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Summary 

Metal halide lamps are very efficient high pressure electrical discharge lamps that 

can generate sparkling white light, which makes them the preterred technology for 

many commercial and industrial applications. However, segregation of the light

emitting particles can lead to unwanted colour differences that are bath difficult to 

analyse with diagnostic tools and hard to model. 

Axial segregation in vertically burning, cylindrically shaped metal halide lamps 

is driven by a combination of radial segregation and axial convection. Under 

microgravity conditions, conveetien does nat take place, allowing for the radial 

segregation to be measured independently. 

The ARGES microgravity project aims to determine radial temperature and 

density profiles from emission spectroscopy measurements on optically thin lines. A 

spectrometer with -0.02 nm resolution is neededinorder to resolve the spectrallines 

of the light-emitting particles. The design of the spectrometer was the main objective 

of this work. The spectrometer has to generate bath spatial and speetral information. 

For microgravity experiments it has to be compact, light-weight and robust. 

A compact 0.03 nm resolution spectrometer that generates speetral as wellas 

spatial intermation has been obtained by employing a Littrow-mounted echelle 

grating in combination with a narrow bandpass filter. The echelle grating diffracts 

many overlapping orders, which allows for a robust wavelength scanning mechanism 

by using several filters with different central wavelengths. The filters are mounted in a 

wheel, all ether elements are fixed. 

The SPace-borne Echelle spectrometer (Spechelle), has been successfully 

tested during parabalie flights. This is promising with respect to the experiments in 

the International Space Station (I SS) in the near future. 
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Chapter 1 The challenge 

1 The challenge 

1. 1 Philips Lighting and microgravity 

Philips Lighting develops and manufactures a wide variety of lighting products 

including High-lntensity Discharge (HID) lamps (see figure 1.1 ). The light from these 

lamps is generated by electrical discharges in gases such as mercury vapour. The 

first high-pressure mercury lamps [9] similar to the ones used today were introduced 

in 1934. They consisted of a quartz tube filled with mercury gas under super

atmospheric pressure. Bluish light was produced when an electric current passed 

through the mercury vapour. The demand for lamps that have a higher energy 

efficiency as well as a more pleasing white colour led to the introduetion of metal 

halide lamps [1] in 1960. They are essentially mercury high-pressure discharge 

lamps that have a relatively small amount of metal halides in their are tubes. Their 

sparkling white light makes them suitable for a large number of appl ications both 

indoor and outdoor, from compact size applications like shops to high-flux 

applications, like big stadiums and floodlighting of buildings. 

Figure 1.1: Different types of High-lntensity Discharge lamps. 
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Chapter 1 The challenge 

The general requirements for metal halide lamps include many non-trivia! 

issues dealing with colour, maintenance, corrosion, electrodes, EMC, etc [1] . 

Different spectra can be generated by variatien of metals in the discharge, by 

changing the gas pressures and by using different coatings of the bulb. In order to 

produce a perfectly functioning lighting product, all these aspects need attention. 

They are driving factors for the research that is conducted in the HID groups at the 

Central Development Lamps (COL) laboratories of Philips Lighting in Eindhoven. 

Present challenges concerning metal halide lamps are the further impravement of 

their efficiency and the possibility to use these lamps in any desired burning position. 

Impravement of efficiency may be achieved in part by choosing metal additives that 

are very efficient radiators, such as cerium and scandium. Problems that arise are 

the segregation of the light-emitting particles that lead to colour separation, and 

helical instabilities, which may pose a fundamental limit on the achievable efficiency. 

Extensive research is conducted on metal halide lamps using both modelling and 

experimental techniques. Segregation effects, however, lead to three-dimensional 

density distributions of the radiating species that are both difficult to analyse with 

diagnostic tools and complex to model. 

Figure 1.2: The InternationalSpace Station /SS (artist impression). 
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Chapter 1 The challenge 

Axial segregation in vertically burning metal halide lamps is driven by a 

combination of diffusion and conveetien [31] and is expected to disappear when 

gravitation is avoided , resulting in essentially one-dimensional lamp characteristics. 

This would allow a simplification of the efforts put into modelling and experiments. 

Thus, opportunities to measure under microgravity conditions would be very 

welcome. Options available today [6] are parabalie flights , unmanned missions such 

as the Russian FOTON capsule, and manned space flight to the international space 

station ISS (see figure 1.2). 

In the spring of 2002, it became clear that the Dutch cosmonaut André 

Kuipers would be scheduled to fly to the ISS within a period of two years, posing an 

excellent opportunity to perferm experiments on metal halide lamps under 

microgravity conditions. 

1.2 Metal ha/ide lamps under study 

Two examples of metal halide lamps [2] are shown in figure 1.3. The are discharge is 

contained in a compact burner, usually inside a vacuum outer bulb. The temperature 

ranges from -5000 K at the axis to -1200 K at the wall. The burner is usually filled 

with a few mg of mercury, the buffer gas, and a much smaller amount of the so-called 

additives or salts , usually sodium-iodide and other iodides. The mercury gas 

pressure inside the burner is typically 10 to 50 Bar during operation. The additives 

form a saturated vapour during operation , and their partial pressure is typically 5 to 

50 mBar. 

Figure 1.3: Metal halide lamps. The gas discharge is contained in a quartz (/eft) or 

polycrystalline aJuminurn-oxide (PCA, right) burner. 
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Chapter 1 The challenge 

The light emitted by metal halide lamps is mainly due to the metal additives 

because they have much lower excitation and ionisation levels than mercury. The 

colour of the light emitted can be adjusted by changing the additive mixture. The 

dominant role of the additives makes metal halide lamps sensitive to changes in the 

density distributions of these additives. 

There are three defined stages for a lamp in operatien [1 ]. In the first stage, 

the lamp is ignited and a conducting path is created in the lamp. In the secend stage, 

the run-up phase, the buffer gas atoms and the iodides warm up, the buffer gas 

evaporates and subsequently starts to emit radiation . In the third stage the heat from 

the are discharge evaporates the iodides. The result is an efficiency of approximately 

50 percent higher than that of a mercury lamp of the same wattage tagether with an 

excellent colour quality from the are. 

There are several additive mixtures to obtain white light emitting metal halide 

lamps with high efficiency, such as sodium-scandium and sodium-thallium

dysprosium. Lamps with these fillings are already available on the market In order to 

simplify the microgravity experiments, however, only ene salt is added. 

Another candidate additive mixture, which is net yet commercially used, is 

sodium-cerium . The rare earth metal cerium is very promising from efficiency point of 

view because it is the most efficient atomie radiator known. Moreover, cerium has a 

great number of speetral lines, which therefore remain optically thin in most 

circumstances. Hence cerium promises a better-defined system. For these reasons, 

cerium is preferred as additive for microgravity experiments. 
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Chapter 1 The challenge 

1.3 The ARGES project 

lt was decided to study metal halide lamps under microgravity conditions in a 

collaboration between Philips Lighting COL and the group EPG at TU/e [3] . Four 

possible objectives of the experiments were formulated : 

• Measurement of the radial segregation of additives in cylindrically shaped 

metal halide lamps by emission and absorption spectroscopy 

• Measurement of cataphoretic effects in the situation where a time-averaged 

net electric field is present in the lamp 

• Determination of the onset current of helical instabilities 

• Verification of transport models with the experimental data 

A suitable name for the Philips & TU/e microgravity project was found to be ARGES1
, 

an acronym for Atomie densities measured Radially in metal halide lamps under 

microGravity conditions with Emission and absorption Spectroscopy. 

1.4 ARGES experimental setup 

In order to reach the goals of the ARGES project, three types of diagnostics were 

recognised: monitoring of the lamp with a CCD camera, high resolution atomie 

emission spectroscopy, and laser absorption spectroscopy. Besides the non-triviality 

of the spectroscopie techniques, ether challenges arise when the equipment is to be 

flown with a shuttle or roeket and subsequently installed and operated in the ISS. 

Environmental requirements such as resistance to vibration , shock and acceleration 

have to be met in order to survive the launch. Resilience to thermal cycling must be 

guaranteed, without the presence of convection. Other constraints are minimisation 

of the total mass and volume of the experiment. Obviously, apart from the extensive 

costs per kg to deliver the experiments, there is a limited capacity to transport 

equipment to the ISS. Moreover, extensive measures have to be taken in order to 

guarantee the safety of the mission. 

1 The three Cyclops were huge giants with one enormous eye in the middle of !heir foreheads. Arges (brightener), 
Bronles (thunderer), and Sterepes (flasher), were all the sons of Gaea and Uranus. After Cronus conquered Uranus 
he threw the Cyclopes in to Tartarus. Later Zeus released the Cyclopes and in gratitude they gave him thunder and 
lightning , with which he overthrew his father, Cronus [4]. 
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Chapter 1 The challenge 

The total experimental setup for ARGES has to meet all requirements 

mentioned. The idea put forward by the ARGES team was to vertically mount (normal 

gravity measurements in vertical orientation) around 20 metal halide lamps in a 

carrousel in order to perferm parameter scans. Around the carrousel , the three 

diagnostic tools (video camera, laser system, and spectrometer) are to be 

constructed, tagether with all the electranies needed. To minimise the support 

needed from the cosmonaut, a fully automated experiment scheme is to be 

developed for ignition of a lamp, performance of one of the measurements, starage 

of the data, and finally turning of the carrousel to bring the next lamp under study in 

the correct position. 

Figure 1.4: The zero-gravity aircraft of Novespace in the 'injection phase '; just befare 

microgravity is obtained. 

To test the performance of the developed diagnostics and the behaviour of 

the lamps under study, preliminary measurements during a parabalie flight campaign 

were scheduled. Parabalie flights are conducted on a specially-configured aircraft 

(see figure 1.4), and provide a period of up to 20 seconds of reduced gravity or 

weightlessness [5]. A campaign consists of three consecutive days on which 30 

parabclas are flown. On each parabola, there is a period of increased gravity (1.8 g) 
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Chapter 1 The challenge 

which lasts for 20 seconds immediately prior to and following the 20 second period of 

reduced gravity, see figure 1.5. 

Due to the long stabilisation times (a few minutes) of the lamps, parabalie 

flights are too short to be able to do measurements in a really stabie situation. The 

ISS experiments, undertaken in a 1 0-day period of microgravity, are therefore 

needed for build-up and verification of complex metal halide lamp models . 
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Figure 1.5: Schematic representation of one parabola with the microgravity aircraft. 

1.5 Scope and outline of the reporl 

The subject of this report is the design of a high resolution atomie emission 

spectrometer. A number of mechanica! requirements is already apparent: it has to be 

compact and extremely robust, thus without any critically moving parts. These are 

precisely the requirements a regular Iabaratory spectrometer does not meet. The 

physical requirements are by no means any less demanding. In order to measure 

radial segregation of additives, the spectrometer has to generate both speetral and 

spatial information . Moreover, cerium emits light at more than ten thousand different 

wavelengths within the visible wavelength range (350 to 750 nm). Many of these 

lines are less than -0.02 nm apart but need to be resolved if meaningful 

measurements are to be done. For other species the requ irements are but sl ightly 

relaxed . This sets an ambitious goal for the resolution to be obtained with a very 

compact system. 

- 7 -



Chapter 1 The challenge 

Chapter 2 explains why microgravity conditions allow radial segregation in 

metal halide lamps to be measured. The objective is to measure radial additive 

density distributions with atomie emission spectroscopy. Chapter 3 deals with 

spectroscopie methods for the determination of these distributions. From these 

methods criteria for suitable emission lines are deduced. Subsequently a number of 

lines are selected. These lines have to be measurable with the emission 

spectrometer. The design of the spectrometer is the primary objective of this work. 

Chapter 4 describes the design parameters to be considered and the choices that 

were made for the final design. The experimental characterisation of the setup is 

discussed in chapter 5, showing some first results from measurements done during 

parabalie test flights . Finally, chapter 6 contains conclusions and discusses some 

future developments. 
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Chapter 2 Segregation phenomona in metal halide lamps 

2 Segregation phenomena in metal halide lamps 

This chapter aims to give insight into the segregation processes observed in metal halide 

lamps. Many research groups throughout the world are werking on these phenomena. For a 

more elaborate and better quantitative description of segregation in metal halide lamps, 

please refer to [25]. 

2. 1 Colour separation in vertically burning metal halide lamps 

When a metal halide lamp is operated vertically it is often seen that the colour of the emitted 

light is different at the top of the burner than at the bottom, see figure 2.1. In order to 

understand this co/our separation, three mechanisms have to be considered: the chemica! 

equilibrium, diffusion , and convection. The chemica! equilibrium depends on the radial 

temperature profile and tagether with radial ditfusion this leads to radial segregation. The 

buffer gas drags the additive particles along in its conveetien stream. Because the additive 

concentratien in the drag downwards is larger than the additive concentratien in the drag 

upwards, this causes axial segregation. The additive density varies along the height of the 

burner, therefore, and colour separation is the result. We will look at these mechanisms for a 

lamp with a sodium-iodide filling and mercury as buffer gas. 

