ) near the wall, the downward flux of additive particles i similarly equals 

ffiC _ ·cA _ Pi(T2) A PHg 
'*'i2 - Ji2 2 - v2 2-

PHg kT2 
(2.17) 

lf Pi(T1 ) < Pi(T2) (due to radial segregation), then according to Eq. 2.15: <Pi\ < <I>i2. 
This difference in elemental mass flux has to be compensated by a diffusion-induced flux 

caused by an axial concentration gradient, in the center as well as the outer zone (shown in 
Figure 2.3). 

(2.18) 

(2.19) 

with Di(Tx) defined by Eq. 2.3. 
From the conservation of mass we can write that 

(2.20) 

and fill in the preceding flux equations: 

(2.21) 

Now, by means of Eq. 2.15 this becomes: 

(2.22) 
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CHAPTER 2. THEORY 

(2.23) 

Writing R,(TI) = Pi,l, we now define a segregation parameter as follows: 

À· = _1 dpi,l (2.24) 
~- Pi,l dz 

After re-arranging terms in Eq. 2.23 ( combined with Eq. 2.13 and Eq. 2.3), we substitute this 
equation in Eq. 2.24: 

(2.25) 

The temperature was assumed constant in axial direction. Including the convection speed de
duced by Elenbaas (Eq. 2.12), and consiclering the fact that for high aspect ratio burners (i.e. 
long and thin burner geometries) the ratio .:!!.1. is assumed constant along the burner axis, the de-

v2 

nominator has a constant value. We can now say that the segregation constant varies according 
to 

(2.26) 

It follows that besides the two material constants ( the viscosity of the buffer gas and the ditfusion 
coefficient of the additive), the buffer gas pressure and the burner radius play an important 
role. Finally, off course, gravity plays the leading part in the axial segregation issue, sirree it is 
responsible for axial convection. 

Interpretation of the segregation constant 

Using the ideal gas law (p = nkT) and the relation for the segregation constant (Eq. 2.24), we 
can write a differential equation for the additive density ni: 

(2.27) 

Solving this differential equation gives us 

ni(z) = n~ exp( -Àiz), (2.28) 

with n0 the additive density at z = 0 (near the bottorn of the burner). In Figure 2.4 we plotted 
densities as a function of the relative axial position for a lamp with two additives: sodium
iodide (Na!) and cerium-iodide (Ceh). The segregation parametersforsodium and cerium are 
estimated from Eq. 2.26. It appears that Àce/ÀNa c::= 1.9 [4]. Cerium therefore experiences 
more axial segregation than sodium. This can be qualitatively understood from the graphs in 
Figure 2.4: the cerium density falls off more rapidly in the axial direction than the sodium 
density and is therefore more segregated. From top to bottorn of the lamp, segregation effects 
now predict the following colours to be dominant: first blue due to mercury, foliowed by orange 
due to sodium and finally white due to cerium and sodium. This colour profile can indeed be 
observed in vertically burning (N al, Cei3)-metal halide lamps. 
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z/L 

I 

Figure 2.4: Axial density distri bution ( n) due to axial segregation for different additives (Na, Ce); 
L is the burner height. 

The Fischer curve and the role of gravity 

The segregation parameter (Eq. 2.24) was introduced by Fischer [1], who also presented the 
segregation curve, as depicted in Figure 2.5. This curve shows the segregation parameter depen
dcncy on the buffer gas pressure. Keep in mind that, qualitatively speaking, the degree of axial 
segregation depends on the convection velocity in the same manner, since the convection veloc
ity is proportional to the pressure (Eqs. 2.10 and 2.12). From the analysis of his calculations, 
Fischer found that two extreme cases exist. At respectively low and high values for both buffer 
gas pressure and inner burner radius, the segregation constant is given by 

Ài '""' P6R2 

Ài '""' (p6R2
) -l 

Po, R low 

p0 , R high 

(2.29a) 

(2.29b) 

In the region in-between these extremes the segregation parameter therefore has a maximum. 
Fischer determined the evolution of À as a function of pressure for a Sni2 - H g metal halide 
lampand indeed found the predicted behaviour [1]. From the modeHing of Fischer, it is therefore 
clear that essentially two regions exist where the segregation is small. 

Qualitatively, at low pressures and diameters (left si de of the curve), the convection will be 
small; radial segregation willlead to axial segregation because the convection drags the additives 
along. The channel model of Geijtenbeek (Section 2.1.2) assumes that radial diffusive transport 
is faster than the axial convection transport (low convection is assumed), and therefore the radial 
profiles are not infiuenced by convection. It concludes that the segregation constant relates as 
À rv p't

9
R2g which indeed corresponds to the "Eq. 2.29a" situation. At some point, increasing the 

convection velocity (by increasing pressure) will no longer lead to stronger axial segregation (top 
ofthe curve), because radial segregation is decreased due to convection-mixing, which recirculates 
the additives. If the convection velocity becomes even larger (right side of the curve), this effect 
significantly reduces the axial segregation. For very large veloeities the axial segregation will 
eventually disappear. The asymptotic shape of the far right hand side of the curve is predicted 
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Figure 2.5: Evolution of the segregation parameter as a function of the buffer gas pressure, at 
constant diameter of the lamp as introduced by Fischer; the left side of the curve is treated in 
the channel model 

by Fischer to be according to Eq. 2.29b. 

Because convection is driven by gravity, microgravity experiments in the International Space 
Station offer i deal circumstances to "swith off" convection ( and thus axial segregation) and 
measure the diffusive effects on radial segregation indepently. This situation corresponds to the 
extrell?-e left side of the Fischer curve. Furthermore, a parabolic flight, initiated to test the 
experiment lamps under microgravity conditions, renders the possibility to measure under both 
microgravity and hypergravity conditions. This allows us to perform measurements on a single 
lamp under different convection conditions, without having to change the buffer gas pressure 
and geometry. An interesting choice of lamp would be that under normal gravity conditions, 
segregation is at the top of the Fischer curve, while under hypergravity conditions C1.8 g) the 
axial segregation decreases due to mixing by convection. During the microgravity phase, axial 
segregation disappears and we only observe radial segregation. 

2.2 Emission spectroscopy for the relative measurement 
of additive densities in HID lamps 

Passive spectroscopie methods for the measurement of the densities of atomie species are based 
on the spontaneous emission of radiation. For the plasmas under study we assume that they 
are in LTE so that the same temperature applies to different species [20]. If no (self- )absorption 
of radiation takes place, the radiant intensity of a speetral line emitted per unit volume in the 
plasma (i.e. the emission, [W/m3]) is given by 

_ A. h _ 9upPx exp( -Eup/kT) A. h 
Er - nup V- kT Q(T) v, (2.30) 

where nup is the density of atoms residing intheupper state (with energy Eup) that belongs to 
the particular transition; 9up ( = 2lup + 1) is the statistica! weight factor, Px ( = nxkT) the local 
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partial pressure of the atomie species x, T the temperature of the species, and A the transition 
probability of the transition under study. The energy of the emitted photon is given by hv, the 
number of emitted photons per unit volume per unit time by nupA. Furthermore, the partition 
sum Q(T) is given by 

Q(T) = 'L.giexp(-Ei/kT), (2.31) 

where the sum in Q(T) is over all energy levels (ground state and excited state) of the neutral 
atomie species. Since Q(T) is a function oftemperature only, its value can be accurately tabulated 
if all levels of the species are known (these values can be found in several databases [6]). The 
transition probability A ([Hz]) in Eq. 2.30 can also be found in these databases, either by its 
value itself or via the oscillator strenght f defined according to 

with À the wavelength in A. 

A_ J · 9low 
gup - 1.499À2 ' 

(2.32) 

2.2.1 An Abel transformation metbod for spatially resolved measure
ments 

The properties of a plasma are dictated by its parameters, such as the electron temperature and 
density, the gas temperature and the population density of excited states. This excited state 
density is obtainable from the emission intensity of the conesponding spectrallines (if optically 
thin). Wh en doing measurements with an emission spectrometer, one measures the side-on 
intensity of a radiation souree at different lateral positions. The Abel inversion technique is then 
used to derive radial information from these lateral measurements. When a radiation souree is 
observed in the side-on direction, radiation intensities are integrated over the entire depthof the 
source, as is shown in Figure 2.6. If the souree is assumed to be cylindrically symmetrie and 

!(x) 

y 
t 

Figure 2. 6: Cross-section of the burner 

optically thin ( which is the case for the spectralEnes of our interest), the laterally observed signal 
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can be transformed into a radial distribution profile by use of Abel inversion. The relationship 
between lateral intensities, I (x), and the emission coefficient ( or emissivity), c( x, y), is given by 
the Abel transfarm 

Yo 

I(x) = J E(x, y) · dy, (2.33) 

-yo 

where Yo ( = J R 2 - x2 ) is the y-coordinate of the plasma edge at each (fixed) value of x and 
E(x, y) a measure for the quantity of emitted light per volume and wavelength. In the cylindrically 
symmetrie case, E = c( r), and I (x) can be written as 

,jRLx2 ~ 

I(x) = J E(r) · dy = 2 J c(r) · dy. (2.34) 

-vR2-x2 o 

When x is constant , we can rewrite dy as 

dy = d(Jr 2 - x 2 ) = r dr, 
Jr2- x2 

(2.35) 

and thus I (x) becomes 
R 

I(x) = 2j c(r) · r dr. 
Jr2- x2 

(2.36) 

x 

Using Eq. 2.36 we can determine I(x) when c(r) is known. However, in general, measurements 
only provide a discrete set of values I (x), each conesponding to a different lateral position. To 
determine c( r) from intensity information ( this is called 'Abel inversion'), several methods and 
algorithms have been developed. They can be grouped into three categories: 

• Analytical methods 

These methods fit experimentallater al intensity data (I (x)) to an analytical function which 
represents c(r) by direct evaluation of the Abel integral (Eq. 2.36). A big advantage of 
this method is the relative high accuracy [19]. 

• Numerical methods 

These methods transform the Abel transformation integral (Eq. 2.36) into a numerical 
summation to allow processing of discrete sets of data. Main advantage of this method is 
the high calculation speed [19]. We experimented with this method, but the higher accuracy 
of the analytical method turned out to be preferabie over the higher calculation speed of the 
numerical method. Moreover we did notencounter any problems with extensive calculation 
times for the first method. 

• Evaluation of the Abel inversion 
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This method determines the emission directly by differentiation of the intensity information, 
as described by Eq. 2.37 [22]. A disadvantage of this method is its necessity to compute the 
derivative of the curve I(y) (via numerical or polynomial fitting), sirree differentiation amplifies 
the data noise [22]. 

1 R dl(y) 

c(r) = -- J dy dy. 
1f r Jy2- r2 

(2.37) 

It was decided to use an analytica! method to perfarm the Abel transformation. In our case, 
the emission profiles would be a combination of a concave (hollow) density profile (because of 
radial segregation) and a convex temperature profile, resulting in a convex profile with a reversed 
center (i.e. a dip in the center). This profile can be approximated by a high order polynomial. 
We assumed the following 6th order polynomial to suffice to approach the expected emission 
profile: 

(2.38) 
i=O 

Substitution of this expression into Eq. 2.36 gives us 

6 R . 

J rt r 
I(x) = 2 ~ai· V . dr 

L r2 _ x2 
t=Ü x 

(2.39) 

Solving the equation for different i results in an expression for the intensity as described below 
(Eq. 2.40), with ~ as coefficients [16]. Finally, we fitted this equation to the measured intensity 
data points by varying the coefficients ai, using a Levenberg-Marquardt least squares method, 
available with [15]. With these coefficients known, we therefore obtain an expression for the 
emissivity as described in Eq. 2.38, which corresponds to the measured intensity. 

A few remarksneed to be made on this method. At first, the absolute sign within the logarithm 
of Eq. 2.40 is used to mirror the intensity curvefit (assuming cylinder symmetry) to both sides 
of the center ('positive and negative'), as can be reviewed in Chapter 4. Second, the accuracy 
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of this Abel transformation is determined by several factors: the error in the measured intensity 
values and the quality of the Abel transformation. The last one largely depends on the number 
of points in the profile I(x) that are known. Also the shape of the profile is of great infiuence. 
Hollow profiles (like the ones of our emissivity) have a reputation for introducing errors with 
Abel transformation. A small error somewhere in the measurements can lead to considerable 
differences in the center of the emission profile. 

In order to satisfy the boundary conditions of the plasma, we assumed the intensity to be zero 
at the wallof the burner (R=4). Furthermore, to avoid a discontinuity in theemission profile at 
the center of the plasma (r=O), we required the coefficient a 1 to be zero. In this way, the first 
derivative and also the gradient of c( r) will become zero at r=O and the function will remain 
continuous. 

2.2.2 Metbod to determine radial density profiles 

In this section, we will discuss how one can obtain information on the density of additives from 
emission measurements. There is a way to get a good estimate of the relative density profiles of 
a species by measurement of optically thin lines of only the species itself. The optical thickness, 
To, of a spectralline is determined by [7]: 

= 2k R = 1 06 . 
10

-5 (ni) · Reff · 9lower · f · exp( -Elawer/kT) 
To 0 eff . Q(T) . 7r. Óv ' 

(2.41) 

where f is the oscillator strength, Reff the effective radius of the absorbing channel, (ni) the 
average species density, T the average temperature of the plasma and óv the line width (at 
FWHM). A speetral line is considered to be optically thin when To is small ( ~ 1). From Eq. 
2.41 we can see that this condition can be fullfilled by choosing lines that do not have a large 
oscillator strength (i.e. a high transition probability) or that have a relatively high value for the 
lower state energy level. Sirree in most lamps, the temperature around the axis is 5000 to 6000K, 
an increase in the transition probability of one order of magnitude has roughly the same effect 
as an increase of 1 e V in the lower state energy level. 

lf it is possible to find a set of optically thin lines with very different upper energy levels, it 
is possible to get an estimate for the plasma temperature. This can directly be derived from Eq. 
2.30 by taking the naturallogarithm of both sicles of the equation: 

ln( 9up~h) =- !;, + lnC -ln(Q(T)), (2.42) 

where C is a proportionality constant, which only depends on the transmission of the optical 
system. Sirree ln( Q (T)) is a very slow function of T, assuming it to be constant is only a minor 
error which simplifies the analysis a lot: 

ln( ér ) = - Eup + ln C* 
9upAhv kT 

(2.43) 

Therefore (assuming LTE) the temperature can be estimated by making a linear fit through a 
number of points with Ekur on the horizontal and - ln( ~Ah ) on the vertical axis, as demonstrated 

9up 1/ 

18 



CHAPTER 2. THEORY 

r 

Figure 2. 7: Representation of a Boltzmann plot 

in Figure 2. 7. This is called a Boltzmann plot and the slope ofthe curve equals ~. By determining 
in this way the estimated plasma temperature for each radial position and filling this value into 
Eq. 2.30 combined with Px = nxkT, the density profile of the species x (actually relative density 
profile since we measure a relative intensity I rel (x) and by means of Abel inversion thus come to 
relative values Er,rez) is obtained from 

Er,rel Q(T) 
nx oe 

9upAhv exp(- Eup/ kT) 
(2.44) 

A spin-off of this method is that we get a good estimate for the effective plasma temperature 
as a function of the radial position. To get some accuracy however it must be possible to find 
( optically thin) lines that lie close to each other and that show a spread in the u pper energy level 
energies of at least 1 e V and preferably more Furthermore, the transitions probabilities A have 
to be accurately known. 
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Chapter 3 

Experiment 

To be able to investigate the physics of salt additive segregation (Chapter 2) and helical in
stabilities in metal halide lamps, it was decided to develop three diagnostics, one to perfarm 
excited state emission spectroscopy on salt additives in the lamp, the second to measure atomie 
ground state densities of additives by means of absorption spectroscopy and the third for overal 
observation of the lamps and detection of helical instabilities. In this chapter, we will discuss 
all three diagnostics, in order to give a complete survey of the experimental setup developed. 
Later on ( Chapter 4) we will concentra te on the emission spectrometer and do an analysis of 
its data. During the test measurements executed in parabalie fiight, among others, we encoun
tered problems concerning the absorption spectrometer, making its realization for the finalspace 
mission setup less interesting (Section 3.1.2). Furthermore, teehuical feasibility within the tight 
time schedule available gave another cause for this decision. 

We want to construct a carousel containing 20 experiment lamps with different geometry and 
fillings and integrate the three diagnostics around this carousel as compact as possible. This, 
because we are strictly limited to certain dimensions and weight for our space experiment; because 
of the large number of lamps, diagnostics and auxiliary equipment we desire, it is necessary to 
keep all diagnostics as compact as possible. 

3.1 Diagnostics 

3.1.1 Echelle-type emission spectrometer 

To measure radial segregation of additives in metal halide lamps we want to perfarm high reso
lution emission spectroscopy (Chapter 2, Section 2.2.2). A compact Echelle-type emission spec
trometer has been developed for this purpose [8]. Because of its high dispersion, due to a high 
angle of incidence on the Echelle grating (Eq. B.2, Appendix B), the focal lengths of the sys
tem can be kept relatively small. For our experiments, a resolution of approximately 0.02 nm is 
needed to be able to distinguish between different spectrallines in the line-rich spectra of salt ad
ditives like dysprosium and cerium. A disadvantage of Echellegratings is the small freespeetral 
range (FSR) at high orders, which expresses itself in wavelength overlapping of adjacent orders 
at a fixed position on the detector. This problem is resolved by selecting a small wavelength 
region ( and thus one single order) by means of an interference filter. The spectrometer has to be 
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able to measure both speetral and spatial information simultaneously. A schematic overview of 
the emission setup is visualized in Figure 3.1. 

.................... 

bumer and 
outer balloon 

lens I lens 11 entrance 
slit 

CCD 

.. lt»- ·······:-x:············) 
' : 
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50:50 
beamsp li tter 

lens IJl Echelle grating 

Figure 3.1: Schematics of the Echelle type emission spectrometer in Littrow configuration. 

The light of a detection slice of the burner enters the optical system via lens I (100 mm 
focal distance). This lens makes the beam parallel and directs it through an interference filter. 
The interference filter -a narrow band-pass filter around 640 nm, with approximately 10 nm 
bandwidth- selects the wavelength region (and thus the order for the Echelle grating) of interest. 
The second lens II (also 100 mm focal distance) is used for 1:1 imaging of the detection slice 
in the burner on a 10 p,m x 10 mm (height x width) entrance slit. This entrance slit acts as 
a narrow souree representing different lateral positions (in radial direction), as seen from the 
outside of the burner. The light of the entrance slit travels through a 50:50 beam splitter to an 
achromatic doublet (lens III), positioned at its focal distance (150 mm) from the entrance slit. 
This doublet projects the parallel beam of light on the Echelle grating. The grating is mounted 
in Littrow configuration, at a blaze angle of 74°. The light is back-reflected (and dispersed) 
by the grating, for different wavelengths under different angles. The doublet again focuses the 
diffracted wavelengths at different positions on a CCD-array using the beam splitter. The beam 
splitter is positioned at 75 mm from the entrance slit; therefore the CCD array has to be placed 
at 75 mm from the beam splitter to be in the focal plane of lens III. Due to the choice of opties, 
we obtain a 1:1 image of the entrance slit on the CCD in one direction (R), with wavelength 
information due to dispersion of the gratingin the other direction (.\). 

An Echelle grating (1 x w = 96 x 46 mm) with a groove density of 79.01 lines per mm 
and a blaze angle of 74° proved to be most convenient for our purposes [8]. To select the 
lines of our interest (Table 3.1, properties have been deduced from [6]) we used an narrow 
bandpass filter operating at 640 nm, with a bandpass of 10 nm. In future experiments (among 
others the experiments dorre in the ISS) other filters will also be used to select speetral lines 
in different wavelength regions. They are listed in [8]; results of measurement dorre in these 
different wavelength regions are expected to appear in [9]. For our central wavelengthof interest 
(640 nm), a linear dispersion of the grating of rv 0.6 nm/mm was calculated (Appendix B). 
The grating equation of an Echellegrating (Appendix B) shows us that the diffraction order at 
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additive >..(nm) Eup(eV) Ezow(eV) lup lzow A(s- 1) f To 
Ce 643.44 1.95 0.03 3 2 8.41·105 7.43·10-4 0.5 

643.64 2.39 0.47 4 5 2.14·106 1.08·10-2 0.4 
644.61 3.66 1.74 2 3 5.73·107 2.55·10- 1 0.1 

Dy 642.73 2.44 0.51 8 7 4.5·104 1.55·10-6 0 
643.67 3.94 1.95 8 8 3.6·106 2.24·10-7 0 

Table 3.1: Lines selected for emission spectroscopy. 

640 nm is 38. At this wavelength and order, the free speetral range (FSR) is 16.8 nm. The 
dispersed light is focussed on a SBIG 2000XM CCD camera [8]. The CCD array consists of 
1600 x 1200 pixels of 7.4 J1m each, corresponding to 11.8 x 8.9 mm active area. Furthermore 
the camera is capable of binning the pixels before read-out, which can reduce read-out time and 
data storage. The camera is positioned in such way that wavelength information is imaged in the 
'1600-pixel' direction and spatial information in the '1200-pixel' direction. Doing so we obtain 
the maximum detectable wavelength area possible, i.e. 11.8 x 0.6~ 7 nm. Consiclering that the 
free speetral range is larger than the maximum detectable wavelength region by the CCD surface 
of the camera, we will not be able to detect every wavelength with this camera. Therefore a 
bigger CCD-surface would be preferable. However, we are able to detect all speetral lines of 
interest with this camera; combined with its short-time availability and its relative light weight, 
it is therefore the best option. For our measurements, it is decided to bin the pixels 6 times 
in spatial direction before readingthem out, which reduces 1600x1200 data points to 1600x200 
data points. Because of 1:1 imaging of the burner crosssectionon the CCD, the obtained lateral 
resolution per 6 pixels (6x binned) is approximately 44.5 J1m. The burner diameter is 8 mm; 
from experiments it appears that the central plasma diameter is approximately 2 mm. A lateral 
resolution of 44.5 J1m therefore results in approximately 180 or 45 available data points from 
measurement over the burner or central plasma diameter respectively; this should be sufficient. 
The exposure time of the camera is set to 0.12 s, which is the lowest exposure time possible. 