Figure 2. 1: Co tour separation in a sodium-cerium ceramic me tal halide lamp. 
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Chapter 2 Segregation phenomona in metal halide lamps 

2.2 Radial segregation 

2.2.1 The chemica! equilibrium 

The metal halide electrical discharge consists of mercury and a small amount of additives 

such as sodium-iodide. The plasma temperature is highest at the axis of the burner. At this 

temperature the sodium-iodide molecules (Nal) are dissociated into sodium (Na) and iodide 

(I) atoms. Near the wall of the burner the temperature is much lower than near the axis and 

the sodium and iodide atoms recombine into sodium-iodide. Due to the temperature profile, 

therefore, at the centre of the plasma mainly atoms are present, while near the wall mainly 

molecules exist. In other words, the chemica! equilibrium, 

Na! Na+! (2 .1) 

depends on the temperature, and therefore varies with radial position in the burner. 

Generally speaking [31] , if an element i (e.g. Na) is present in various species a (in this case 

Na and Nal), the chemica! composition will be in accordance with the (Gibbs) free energy 

minimisation at any moment, at any place. Because of the high pressure in these lamps the 

various temperatures are equal and Local Thermadynamie Equilibrium (l TE) can be 

assumed [40] . 

2.2.2 Ditfusion 

The sodium-iodide molecules are larger and heavier than the sodium and iodide atoms and 

therefore diffuse less fast in the buffer gas, see figure 2.2. lf the density of molecules near 

the wall would be the same as the density of atoms in the centre, more sodium and iodide 

atoms would move towards the wall than sodium-iodide molecules would move towards the 

centre. An equilibrium arises at which the total concentratien of the element Na will be lower 

in the centre than near the wal I. Radial segregation is the result. 

A more quantitative picture can be made as fellows [31]. We assume that species a 

(Na, I, Nal) are unsaturated or present in another phase (solid or liquid) only at one position 

(the 'salt pool') . The partial pressures Pa are much smaller than the total pressure p0, which 

therefore practically equals the buffer gas pressure PHg· The only physical gas transport that 

takes place is ditfusion (we neglect conveetien for now): 

(2.2) 
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Chapter 2 Seqregation phenomona in metal halide lamps 

where Da is the binary ditfusion coefficient for species a in mercury, k is Boltzmann's 

constant, and T is the gas temperature. 

[Na] , [IJ 
----~~· 

+ 
[Na I 

Figure 2.2: Sodium-iodide molecules diffuse less tast in the buffer gas than sodium and iodide atoms. 

Using 

D = y r>-1 -I n· r PHg , (2.3) 

equation (2.2) be written as 

. __. D __. 
· __ y P-1 -1 ___g_ V 

} a - r p Hg kT pa ' (2.4) 

which results from a hard-spheres model [32]. In equation (2.4) , y and i3 are constants. o·a is 

a tunetion of the atomie radii and masses of the participating particles. lf a is the only species 

in the system containing R ia atoms of element i, there will be no transport of element i and 

the pressure Pa will be constant everywhere. lf however there are more species containing 

element i then the individual fluxes of species a can be non-zero, but the gradient of the 

elemental flux (the sum of the fluxes of the species containing element t) must be zero for 

every element i: 
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Chapter 2 Seqregation phenomona in metal halide lamps 

(2 .5) 
a 

which simply expresses that, since elements i are not created or destroyed by chemica! 

reactions , the flux density of these elements must be divergence free . In steady state, the 

elemental flux itself becomes zero: 

(2.6) 
a 

And since yT 13
-

2 p~~ =1:- 0 it follows that 

(2.7) 

implying 

(2.8) 
a 

with C0
; constant. In conclusion , under steady state conditions the composition (partial 

pressures) at each position is determined by the temperature-dependence of the chemica! 

equilibrium (equation 2.1 ), tagether with equation (2.8) for the radial ditfusion transport2
. 

For each temperature we can define an elementary pressure P; and elementary 

(reduced) ditfusion constant o·; according to 

(2 .9) 
a 

and (O.a is a function of the atomie radii and masses of the participating particles only) 

IRiaD: pa(T) 
D;. (T ) =-=a'=-____ = 

IRia Pa(T ) P;(T) 
(2 .1 0) 

a 
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2.3 Axial segregation 

2.3.1 Partiele drag by conveetien 

The convection flow of the buffer gas is driven by gravity and the large difference in axis- and 

wall-temperature (and thus large differences in mercury density) . For simplicity we assume 

that the are temperature profile is parabalie and independent of axial position . The 

convection profile can be calculated using the Navier-Stokes equation in cylindrical 

coordinates: 

apHg 1 a av_ 
-+ pg---(rTJ--)=0, az rar ar 

(2.11) 

with the boundary conditions 

av 
_ z = 0 at r = 0 and ar (2 .1 1a) 

v= = O atr=R, (2.11b) 

where r is the radial position and R the radius of the tube, p and PHg are the mercury mass 

density and pressure, 11 is the viscosity of mercury and Vz is the axial velocity . Radial 

veloeities are assumed to be zero. The typical shape of the salution for equation (2. 11) is 

given in figure 2.3. The velocity at r = 0 varies according to: [28] 

(2.12) 

with PHg the total pressure at r = 0. 

The buffer gas moves upwards in the hot centre of the discharge. At the top of the 

burner, the gas hits the wall , cools down, and moves downwards along the relatively cool 

wall. Because the density of the element sodium (as atom or in a molecule) is lower in the 

centre than near the wall (radial segregation) , the upward stream contains less sodium than 

the downward stream. The result is a net downward transport of sodium: axial segregation. 

2 Equation (2.8) is known in Philips nomendature as the SAD (Sample-and-Hold-Diffusion) condition . 

When ditfusion is neglegible, this reduces to L Ria pa = C{, the SAH (Sample-and-Hold) condition . 
a 
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Chapter 2 Segregation phenomona in metal halide lamps 

The sodium density at the top is lowered and less sodium radiation is emitted. Hence 

at the top of the discharge light of a different colour is emitted than at the bottom . Co/our 

separation is the result. The axial segregation is different for different additives, which makes 

the effect even better visible for lamps filled with a mixture of salts such as sodium-cerium. 

This is the normal situation. 

Figure 2.3: The buffer gas conveetien profile. 

2.3.2 Axial transport 

Due to the net down transport of additives a gradient arises. This gradient causes an axial 

diffusive transport upwards that balances the total axial mass transport due to radial ditfusion 

and convection. 

2.4 Simplified channel model for axial segregation 

2.4.1 The axial mass flux balance 

In order to predict to what extent axial segregation of a particular additive will take place we 

will derive a relatively simple relation introduced by J. Geijtenbeek [31]. The assumptions are 

such that the relation only describes segregation in long and thin lamps with relatively low 
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buffer gas pressure , i.e. for smal l conveetien fluxes. This means that radial ditfusion transport 

takes place much taster than axial conveetien transport3
. 

In order to derive the segregation relation we write down an axial flux balance given 

by mass conservation. We drastically simplify the system by dividing the discharge in two 

regions with constant mean temperatures and constant mean veloeities for near the centre 

(T1, v1) and near the wall (T2, v2), see figure 2.4. From equations (2.9) and (2.1 0) we can 

calculate the effective pressures P;(T1) and P;(T 2) and effective ditfusion factors o·;(T1) and 

o ·;(T1) in the centre and the wall zones at mean temperature T1 and T2. From equation (2.1 0) 

it follows that 

(2 .13) 

In the presence of an axial pressure gradient due to the combined effect of radial ditfusion 

and axial conveetien holds: 

(2.14) 

Conservation of mass for the additive particles gives: 

(2 .15) 

with <1> ~1 and <1> ~2 the partiele flux due to conveetien in the centre and near the wall , and <l>~ 

and <1>12 the partiele flux due to ditfusion in the centre and near the wall , see tigure 2.4. The 

conveetien flux of additive particles of element i in region 1 and 2 is determined by the 

conveetien flow of the buffer gas in which the additive is dragged along. We allow a gas flux 

upwards with mean velocity v1 in the centre and downwards with velocity v2 in the outer part. 

The mass flux of mercury (with pressure PHg) upwards and downwards is the same under 

steady state conditions: 

(2 .16) 

3 An estimate for the time scales for conveetien and diffusion can be found in the appendix. 
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with A 1 and A 2 the cross sections through which the gas flows . The upward drag of additive 

particles in the centre part by conveetien then equals: 

,...,d : 
....,~ 

t~ 

Figure 2.4: The axia/ ma ss flux ba/a nee fora simplification of the system by dividing it in two channels. 

(2.17) 

In the region near the wall the downward drag of additive species equals: 

(2.18) 

The axial diffusive partiele flux in the centre is given by (using equation (2.2)): 

(2.19) 

and near the wall holds, similarly: 
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(2.20) 

Substituting equations (2.17) to (2.20) in equation (2.15) for mass conservation gives: 

P;(T;) <l>Hg _ P;(Tz) <l>Hg +Di (T;) df>;(T;) <l>Hg +Di (T2 ) df>;(T2 ) <l>Hg = O. (2.21 ) 

PHg PHg vl dz PHg Vz dz PHg 

Now we use the fact that <l>Hg I PHg is non-zero and substitute equation (2.14): 

With Pt=P;(Tt) we define a segregation parameter as fellows: 

À=-1 dp). 
p 1 dz 

(2.22) 

(2.23) 

After substituting equation (2.13) for P;(T2) and equation (2.3) forD; in equation (2.22) we can 

rearrange terms to arrive at: 

(2.24) 

The temperature was assumed constant along the axis of the burner, and for long and thin 

burner geometries the ratio vtfv2 is also constant. Therefore the denominator in equation 

(2.24) is constant. lf we now include equation (2.12) for the conveetien velocity we conclude 

that the segregation constant varies as 

(2.25) 
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lt follows that apart from the mercury pressure and the burner radius, the viscosity of mercury 

and the ditfusion coefficients of the additives play an important role. 

2.4.2 The meaning of the segregation parameter 

With the ideal gas law (p = nkT) the segregation parameter can be written as 

(2.26) 

Solving this equation for nt(z) gives: 

(2.27) 

with n0 the additive density at the z = 0 . In figure (2.5) equation (2.27) is plotted fora lamp 

Na 

I 
0.5 0.6 0.7 0.8 0.9 

~ z/L 

Figure 2.5: Plot of equation (2.27) for two additives: the density n1 (in arbitrary units) as a function of 

height z, L is the bumer length. 

with two additives as filling, sodium-iodide (Nal) and cerium-iodide (Cel 3). The segregation 

parameter for sodium and cerium can be calculated from equation (2.24). This leads to a 

value that is higher for cerium than forsodium [31 ]. Cerium therefore experiences more axial 

segregation than sodium. This is apparent in the qualitative picture of figure 2.5: the cerium 

density falls off more rapidly. From top to bottom, the segregation relation prediets the 
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following colours to be dominant: first blue due to mercury, foliowed by orange due to 

sodium, and finally white due to sodium and cerium. This can actually be seen in vertically 

burning sodium-cerium metal halide lamps. 

2.5 Segregation and the role of gravity; The Fischer curve 

The segregation parameter (equation 2.23) was introduced by Fischer [29], who also 

presented the segregation curve, see figure 2.6. This curve shows the dependency of the 

segregation parameter on the buffer gas pressure. Qualitatively speaking, the degree of axial 

segregation depends on the conveetien velocity in the same manner. 

lf the conveetien velocity is very small (the far left side of the curve), the diffusive 

effects will be dominant and the light emitting particles have lower concentrations in the 

centre than near the wall. The radial segregation will be strong in this case, but because of 

the very small conveetien velocity, axial segregation will be negligible. In the extreme case of 

zero conveetien velocity, this corresponds to the microgravity situation. 

Geijtenbeek-Fischer 
I 
I 
I 

Fischer / 
I 

I I 
I I 
I I 
I/ 
I/ 
I 
11 

I I 
I I 

Figure 2. 6: The segregation curve introduced by Fischer. The Ie ft side of the curve is treated in the 

channel model of Geijtenbeek. 

- 19-



Chapter 2 Segregation phenomona in metal halide lamps 

For small to intermediate conveetien velocities, radial segregation will lead to axial 

segregation because the conveetien stream drags the additives along. The channel model 

describes the situations at which the assumption that the radial diffusive transport is faster 

than the axial conveetien transport holds. lt states that the segregation parameter varies with 

? R2 PÎig g. 

At some point, however, increasing the conveetien velocity will no longer lead to 

strenger axial segregation (the top of the curve), because radial segregation is diminished 

due to mixing by convection. The segregation is diminished because the additives are 

recirculated. 

lf the conveetien velocity is even larger (the right side of the curve), this effect 

significantly reduces axial segregation. For very large conveetien veloeities axial segregation 

will disappear. Fischer prediets the segregation parameter for these situations to vary with 

(P~gR2g f. 
Because conveetien is driven by gravity, the parabalie flight campaign renders the 

possibility to perferm measurements on metal halide lamps under different conveetien 

conditions, without changing their buffer gas pressure and geometry. An interesting choice 

for a lamp design is such that under normal gravity conditions, it is at the top of the Fischer 

curve. Then during the injection phase of the parabola (1.8 g), the axial segregation will 

decrease due to mixing by convection. During the microgravity phase, axial segregation 

disappears and radial segregation can be measured independently. 
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3 Spectroscopie methods to determine radial profiles 

This chapter describes methods to determine radial density and temperature profiles from 

emission measurements. From these methods, criteria for suitable speetral lines follow. We 

need to select the actual speetral lines of interest in order to design the spectrometer for the 

right wavelength ranges. 

3. 1 Spontaneous emission of radiation 

Passive spectroscopie methods for the measurement of atomie and ionic species densities 

are based on the spontaneous emission of radiation. For the plasmas under study we can 

assume that they are in L TE so that the same temperature applies to different species [40]. lf 

no absorption of radiation takes place, the radiant power urad 0fV/m3
) emitted per unit volume 

in the plasma is given by 

g P exp(-E I kT) u rad = n ·A· kv = ___!!!!__.!_ up ·A· kv 
~ kT Q(T) ' 

(3.1) 

with nup the density of atoms residing in the upper state with energy Eup that belongs to the 

particular transition. A is the transition probability, gup=2Jup+1 the statistica! weight, and 

Px=nxkT the local partial pressure with T the temperature of the atomie or ionic species, k is 

Boltzmann's constant. The energy of the emitted photon is given by hv. 

Tab/e 3.1: The partition tunetion Q(T) 
~ . d' dd . or cenum, scan wm an 1ysproswm. 

T (K) Ce Sc Dy 

1000 17 9 17 

2000 40 9 18 

3000 76 10 21 

4000 126 10 28 

5000 191 12 40 

6000 272 14 61 

The partition tunetion 
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Q(T) = L gi exp( -Ei I kT), (3.2) 

is the energy-weighted sumover all energy levels of the species under study. Since Q(T) is a 

function of temperature only, its value can be accurately tabulated. These tables can easily 

be found on the internet [7],[8]. For cerium, scandium, and dysprosium, the partition functions 

are listed in table 3.1. The partition tunetion for sodium and mercury are 2 and 1, 

respectively, tor all temperatures in the table. The transition probability A in equation (3.2) 

can for many lines also be found in these sites, either by its value itself or via the oscillator 

strength f 

(3.3) 

with the wavelength ')... in nm and A in s-1
. 

3.2 Methods to measure radial density profiles 

We will introduce three methods that can be used to determine radial density profiles [16]. 

They are all based on equation (3.1 ). 

3.2.1 Method 1: Radiant power ratio with respect to a species with known partial pressure 

The partial pressure of the buffer gas is more or less constant over the plasma volume, 

provided that it is present in an unsaturated form. lf we know the partial pressure of one of 

the buffer gas species B it is possible to calculate the partial pressure of a species A trom the 

ratio of two optically thin lines trom: 

PA nA gup,BAB exp(-Eup,BikT) QA(T) u;d h;B 

Ps = nB = gup,AAA. exp(-Eup,A I kT). QB(T). u;d. hvA I 

(3.4) 

where u;d and u;:d are the radiant powers of the two species. The ratio hvalhvA is 

practically one if speetral lines are chosen within a small speetral range. From the ratio of the 

two exponents, the partition functions, and Guy-Lussac (p = nk1), this method is sensitive to 

temperature changes over the radial position. By choosing the lines of the two species such 
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that the upper energy levels are as close as possible, the temperature influence in the 

exponents can be reduced. 

3.2.2 Method 2: The Boltzmann plot: relative radiant powers of lines of the species itself 

Taking the natura! logarithm of both sides of equation (3.1) gives: 

urad E 
ln( ) = -~ -ln C -ln(Q(T)) 

gupAhv kT ' 
(3.5) 

with Ca proportionality constant that only depends on the transmission of the system. Since 

Q is generally a slowly varying tunetion of T, assuming it to be constant is only a minor error 

that simplifies the analysis: 

(3.6) 

Assuming L TE the temperature can be estimated by making a linear fit through a number of 

points with Eu,!k on the horizontal axis and -Jn(Uradlgu,Ahv) on the vertical axis. The slope of 

such a Boltzmann plot is equal to 1/T, see figure 3.1. 

t 

Figure 3.1: A Boltzmann plot. The slopeis equa/ to 1/T according to equation (3.6). 

By determining in this way the estimated plasma temperature for each radial position the 

density profile is obtained from 
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(3.7) 

A spin-off of this methad is that we get an 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 in the spectrum and that show a spread in the 

upper level energies of at least 1 eV and preferably more. Another methad to estimate the 

radial temperature profile is to take a lamp with relatively low additive pressures, such that 

we can assume the profile to be parabalie [28]. 

3.2.3 Methad 3: Radiant power from one line once the radial temperature profile is known 

lf the radial temperature profile is known from accurate X-ray absorption [41 ],[42] or 

Thomson scattering measurements [34], the density profile can be calculated directly using 

equation (3. 7) for an optically thin line of the species of interest. 

3.3 Optica/ thickness of a speetralfine 

The parameter •o for optica! thickness denotes the fraction of radiation travelling through the 

lamp that is absorbed befare it reaches the wall of the lamp. The line is considered to be 

optically thin if the value for 1 0 < 1. The parameter can be estimated approximately from [15] 

<n>·R ·f·g ·exp(-E !kT) 
T = 2k R = 1.06 ·1 o-5 elf low low 

o o elf Q(T). 7r. bv • 
(3.8) 

with fthe oscillator strength, Rerrthe effective radius of the channel, <n> the average species 

density, Tthe effective temperature, and ov is the line width. 

Equation (3.8) shows that lines are optically thin if they have a low oscillator strength 

or if the lower state energy level is relatively high. Since in most lamps the temperature is 

5000 to 6000 K, an increase in the transition probability of one order of magnitude has 

roughly the same effect as an increase of 1 eV in the lower state energy level. In this way 

candidates for optically thin lines can be weighted against each other. Furthermore, if groups 

of lines are present with roughly the same lower energy and wavelength, the condition for 

optically thin lines can be verified since the measured intensity should be proportional to the 

transition probability (provided it is known accurately) of the I i nes. 
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3.4 Line selection 

The next step is to select speetral lines for which one of the three methods can be applied. 

We considered the following criteria: 

1. The transition probability (or oscillator strength) and corresponding energy levels 

and degeneracy of the I i nes must be known; 

2. The lines must be optically thin; 

3. The lines must be well separated from ether speetral lines and should not overlap 

with streng broad lines from e.g. the buffer gas; 

4. At least two optically thin lines have to be found with upper energy levels that 

differ at least one electron volt. lf the two I i nes are less than 5 to 1 0 nm apart in 

the wavelength spectrum, a spectrometer can be assumed to be able to measure 

both lines in one mode of operation. 

For the lines for which criterion 1 is satisfied, the next step is to calculate their optical 

thickness (criterion 2) using equation (3.8). Emission measurements performed at CDL using 

a Jobin-Yvon emission spectrometer with -0.01 resolution were used to apply criteria 3 and 

4. 

lf the emission measurements are done within the same speetral range as the 

absorption measurements, the spectrometer can be used for calibration of the laser 

wavelength. Tunable diode lasers were found to be commercially available for the 

wavelength range 610-750 nm. Therefore we have initially restricted our search to atomie 

cerium and scandium lines within this range. In a later stage also ionic lines and lines with 

shorter wavelengths that might be interesting have been identified. 

3.4.1 Cerium 

The line selection for atomie cerium was done using the criteria above. The result is shown in 

table 3.2. The lines displayed in bold (see sets C and D, visible in figure 3.2) were also 

selected for absorption spectroscopy measurements, and a tunable diode laser for these 

wavelengths was purchased for the absorption setup. 

The optical thickness for the lines in table 3.2 was calculated under the following 

assumptions: 

• <n> = 2.0·1021 m·3 

• Rett = 2 mm 

-25-



Chapter 3 Spectroscopie methods to determine radial profiles 

• 8v=8GHz 

• T= 3000 K 

The average density <n> is taken from [26]. The line width 8 v = cA.-28A. is known from high 

resolution spectra using a Fourier Transferm Spectrometer, see tigure 3.3. The largest 

optical thickness resulting from equation (3.8) is 1 0 = 0. 7. 

Tab/e 3.2: Atomie cerium lines. Because possible sets tor method 2 are shown, some 

lines appear more than once in the tab/e. Lines tor absorption measurements are 

displayed in bold. 

set À (nm) Eup (eV) E1ow (eV) Jup J1ow A (s-) t 'to 

A 625.37 2.26 0.27 5 5 8.13·10:> 4.77·10-;:s 0.4 

626.43 3.67 1.69 6 6 1.70·10 1.00·10" 0.0 

8 626.43 3.67 1.69 6 6 1.70·10 1.00·10"1 0.0 

627.65 2.28 0.30 5 4 8.57·10<> 6.19·1 o·" 0.4 

c 643.44 1.95 0.03 3 2 2.80·10" 2.80·10" 0.7 

644.61 3.66 1.74 2 3 5.73·10 2.55·10" 0.1 

D 643.64 2.39 0.47 4 5 2.14·10° 1.08·1 0"" 0.4 

644.61 3.66 1.74 2 3 5.73·10 2.55·10" 0.1 

Although our main interest goes out to atomie radiation, lines from ionic cerium were 

also considered. The candidate lines for ionic cerium are listed in table 3.3. Table 3.4 shows 

a set that can be used (method 1) for the measurement of the degree of ionisation: the two 

lines originate from about the same upper energy level. 

Table 3.3: /onic cerium lines. 

nr. À (nm) Eup (eV) 

1 401.24 3.7 

2 401.49 3.6 

3 401.91 4.1 

4 452.74 3.1 

5 452.85 3.6 
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Tab/e 3.4: Lines for the determination 

of the degree of ionisation for cerium. 

nr. 'A (nm) Eup (eV) species 

1 368.60 3.6 Cel 

2 369.49 3.7 Ce 11 

3~9.~,-----------------------,-----------------------------------, 

2717.727 

1866.412 

1015.096 it I 
/! I 1 

" , I 
I\ !1 l[it 
i i I !'~ I' I I 

~. I\! l ~0Vt-11 
163.781 Vv ' I 

643.184 644.784 646.384 647.984 649.584 

Figure 3.2: Atomie cerium lines for emission and absorption measurements (sets C and 0). 
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2895227.000 

1915884.375 

936541.813 
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I! 
643.640 
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Figure 3.3: FTS spectrum from a cerium metal halide lamp. The fine width is -0.01 nm. 
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3.4.2 Scandium 

lf the resolution of the emission spectrometer is not sufficiently high for cerium, scandium can 

be used as a backup filling because its lines are better separated in the spectrum (compare 

e.g. figure 3.2 with figure 3.4). Only one candidate set for emission measurements with 

method 2 was found. Most of the scandium I i nes that we re less than 10 nm apart in the 

spectrum shared the same upper energy level. The set is given in table 3.5 and shown in 

figure 3.4. The optica! thickness for the lines in table 3.5 was calculated under the following 

assumptions: 

• n x = 1 . 7 ·1 022 m -3 

• Rett= 2 mm 

• öv= 15 GHz 

• T= 3000 K 

This resulted in relatively large optica! thicknesses (ro = 1.9 and To = 3.2). We have to be 

careful because the lines might actually be self-reversed. 

The selected lines for absorption measurements on scandium are listed in table 3.6. 

Table 3.5: Atomie scandium lines tor emission. 

set À (nm) Eup (eV) E1ow (eV) 

E 625.00 4.29 2.30 

627.63 2.00 0.02 

Table 3.6: Atomie scandium Iines 

tor absorption measurements. 

nr. À (nm) Eup (eV) E1ow (eV) 

1 637.89 1.95 0.02 

2 641.33 1.95 0.00 
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Chapter 3 Spectroscopie methods to determine radial profiles 

17638.695----,-------------------------. 

13329.852-

9021.008 

1623.976 I i I : ,625.894 
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~~-941 ; I \ /\ ! 

j \. I\ I 
403.322 ... -· :' ··------~-.--../ ______ ... ./ 

4712.165 

623.386 625.105 626.824 628.542 630.261 

Figure 3.4: Atomie scandium lines tor set E (table 3.5). 