From our experiments it appears that we are able to display about 7.7 nm on 11.8 mm 
camera detector surface ( determined by a wavelength calibration of speetral lines related to 
pixel position). This amounts to a linear dispersion of 0.65 nm/mm, which is comparable to 
the above calculated theoretica! dispersion (Appendix B). The average FWHM of a spectralline 
consistsof,....., 5 pixels (~ 37 11m), giving a speetral resolution of the speetometer of~ 0.024 nm. 
This is sufficient to distinguish between different spectrallines of the salt additives. Furthermore 
the speetral line intensity is given by the area under the line. It can be calibrated to radiant 
power by a reference measurement. For relative line intensity measurements this is not necessary. 
An extensive analysis of the obtained results from measurement on dysprosium as a rare-element 
additive will be discussed in Chapter 4. 

3.1.2 Tunable diode laser absorption spectrometer 

If one wants to measure the densities of different atoms in a plasma, laser absorption spectroscopy 
is a good candidate. The amount of absorbed laser radiation is directly proportional to the 
amount of absorbing particles in the path of the laser beam. The photons originating from 
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the laser are absorbed by the atoms only if they have the correct energy. The atoms are then 
excited to a higher energy level. The energy of the photons is proportional to the wavelength 
( E = hv). By tuning a laser to the correct wavelength, corresponding to a resonant transition 
of the species of interest, one can excite ground state atoms of different elements. Therefore 
absorption spectroscopy is often used to study neutrals in gas discharges. 

For our research on HID lamps it was decided to integrate a laser absorption spectrometer 
into the setup, to be able to measure absolute ground state densities of additives. A Littmann 
contigured External Cavity Diode Laser system was purchased because of its excellent beam 
characteristics over large wavelength tuning ranges (640-650 nm course tuning) [10]. A schematic 
overview of such a system is shown in Appendix B. By use of this tunable laser system it is 
possible to measure the absmbanee of different speetral lines (with different wavelength) of 
different elements. The selected lines are listed in Table 3.2 [10]. The tuning of the laser to the 

additive >..(nm) Eup(eV) Ezaw(eV) Jup ]zow A(s-1 ) f To 
Cerium 643.44 1.95 0.03 3.0 2.0 8.41-105 7.43·10-4 0.49 

Dysprosium 642.19 1.93 0 8.0 8.0 1.62·105 9.99·10-4 3.76 

Table 3.2: Lines selected for absorption spectroscopy. 

wavelength of interest is achieved by rnaving a mirror in the laser diode system with a piezo
element. The mirror is positioned above the grating and reflects diffracted light back into the 
diode's cavity, forcing it to emit photons with a certain wavelength, determined by the grating 
angles of incidence and diffraction and the grating constant (groove density). The set voltage 
over the piezo element determines the center output wavelengthof the diode laser. By applying a 
periadie signal to the analogue input of the piezo amplifier (superimposed on the offset voltage), 
the wavelength of the diode laser can be modulated around the set center wavelength with a 
modulation frequency up to 1 kHz. This allows for a "back-and-forth" wavelength scan over an 
entire absorption line profile. The intensity of the laser is linearly varied with the wavelength 
by means of current coupling: the current through the laser is coupled to the modulated piezo 
voltage signal. The piezo modulation signal now results, besides a change in wavelength output 
of the laser, also in a linear increase ( or decrease) of the laser output intensity with changing 
wavelength. In this way we obtain a triangular-shaped intensity profile as a function of the 
wavelength. When ground state atoms are now excited to higher energy levels by absorbing 
photons originating from the laser, we abserve a dip on the flank of the triangular intensity 
profile. This dip corresponds to the speetral line of interest. In Appendix B an example of 
such an absorption measurement is displayed. The depth of the dip is a measure for the density 
of the atoms being excited. The frequency of the saw-tooth modulation signal of the piezo 
element is fixed to 30Hz at maximum, due to limitations of the developed digital control system 
(TU jeDACS) [10] for the laser modulation. 

In Figure 3.2 a schematic overview of the opties of the laser setup has been drawn. The 
path of the laser beam through the different parts of the setup is shown in red. When the 
laser beam exits the laser, it has an elliptical shape (3 mm horizontal, 1 mm vertical). Because 
it was mechanically and optically difficult to move either the lamp or the laser, in order to 
obtain a lateral absorption profile over the fulllamp diameter, it was decided to expand the laser 
beam to a sheet in horizontal direction. In this way, we can irradiate the full lamp diameter at 
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Figure 3.2: Schematic overview of the the laser absorption spectrometer. 

once. Negative and positive cylindricallenses expand the laser beam into a horizontal sheet and 
subsequently focus the sheet inside the burner (shown in Figure 3.2). In vertical direction we 
don't need focussing of the beams: the 1 mm height of the laser beam gives us a well-defined 
measurement volume. Thus cylindricallenses were used. The focal point of the lens combination 
is positioned behind the burner, because the burner itself also acts as a lens. Furthermore we 
positioned the opties in such way that the laser beam will be parallel inside the burner, as can 
be seen from the the cross-section view of the burner in Figure 3.2. In this way we can obtain 
lateral profiles from the inside of the burner. The di verging beam that exits the lamp is made 
parallel by the third lens and subsequently travels through an interference filter and is imaged 
on a photo diode array. Each separate photo diode now corresponds to a specific lateral position 
inside the burner. An interference filter (640 nm, FWHM 10 nm) is placed between the lamp 
and the detector in order to reduce the background emission of the lamp. The strong angle 
dependenee of such filters requires us to place it behind the collimating third lens. The photo 
diode array consists of an array of 32 photo diodes on which the light that passes through the 
burner is imaged. The analogue signal generated by each photo diode is preamplified and fed to a 
multiplexer. The multiplexer acts as a switch board and selects for every full period of the piezo 
wavelength modulation signal (30Hz) a photo diode from which the signal will be measured 
and passed through the sampling circuits. In this way we can perfarm a full lateral scan in 
approximately 1 second: with a 30Hz piezo modulation frequency, every full period we perfarm 
one photo diode readout; 32 diodes then corresponds to approximately 1 secoud to obtain a full 
lateral profile. Furthermore, every three measurements the laser was switched off to do a full 
array scan of the background emission of the lamp. 

Unfortunately, when experiments were clone on our experiment lamps, having relatively high 
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diameters, it appeared that significant pressure braaderring of the absorption lines occurred. 
This is mainly due to the high density of atomie additives approximately halfway the burner axis 
and wall, as a result of radial segregation. Optically thin radiation from these additives results 
in energy loss and a collapse of an initially parabalie temperature profile in these regions (see 
Chapter 4, Section 4.3). The radial temperature profile therefore becomes contracted, introducing 
a central high temperature channel and a long cool outer region. In the region where the atomie 
density of additives is high, the temperature is now relatively low and therefore the mercury 
density will be relatively high. This high mercury density causes the absorption lines to become 
so wide in that region, that scanning with the tunable laser over the complete line profiles becomes 
difficult [10]. The mode-hop free tuning range is simply not wide enough to obtain a full scan 
over the line profile. On the other hand, decreasing the lamp diameter, to reduce the width 
of this cool region and thus the pressure braaderring effect, is not an option, because in these 
high aspect ratio lamps (low diameter), axial segregation tends to reduce due to lower convective 
fiows. Therefore, higher diameter lamps were especially developed to obtain strongly varying 
segregation effects with different gravity conditions. Furthermore, the time schedule turned out 
to be too tight to adapt and integrate the laser system into the space experiment. In addition, the 
emission spectrometer proved to give sufficient information on the radial additive distributions 
(Chapter 4). It was therefore decided to remave the laser setup from the final setup forthespace 
mission. An analysis of observed absorption trends during parabalie fiight is discussed in [10]. 
Despite the line-broadening effects occurring, the technique can still be used for measurement 
on these type of lamps, by making a Voigt fit on a measured (possibly incomplete) absorption 
profile [10]. This is currently being investigated by [18]. 

3.1.3 Digital colour camera system 

For observation of helical instahilities it is decided to implement a camera to the system. This 
camera has to be lightweight, compact and sturdy. The photosensivity of the camera has to be 
adjustable, because, depending on lamp type and power, the lamp's intensity varies and could 
averexpose the camera. A frame ra te of a least 10 Hz is required to record the helical instability 
properly (which is usuallyin the order of 1-2 Hz). The resolution of the video does not need to 
be very high (320x240 pixels should be sufficient). lf it is possible to record the videostream in 
colour, we can also visualize the degree of axial segregation in a lamp on screen. Furthermore 
the camera can be a useful tool for overall observation of the lamp (e.g. to check whether it is 
burning or not). 

The best fit to our demands turned out to be a commercially available web camera (type 
Philips ToUcam Pro, PCVC740K), with integrated CCD sensor array, maximum resolution of 
640x480 pixels, 60 frames per sec, 24-bits colour depth, very lightweight (llOg) and compact, 
with an USB interface for communication with a computer. The shutter speed of the webcam 
is adjustable, which satisfies our demand of variabie photosensivity. The camera is stripped to 
a stamp-size PCB and a plastic lens, and mounted in a robust housing. It has a rather large 
opening angle (approximately 30°), soit is positioned next to the lamp carousel at short distance 
from the lamp, to obtain a full picture of the burner over the CCD array, see Figure 3.3. In a 
PCA burner, a lot of light is scattered by the opaque ceramic wall material, so the contours of 
the burner wall can be observed by the webcam (Figure 3.3 (b)). The quartz material of the 
other burners hardly scatters the light, leaving only the plasma discharge visualized on screen 
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(a) (b) (c) 

Figure 3.3: (a) Schematic side view of the webcam position; (b) Image of the plasma discharge 
in a PCA burner; (c) Image of the plasma discharge in a quartz burner. 

(Figure 3.3 (c)) . 
Because of the short distance to the burner, a 0.1% transmittance neutral density filter and 

a KG3 heat absorbing filter are placed in front of the lens of the webcam. The neutral density 
filter is necessary to reduce the enormous light output of the HID lamp for the relatively light
sensitive CCD-array; the KG3 heat absorbing filter is added to reduce infrared radiation of the 
lamps, which can heat up the plastic lens in such way that it can deform. The video data stream 
of the camera has to be compressed in order to minimize the necessary storage space for the 
video data. Because there is only limited storage space available in the ISS for withdrawal of 
data to earth, the Dutch astronaut André Kuipers will do this for our experiment by means 
of two portable USB pendrives which he will return to earth after his mission. We decided 
to make use of MS-MPEG4 encoding to compress our video data as much as possible. This 
encoding technique yields in at least 20:1 data compression and in our case possibly much more 
because of the relatively static imaging of the burner. If there is little change between different 
frames , the compression of data using this encoding technique usually becomes very high (up to 
200:1). Testing with lamp video samples showed we are indeed able to reach this high factor of 
compression. An average video sample of the lamp ( approximately 300 secouds) now becomes 
about 320x240x24x10x180/8/200 = 2Mb, insteadof the original 414Mb. 