3.4.3 Dysprosium 

A number of test lamps in the ARGES setup for parabalie test flights were tilled with 

dysprosium. A suitable set for the measurement of atomie dysprosium densities can be found 

in table 3.7. The assumptions made for the calculation of the optica! thickness are the same 

as for scandium. 

Table 3. 7: Atomie dysprosium lines for emission measurements. 

set 'A (nm) Eup (eV) E1ow (eV) Jup Jlow A (s- 1
) f -ro 

F 642.73 2.44 0.51 8 8 2.5·10 1.55·10"" 0.0 

643.67 3.94 1.95 8 7 4.5·10" 3.17·10- 0.0 
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4 Design of the Spechelle spectrometer 

4.1 Requirements 

One of the objectives of the ARGES project is 'measurement of the radial segregation of 

additives in cylindrically shaped metal halide lamps by spectroscopie methods'. The emission 

spectrometer must be designed or purchased toserve this purpose. Weneed a spectrometer 

that measures (relative) intensities of the speetral lines we have selected, for every radial 

distance from the burner axis. In other words, we are looking for a spectrometer that makes 

two-dimensional images, one dimension is used for speetral information, and the other 

dimension is used for spatial information. Apart from the scientific requirements, for 

microgravity experiments the spectrometer has to be compact, lightweight, and robust: 

Scientific requirements: 

• High speetral resolution, i.e. lines that are -0.02 nm apart to be resolved according to 

the Rayleigh criterion for all wavelengths or R = lvOA.- 40,000 

• Spatial resolution -100 J-Lm in order to generate around 50 to 100 data points a long 

the diameter of the burner (which is 8 mm) 

• Two-dimensional information (spectra! and spatial) simultaneously on the detector 

• Lines of interest measurable, with emphasis placed on the speetral lines around 640 

nm (see tables 3.2, 3.6 and 3.7) 

• Measurement time < 1 second for monitoring during the parabalie flight campaign 

(one parabola takes around 20 seconds) 

Microgravity requirements: 

• Small size: the total volume available is roughly 30 x 40 x 50 cm 3
, which contains a 

carrousel with lamps, an absorption setup and the spectrometer. The aim for the 

spectrometer is about one third of this volume 

• Minimum weight (the uplift of 1 kg costs around 25,000 euros): total emission setup 

less than 3,5 kg 

• Robust; withstands severe shocks during and after lift-off (>1 Og dynamic, up to 5 g 

statie). Thus preferably no critically moving parts 
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• Able to withstand an environmental temperature that fluctuates between 5 and 40 °C 

and possibly other heat loads 

• No wavelength calibration should be needed after roeket launch or calibration should 

be automated with software 

• Measurement data should be stored on disk 

With these requirements it is indeed a challenge to find a suitable spectrometer. 

4.2 Choice of spectroscopy principle 

Figure 4.1 shows the necessary elements of an emission spectrometer. lt consists of a 

souree under study, a dispersing element, and a detector. The disperser spreads the light out 

spatially according to its wavelength. Finally, the detector is a device that records the 

intensity as a function of position. 

• I 

I 

~ B 
I .. 

À1 + À2 
".;o~ ~ ',~,,~; ',', 

souree disperser 
I À2 . 

Figure 4.1: Basic e/ements of an emission spectrometer. 

The dispersing element may be a prism, a grating or an interferometer. Two common 

interferometers are the Fabry-Perot and the Michelson, the secend of which is the instrument 

used in Fourier Transfarm spectroscopy [36]. 

Weneed to decide upon the type of source, disperserand detector as a starting point 

for the instrument design. Obviously, the souree is in our case the discharge of a metal 

halide lamp. Sources, detectors and dispersers are interdependent: a disperser of high 

resolution may not be usabie in practice if the souree is weak and the detector insensitive. 

Conversely, the high resolution may be wasted if the lines are intrinsically very broad or if the 

detector is very grainy. The design requirements that dictate our choice of disperser and 

detector are the high resolution (R- 40,000) and the request for simultaneous measurement 
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of spatial as well as speetral information. We are not tempted to make use of a prism 

because a reasanabie upper limit for the resolving power of a prism is only about 30,000 

[33]. Interteremeters produce circular fringes [38], which makesthem unsuitable for the direct 

measurement of spatial information, because sequentia! measurements have to be done. 

With diffraction gratings a resolving power of p to 106 can be reached [35]. Moreover, 

both spatial and speetral information can be obtained in one measurement because a 

speetral line generated by a grating spectrometer is the image of the entrance slit. The 

grooves of the grating are set parallel to the slit (which has a certain width), and the grating in 

combination with some opties images the slit on the focal plane for each wavelength. Along 

the height of the slit, no dispersion occurs, so an image of the souree is generated in the 

focal plane. 

radial position 

Figure 4.2: A grating spectrometer can be used to obtain spatial information. The burner is placed 

vertically and the slit is placed horizontally at one axial position. Multiple images of the narrow slit are 

formed in the detector plane because of dispersion. Along the height of the slit, no dispersion occurs, 

and spatial information is generated. The grating and supporting opties are not shown. 

We require the conversion of an optical image to a set of electrical signals. Perfectly 

suitable for our purpose are the photodiode arrays, which are arrays of silicon p-n junctions. 

They have a speetral range of 200 to 1000 nm, and can quantum efficiencies of 60 to 70 

percent or even higher. Linear arrays have typically up to 1024 sensors, spaeed by as little 

as 20 micron (or 10 micron or even less) [45]. Two-dimensional arrays required for spatial 

resolution are also available. The arrays are normally run as charge-coupled-devices 
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(CCDs): each photodiode current is integrated on its own capacitance, and the stored 

charges are read off sequentially. 

In conclusion, the desired resolution in combination with the direct measurement of 

both spatial and speetral information makes a diffraction grating tagether with a CCD camera 

the most suitable disperser-detector combination. 

4.3 Commercially available systems 

In the search for a robust and compact high resolution emission spectrometer, commercially 

available systems were also considered. Avantes and Multichannel manufacture the two 

most interesting systems for our purpose. 

Avantes [46] manufactures spectrometers with the size of a sandwich, which have a 

fibre optie entrance, and operate with a grating. All optica! elements are fixed (making it very 

robust) and a 100 nm wide spectrum is measured with a photo diode array. The highest 

resolution they can provide is -0.1 nm, which makes them unsuitable for our purpose4
. Apart 

from that, the use of a fibre also means that for spatial information, sequentia! measurements 

have to be done. 

Multichannel [47] manufactures spectrometers with the size of a large lunchbox that 

are capable of -0.01 nm resolution. lts optica! elements are also fixed, and the wavelength 

spectrum is obtained with a grating. Unfortunately, the Multichannel spectrometer also uses 

a fibre as a light-collecting element, so that sequentia! measurements are needed to obtain 

spatial information. Hence we have decided to design an emission spectroscopy system 

ourselves. 

4.4 Design parameters and general characteristics of grating spectrometers 

4.4.1 Elements and their tunetion 

We would like the two-dimensional CCD array of our grating spectrometer to detect 

the intensity of light from a metal halide lamp as a tunetion of wavelength and radial position 

in the burner (as shown schematically in figure 4.2). To do this, the spectrometer contains a 

narrow entrance slit, a grating, and two imaging elements [36]. 

4 For scandium this might be sufficient 
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Design of the Spechelle spectrometer 

exit slit 

Figure 4.3: Design parameters for grating spectrometers. Light departing from the entrance slit is 

collimated by the collimator lens, dispersed by the grating, and final/y focused onto the exit plane by 

the camera lens. The angles of incidence a and diffraction () are measured with respect to the grating 

normal. The incoming light beam has characteristics <jl, denoting the linear angle drawn, and Wcotb the 

collimated beam width. For spatial information, the height of the slits and the grating are important. 

These are not depicted in the figure. The fulllist of design parameters can be found in table 4. 1. 

The first of these imaging elements, the collimator lens, collimates the incident light for the 

grating, and the second, the camera lens, focuses the light onto the exit plane, see figure 

4.3. The figure is drawn fora system based on lenses to simplify the picture, but reflective 

elements can also be employed. The slit is placed perpendicular to the plane of the figure 

and the wavelength dispersion is in the plane of the figure. This is shown for two different 

wavelengths lc 1 and /c2 . In the exit plane perpendicular to the figure there is no dispersion and 

the grating acts like a mirror. This gives us spatial information. The camera, grating, and 

collimator are the elements 'missing' in figure 4.2. 

A number of design parameters is apparent: the width wand height hof the slits, the 

focallength f and diameter 0 of the optical elements. The grating constant G, the dimensions 

W9 and H9 of the grating, its blaze angle 8, and the angles of incidence and diffraction a and 

f3 will be treated in paragraph 4.4.2. In table 4.1 the relevant design parameters are listed for 

each element. 
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able 4.1: 0 . estgn parameters or grating spectrometers 
element tunetion parameter symbol 

entrance slit narrow souree width Went 

height hent 

collimator collimates light for the grating focal length fco/1 

lens diameter Deo/I 

grating disperses incoming light ruled width Wg 

height Hg 

groove density G 

blaze angle e 
angle of incidence a 

angle of diffraction f3 
camera focuses light onto the exit plane focal length fcam 

lens diameter Dcam 

exit slit detection element width Wex 

(pixel) height hex 

beam parameters linear angle <P 

collimated width Wco/1 

The choice of the design parameters defines the characteristics of the spectrometer, such as 

the linear dispersion, the bandpass, and the solid angle of detection. The linear dispersion is 

a measure for the dispersion of the grating in combination with the camera lens (see sectien 

4.4.2). The bandpass denotes the wavelength spread in the focal plane due to the 

spectrometer opties when monochromatic light is allowed to enter the spectrometer (see 

sectien 4.4.3). Therefore the linear dispersion and the bandpass must be such that high 

resolution can be obtained. The solid angle of detection determines the degree of light 

colleetien and with it the integration time for measurements. Once we understand how the 

spectrometer characteristics depend on the parameters listed in table 4.1 we can make 

choices for the design. 

4.4.2 Echelette and echelle grating parameters 

There are many different types of gratings [37]. For instance, gratings can be used in 

reflection or transmission. Reflection gratings are more favourable in our case because they 

can be used at a wider range of diffraction angles, and they are less limited in efficiency, 
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compared to transmission gratings. Moreover, reflection gratings lead to a more compact 

system because the optica! path is folded. We also need to choose between a concave ar 

plane grating system. When a concave grating is used, no collimating opties is needed, 

making it an interesting option. Concave gratings give rise to astigmatism (see sectien 4.8.1), 

however, whilst plane gratings do nat. Therefore we will examine plane-grating systems. 

The design parameters of a spectrometer and the resulting characteristics fellow from 

the grating equation [38]: 

mÀ = d(sina +sin 13), (4.1) 

where m is the diffraction order, À is the wavelength of the diffracted radiation, d is the groeve 

spacing, and a and f3 are the angle of incidence ·and diffraction, respectively, measured with 

respect tothegrating normaL The reciprocal of the groeve spacing, ä 1
, equals G, the groeve 

density introduced in figure 4.3. 

diffracted wavefront 
incident wavefront 

d 
< > 

Figure 4.4: Diffraction by a grating. Light of wavelength 'A is incident at an angle a and diffracted by a 

grating of constant groove spacing d along angle p. These angles are measured trom the grating 

normal, which is the fine perpendicular to the grating surface at its centre, to the beam. The 

geometrica/ path difference between light trom adjacent grooves is seen to be dsina + dsinp. 

When the geometrical path difference d(sina+sinf3) equals some integral multiple m of the 

wavelength À of the light, the light from adjacent grooves will be in phase, leading to 

constructive interterenee (see figure 4.4). At all ether angles f3, there will besome measure of 

destructive interterenee between the waveiets originating from the groeve facets. 

- 36-



Chapter 4 Design of the Spechelle spectrometer 

lt is evident from the grating equation that, for any grating instrument configuration, 

the light of wavelength A diffracted in the first order will coincide with the light of wavelength 

A/2 diffracted in the secend order, etc., for all m satisfying the grating equation. This 

superposition of wavelengths can lead to ambiguous spectroscopie data. lt must be 

prevented by suitable filtering, called order sorting. 

incident ligh 

nm 

m=2 

grating 

Figure 4.5: Overlapping of speetral orders. The light for wavelengths 100, 200 and 300 nm in the 

second order is diffracted in the same direction as the light for wavelengths 200, 400 and 600 nm in 

the first order. 