3.2 Design and preparation 

3.2.1 Diagnostics integration 

We have to realize that the preparation of an experiment for a space fiight introduces a consider
able amount of requirements and restrictions. Among others, we have to consider a weight and 
dirneusion budget. The costs of launching a kilogram of equipment to the ISS amounts to EUR 
30.000,- . Upon arrival at the ISS the experiment will placed and operated inside a Microgravity 
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Figure 3.4: Schematic overview of the optical frame of the setup; the insets shows the lamp 
carousel integrated in the design. 

Science Glovebox [11] to provide a fourth containment for the mercury inside the burners. We 
are limited to certain dimensions of our setup, in order to fit inside this glovebox. In the ISS we 
will also have to comply to a power availability for the experiment. Furthermore, during launch 
by a Progress cargo rocket, the experiment will have to withstand strong vibration accelerations 
[2], so robustness of e.g. optical parts and mounting is cri ti cal. lt was decided first to develop 
a test setup containing all key diagnostics and, after evaluation of this setup, develop the final 
ftight model for the space mission. The first setup would be used to perform measurements on 
experimentallamps during the 34th Parabolic Flight Campaign, organised by ESA. 

The setup designed for these measurements consists of a lamp carousel, containing 20 different 
experiment lamps. The carousel can be rotated and thus one lamp of interest can be selected for 
examination by the emission spectrometer, laser absorption spectrometer as well as the colour 
camera. The diagnostics are positioned around the carousel in such way, that they can perform 
measurements on the same lamp at the same time at one fixed position. An outline view of the 
opties frame is given in Figure 3.4. The optical paths of the three diagnostics are also shown. 
A filter wheel (Figure 3.4, (8) ) containing several different interference filters is integrated to 
select wavelength regions of interest for the Echelle spectrometer. The filter wheel is driven by 
means of Malteze Cross transmissions and a servo-motor. The carousel is driven by a similar 
transmission system in order to obtain robust , but still very accurate, lamp positioning in front 
of the diagnostics ("' 50 micron). The laser and emission spectrometer follow the same path, 
but are split by the first beam splitter, positioned directly behind the lamp. An advantage of 
the merging of these systems is that we can visualize the laser on the emission spectrometer 
and calibrate it if necessary. Furthermore, measurement of the same area in the lamp (which 
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Figure 3.5: Design of the complete setup in a frame. Part (1) contains the electranies tagether 
with the hardware for laser and emission system controL Part (2) contains the dome with lamp 
carousel and opties frame; the dome is visualised separately. On top of the frame two laptops 
are mounted to control the setup. 

is the case with this arangement) implies that data obtained from the different spectroscopie 
systems can be compared. Another implication of the integration is that we have to synchronize 
between the different measurements. The laser system has to be switched off during an emission 
measurement. It was decided to carry out absorption and emission measurements alternating. 
Furthermore, after every three absorption measurements the laser was switched off to obtain a 
background scan of the lamp signal with the diode array of the laser setup. The CCD camera 
of the emission spectrometer conducted a background scan every 9 measurements with the CCD 
shutter closed. 

The optical frame and carousel are anodized in order to minimize stray light. Tagether with a 
digitally controlled lamp power supply (for lamp ignition and control) and several MIP-controllers 
( to control the servo motors), the system is mounted on a base plate and sealed with a dome 
(see Figure 3.5). The base plate's main function is to control the heat household inside the dome 
and remave the heat dissipated by the burning lamp by means of fans on the inside and outside 
of the base plate. For the parabalie fl.ight experiment , a separate crate containing the prints for 
the data acquisition (Section 3.2.2) and a laser controller crate were still necessary. They were 
mounted next to the dome in a rack. On top of the rack, two laptops were mounted: one to 
control the lamp, carousel and colour camera, and the other to control the laser and emission 
spectrometers. The resulting setup is depicted in Figure 3.5. 
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3.2.2 Data acquisition and system control 

The experiment required a data-acquisition and control system for control of the experiment 
equipment and the experiment diagnostics. The three independent experiment diagnostics ( emis
sion spectrometer, laser absorption spectrometer and colour camera) had to be controlled by the 
data-acquisition system. In parallel to these core experiment diagnostics, a number of other pa
rameters had to be controlled or acquired, e.g. servomotors for filter wheel and carousel rotation 
(for lamp selection), temperature, lamp operation and power readout. 

The data acquisition and control system for the emission and laser absorption spectrometers 
is mainly basedon TUeDACS (TU je Data ACquisition and Control System), developed at TU je 
by BLN (Bedrijfsgroep Labautomatisering Natuurkunde). The system serves as an interface unit 
between an experiment diagnostic and a host computer and is connected to the host computer by 
means of a custom seriallink (TUeDACS Serial Highway PCMCIA), operatingat 20 Mbit/sec. 
It is suitable for our purpose because of its high flexibility in application to different diagnostics 
as well as adaptation to specific demands of the experimenter. 

The emission spectrometer uses a CCD camera, which is connected to the host computer 
by means of an USB interface. Control of this camera and starage of its data is dorre by the 
TUeDACS software platform, implemented on the host computer. The speetral intensity infor
mation of a recorded image is binned 6 times in radial direction, befare being stored. Thus, the 
images consist of a 1600x200 matrix with speetral and radial intensity information. 

The laser absorption spectrometer is more complicated, sirree more control signals are required 
to operate the laser. The laser diode is wavelength modulated with a triangular shaped signal, 
required to make a 'back-and-forth' scan over the required optical frequency range. For data 
acquisition of the laser signalafter going through the HID burner, an 'optical head' is developed 
with an array of 32 photo diodes. This enables us to make a radial scan over the burner profile. 
A multiplexer is used for time resolved read out of the individual photo diodes in the following 
way: the demultiplexed output signal of the diode array is directed to the input of a TUeDACS 
Parallel Sampling ADC, which stores the individual samples of each detector and each scan profile 
in an interleaved data memory. This mechanism operates autonomously and enables continuous 
acquisition without interference of the host computer's operating system. 

The software for video acquisition of the colour camera is largely based on the standard 
manufacturer-supplied software. The data acquisition software for laser absorption and emission 
spectroscopy is integrated into a custom software package which is developed by BLN in Lab
Windows/CV! and Visual C++, and implemented for execution on the Windows2000 platform. 
Furthermore both host computers are connected by means of a cross-link for time synchronisa
tion. A schematic overview of the data acquisition and control system is given in Figure 3.6. 
After each parabalie flight day, all data were backed up on external USB hard disk drives. 

3.2.3 Preliminary vibration test 

To test the resistivity of critical parts of the experiment setup to the vibrational farces generated 
by the Progress cargo roeket during launch and flight, it was decided to develop a preliminary "in
house" 1-dimensional vibration setup. The setup was capable of testing small components up to 
1.0 kg. We carried out vibration tests on the lampand lamp mounting. Furthermore the tunable 
diode laser was tested on the vibration table, sirree this system contains fragile components, like 
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the mirror suspension and the piezo element. It was expected that the laser, as delivered off the 
shelve would need to be modified to withstand the mechanicalloads during a launch. 

According to ESA specification [2], during orbit insertion an experiment has to be able to 
withstand the vibration forces (in three dimensions) as depicted in Table 3.3. 

Frequency sub-band, Hz 
5-25 25-200 200-800 800-1500 1500-2500 

Amplitude of vibration acceleration, g 1 1-3 3-5 5-8 8 

Table 3.3: Harmonie vibration, g-load (amplitude) dependenee on frequency. 

Within a sub-band, the g-load change dependenee on the frequency is linear. Totest resistiv
ity, these g-loads can be applied by means of a 'sine-sweep'. This implies that we present a sine 
with amplitude 'g' and frequency 'f' to the vibration table. The frequency has to change with 
time and thus does the g-load. The complete range of frequencies has to be applied within ap
proximately 4.5-5.0 minutes [2]. Sirree the frequency scale is logarithmic, we have to run through 
approximately 9 octaves when going from 5 to 2500Hz (the first octave cantairring 5-10Hz and 
the last cantairring 1280-2560 Hz). This implies we have 4 · 5~in = 30 s to go linearly through an 
octave. In order to describe a sine wave smoothly, approximately 8 points per period should be 
sufficient. For generating sine waves at 2500 Hz (which is our maximum frequency), this means 
we need a minimum sample rate of 2500 · 8 = 20 kHz. 

A software program was written to generate a sine-sweep by means of an array of numbers 
which satisfied these conditions, see Appendix A. This array was fed to an Analog Signal 
Generator (ASG) using a TUeDACS interface, see Figure 3.7. 
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Figure 3.7: Schematic overview of the vibration setup. 

-V 

The ASG is equipped with an internal memory bank in which the data array is stored. 
Using a Clock Signal Generator (CSG), operatingat 20kHz (sample frequency), the array is fed 
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to a DAC, which generates the output voltage signal at 20 kHz. The output signal describes 
the sine-sweep as determined in the software program. This signal is presented to a Power 
Amplifier (Brüel&Kjrer, Type 2712), which boosts the signal and sends it to the Vibration 
Exciter (Brüel&Kjrer, Type 4808). An accelerometer and charge gauge, in combination with an 
oscilloscope visualize the sinusoidal g-load on screen. Using the Power Amplifier, the applied 
force to the table can be adjusted to satisfy the right g-load specification (Table 3.3), sirree the 
different test objects require, due to different masses, a different applied force. The 4808 Exciter, 
in combination with the 2712 Power Amplifier, has a maximum force rating of 112 Newton. So to 
be able to produce acceleration of at maximum 78.5 ms-2 (8 g), the maximum allowed payload 
weight is 1.4 kg. With the vibration table weighing -0.4 kg, our test objects were allowed to 
weigh 1.0 kg at maximum. 

Finally, as mentioned before, we tested resistivity of several critical parts of our setup to 
vibrational loads. A lamp with its carousel mounting principle was vibrated, both horizontally 
and vertically oriented. Also a laser block ( containing cooling block, grating, mirror and piezo 
element) was tested. All components proved to beresistent to the applied 1-dimensional vibra
tionalloads of the sine-sweep, even the ceramic piezo element of the laser block, which was one of 
the major concerns. In the laser block, a resonance frequency was present around 600Hz, but the 
system survived multiple tests without any damage. It needs to be noted that, during the writing 
of this report, more extensive vibration tests are carried out at "Thales Cryogenics Eindhoven", 
a company with the possibility to do three-dimensional vibration tests on our complete setup. 
These tests include a similar sine-sweep in 3 dimensions and a random vibration test, according 
to ESA specification [2]. 

3.2.4 Measurement under different gravity conditions 

During the 34th ESA parabalie fiight campaign, held from 1 to 4 april 2003 at Merignac Airport 
in Bordeaux, France, we were given the opportunity to test our setup and do measurements on 
several test lamps under different gravity conditions. In this way we were able to get insight in the 
lamp behaviour under microgravity conditions and, additionally, under hypergravity conditions. 
In Table 3.4, an overview of the experiment lamps that were mounted in the carousel is given. 
As can be seen from this table, it was decided to perfarm measurements on one salt additive 
per fiight. On the first fiight day, measurements were done on quartz lamps filled with the salt 
additive dysprosium-iodide; on the second fiight, cerium-iodide filled quartz lamps were studied. 
On these two fiight days all three measurement diagnostics were utilized to measure segregation 
effects. On the third fiight day, measurements were done on helical instahilities in PCA burners 
with different additive fillings. During these experiments, the only useful diagnostic was the 
camera system to record the helical instability. The emission spectrometer and laser system 
could not be utilized because of the opaque PCA material of the burner wall. 

Per parabalie sequence (i.e. 5 parabolas) a number of power steps was made on a lamp. 
After a sequence, we exchanged lamp position and the new lamp was ignited. This lamp then 
would have several minutes to heat up and stabilize befare the next parabalie sequence was 
initiated. A fiight day consisted of six of these parabalie sequences (a tot al of 30 parabolas, see 
Chapter 1, Figure 1.3), so we were able to do power scans on six different lamps per fiight. In 
Figure 3.8 the measurement procedure is visualized. The lamps were mounted vertically in the 
experiment, to be able to do useful experiments under different gravity conditions, i.e. normal 
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Carousel Position Lamp ID Wall material Buffer gas Salt Flight day 
1 11 Quartz 10 mg Hg Cel3 2 
2 12 Quartz 10 mg Hg Cel3 2 
3 13 Quartz 10 mg Hg Ceh 
4 17 Quartz 7mg Hg Ceh 2 
5 18 Quartz 7 mg Hg Cel3 2 
6 19 Quartz 7 mg Hg Cel3 
7 14 Quartz 10 mg Hg Dyh 
8 15 Quartz 10 mg Hg Dyh 1,2 
9 16 Quartz 10 mg Hg Dyh 1 
10 20 Quartz 7 mg Hg Dyl3 1 
11 21 Quartz 7 mg Hg Dyl3 1,2 
12 22 Quartz 3 mg Hg Dyl3 1 
13 ZG 31 PCA 2 bar Xe Nal 3 
14 ZG 32 PCA 2 bar Xe Nal 
15 ZG 27 PCA 2 bar Xe Cel3 
16 ZG 28 PCA 2 bar Xe Cel3 3 
17 ZG 33 PCA 4 bar Xe Nal 3 
18 ZG 34 PCA 4 bar Xe Nal 3 
19 ZG 29 PCA 4 bar Xe Ceh 
20 26 Quartz 5 mgHg Dyh 1 

Table 3.4: Lamp positions and fillings. 

gravity, microgravity ( rv 0 g) and hypergravity ( rv 1.8 g). Qualitatively looking at the degree of 
axial demixing under different gravity conditions, we expected trends as visualized in Figure 3.9: 
An increase in power results in an increase in density of the salt additives in the discharge, due to 
higher temperatures. The axial density distribution of the additives will therefore rise to higher 
values (Figure 3.9). Switching off gravity will result in a homogeneaus axial density distribution; 
increasing gravity (from 1 g to 2 g) will result in a less segregated axial density profile, due to 
more convection mixing. Assuming these trends and using one fixed axial measurement position, 
we can obtain comparable situations ( comparable additive densities in discharge) under different 
gravity conditions by increasing the power through the discharge. 
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Chapter 4 

Results and Discussion 

In this chapter, we will discuss the results obtained from emission measurements dorre under 
different gravity conditions. An analysis of all parameters of influence for the dysprosium-iodide 
filled lamps will be presented. First, we will discuss the process of data interpretation; following 
we will discuss the expected trends and deduce temperature profiles over the diameter of the 
burner. We will then analyse the gravity and time dependenee on the emission of the discharge. 
The chapter will be concluded with an analysis of the behaviour of the lamp at different mercury 
buffer gas pressures and operating at different electrical power. 

4.1 Speetral information, lateral intensities and radial emis
sion distribution 

In Figure 4.1, an example of a CCD image, taken by the camera of the emission spectrometer, is 
shown. In horizontal direction we obtain speetral information (1600 pixels); in vertical direction 
lateral information of the lamp is visualized (200 pixels). We have obtained 200 spectra of 1600 
pixels wide, conesponding to 200 different lateral positions (y). The curvature of the speetral 
lines is characteristic for gratings in combination with a long image slit parallel to the grating 
grooves, and is due to imaging of light originating off axis from the slit, causing incident parallel 
light rays to fall on the Echelle grating under an angle if they originate from the edges of the slit. 
This angle causes the speetral line to image on a different position on the CCD (see Appendix 
C), thus causing a curvature. The high dispersion of the Echelle causes the curvature to be very 
pronounced. One could compensate for this by introducing a curved slit, at the cost of resolution 
and radial interpretation of results ( detection volume becomes curved); therefore this option is 
not chosen. On the outer ends of the image (top and bottom, Figure 4.1), the speetral resolution 
tends to reduce a little bit, due to the curved imaging in combination with the speetral binning. 
A FWHM of a spectralline therefore becomes about 10 pixels wide (curvature rv30°), reducing 
the obtained resolution to 0.048 nm. In our experiments this did not cause problems for the 
selected lines of interest (Table 3.1). The straight line on the right hand side of the center of the 
image is due to a reflection of the slit on the Echelle grating: The Echelle grating, consisting of a 
series of 'stairs', now acts as a mirror positioned perpendicular to the optical axis, reflecting the 
slit on the camera surface. From the spatially resolved spectra, by which we mean the spectra 
obtained from different lateral positions (y) on the camera, we selected two lines for analysis. 
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l y=O 

y 

Figure 4.1: CCD image of the spatially resolved spectrum of a 3 mg mercury filled Dyl3 metal 
halide lamp, burning at 90W onder micro-gravity conditions. Horizontally we obtain speetral 
information (À), vertically spatial information (y). 

An example of such a spatially resolved spectrum, taken at y = 0 from the data of Figure 4.1, 
and showing the speetral lines of interest is pictured in Figure 4.2 (left). For different lateral 
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Figure 4.2: Spectrum of the discharge at y = 0 (left) and lateral intensity distribution of the 
642.73 nm spectralline (right) fora microgravity measurement on a 3 mg Hg lamp operated at 
90W. 

positions (y), the background under a spectral line was substracted and the intensity, integrated 
over the speetral line profile, was determined. Usually we did this every 5 lateral rows, which 
corresponds to approximately 40 spectra per measurement. With this information collected, we 
now can construct a lateral line-integrated intensity distribution of a speetral line, as depicted 
in Figure 4.2 (right) for the line at 642.73 nm. From the 1:1 imaging of the spectrometer on the 
camera, we can easily determine the actuallateral position as viewed from outside the lamp, on 
the entrance slit (a lateral row on the camera corresponds to 8.9 mm :200 = 44.5 p,m). As can be 
seen in Figure 4.1 , the burner sametimes was positioned a little off-axis, causing a small shift of 
the center (y = 0) of the burner compared to the camera detection surface. We corrected for this 
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Figure 4.3: Example of a lateral intensity distribution, curvefit by means of Abel transformation 
and conesponding emission profile. 

by assuming cylinder symmetry inside the burner, and determined the center of the burner from 
the lateral intensity distribution. Furthermore, assuming cylinder symmetry, the lateral intensity 
distribution was "mirrored" with respect to the center of the burner and averaged. In this way, 
we reduce the measurement error and obtain a lateral intensity profile which is symmetrie with 
respect to the burner's axis. 

We now can carry out a cylindrical symmetrie Abel transformation on these intensity profiles, 
as described in Chapter 2, in order to obtain radialemission profiles. An example of these Abeling 
operations is visualized in Figure 4.3 for a 7 mg Hg, Dyl3 metal halide lamp burning at 105W 
under microgravity conditions. As can be seen, the intensity is assumed to be zero at the wall of 
the burner at R = 4 mm. Small amounts of intensity, due to e.g. refiections on the burner wall 
(see Figure 4.2, right) are subtracted. During the analysis of our experiments, it appeared that 
the position of a speetral line on the CCD camera could shift under different gravity conditions, 
due to small mechanica! stresses in the construction. A shift of approximately 10 pixels at 
maximum was observed between 0-g and 2-g conditions. We have to take this possible shift into 
account during the analysis of the data. Furthermore, the lateral distribution of the speetral 
line can also vary over the CCD area (in y-direction), due to misalignment of the burner center 
with respect to the optical axis of the spectrometer, as discussed above. This can also result 
in a somewhat different speetral distribution of lines at different lateral positions. All in all 
(curvature of the lines included), it makes automization of the data processing from speetral 
line information to lateral intensity distribution complicated. Therefore the processing is done 
manually. 

4.2 Expected trends 

Befare we start the analysis of the obtained results and trends, we will first discuss the trends 
and effects we expect to appear during our measurements. On the basis of these expectations 
we will try to analyse the measurements. 

• Stabilization times of the discharge are expected to be in order of several minutes, much 
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Figure 4.4: Fischer segregation curve showing gravity dependenee on the axial segregation in the 
discharge. 

higher than the 20 secouds of microgravity or hypergravity available during parabalie fiight. 
Therefore the discharge will not be stabilized yet at the end of a parabola. We therèfore 
have to be careful with drawing conclusions from measurements performed in parabalie 
fiight. 

• Under different gravity conditions, we expect the discharge to develop as follows: under 
hypergravity conditions the convective fiows inside the burner will increase, dragging addi
tives along. As a result, additives re-enter the center part of the discharge because of this 
increased velocity, and the radial density profile becomes less segregated at our measure
ment spot. The additives become more mixed through the burner. We therefore expect 
a decrease in axial segregation, causing a higher emission at our measurement spot. We 
can evaluate this by having a look at the Fischer curve and the infiuence of gravity condi
tions on the axial segregation, as depicted in Figure 4.4. At normal gravity conditions the 
lamp will be situated somewhere on the Fischer curve, depending on buffer gas pressure 
and geometry. Let's say it is situated somewhere on the top of the curve. Increasing the 
gravity (2 g) results in higher convective fiows. This can be compared to an increasing 
buffer gas pressure (Section 2.1.2). The additives become more mixed through the burner, 
resulting in a decrease in axial segregation ( decrease in À). The lamp will therefore shift 
to the right side of the curve. On the other hand, when the lamp is operated under micro
gravity conditions, confective fiows are absent. Diffusive effect will distribute the additives 
along the burner in axial direction eliminating axial segregation. The lamp will therefore 
shift to the left of the segregation curve (Figure 4.4). In this case only radial segregation 
will have infiuence on the radial density distribution and therefore radial segregation will 
become very pronounced, depleting the center of the discharge. 

• With increasing buffer gas pressure, we expect the diffusion velocity of additives to become 
slower and the convection velocity of the buffer gas, induced by gravity, to increase. This 
will have effect on the stabilization time needed to balance between these effects. 

• With increasing power, the discharge will become more and more contracted. Approxi
mately halfway the burner axis and wall, the atomie additive density will be highest, due 
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Figure 4.5: Contraction of a temperature profile due to radiation loss on the fianks of the profile. 

to radial segregation. Optically thin radiation of the additives at this position will result in 
energy loss and the discharge will cool down in this region. This results in a collapse of the 
parabolic temperature profile in this area: the temperature profile will therefore become 
more contracted. This is visualized in Figure 4.5. Increasing the power results in a higher 
temperature of the burner and therefore an increased additive density. As a result, the 
amount of optical thin radiation of additives will also increase, resulting in an even more 
contracted temperature profile. The changing temperature profiles with increasing power 
will have infuence on the emission of the discharge. When looking at emission profiles, we 
therefore have to be careful with drawing conclusions when the exact absolute temperature 
distribution along the discharge radius is not known. 