The non-overlapping wavelength range in a particular order is called the free speetral 

range, F [38]. lf At is the shortest detectable wavelength in the incident light, then the longest 

non-overlapping wavelength A2 in order m is coïncident with the beginning of the spectrum 

again in the next higher order, or mA2=(m+1)At. The free speetral range for order m is then 

given by 

(4.2) 

The angular separation d~ of two different wavelengths of light dittering by dA can be 

obtained by differentiating the grating equation assuming the angle of incidence a to be fixed: 

d~ Gm 
-=--
dA cos fJ 

(4.3) 
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The ratio df3/ciA is the angular dispersion. 

We define the linear dispersion5 of a grating system as the reciprocal of the product of 

this and the camera focal length: 

(4.4) 

which is expressed in nm/mm. 

The theoretically obtainable resolution of a grating is given by the resolving power R: 

À 
R=-=mN 

5..1 ' 
(4.5) 

with m the diffraction order and N the number of illuminated lines. Here, 82 is the separation 

between two speetral peaks that can just be detected as separate with the instrument, À is 

the wavelength of one of the two peaks. Equation (4.5) is derived in any introductory opties 

text [38]. 

The absolute efficiency (i.e. the ratio of the diffracted light energy to the incident light 

energy) of a grating in a given wavelength region and order must be sufficient. The grating 

efficiency is dictated by the product of the interterenee function IF (describing interterenee of 

N slits), and the blaze function BF (representing the single slit diffraction envelope) [36]. This 

is illustrated in figure 4.6. 

For m = 0, the zeroth-order diffraction maximum, there is no dispersion. This 

represents a waste of light energy. In practice, therefore, the grooves (mirror faces) a·re 

inclined so that the blaze tunetion BF shifts into another order. This is called blazing, and the 

resulting grating is namedan echelette grating. lt is illustrated in figure 4.7b. While the blaze 

function BF is shifted, the interterenee maxima remain fixed in position. Their positions are 

determined by the grating equation, in which angles are measured relative to the plane of the 

grating. These angles are unchanged when going from (a) to (b) in figure 4.7. 

5 In standard texts, this is called the reciproca/linear dispersion. 
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--, 
2 m 

Figure 4.6: lntensity pattem of single diffracted wavelength for a grating with N equal/y spaeed 

grooves with centre-to-centre spacing d and width cr (see tigure 4. la}. 

(a) 

< < > 
d 

(b) 

Figure 4. 7: In an unblazed grating (a}, the diffraction envelope maximum coincides with the zeroth

order. In the blazed grating (b), the envelope maximum coincides with e.g. the first order. 

The angular dispersion, equation (4.3) can with use of the grating equation (4.1) be 

written as 

d~ 1 sina +sin~ - = --------'~ 
dJc À cos/3 

(4.6) 
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from which we can see that the angular dispersion at a given wavelength /.. is set entirely by 

the angles a and 13, independent of G and m. Thus a given angular dispersion can be 

obtained with many combinations of G and m, provided the angles at the grating are 

unchanged and Gm is constant. Recognition of this fact led to the development of coarsely 

ruled reflection gratings specifically designed to achieve high angular dispersion by making a 

and 13 large, typically about 65° [36]. Such gratings are called echelle gratings. They have 

groove densities in the range of 300 to 30 per mm and operate in values for m in the range of 

10 to 1 00 for visible light. 

Figure 4.8 is drawn to bring out the characteristics of echelle gratings. They are 

commonly used in the so-called Littrow contiguration (a = 13) with the light incident on the 

narrow side of the step. Echelle gratings are specified by their blaze angle 8, which 

corresponds to the angle of incidence (and diffraction) for which the efficiency is optimised. In 

practice blaze angles are in the range 50-80°. The angular dispersion (equation 4.6) 

becomes, with a= 13 = 8: 

d~ 2 tane 
=---

d}., ;., 
(4.7) 

For increasing 8 from 50° to 80° the dispersion increases a factor of 5. Thus high resolution 

should be obtainable with a short focal length, large blaze angle system. The grating 

equation becomes 

m'A = 2d sine = 2G-1 sine . (4.8) 

Since m is large, this equation can be satisfied by a whole set of wavelengths with 

neighbouring values for m. As a consequence of the high order number, the order overlap 

problem is very severe. For m - 100, Fis only a few nm. 

The diffracted energy for a wavelength not at the blaze peak is determined by the 

value of the BF for that wavelength in the diffracted direction. For an echelle with large m, the 

blaze function spanning many echelle orders is shown schematically in figure 4.9 for the 

Littrow configuration. One important feature of the efficiency curve is that each peak covers 

one free speetral range of the echelle spectrum. With the blaze function it can be shown that 

each wavelength over an extended range is diffracted with an efficiency no less than 40% 

that of the blaze wavelength [36]. 
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N 

N' 

d 

Figure 4.8: Echelle gratings are gratings with large groove spacing d blazed for high orders. They are 

characterised by their blazê angle 8~ N is the grating normal, N' is the normal to the reflective side of 

the step. Please note the difference with an echeleffe grating, tigure 4. 7b. 

BF m m-1 m~2 

Figure 4.9: Blaze tunetion for echelle with m >> 1 in Littrow configuration. The outer wavelengths of 

the free speetral range F in each order coincide with the wavelengths for which the blaze tunetion BF 

is 40% of its maximum va/ue. 

4.4.3 Instrument tunetion and non-idealities of grating spectrometers 

Due to non-idealities of the opties and the finite width of the entrance slit the relation between 

spatial position in the exit plane and wavelength is not sharp. For example, if perfectly 

monochromatic light illuminates the entrance slit of a spectrometer, the spectrum that is 

recorded in the exit plane has a certain width. The shape of this spectrum is called the 
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instrument tunetion of the spectrometer, and its full width at half maximum is termed the 

bandpass ~Àbp· 

The instrument tunetion is the result of a number of non-idealities in the spectrometer 

[34]. Firstly, the diffraction pattern of the grating is not infinitely narrow, but leads to a 

Lorentzian behaviour of the instrumental function. Secondly, the width of the entrance slit 

gives rise to an uncertainty in the entrance position in the spectrometer, causing a similar 

uncertainty in the exit plane. This gives rise to a rectangular contribution to the instrument 

function. Thirdly, the optica! elements in the spectrometer introduce aberrations, which blur 

the image of the entrance slit. In fact, these aberrations cause the position in the exit plane to 

depend on the angle at which the spectrometer is entered. This contribution to the instrument 

tunetion is more or less Gaussian. The total instrument tunetion is the convolution of these 

contributions. We will estimate the bandpass for the different contributions. 

/deal spectrometers, being comprised of an infinitely narrow entrance slit and a 

perfect grating, do not exhibit image aberrations and have infinitely narrow instrumental 

profiles, described by the Dirac 8-function. 

Spectrometers whose instrument functions are limited by diffraction on the grating 

have two slits that are infinitely narrow and exhibit no aberrations. The instrumental profile is 

that of a classic diffraction pattern, and the bandpass is given by 

(4.9) 

where 'A is the wavelength of the incident light and R is the resolving power of a grating, 

equation (4.5). 

Spectrometers with a finite entrance s/it width, but free of image aberrations, have 

rectangular instrument functions. The contribution of the entrance slit width Went to the 

instrumental tunetion is the speetral range corresponding to the width w'ent of the image of the 

entrance slit, which differs from Went, since the grating produces a magnification (apparent in 

tigure 4.4): 

, cosa 
w =w ·--

em ent COS fJ · (4.1 0) 
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The rectangular instrument function due to the entrance slit width covers a speetral range 

given by the linear dispersion (equation (4.4) d1 times w'ent: 

. cos ~ cosa cosa 
L\Àent = d, . went = . --. went = . 111ent . 

Gmfcam COS j3 Gmfcam 
(4.11) 

Spectrometers whose resolutions are limited by image aberrations have more or less 

Gaussian instrumental profiles. The bandpass is given by the linear dispersion d, and the full 

width at half maximum ~s of the spot in the exit plane: 

AÀ b = d, . !:::..s = cos ~ . !:::..s 
a Gmfcam . 

(4.12) 

4.4.4 Design strategy 

From equation (4.9) it is apparent that the grating must be chosen and operated such that 

the resolving power is large enough to obtain the narrow bandpass we need. Apart from this, 

equation (4.1 0) and (4.11) show that, for a given linear dispersion, we have to narrow the 

entrance slit width for higher resolution. Equation (4.11) also brings out that the linear 

dispersion provided by the grating and the camera lens must be large enough for narrow 

bandpass. Finally, equation (4.12) brings out that we have to choose good quality opties to 

keepthespot size ~sas smallas possible. 

For a high resolution compact spectrometer a narrow entrance slit i$ nèeded and a 

short camera focal length is preferred. Once these parameters have been determined and 

the grating relations are understood, a suitable grating can be selected. The supportive 

opties can subsequently be decided upon. This establishes the elements of the 

spectrometer. The spectrometer design is discussed in sectien 4.5. 

Light originating from the metal halide lamp has to be collected and focused onto the 

entrance slit of the spectrometer by some entrance opties. We will determine the entrance 

opties after the design choices for the spectrometer opties have been made. The entrance 

opties design is discussed in sectien 4.7. 

The final step is to study the non-idealities of the system. The selection of the actual 

optica! elements is based on the aberrations that become apparent from calculations. The 

non-idealities and implementation issues are discussed in 4.8. 
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4.5 Spectrometer design 

In the following sections, desired values for the design parameters listed in table 4.1 will be 

motivated. As a guide for the reader these values are displayed in bold when they are 

decided upon. 

4.5.1 Focal length, slit dimensions and detector area 

The requirements of a compact system with high speetral resolution means we have to 

employ a short camera lens focallength. We assume fcam = 150 mm. Also, we assume a Went 

= 10 ).lffl entrance slit as a trade-off between applying a narrower slit that might bring 

Fraunhofer diffraction into play (as a limitation for the collimated beam width6
), and using a 

broader slit that makes the required resolution unattainable (with the short focal length). A 

narrow entrance slit is only useful if the CCD camera pixels are not too large. Therefore we 

assume for simplicity that the CCD camera pixels are 10 x 10 ).lm2
. A pixel is the equivalent 

of an exit slit, hence we have the width and height of the exit slit given by Wex = hex = 10 ).lffl. 

lf two pixels detect the 0.02 nm resolution element we can detect 20 nm with 2000 pixels. For 

spatial information we have to take the diameter of the burner 2R into consideration, which is 

8 mm. Assuming that the entrance opties of the spectrometer forms a 1:1 image onto the 

entrance slit we take the height of the entrance slit to be hent = 10 mm. lf we also aim to form 

a 1:1 image of the burner diameter onto the detection plane, this corresponds to 1000 pixels. 

In conclusion, for high speetral resolution, a convenient detectable speetral range, and 

spatial resolution by forming a 1:1 image, we assume a detector consisting of 2000 x 1000 

pixels of 10 x 10 I-Lm2
. 

By forming a good-quality 1:1 image of the entrance slit, spatial information is 

accounted for. The high speetral resolution for the desired speetral ranges of interest is less 

straight-forward to obtain and we have to investigate the relevant grating parameters. 

4.5.2 Choice of grating 

4.5.2.1 Echelettes versus echelles with respect to the design 

The desired resolution can only be obtained if the number of illuminated grating lines is 

sufficient (equation (4.9)) and the linear dispersion is sufficient fora narrow slit- or aberration-

2f/... 6 The width of the central diffraction pattern is given by WF = -- [38]. For 'A= 640 nm this leads to 
111em 

WF= 19mm. 
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limited bandpass (equation (4.11) and (4.12), respectively). lf we need a 0.02 nm resolution 

element to be detected by at least two pixels of 10 ~-tm width, this means we desire the linear 

dispersion to be 1 nm/mm or smaller. 

The linear dispersion is given by equation (4.3), which with the grating equation (4.1) 

can be written as: 

d = cos~ "A 
1 

sin a + sin j3 ham 
(4.13) 

In this equation, the camera focal length fcam is assumed to be 150 mm. For the wavelength 

we take "A= 640 nm because it is of highest priority. 

The vast majority of grating systems operates in first order and high resolution is 

obtained using echelette gratings with high groove density, of up to 2400 grooves/mm7
. 

Typical values for the angle of incidence and diffraction are a= 15° and [3 = 45°. This gives a 

linear dispersion of 3 nm/mm. This is clearly not sufficient and explains why most first order 

systems use a langer camera focallength (450 mm or langer). 

The linear dispersion brings out another undesirable characteristic for echelette 

spectrometers: if 3 nm spectrum is displayed onto 1 mm of the camera focal plane, this 

means that 200 nm spectrum is displayed onto -70 mm of the focal plane. Hence in order to 

scan the many speetral lines of interest (chapter 3), we either need to use a large detector or 

several detectors (as in polychromator systems), or accurately turn the detector or grating. 

This makes the instrument anything but compact or robust. 