Keeping in mind the above-mentioned, we will try to do a qualitative analysis of the ef
fects observed under different gravity conditions during analysis of the emission spectroscopy 
measurements. 

4.3 Radial temperature profHing 

First we want to make an estimate of the plasma temperature distribution over the diameter of 
the burner. This can be clone by means of a Boltzmann-plot, where the slope of a plot of different 
upper energy levels vs. the logarithm of the emission of these energy levels ( divided by among 
others transition probability, statistica! weight and line frequency) determines the temperature 
of the plasma (actually 1/T). The construction of such a Boltzmann-plot is discussed in Chapter 
2. Doing this for different radial positions in the burner, we can obtain an estimate for the radial 
temperature distribution inside the burner. Obviously we need information on the emission 
of two excited state energy levels, differing >1 eV and rv1 nm (see Chapter 2). We therefore 
selected a spectralline at 642.73 nm (with Eup = 2.44 eV). This speetralEne will also be used 
for further analysis of the emission of the discharge later on, the choice for this particular line 
will be evaluated inSection 4.4. A second spectralline is selectedat 643.67 nm (Eup = 3.94 eV) 
because of the above-mentioned restrictions. 
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Figure 4.6: Emission profiles of two speetral lines plotted at two different mercury pressures, 
for different power levels and gravity condition. Continuous drawn lines indicate emission of the 
642.73 nm speetral line; dotted lines of the 643.67 nm speetral line. 

4.3.1 Emission of various energy levels 

In Figure 4.6 we plotted the emission of both speetral lines for two different mercury doses (3 
mg and 10 mg), at two different power levels (90W and 120W) and at micro- and hypergravity 
conditions. The 643.67 nm speetral line originates from a higher energy level than the 642.73 
nm speetral line. Therefore its emission profile is more contracted, sirree electron temperature 
(electron energy) has to be high enough to excite the atoms to such high energy level ( camparing 
the energy levels and temperature in the following way, EI/kBT1 = E 2/kBT2 , shows that an 
estimated temperature needed to excite atoms to this energy level (3.94 eV) would have to be 
"' 2000 K higher than the temperature needed to excite atoms to the other energy level (2.44 
e V). This temperature difference is probably too high but at least we have an indication that 
the temperature difference is significant). Temperatures high enough to excite atoms to the 3.94 
e V energy level apparently only occur in the central high temperature plasma region. To the 
outer ends of the plasma channel (so as a function of the burner radius), emission of this line 
will quickly drop (more quickly than the other line with a less high upper energy level), because 
the temperature decreases as well as the atomie additive density. We now have all information 
available to create Boltzmann plots at different radial positions in the burner, so we can generate 
corresponding radial temperature profiles. 

4.3.2 Temperature profiles 

In Figure 4.7, the generated radial temperature distributions, obtained from a Boltzmann plot 
approximation of the emission of two different speetral lines, are shown for different mercury 
pressures, power and gravity conditions. 

When looking at the absolute values ofthe temperatures in Figure 4.7, we observe they do not 
represent actual temperatures (in Kelvin); they are roughly a factor 3 too high. The theory on 
the construction of a Boltzmann plot (Chapter 2) prediets absolute values for the temperatures, 
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Figure 4. 7: Radial temperature profiles at different mercury pressure, power and gravity condi
tions. 

but it assumes ideal situations. In an experiment, there are generally non-idealities present. 
Possible causes for the resulting deviation of the calculated temperatures to the absolute values 
can be the following: 

1. One of (or both) the speetral lines could be self-reversed, causing a decreasein observed 
emission and thus a change in gradient in the Boltzmann plot. This however is very unlikely, 
sirree the optical thickness of these lines is very small (Table 3.1), and self-reversal normally 
tends to occurs only for lines with significant optical thickness ( > 1). 

2. We only measured two line intensities, the minimum necessary to construct a Boltzmann 
plot; this introduces uncertainty in the gradient of the line in the plot, which is dependent 
on the measured emission and transition probability, among others. Sirree information 
on the transition probabilities of these two lines is scarce ( they are only mentioned in 
the database of J.Lawler [6], the other databases do either not mention the transition 
probability or the speetral line is even not known), this can introduce uncertainty in the 
obtained temperature. Lawler already states that these transition probabilities have to be 
considered with possible deviation of at least ,......, 10%. From the results in our temperature 
estimation, we suspect this uncertainty to be even more (in other databases, transition 
probabilities can have uncertainties of up to 40%). This means we have to consider the 
transition probability values given in the database by Lawler with some precaution. 

3. The efficiency of a grating is determined by the product of the interference function ( descrih
ing interference at multiple slits) and the blaze function (representing the single diffraction 
envelope), [13] [12]. Therefore the efficiency of the grating is wavelength dependent and 
will vary for the two speetral lines we selected. The measured relative intensities at differ
ent wavelength position cannot be compared right away, a correction involving the grating 
efficiency would be necessary. 
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4. The bandpass of the interference filter is not ideal within its 10 nm bandwidth. From 
check up on its characteristic transmission curve, it appears that the transmission differs 
up to 5% for the two spectralEnes we measured. This introduces difference in the observed 
intensity compared to the actual insensity. 

We can conclude that, looking at the results, the Boltzmann-plot temperature determination 
method gives us reliable information on the trends and shape of the temperature profiles. They 
will be discussed below. The above-mentioned systematic errors, however, result in errors in the 
absolute value of the temperatures. In future, we therefore have to look for other methods to 
determine the absolute radial plasma temperatures correctly, like the method of Bartels [17] or 
by use of the emission of optically thin speetral lines of mercury [9]. This is necessary since, in 
the end, we want to get accurate estimates of the additive density distributions inside the burner 
using emission spectroscopy. For this, good knowledge of the absolute temperatures is essential. 

When qualitatively looking at these profiles, we observe that in our case the temperature 
profiles are not fully developed (parabolic), but contracted. This contraction is due to the radial 
density profile of additives in the burner, with a high density of additives approximately half-way 
the burner axis and wall as a result of radial segregation. In this region, the additives produce 
a high amount of optically thin radiation, which leads to energy loss in that area (Section 4.2). 
Therefore the temperature in this region will rapidly decrease, observed in the temperature 
distribution as a contraction of the profiles. 

The temperature in the burner (mainly in the central hot region) increases with increasing 
power. At higher power we observe more contraction of the temperature profile. This holds, 
since a higher amount of additives will enter the discharge due to a higher salt pool temperature 
at the cold spot. Therefore the amount of optically thin radiation of additives will increase, 
especially at the point where the additive density is highest (approximately at r = 1.5 mm). In 
this area the discharge will cool down rapidly because of the energy loss due to this radiation 
and the temperature profile will collapse strongly at that point, resulting in a more contracted 
profile. 

Under 2 g conditions the temperature profile seems to be more contracted, compared to the 
0 g situation. This holds if we assume that more additives are injected into the discharge by 
the convection stream. This injection of additives in the center region of the discharge results in 
higher additive densities in that region, resulting in more energy loss due to more optically thin 
radiation of additives and therefore more cooling of the fianks of the temperature profile, where 
the additive density is highest; the temperature profile becomes more contracted. 

It seems that the temperature usually increases somewhat on the axis when the lamp is 
burning in 0-g conditions, compared to the 2-g situation. A possible explanation can be found in 
the elimination of convection. The gas from the center of the lamp will not be cooled anymore 
by the circular convection stream running up through the center of the burner and down along 
the outer cool wall region. Only thermal conduction and radiation account for the transport of 
heat from the center to the outer regions. 
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The central high temperature plasma region has a radius of approximately 1 to 1.5 mm; 
outside this region, a long linear decreasing temperature plateau occurs. The emission of the 
additives in the discharge is dependent on the temperature and the density of additives. This can 
bestbeseen in Figure 4.6. A convex temperature profile in combination with a depleted additive 
density in the center of the discharge ( due to radial segregation) cause a convex emission profile 
(because ofthe temperature profile) with a dip in the center (due to the depletion). At some point 
the emission starts to decrease due to decreasing temperatures (temperatures are becoming too 
low for an excitation) and a decreasing atomie additive density (the atomie additives recombine 
to metal-iodides when the temperature is low enough). This trend continues until no emission 
can be observed anymore. 

4.4 An analysis of the emission of the discharge 

For an analysis of the emission of the discharge and the temperature profiling ( discussed in the 
preceeding section) two optically thin spectralline have beenselectedat 642.73 nm and 643.67 
nm. These lines have been selected because they are relatively strong, but generally do not 
saturate the CCD. Saturation can occur due to increasing emission under 2-g or 0-g conditions. 
This unfortunately did happen for several other interesting lines, even at lowest power conditions, 
as can be seen in Figure 4.2 (left), where 65.000 cnts is the saturation level of the CCD pixels. 
In future, action will betaken to eliminate this problem, for example by adding neutral density 
filters, reducing the binning rate or regulating the maximum allowed integration time of the 
CCD automatically. However, even for the relatively weak lines we selected, saturation of the 
pixels under micro- or hypergravity conditions could not be prevented at high powers ( > 135W). 
Therefore, we will limit our analysis to powers below 135W. Following, different aspects of the 
discharge behaviour will be discussed on basis of theemission of the 642.73 nm spectralline. The 
emission profiles presented in the upcoming sections have been obtained by Abel transformation 
of lateral intensity distributions according to the procedure described in Chapter 2, Section 2.2.1. 

4.4.1 Gravity and time dependenee on the ernission of the discharge 

First, we will analyse the time-resolved emission of the discharge during a full parabola. To 
this end, we monitored the discharge burning under normal gravity, hyper-gravity, micro-gravity, 
hyper-gravity and again normal gravity conditions, respectively. In particular, every 3 to 4 sec
oncis a measurement was carried out, sametimes with the camera shutter closed, for background 
measurement. In Figure 4.8, an overview of these measurements for a 10 mg Hg, Dyi3 metal 
halide lamp operating at 90W is shown. A relative time scale was added, starting under normal 
gravity conditions ( t = 0 s). Besides three graphs representing the emission respectively in 1-g 
to 2-g (upper left), 0-g (upper right) and 2-g to 1-g (lower left), an evaluation of the maxima 
(at r ~ 2 mm) and minima (at r = 0 mm) of the radial emission profiles are plotted against 
time and conesponding gravity conditions (lower right). To enable easy comparison between the 
different graphs, the sealing of the vertical axis ( emission) is kept constant. 

From these analyses, it appears that the emission of the discharge increases during the 0-g 
phase. Axial diffusion tends to spread the salt throughout the discharge from bottorn to top, 
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Figure 4.8: Gravity and time dependenee on the emission of the discharge for a 10 mg Hg, 
Dyh-lamp operating at 90W. 
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lg 2g Og 

Figure 4.9: Colour images of the discharge of a 10 mg Hg, Dyi3 lampoperating at 150W under 
different gravity conditions. 

increasing emission at our measurement position (half-way the burner, in axial direction). This 
effect can also be observed with the colour camera, as can beseen in Figure 4.9. 