Echelle grating systems are operated in high orders at high angles of incidence and 

diffraction, typically a = [3 = 65°. The linear dispersion becomes 1 nm/mm. The high 

dispersion is purely a consequence of the large angles of incidence and diffraction. Thus with 

a short focal length the desired resolution can be obtained with an echelle spectrometer. 

The echelle order overlap problem is commonly dealt with by introducing cross

dispersion perpendicular to that of the echelle. For our application this is not convenient, 

because we are interested in spatial information. Therefore we will select a number of narrow 

bandpass interterenee filters, corresponding to different speetral regions of interest from 

chapter 3. The order overlap problem becomes an order overlap opportunity tor our 

application. By selecting a convenient filter, we can select a wavelength range of interest to 

be measured by the detector. The detector and the grating can be fixed. Hence using an 

echelle grating, we should be able to design a compact and high resolution system with no 

critically moving parts. 

7 Gratings upto 3600 grooves/mm also exist, but they are not blazed for the visible wavelength range. 
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4.5.2.2 Choice of echelle grating 

The first criterion we have applied to select the echelle grating is based on the desire tor a 

speetral range of at least 15 nm at 640 nm (or maximum order 42). This should allow us to 

measure the speetral range 635 to 645 nm without order overlap, using a 10 nm FWHM 

interterenee filter. 

The secend selection criterion was based on the desired resolution. lf we allow a 

linear dispersion of 1 nm/mm we can obtain 0.02 nm resolution at maximum. We have 

calculated the linear dispersion tor a camera lens focal length of 150 mm. 

The third selection criterion is the dispersion behaviour for the 615 nm to 646 nm 

region, where atomie lines tor cerium, scandium and dysprosium can be found. We have 

taken the angle of incidence exactly equal to the blaze angle of the grating and allowed the 

angle of diffraction to be +/- 5° trom this value for acceptable efficiency. We also vàried the 

angle of incidence, with a maximum of 4° deviation from the blaze angle, to see where the 

speetral lines of interest would be located in the detector plane. 

Applying the above criteria led to the conclusion that an echelle grating with a groeve 

density of G = 79.01 lines per mm, and a blaze angle of e = 74° is most convenient for our 

application. The linear dispersion amounts to 0.6 nm/mm at 640 nm, or 0.006 nm per pixel. 

This equals the slit-limited bandpass calculated with equation (4.11 ). For lower wavelengths 

the dispersion and bandpass lead to lower values. At 400 nm, the linear dispersion is 0.4 

nm/mm, or 0.004 nm per pixel. 

For the size of the grating we have two criteria. The first criterion is the resolution required. 

The resolving power is given by 

R=mN=mWG 
g ' 

(4.14) 

where Wg denotes the grating width, see tigure 4.3. The lines are ruled perpendicular to Wg. 

lf we des i re R to be 100,000 we have some margin for the des i red resolution, si nee o}, = /JR 

= 0.0064 nm tor 'A= 640 nm. Making use of equation (4.1) we see that the diffraction order at 

640 nm is 38. With a groeve frequency of 79.01 lines per mm this gives a ruled width W9 

neededof -35 mm. 

The secend criterion is the formation of a 1:1 image of the burner diameter onto the 

detector. The burner diameter is 8 mm and the entrance slit height was taken 1 0 mm so a 

grating height H9 of 10 mm should do. The grating can thus be quite small. Commercially 
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available, however, are gratings with a standard size of H9 x W9 = 46 x 96 mm. Therefore we 

use this grating size. 

We have selected our echelle from the ThermoRGL 2002 catalogue [48]. Thermo 

RGL is the only company that manufactures a wide variety of high-quality plane reflective 

echelle gratings. The gratings in the catalogue are replicas from a so-called master. The 

advantage of replicas lies not only in their lower cost and shorter delivery time, but also in 

availability of exact duplicates whenever needed. The latter is very convenient for space

borne applications. 

4.5.3 Beam separation 

We now have to decide upon the angles of incidence and diffraction at which we are going to 

operate the selected echelle grating. In most grating systems the angles of incidence and 

diffraction are chosen such that the incoming and diffracted beams are well-separated, as 

shown schematically in figure 4.3. 

Echelles are used near Littrow diffraction conditions (ex. = [3), and the incoming and 

diffracted beams almost coincide. Therefore echelles are more likely to be used under 

condition of conical diffraction [21] with the collimated beam incident a little from 

perpendicular to the grooves, which allows beams to be separated while maintaining near 

Littrow diffraction conditions . Another option is to use the grating with the angle of incidence 

greater than the angles of diffraction or vice versa, and employing a mirror to redirect the 

outgoing beam to the detector. For our application, we need not to worry about the total 

power reaching the detector (see section 4.9) and insert a beam splitter, as shown in figure 

4.1 0. Th is way we can u se the echelle at exact Littrow conditions and in the maximum 

possible diffraction angle range +/- 4° around the blaze angle. Thus the angle of incidence 

becomes a. = 74°, and the angles of diffraction f3 range trom 70 to 78°. We can detect 

fcam·tanl'!j3 = 20 mm spectrum with a 2000 x 10 f..lm pixel camera. Many I i nes of interest are 

measurable (see table 4.2), provided that we apply a narrow bandpass filter for the 

wavelength range of interestand the detection area of the CCD camera is sufficiently large. 
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Tab/e 4.2: Lines of interest visible with the echelle spectrometer. 

F 1.. (nm) visible lines of interest (nm) 

m (nm) 70° 78° Cel Cell Scl Scll Dy i Hg Na 

67 5.4 359.10 366.36 365.02 

366.31 

66 5.5 364.54 371.92 368.60 369.49 365.02 

366.31 

64 5.9 375.93 383.54 380.15 

380.81 

382.39 

63 6.1 381.90 389.63 382.39 

385.32 

385.43 

61 6.5 394.42 402.40 399.38 

399.92 

401.24 

401.49 

401.91 

60 6.7 400.99 409.11 401.24 404.66 

401.49 

401.91 

56 7.7 429.64 438.33 431.41 435.83 

432.07 

432.50 

437.45 

55 8.0 437.45 446.30 441.56 

54 8.3 445.55 454.56 452.74 

452.85 

41 14.3 576.82 589.69 589.60 

39 15.8 616.92 629.39 617.53 625.00 

619.81 627.61 

621.11 

625.37 

626.43 

627.65 

38 16.7 633.15 645.96 643.44 637.89 642.72 

643.64 641.33 643.67 

644.61 

33 22.1 729.08 743.83 729.62 

732.99 

739.77 

The collimator- and camera lens actually become one and the same optical element 

with a focal length of 150 mm. Th is Littrow lens farms a 1:1 image of the slit onto the detector 

plane. The diameter of the Littrow lens has to be large enough to collect the beams 

dispersed by the grating. The outermost beams are determined by the outermost diffraction 
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angles, 70 and 78°. Fora collimated beam width of 10 mm a Littrow lens diameter of Dcam = 

40 mm is sufficient, provided that the grating is placed within a few cm from the lens. 

We have seen that, in order to obtain a sufficiently high resolving power from 

diffraction, around 35 mm of grating width has to be illuminated (equation 4.14). This 

establishes the minimum width Wcoll of the collimated beam formed by the Littrow element. lt 

is given by Wcou = Wgcos8 = 10 mm, as seen from figure 4.3. The angle <j> in figure 4.3 

subsequently calculated from tan-1(51150) = ~-

This establishes the spectrometer opties. An overview of the parameters and their 

resulting characteristics is given in table 4.3 and 4.4. In table 4.4(a), the linear dispersion is 

given for different angles of diffraction and in two different orders. Table 4.4(b) lists the 

theoretica! values for the bandpass making use of equations (4.9), (4.11) and (4.12). For the 

aberration-limited bandpass, the spot size must be known. The smallest spot size resulting 

from ray tracing calculations (section 4.8.2) was 15 ).I.m. Apparently, the speetral resolution of 

our spectrometer is aberration-limited. Table 4.4(c) lists the beam parameters. The solid 

angle of detection n was calculated from: 

Q = 47t (_!_ Wcoll J
2 

2 ham 
(4.15) 

A crucial part of the total instrument is formed by the entrance opties, which we will discuss in 

paragraph 4. 7. First we will discuss the interterenee filters in paragraph 4.6. 

Table 4.3: Desired parameter values for the design 

element parameter symbol desired value 

entrance slit width Went 10 J.lrn 

height hent 10 mm 

Littrow lens focal length f 150 mm 

diameter 0 40mm 

grating ruled width Wg 35 mm 

height Hg 10 mm 

groove density G 79.01 mm-1 

blaze angle 8 74° 

angle of incidence a 74° 

angle of diffraction p 70 to 78° 

exit slit width Wex 10 J.lrn 

height hex 10 J.lrn 

-49-



Chapter 4 Design of the Spechelle spectrometer 

Table 4.4: Resulting performance characteristics 

(a) linear dispersion 

dJ(nmlmm) ~ (0) 

order 70 74 78 

61 0.47 0.38 0.29 

38 0.76 0.61 0.46 

detector 

beam splitter 

entrance slit 

(b) bandpass 

L'.Ábp (nm) 

order 

61 

38 

diffraction (R), slit (ent) or 

aberration (ab) limited 

~AR ~}<-ent ~A.ab * 

0.002 0.004 0.02 

0.006 0.006 0.01 

*calculated at 74° 

Littrow 
element 

(c) beam parameters 

collimated beam width, 

linearand solid angle 

Wco/1 (mm) 10 

~ (0) 2 

n (sr) 0.014 

Figure 4.10: Echelle spectrometer layout. Incaming light trom the entrance slit passes the beam 

splitter, is collimated by the Littrow lens, and diffracted by the echelle grating. The Littrow lens focuses 

the diffracted beams, which are redirected by the beam splitter, onto the detector. 

4.6/nterference filters 

ldeally, a narrow bandpass filter (or interterenee filter), would have a reetangular 

transmission profile, transmitting all wavelengths within the free speetral range, and blocking 

all others. In practiee, this is not realisable, although different types of filters with different 

bandshapes are available [49]. Their design is essentially a thin film Fabry-Perot 

Interteremeter formed by vaeuum deposition techniques and consists of two reflecting 

staeks, separated by an even-order spaeer layer, see tigure 4.11. Each one of these 

structures is referred to as a cavity. 
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Figure 4.11: A narrow band interterenee filter is essentially a Fabry-Perot interterometer. 
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Figure 4.12: Interterenee filter bandshapes depend on the number of eavities used. From left to right, 

a 2, 3 and 4 eavity filter is shown. 

The bandshape depends on the number of cavities used , as shown in figure 4.12. For our 

spectrometer we have to select a number of interterenee filters . Their parameters are the: 

• (peak) transmission 

• bandshape (number of cavities) 

• central wavelength 

• full width at half maximum 

• blocking range and quality 
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For the transmission our strengest demand is a maximum of 1% for the wavelength regions 

outside the free speetral range to avoid ambiguous speetral data noise from order overlap. A 

3 or 4 cavity filter is preterred for our application because their bandshapes have relatively 

steep sides , but these filters are nat available for all wavelengths. The central wavelength 

desired is determined by the (sets of) speetral lines of interest and their mutual wavelength 

distance in the spectrum. The full width at half maximum needed fellows from the speetral 

range of interest. In selection , it is a trade-off between visibility of more lines of interest and 

less noise due to order overlap. Blocking is 1 o-4 outside the bandshape region [49] . 

The central wavelength of a filter will shift lower in wavelength with an increase in the 

incident angle. The amount of wavelength shift is dependent upon the incident angle and the 

effective index of the filter. The following formula is used to determine the wavelength shift of 

a filter in collimated light with incident angles up to 15° [49]: 

[ 

2 ]1/2 
À, ~,1, 1-[:.: J sin' x , (4.16) 

where Àz is the wavelength at a the angle of incidence x, 'A.0 is the wavelength at normal 

incidence, Ne is the refractive index of the external medium (-1 for air) and Nett is the 

effective refractive index (= 1.5 [49]) of the filter. lf we demand the central wavelength nat to 

be shifted more than 0.1 % for light with wavelength 640 nm entering with an angle x, then x 

= 4°. This angle determines the minimum focal length for the entrance opties. 