In the 2-g phase, the increased convection apparently drags additives along and in such way 
that they become effectively mixed through the burner. This also causes a reduction of the 
axial segregation and an increase in emission at our measurement spot, compared to normal 1-g 
conditions. The reduction in axial segregation under hypergravity conditions can easily be seen 
on the colour camera images (Figure 4.9). After some time, the emission decreases somewhat, 
indicating that the diffusive and convective processes inside the burner are still not balanced 
yet. After approximately 20 s we enter the transition phase between 2-g and 0-g, so it is then 
hard to say anything on the processes occurring inside the burner. The 2-g phase resulting from 
the 'pull-out' of the airplane experiences a lot of influence from the salt distribution due to the 
preceeding 0-g phase. Emission starts to decrease and, aftersome time, follows the behaviour of 
the trend resulting from 2-g phase during 'injection' of the airplane. Furthermore, we observe 
that the maxima of the emission profiles move a little to the center of the burner under 0-g 
conditions, which could indicate a change in radial density distribution or a contraction of the 
temperature profile. 

The time-dependenee graph on the lower right of Figure 4.8 clearly shows that theemission 
under micro-gravity is still rapidly increasing at the end of the '0-g phase' of the parabola. This 
indicates that the processes occurring in the discharge are by no means balanced yet; apparently 
there are still diffusion effects at work, re-distributing the additives through the burner, and an 
equilibrium still has to be reached. We expect stabilization times for the lamps to be in the 
order of several minutes, much longer than the 20 s available during parabalie flight. Therefore, 
a mission to the ISS is necessary to be able to do measurements on radial segregation in fully 
stabilized lamps under micro-gravity conditions. 

The images of the colour camera (Figure 4.9) clearly show strong axial segregation (resulting 
m strong colour separation) under normal gravity conditions (1-g), foliowed by a decreased 
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axial segregation under 2-g conditions and an almost complete eliminabon of this effect under 
0-g conditions. This corresponds perfectly to the behaviour of the lamp we expect: left on 
the Fischer segregation curve under microgravity conditions, on top of the curve under normal 
gravity conditions (strong axial segregation) and on the right side ofthe curve under hypergravity 
conditions ( decreased axial segregation due to mixing under 2 g), as discussed in Figure 4.4, 
Section 4.2. This indicates that the lamp design is chosen well. 

For further analysis, we will evaluate the data obtained under different gravity conditions. 
We will concentrate on the extremes, micro- and hypergravity, since under these situations, the 
infiuence of convection-related mixing in combination with diffusion (under 2-g conditions) or 
only diffusion ( under 0-g conditions) on segregation will be most pronounced. In the following 
sections, data of the 0-g and 2-g phases will be obtained shortly before the transition phase to the 
next gravity level. Thus, the plasma discharge has had the maximum time available to develop 
in the concerning phase ( approximately 20 s). In Figure 4.8, these points are emphasized bold 
( t = 22 s and t = 52 s). The data of the 2-g situation are taken from the 'injection phase' of the 
parabola. Reason for this is that disturbances in the discharge due to the change in gravity itself 
(from 1-g to 2-g) will here be at minimum ( compared to a change from 0-g to 2-g, during the 
'pull-out phase'). This was also observed during analysis of the time dependence. Nevertheless, 
we still have to realize that the data obtained in parabalie fiight represent the lampsin non-stabie 
situations, so we have to be careful with drawing conclusions from these results. 

4.4.2 Power and pressure dependenee on the emission of the dis-
charge 

In Figure 4.10, an overview of the determined radial emission profiles (of the 642.73 nm speetral 
line) for quartz burners filled with different mercury pressures (filled with 3, 5, 7, and 10 mg 
Hg successively) is given. They were operated at different power levels and for each power step 
two situations were analysed: behaviour in 0-g and in 2-g circumstances. Obviously, an increase 
in power results in an increase in emission. With increasing power, salt additive density in 
the discharge increases (more salt from the cold spot evaporates, due to higher temperature), 
resulting in an increase in emission. 

Changing gravity conditions both ways (0-g or 2-g) results in increased emission, due toa lack 
of convection in 0-g phase (only diffusive effects are now work) and convection-induced mixing in 
2-g phase. In both situations we are rnaving away from the maximum on the Fischer segregation 
curve (Figure 4.4), corresponding toa decreasein axial segregation and therefore an increase in 
additive density at the measurement spot, resulting in more measured emission. 

The emission in 0-g tends to be higher than in 2-g situation. This can be observed at each 
power and at each mercury pressure, although for most lamps the difference seems to reduce at 
higher power. This could indicate that the axial segregation decreases with higher power levels. 
This could be due to a higher contraction of the discharge at higher salt pressures, due to a 
more contracted temperature profile. The higher contraction causes the partial pressures in the 
upgoing and downgoing convection stream to be less different from each other than at lower 
power, resulting in less axial segregation at higher power. This is visualized in Figure 4.11. The 
lower axial segregation under 2-g conditions makes that the emission decrease due to this axial 
segregation remains limited, compared to the 0-g situation. 
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Figure 4.10: Radial emission profiles of the 642.73 nm speetral line at micro- and hypergravity 
conditions for different mercury pressures and various power levels. 
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Figure 4.11: schematic representation of the partial pressure distribution of additives and tem
perature profile for different power. 

47 



CHAPTER 4. RESULTS AND DISCUSSION 

As can be observed, the amount of emission differs per lamp ( the different lamps have different 
mercury pressures). We would expect somewhat higher emission at higher mercury pressures, but 
the emission profiles show no linear increasing strength with increasing pressure. One possible 
cause for this problem is the salt creeping up the burner wall, due to the burner geometry 
and the micro- and hypergravity phases distributing the salt through the burner. Therefore, the 
burner wall, at the point of the line-of-sight of theemission spectrometer, becomes contaminated, 
resulting in a decrease in observed intensity. Due to the burner geometry (a cigar-like cylinder), 
the cold spot position of the salt is not very well defined, and therefore the salt tends to creep up 
along the burner wall. This can already be observed under normal gravity conditions (1-g). A 
good argument for this explanation is the 5 mg Hg filled Dyi3 metal halide lamp, which acted as 
a test lamp during the preparation of the experiment. On this lamp, it could clearly be observed 
that the salt became distributed along the burner wall. In Figure 4.10, a decreased measured 
intensity is the result. Besides this, we have to realize that the individuallamps can differ from 
each other (in for example cold spot location), making comparison between lamps difficult. 

Another cause for differences in measured intensity for different experiment lamps could be 
that the measurement spot for different lamps is not always located at the exact same position 
( the middle of the burner), due to some misalignment of the burner with respect to the outer 
balloon, or misalignment of the outer balloon inside the carousel. This could also result in 
differences in observed local axial and radial additive segregation and thus differences in emission 
strength. This of course can have consequences for the interpretation ( and more important, 
comparison) of theemission profiles. Upcoming (Section 4.4.3), we will try to have a better look 
at the degree of radial segregation, by means of normalization of the emission profiles of Figure 
4.10. 

For the sake of completeness, we have to note that for the 3 mg dosed lamps a maximum 
intended power of 150W possibly cannot be reached due to current limitations of the ballast. 
The maximum possible voltage over the plasma discharge is limited by the mercury pressure 
inside the burner. When this voltage drops below 75V, the maximum power of 150W cannot be 
reached anymore, due to a current limitation of the ballast at rv2A. We measured the voltage 
through the discharge in the lowest dosed (3 mg Hg) lampandit appeared to have a maximum at 
rv57.5V. This means that in our measurements with a current limitation of rv2A the power will 
start 'clipping' at rv120W. This can also be observed in Figure 4.10 (upper left): the assumed 
power of 135W is probably not reached; this is confirmed by a merely slight increase of emission 
at this supposed power, compared to theemission observed at 120W. For mercury doses higher 
than 3 mg the maximum obtainable voltage over the discharge in combination with the current 
limitation poses no limitation anymore on a maximum power of 150W. 

4.4.3 N ormalization of emission profiles 

In this section, we will perform a normalization on the power and pressure dependent emission 
profiles presented in Figure 4.10 of Section 4.4.2. The normalization is executed with respect 
to the maximum of theemission profiles (around r = 2 mm). These are set to '1', relating the 
rest of the curve to this maximum. In this way, we lose the information on the strength of the 
emission, but gain information on the minimum of the curve with respect to the maximum, giving 
us information on the degree of radial segregation at the measurement spot. The normalized 
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emission profiles are presented in Figure 4.12. 
When looking at the figures we have to realize that the best comparison between different 

mercury-filled lamps can be made at low power level. In this case the temperature profile will 
be least infl.uenced by energy loss due to radiation of additives, which results in contraction of 
the temperature profile. This can also be observed in Figure 4.7, where the temperature profile 
is least contracted at low power. At higher power the infl.uence of additives on the temperature 
profile makes interpretation of emission profiles (which result from a combination of temperature 
and additive densities) very difficult and speculative. 

From the figures it appears that at low power for all lamps the emission dip ( due to radial 
segregation) in the center of the lamp is stronger under 0-g conditions than under 2-g conditions, 
indicating that in 2-g situations convective mixing is involved in a reduction of this dip. 

The fact that the contraction of the discharge ( due to a contraction of the temperature profile) 
seems to increase at higher power level ( discussed in Section 4.3) can also be seen from the top
top distance of the emission profiles. This distance decreases systematically at higher power 
levels. 

Another thing that catches the eye is the fact that the dip under 2-g conditions becomes 
deeper with increasing power for all lamp configurations. This could also indicate an increasing 
contraction of the discharge. The density dip of additives in the center will become deeper 
because of the higher temperature on the axis, resulting in more removal of excited states to 
ionized states. 

Under hypergravity conditions, radial segregation tends to become less pronounced due to 
convective mixing. For the 5 mg filled lamp this effect can clearly be observed. Convective 
mixing almost completely cancels out radial segregation. Under microgravity conditions, radial 
segregation of additives in this lamp becomes very pronounced, almost completely depleting the 
center of the discharge. These trends were also expected from the segregation curve of Fischer 
(Figure 4.4). At higher or lower mercury pressure, these trends do not seem to have developed 
yet quite pronounced. A possible explanation for this could be that, at these pressures, the lamps 
are not at all stabilized at the end of their micro- or hypergravity phase, and need much more 
time before the expected trends develop. This could be due to a decreasing diffusion velocity 
with higher mercury pressure or an increasing convection velocity with higher mercury pressure. 
Apparently, the properties of the 5 mg Hg filled lamp coincidentally make it stabilize quickly 
under different gravity conditions. 
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Figure 4.12: Normalized emission profiles for different mercury pressure, power leveland gravity 
conditions. 
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Chapter 5 

Conclusions and recommendations 

Spectroscopy 

• The Echelle spectrometer gives reliable information on the radial additive distribution at 
the measurement position. 

• The chosen Abel transformation method gives satisfactory results. The resulting radial 
emission trends show the behaviour we would expect. 

• It has been shown that the lamps are not at all stabilized at the end of the twenty seconds 
of micro- or hypergravity available during parabalie flight. Therefore experiments in the 
ISS and in a centrifuge are necessary. 

• We observed clear differences between different gravity conditions, lamp power level and 
mercury pressures. 

• Under microgravity conditions, emission increases at the measurement position. This is 
caused by axial redistribution of the additives by diffusion. 

• Under hypergravity conditions, emission increases at the measurement position, indicating 
a decrease in axial segregation. This decrease is the result of convection mixing of additives 
through the burner. 

• The Boltzmann temperature determination method gives us reliable information on the 
trends and shape of the temperature profiles. The absolute value of the temperatures, 
however, differs from the actual values, due to systematic errors. In future, we therefore 
have to look for additional methods to determine the absolute radial plasma temperatures 
correctly. 

• It has been shown that the temperature profiles in the lamp become more contracted with 
increasing power. 

• In the 5 mg Hg filled lamp, radial ditfusion segregation under 0-g conditions and convection 
mixing under 2-g conditions become very pronounced within the twenty seconds available. 
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• From the emission results, we tried to make estimates of the density distributions and 
following the partial pressure distributions of dysprosium inside the burner. However, 
sirree we do not have accurate information on the absolute temperatures inside the burner, 
this did not give satisfactory results. It is therefore necessary to come up with an accu
rate absolute temperature determination method before we can properly determine partial 
pressure distributions from emission measurements. 

Preparation ISS experiment 

• The laser absorption system has been removed from the experiment. The time schedule 
was too tight to adapt and integrate this system to the space experiment. The emission 
spectrometer gives sufficient information on the radial additive distributions. Furthermore, 
pressure broadening effects make the interpretation of the absorption profiles more difficult. 

• The movies of the colour camera give good information on the lamps under investigation, 
even on the degree of axial segregation by means of looking at the colour separation in the 
lamp. 

• Preliminary vibration tests have proved several critical parts to be resistant to the vibra
tional forces imposed during launch of the cargo roeket to the ISS. 

• Automization of the data processing procedure could significantly reduce the time needed 
for this processing. lnformation given in Appendix C could for example help to correct the 
curved spectralline images. 

• Saturation of the CCD should be prevented by the addition of neutral density filters, 
reduction of the binning rate, or monitoring of the CCD integration time. 

• The burner geometry could be changed ( for example from a cigar-like to a 'PCA-like' 
quartz geometry) in order to get a better defined cold spot and prevent the salt from 
creeping up the burner wall. 
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Appendix A 

Program listing vibration test 

Following, a program listing of the file written to generate a sine-sweep for the vibrational table 
IS g1ven. 

I******************************************************************* 
TITLE Zero-g Octave Chirp 
FILE SMOOTHCHIRP.C 
A UTH 0 R G. Schiffelers 

R. Smeets, 12-feb-2003 
********************************************************************I 
#include <ansi c.h> 
#include 11 smoothchirp.h 11 

#define PI (double) (3.1415926535897932384626433832795028841971) 
#define TWO _PI (2.0 * PI) 
I******************************************************************** 
FUNCTION chirp _ Create 
********************************************************************I 
unsigned long int chirp _ Create( double *ChirpBuffer) { 

double t, p, ti, aos, ttf; 
unsigned long int i; 
unsigned long int f; 
unsigned long int ent = 0; 
double *bufstart = ChirpBuffer; 

assert(ChirpBuffer != NULL); 

printf( 11 5 .. 10 Hz\n 11
); 

for (f = 5; f < 10; f++) { I 15-10 Hz: 6slfreq step = 120000 samples/freq step 
for (i = 0; i < 120000; i++) { 

t = 0.00005*i; 
*ChirpBuffer++ = sin(TWO _PI*f*t); I /array 'Chirpbuffer' is filled 

} 
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} 
printf("10 .. 20 Hz\n"); 

for (f = 10; f < 20; f++) { 
for (i = 0; i < 60000; i++) { 

t = 0.00005*i; 
*ChirpBuffer++ = sin(TWO _PI*f*t); 

} 
} 

printf("20 . .40 Hz\n"); 
for (f = 20; f < 40; f++) { //20-40Hz: 1.5s/freq step 

ti = 1.5; / /initial time available per freq step 
p = fioor (ti*f); / /number of complete sine periods within "ti" sec 
ttf = p/f; / jtotal time available per freq, only whole sine periods are allowed 

for continuity of the signal 
aos = floor(ttf*20000); / jamount of samples generated in "ttf" sec 

for (i= 0; i< aos; i++) { 
t = 0.00005*i; 
if (f < 25) { 

*ChirpBuffer++ = sin(TWO _ PI*f*t); 
} 
else { 

*ChirpBuffer++ = (1.0 + (2.0*(f-25.0))/175.0)*sin(TWO _PI*f*t); 
} 

} 
} 

printf("40 .. 80 Hz\n"); 
for (f = 40; f < 80; f++) { 

ti = 0.75; 
p = fioor (ti*f); 
ttf = p/f; 
aos = fioor(ttf*20000); 

for (i= 0; i< aos; i++) { 
t = 0.00005*i; 
*ChirpBuffer++ = (1.0 + (2.0*(f-25.0))/175.0)*sin(TWO _PI*f*t); 

} 
} 

printf("80 .. 160 Hz\n"); 
for (f = 80; f < 160; f++) { 

ti= 0.375; 
p = fioor (ti*f); 
ttf = pjf; 
aos = fioor(ttf*20000); 

for (i= 0; i< aos; i++) { 
t = 0.00005*i; 
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*ChirpBuffer++ = (1.0 + (2.0*(f-25.0))/175.0)*sin(TWO _PI*f*t); 
} 

} 
printf("160 .. 320 Hz\n"); 

for (f = 160; f < 320; f++) { 
ti = 0.1875; 
p = fioor (ti*f); 
ttf = p/f; 
aos = fioor(ttf*20000); 

for (i= 0; i< aos; i++) { 
t = 0.00005*i; 
if ( f < 200 ) { 

*ChirpBuffer++ = (1.0 + (2.0*(f-25.0))/175.0)*sin(TWO _PI*f*t); 
} 
else { 

*ChirpBuffer++ = (3.0 + (2.0*(f-200.0)) /600.0)*sin(TWO _ PI*f*t); 
} 

} 
} 

printf("320 .. 640 Hz\n"); 
for (f = 320; f < 640; f++) { 

ti = 0.09375; 
p = fioor (ti*f); 
ttf = p/f; 
aos = fioor(ttf*20000); 

for (i = 0; i < aos; i++) { 
t = 0.00005*i; 
*ChirpBuffer++ = (3.0 + (2.0*(f-200.0))/600.0)*sin(TWO _PI*f*t); 

} 
} 

printf("640 .. 1280 Hz\n"); 
for (f = 640; f < 1280; f++) { 

ti = 0.046875; 
p = fioor (ti*f); 
ttf = pjf; 
aos = fioor(ttf*20000); 

for (i = 0; i < aos; i++) { 
t = 0.00005*i; 
if ( f < 800 ) { 

*ChirpBuffer++ = (3.0 + (2.0*(f-200.0)) /600.0)*sin(TWO _ PI*f*t ); 
} 
else { 

*ChirpBuffer++ = (5.0 + (3.0*(f-800.0))/700.0)*sin(TWO _PI*f*t); 
} 
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} 
} 

printf("1280 .. 2500 Hz\n"); 
for (f = 1280; f < 2501; f++) { //1280-2500 Hz, 0.024590s/Hz 

ti = 0.024590; 

} 

p = fioor (ti*f); 
ttf = pjf; 
aos = fioor(ttf*20000); 

for (i= 0; i< aos; i++) { 
t = 0.00005*i; 
if ( f < 1500 ) { 

*ChirpBuffer++ = (5.0 + (3.0*(f-800.0))/700.0)*sin(TWO _PI*f*t); 
} 
else { 

*ChirpBuffer++ = 8.0*sin(TWO _PI*f*t); 
} 

} 

ent = ChirpBuffer- bufstart; 
printf("smooth ehirp ereated, %lu samples\n", ent); 
return ent; 
} 
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Appendix B 

Additional information on bath 
spectrometers 

• Grating equation for an Echelle grating in Littrow configuration ( angle of incidence equals 
angle of diffraction): 

mÀ = 2dsinB (B.l) 

Linear dispersion (in nm/mm): 

d . _ cos e ).. (B 2) 
l1n- 2 . e f ' . 

Sln cam 

where m represents the order, ).. the (blaze) wavelength, d the groove spacing, e the blaze 
angle of the Echelle (74°) and fcam the focallength of the camera lens (in mm). 

• A schematic overview of a Litmann configured external cavity diode laser (tuning achieved 
by rotating a mirror; the direction of the exit beam therefore does not change) is shown in 
Figure B.l. 

• An example result of an absorption measurement is given in Figure B.2. 
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Figure B.l: Schematic overview of a Litmann configured external cavity diode laser. 
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Figure B.2: An example of an absorption measurement on a high aspect ratio cerium-iodide 
lamp at 150W [10]. 
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Appendix C 

Speetral line curvature 

The curvature of the image of a straight slit , diffracted by a grating, is a consequence of the 
dependenee of the diffraction angle /3 on the 'out-of-plane angle of incidence' 1 as results from 
the grating equation Eq. C.1 [12]: 

mÀ = dcos1(sina + sin/3), (C.1) 

where cos')' takes in account a geometrical path difference between light from adjacent grooves, 
due to the finite out of plane angle 'Y· This angle of incidence of the wavefront ('Y) is measured 
with respect to the optical axis of the system . The angle 'Y is visualized in Figure C.l. It holds 
that for constant a and À, f3 is a function of ')' .Due to the this finite out of plane angle 'Y the 
image on the camera becomes tilted and curved. The tilt angle x on the image is given as follows 
[12]: 

_ d/3 _ sin 'Y(sin a+ sin /3) _ \ d/3 
tan x - d - /3 - A d \ tan 'Y, 

')' COS ')' COS A 

(C.2) 

where d/3 / d).. is the angular dispersion of the grating for 'Y = 0. For a grating in littrow contigu
ration (a= /3 = (hzaze), this equation can be rewritten as 

tan X = tan 'Y tan {)blaze, (C.3) 

at the blaze wavelength. Wh en the blaze angle is large (Echelle gratings), the image is very 
sensitive to the out of plane angle 'Y, and significant curvature will occur. For small 'Y the total 

Figure C.1: Schematic representation of light originating from an off-axis point on the entrance 
slit, falling onto the Echelle grating. 
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APPENDIX C. SPECTRAL LINE CURVATURE 

Figure C.2: Image curvature, as function of out-of-plane angle of incidence "(. 

change in (3 between r = 0 and some largest ro is found by integrating Eq. C.2 between these 
limits. The result , expressed as 6.(3, is [12]: 

(C.4) 

Apparently, the slit image thus has a parabalie shape. Note that 6.(3 > 0, herree the change in 
(3 is toward longer wavelengths. In the camera focal plane, as shown in Figure C.2, the linear 
displacement from a straight image is f cam6.f3 , where 

+ 6.(3 = U camro )
2 

Jcam 2p , (C.5) 

where 

p = À(df3/dÀ) , 
fcam (C.6) 

the radius of curvature of the image. The slope at a point on the curved image, relative to 
a straight image, is df3 / dr as given in Eq.C.2.With the factors causing the curvature known 
(Figure C.2), one could trytopre-correct images taken by the spectrometer, befor starting data 
interpretation. 
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