As a general rule , the highly reflective side of the filter should always face the souree 

of radiation . This minimises the thermal laad on the absorbing glass blocking components 

and epoxies , thereby extending the lifetime of the filter. Apart from reduction of thermal 

effects , filter orientation is without influence on the speetral characteristics . The purchased 

interterenee filters are given in table 4.5. 
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Table 4.5: Interterenee filters and visible spectrallines. 

central nr. visible lines of interest (nm) 

nr. wavelength (nm) FWHM (nm) cav. Cel Cel I Sc I Scll Dy I Hg Na 

1 365 .5 +0 .3/-0.0 1.5 +/-0 .3 2 365 .02 

2 368 .9 +0 .3/-0 .0 1.5 +/-0.3 2 368.60 369.49 

3 401 .0 +0.3/-0 .0 1.5 +/-0 .3 2 401.24 

401.49 

401 .91 

4 404.4 +0.4/-0.0 2.0 +/-0 .5 2 404.66 

5 431 .8 +0.4/-0 .0 2.0 +/-0 .5 3 43 1.41 

432.07 

432 .50 

6 452 .7 +0.4/0.0 2.0 +/-0.5 3 452.74 

452.85 

7 59 1.0 +2 .0/-0.0 10.0 +/-2.0 4 589 .60 

8 626 .0 +1 .0/-0 .0 5.0 +/-1 .0 3 625.37 625 .00 

626.43 627.61 

627 .65 

9 640.0 +2.0/-0.0 10.0 +/-2.0 3 643.44 637.89 642 .72 

643.64 641.33 643.67 

644.61 

Figure 4.13: Filters can be mounted in a wheel for robust wavelength scanning. These are two wheels 

mounted on concentric axes. Each wheel has five filter spots, of which one is empty. Bath wheels are 

driven by Maltese cross transmissions. 
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4. 7 Entrance opties design 

The entrance opties consists of an interterenee filter placed between two ether optica! 

elements. The first of these elements collects light from the metal halide lamp and collimates 

it for the narrow bandpass filter. The secend of these elements focuses the light onto the 

entrance slit of the spectrometer. The entrance opties is drawn in figure 4.14 in a linear 

fashion . We have to decide upon the focal length fent and diameter Dent of the two optica! 

elements. To control the amount of light entering the spectrometer an aperture stop with 

width A can be used. 

A 

filter 

< > < > 
fent fent 

(b) 

Figure 4.14: The entrance opties consists of two optica/ elements with an interterenee filter in 

between. The 'spatial direction ' (a) is drawn to show that light enters the filter with maximum angle x; 
The 'spectra/ direction ' (b) shows the parameters fent (foca/ /ength) , Dent (diameter), and the aperture 

stop width A. The ang/e ~ has been introduced in figure 4.3. 

The focal lengths fent are taken equal to form a 1:1 image of the burner. Their va lues 

have to be taken smal! for a compact system, but they also have to be large enough to 

assure that the light that strikes the interterenee filter is less than 4° (see sectien 4.6). Light 

originating from the outermost part of the burner in the plane parallel to the height of the 

entrance slit is the worst case. The corresponding angle is given by tan· 1 (RifenJ- The burner 
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radius R is 4 mm so we find fen t 2 60 mm, we employ fent = 100 mm. The diameters Dent 

should be large enough to form a 1:1 image of the burner diameter. 

lf we desire to implement an aperture stop we must be careful not to decrease the 

number of illuminated grating lines too much. From the ratio Wcoifcoll = 101150 at the Littrow 

lens we can calculate the width of the collimated beam at the interterenee filter from A = 
101150 x fen t = 6.7 mm. The stop can be used to limit the amount of light entering the 

spectrometer. This can also be achieved with neutral density filters. 

Now the entrance opties has been determined and the spectrometer parameters have 

been derived from the desired characteristics our design of the SPace-borne Echelle 

spectrometer, or 'Spechelle' , is completed. The optical path is now as fellows (see figure 

4.15). The light from a metal halide lamp is collimated by the first entrance optical lens. The 

interterenee filter in question selects the wavelength region of interest. The second lens (in 

cooperation with the first) , forms a 1:1 image of the burner on the entrance slit (not shown). 

The entrance slit selects a small disk of the lamp burner and acts as a narrow souree for the 

spectrometer. The Littrow lens collimates the light from the slit. The grating acts like a mirror 

for the spatial direction and reflects and diffracts the light into its constituent wavelengths for 

the speetral direction. The Littrow lens forms a 1:1 image of the slit for each wavelength 

element onto the two-dimensional CCD, which eventually detects the intensity of incoming 

radiation as a function of burner radius and wavelength. 

Figure 4.15: The final design of the SPace-borne Echelle spectrometer, ar Spechel/e, as implemented 

in the setup for parabalie flights. 
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4.8 Design imperfections and implementation 

4.8.1 Aberrations and the choice of optica! elements 

There are two basic types of aberrations, monochromatic aberrations and chromatic 

aberrations. Chromatic aberrations are due to the fact that the refractive index of a lens is 

actually a tunetion of the wavelength of light. Monochromatic aberrations [39] are effects that 

deform (field curvature or distortion) or degrade (spherical aberration , coma and astigmatism) 

the imaging ability of optica! elements. 

• Curvature of field is present when the focal curve is not a straight line. This aberration is 

not often a serieus problem in grating spectrometers. 

• Distortien is always present, and results in curved images of the slit. In many 

spectrometers it is too small to be noticeable. 

• Spherical aberration is the effect that parallel rays of light entering the lens near the 

centre of the lens will be focused less or more than parallel rays entering near the edges 

of the lens. 

• Coma is present when a point on the slit is imaged as a comet-like shape at the detector. 

lf the comet tail is directed along the speetral line not much loss of speetral resolution is 

the result. 

• Astigmatism is present when a point on the slit is imaged as a line at the detector, rather 

than as a corresponding point. 

For the optica! elements in the Spechelle (the two entrance elements and the Littrow 

element), either lenses or concave mirrors can be used. Czerny-Turner spectrometers, which 

are common in most laboratories, employ mirrors since they do not exhibit chromatic 

aberration and thus can be used for a wide range of wavelengths. Since they are used off

axis they introduce astigmatism , which is in our case the effect that the focal planes of 

optimum spatial resolution and optimum speetral resolution do not . coincide. For our 

application , spatial resolution is desirabie and speetral resolution is highly important. Hence 

we use lenses. They can be used on-axis and thus suffer less from astigmatism. Lenses 

have chromatic and spherical aberration , but using achromatic doublet lenses instead of 

ordinary plano-convex lenses reduces image aberrations significantly [34] . 
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Figure 4.16: Achromatic doublet consisting of an equiconvex lens cemented to a negative flint lens. 

Achromatic doublets are designed to minimise chromatic aberration. As a side-effect, 

spherical aberration, astigmatism and coma can also be reduced [50]. The use of a strong 

positive lens made from low dispersion glass like crown glass coupled with a weaker high 

dispersion glass like flint glass can correct the chromatic aberration. The different glasses 

are cemented together, as shown in figure 4.16. Achromats are placed with their negative 

flint in the direction of focus. 

4.8.2 Expected speetral and spatial resolution 

To determine the actual path of individual rays of light through an optical system, each ray 

must be traeed independently. This technique is called raytracing. lt uses the laws of 

geometrical opties and does not involve approximations but shows in the absence of the 

diffraction effects of physical opties where each ray of light incident on the grating will diffract 

[38]. Geometrie raytracing provides spot diagrams in good agreement with observed 

spectrometer images, except for well-focused images, in which the wave nature of light 

dictates a minimum size for the image. Even if the image of a point object is completely 

without aberrations, it is not a point image, due to diffraction effects. The minimal image size 

for the Spechelle in the diffraction limit can be calculated from the bandpass and the 

dispersion in table 4.4. In order 38, for example, the linear dispersion d1 = 0. 61 nmlmm and 

the diffraction-limited bandpass t....ILR = 0.006 nm. The full width at half maximum of the 

imaged speetral line thus equals 10 f..lm in this case. Results from raytracing analyses should 
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not be considered valid if the dimensions of the image are found to be near or below the 

value calculated in this way. 

In tigure 4.17 the detector plane is shown with spots for the two outer wavelengths 

and the central wavelength in the 381
h order (see table 4.2): 633.15, 640.33 and 645.96 nm. 

The tact that images of a long slit spectrometer are curved can be derived trom a more 

general grating equation [36] than equation (4.1 ). 

We have calculated the maximum spatial and speetral resolution as determined by 

image aberrations produced by the Littrow lens. The size of the spot in vertical direction 

prediets the spatial resolution of the 1:1 burner image at the CCD; The size of the spot in 

horizontal direction prediets the speetral resolution when equation (4.12) is used. 

• " -• " -• .. -• . --~ . 
so . -(S>o -~ -. -• .. -• • -

Figure 4.17: Spectra/tines are curved in the focal plane. Speetral and spatial information is obtained 

horizonta/ly and vertica/ly, respectively. Locations of the spots tor the two outer wave/engths and the 

central wavelength in the 3Efh order (see table 4.2): 633.15, 640.33 and 645.96 nm, are shown. 

Image aberrations depend on the position of the point souree along the slit and the 

wavelength of the radiation emitted by the source. Therefore, different monochromatic point 

sourees were simulated. The tirst point souree is placed at the centre of the entrance slit (on 

the optica! axis) and emits light of À = 640.33 nm, for which the system is optimised. This 

point souree thus represents the best possible case. Two other point sourees are placed 4 

mm off-axis along the entrance slit, and emit light of À= 633.15 nm and À= 645.96 nm, the 

outer wavelengths in the 381
h order, 4° trom the blaze angle. Figure 4.18 gives the resulting 

image spots. The spatial resolution predicted by these raytracing simulations ranges trom 25 

to 60 ~m. The speetral resolution of the spectrometer, which follows trom the horizontal size 

of the image spot and the dispersion (table 4.2), ranges from 0.01 to 0.15 nm. 
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Figure 4.18: lmaged point sourees tor best (middle) and worst case (left and right) conditions in the 

3Efh order. The wavelengths corresponding to the spots are, trom Ie ft to right, 633. 15, 640.33, and 

645.96 nm. The vertical bar gives the sca/e, which is 100 11m. 
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Figure 4.19: lmaged point sourees tor best (middle) and worst case (left and right) conditions in the 

61th order. The system was optimised tor the central wavelength in the 3Efh order. The wave/engths 

are, trom left to right, 394.42, 398.94, and 402.40 nm. The sca/e is 100 11m. 

Keeping the system optimised for the 381
h order, the same calculations were done for 

the 61 st diffraction order. The first point souree is again placed at the centre of the entrance 

slit (on the optical axis) and emits light of À= 398.94 nm, representing the best possible case 

in this order (see figure 4.19). Two other point sourees are placed 4 mm off-axis along the 

entrance slit, and emit light of À = 394.42 nm and À = 402.40 nm, respectively, the outer 

wavelengths in the 61 st order. The spatial resolution predicted by these raytracing simulations 

ranges from 4 (not realisable since it is below the diffraction limit) to 60 ,_..m. The speetral 

resolution ranges from 0.02 to 0.09 nm. 
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4.8.3 lmplementation: tolerances, alignment and stray light 

With raytracing the locations for the optica! elementscan be predetermined. In order to avoid 

elaborate alignment procedures, the results of these calculations were used to construct 

machine precision optica! mountings. All elements can immediately be fixed, except for the 

Littrow lens. lt is the most critica! element since it provides collimated light for the grating and 

it has to focus the diffracted rays for the CCD camera. Figure 4.20 shows results from 

raytracing calculation if the Littrow lens is moved along the optica! axis, within its +/-1% 

toleranee (+/- 1.5 mm). When compared with figure 4.18, it can be seen that the obtainable 

speetral resolution can vary a factor of 10 within the toleranee of the lens. Therefore it was 

decided to manually adjust its longitudinal position by judging the resulting spectra 

measured. 

(a) 

(b) 

Figure 4.20: lmaged point sourees in the 3Efh order when the Littrow lens is displaced a/ong the 

optica/ axis, within the +1-1% toleranee of its focal/ength. In (a) the lens is moved towards the CCD 

camera, in (b) it is moved towards the grating. The spots shou/d be compared with the optimised 

situation in figure 4. 18. The sca/e is 100 11m. 

Stray light and the effect it has on the optica! signal-to-noise ratio (SIN) falls into one 

of two major categories: random scatter and directional stray light such as reflections. Stray 

light is prevented by blackening of the walls of the spectrometer and anti-reflection coatings 

for the lenses. 
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4.9 CCD camera and integration time 

The CCD camera needed for the Spechelle has been selected by camparing a number of 

commercially available systems. The SBIG 2000 XM CCD camera turned out to be a good 

option. The requirements and the SBIG specifications are listed in table 4.6. The number of 

pixels available for speetral information and their size is smaller than anticipated before. This 

means that we cannot see 20 mm spectrum, but only 11.8. For the 38th order this means we 

can detect about 7 nm of the 12 nm anticipated. Depending on the scientific program for the 

parabalie flights and the ISS experiments, we have to choose a number of speetral lines from 

table 4.5 that we want to measure, and adjust the grating orientation and/or camera position. 

Tab/e 4. 6: Requirements for the CCD camera and the SBIG 2000 XM specs. 

requirement SBIG 2000 XM specification 

high resolution (1 0 1-1m pixel width) 7.4 x 7.4 1-1m pixels 

spatial and speetral information 1600 x 1200 pixels 

(2000 x 1000 pixels) 

sufficiently high quanturn efficiency >40% for 350 - 750 nm 

low noise • single stage thermoelectric cooling 

• active fan 

• temperature reguiatien +/-0.1 oe 
• automatic background image 

controllable shutter • electromechanical shutter 

• 0.12 to 3600 seconds exposure time 

• 1 0 ms resolution 

smal I • 12.5 diameter x 7.5 cm deep 

light-weight • 900 gr 

rob u st • robust casing, all electranies integrated 

low power consumption 5 VDC at 1.5 amps, +/- VDC at 0.5 amp 

user- and interface-friendly • windows compatible 

• library included to develop own software 

• full frame acquisition (unbinned) -4.5 s 

• USB 

data reduction • 1x1, 2x2, 3x3, 1xN, 2xN, 3xN binning 

<1 secend measurement time full well capacity: 

• unbinned -45,000 

• binned -90,000 

-61 -



Chapter 4 Design of the Spechelle spectrometer 

We can estimate the integration time needed as follows. The total power P reaching 

the detector is given by: 

P = L-T·'t, (4.17) 

with L the radiance of the metal halide lamp, T the throughput of the Spechelle and 't the 

transmittance of the opties. We estimate the radiance of a metal halide lamp to be one-fifth of 

a blackbody at 3500 K. The speetral radiant exitance MÎ~ of a blackbody is given by [38] 

3.745xl0
8 

( 1 ) 2 
M'- = s 14388/J.T (WIm - J-Lm) • A e -l 

(4.18) 

where A. is in J.lm and T is in Kelvin. Filling in 3500 K for the temperature and 640 nm for the 

wavelength this leads to 5. 7 x 106 W/m2-).lm, and one-fifth of this value is 1.1 x1 06 W/m 2-).lm. 

We can detect 7 nm spectrum so the radiance of the lamp entering the spectrometer is L = 
7. 7x103 W/m2

. 

The throughput Tof the spectrometer can be calculated from [33] 

(4.19) 

and results in T= 4x1CJ10 m2
. Note that we have assumed that the collimated beam width is 

such that the illuminated grating width is 35 mm. This means the aperture stop must be 

employed. 

We estimate the transmittance of the opties with 

't ='t
2 

X't X't
2 

X't
2 

X't entrance filter beamspliller Lillrow grating ' (4.20) 

where we estimate the transmittance of the two (hence the power of two) entrance lenses or 

mirrors 'tentrance and the Littrow element •uttrow (light passes this element twice) to be 0.95, and 

the transmittance of the interterenee filter 'tfiiter. the grating 'tgrating and the beam splitter 'tbeam 

splitter (light passes this element twice) to be 0.5. The resulting total transmittance -r = 0.05. 

The total power reaching the detector is thus P = 1.5x1CJ7 W. This amounts to 

11(1200x1600) x P = Bx1CJ14 Wlpixel. lf we estimate the energy of one incoming photon to be 

2 eV or 3.2x1 o-19 J then we can conclude that 2.5 x 105 photons/second/pixel re ach the 
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detector. And since the full wel! capacity amounts to 45,000 photons, this means a pixel is 

saturated after -0.2 seconds. Depending on the binning option applied, saturation wil! be 

reached earlier. 
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5 'Experimental characterisation of the Spechelle 

5. 1 CCD images 

Figure 5.1 shows CCD camera images of emission measurements using the 38th order filter 

(nr. 9 in table 4.5) with 640 nm central wavelength. The slit was placed in the middle of the 

lamp height. The lamp under study contains dysprosium-iodide and is operated at 90 W. The 

SBIG camera software can also generate a file containing the readout value (between 0 and 

65.000) for each pixel. 

The speetral lines are due to dysprosium. An unbinned measurement would have 

1200 pixels in the spatial direction, tigure 5.1 has 200 elements of 6 pixels. The straight band 

a little right from the middle of the picture is the (undesired) zeroth order reflection. lt cannot 

be prevented to strike the CCD camera by tilting the grating a few degrees, because this 

would mean the speetral lines of interest would also be lost. Therefore a grating orientation 

has to be chosen such that the zerothorder does notoverlap an important spectralline. 

The images in tigure 5.1 were actually generated under normal gravity conditions and 

during the microgravity phase of a parabola during a parabolic flight. The discussion of the 

outcome of the experiments lies beyond the scope of this report. The interested reader is 

referred to [44]. 
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normal gravity conditions 

microgravity conditions 

Figure 5. 1: CCD images of emission measurements performed on a dysprosium lamp with 3 mg 

mercury at 90 W lamp power with the central wavelength 640 nm filter. Bath images were taken during 

a parabalie flight. 
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. 5.2 Speetral information 

Now let us extract speetral intermation from tigure 5.1. We have selected pixel row nr. 100 

from the microgravity image. lt is displayed in figure 5.2. We recognise the spectrum when 

camparing it with figure 5.1. The zeroth order reflection is the broad line around pixel nr. 900-

1000. We can see that for two speetral lines, the CCD was al ready saturated. The integration 

time was 0.12 seconds, the lewest value possible with the CCD. For measurements with the 

same lamp for higher power levels, the saturation was even worse . For future 

measurements , both the binning should be adjusted dynamically and/or neutral density filters 

should be applied to lower the signa! reaching the detector. 

Figure 5.3 shows the same measurement under normal gravity conditions (before the 

parabola) . We can see that the intensity is significantly lower. This is due to the axial 

segregation. Figure 5.4 shows the speetral line at pixel 840. From it we can deduce a 

resolution. 

70000 

00000 

BJOOO 

40000 
fJ) ....... 
c 
:::l 
0 30000 
(.) 

20000 

10000 

0 
0 200 400 600 800 

pixel nr. 

11 

!I 
I 

1000 1200 1400 1600 

Figure 5.2: Pixel row nr. 100 of the microgravity image of tigure 5. 1 giving the spectrum trom the 

middle of the burner. 
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lf we take the FWHM of this line as a measure for the resolution, we see that it is 5 pixels , 

corresponding to 37 ).lm . The linear dispersion amounts to 0.65 nm/mm, giving 0.024 nm for 

this FWHM. The speetral line intensity is given by the area under the line. lt can be calibrated 

to radiant power by a reference measurement. For relative line intensity measurements this 

is unnecessary. 
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Figure 5.5: Estimation of the signal-to-noise ratio. 

725 730 735 740 

Figure 5.5 shows a part of the spectrum of figure 5.3 in order to establish the signal

to-noise ratio . lf we take 8000 counts as the baseline, the noise in the left fluctuates around a 

mean of 500 counts . The maximum signal measured was 65.000, so the signal-to-noise ratio 

is 130 or better. 
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Figure 5.3: The same measurement as in tigure 5.2, but now under normal gravity conditions. 
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Figure 5.4: The speetralfine at pixel 840 in tigure 5. 3. The resolution is determined by taking the 

FWHM of the fine. 
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5.3 Spatial information 
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Experimental characterisation of the Spechelle 

Figure 5.6: Radial intensity profiles for the speetralfine between pixel nr. 1000 and 1050 from figure 

5.3. 

Figure 5.6 shows radial intensity profiles corresponding to the normal gravity measurement in 

figure 5.1. This is a line of sight measurement. For radial information, the cylindrical shape of 

the burner has to be taken into account using Abel inversion [14] . Also raytracing might 

provide a way totranslate measurements back to lamp position. The spatial resolution is in 

this case never better than determined by the binning; 6 pixels is one resolution element of 

44.4 11-m. 
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6 Conclusions and future developments 

6. 1 Conclusions 

Under microgravity conditions conveetien does not take place. This allows for the 

measurement of radial segregation of additives in cylindrically shaped metal halide lamps 

(chapter 2). Radial temperature and additive profiles can be determined from atomie 

emission spectroscopy measurements on combinations of optically thin lines, provided that a 

spectrometer with -0.02 nm resolution is available (chapter 3) . The design of the 

spectrometer (chapter 4) was the main objective of this werk. The spectrometer has to 

generate both spatial and speetral information, for microgravity experiments it has to be 

compact, light-weight, and robust. From our werk we can conclude: 

• The Spechelle spectrometer has proven to meet all initial requ irements: high 

speetral resolution , spatial and speetral information, additive lines of interest 

measurable, compact, light-weight, and no critically moving parts . 

• A compact high resolution spectrometer that generates both spatial and speetral 

information has been obtained by employing an echelle grating in combination 

with a narrow bandpass filter. 

• The high dispersion of an echelle grating is due to the large angles of incidence 

and diffraction. Consequently, it is operated in high diffraction orders. lt is strongly 

blazed for sufficient efficiency. 

• Due to the large angles of incidence and diffraction echelle gratings are operated 

in the Littrow configuration . This renders a significantly more compact 

spectrometer (apart from the limited focal length) because the incoming and 

diffracted light beams almest coincide. The Littrow lens acts both as collimator 

lens as well as camera lens. 

• The overlapping echelle orders can be fully exploited by employing a number of 

narrow bandpass filters with different central wavelength. This allows fora robust 

wavelength scanning mechanism, since the grating can be fixed. 
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• The combination of an echellegrating with 79.01 lines per mm and a blaze angle 

of 7 4 o tagether with a 150 m m fa cal length Littrow lens can provide the des i red 

-0.02 nm resolution. The free speetral range is large enough to avoid ambiguous 

speetral information using narrow bandpass filters. 

• With the selected grating (sets of) speetral lines of cerium (atoms and ions), 

scandium (atoms and ions), and dysprosium (atoms) are found within 4° from the 

blaze angle. 

• Raytracing calculations show that the maximum obtainable speetral and spatial 

resolution is limited by aberrations, which are minimised by employing an 

achromatic doublet. The resolution depends on the location of the point souree at 

the entrance slit and the wavelength of light it transmits. 

• Raytracing calculations for order 38 show that 0.01 nm speetral resolution and 25 

f..Lm spatial resolution can be obtained at maximum. Within 4° from the blaze 

angle, 0.15 nm speetral resolution and 60 f..Lm spatial resolution can be obtained at 

minimum. 

• lf the system is optimised for order 38, it also perfarms well in order 61. 

Raytracing calculations for order 61 show that 0.02 nm speetral resolution and 10 

f..Lm spatial resolution can be obtained at maximum. Within 4° from the blaze 

angle, 0.09 nm speetral resolution and 60 f..Lm spatial resolution can be obtained at 

minimum. 

• Apart from the axial (longitudinal) position of the Littrow lens, for alignment of the 

spectrometer machine precision proved to be sufficient. The locations for the 

optical elements can be predetermined from raytracing calculations. 

• The Spechelle has been successfully tested during parabalie flights. The actual 

speetral resolution was found to be 0.03 nm in the 38th order, the signal-to-noise 

ratio was found to be 150 or better. 

• Pertorming high resolution emission spectroscopy measurements in this manner 

might offer a salution for other environments demanding a robust system, such as 

a production site. 
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6.2 Future developments 

The Spechelle has been successfully tested during parabalie flights. An extensive number of 

measurements has been performed on lamps with different fillings eperating at different 

power levels. 

The experiments revealed that, in order to prevent saturation of the CCD, the binning 

should be adjusted dynamically or neutral density filters should be applied to lower the signal 

reaching the detector. 

In order to interpret the outcome of the experiments, corrections for the curvature of 

the speetral lines will have to be made. lf desirable, intensities can be calibrated using a 

reference source. The measurements are integrated over a line of sight through the plasma 

so that a tomographic technique such as Abel inversion is required to extract spatial 

information. Perhaps raytracing can also provide a way to translate measurements back to 

lamp emission. 

The construction of a Boltzmann plot using two optically thin lines is nat very accurate if the 

transition probabilities of the lines are nat accurately known. lt is advisable, therefore, to 

investigate other methods which might be suitable to perfarm more accurate in-situ 

temperature measurements. 

For the parabalie flights only one of the purchased interterenee filters has been used. 

The other filters will have to be investigated further. 

All in all, the performance of the Spechelle during the parabalie flights is promising 

with respect to the ISS experimentsin the near future. 
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Appendix 

Back-of-the-envelope calculation of time scales tor convection and ditfusion 

In the channel model it was assumed that radial ditfusive transport takes place much faster 

than axial conveetien transport. We are going to roughly estimate the time scales for 

conveetien and ditfusion in order to see under which conditions this assumption holds. 

An additive is dragged along in the conveetien flow of mercury. lf, at some point in 

time, it is located in the centre of the burner, it will first travel upwards along the axis, until it 

reaches the top of the burner. Subsequently, it will travel downwards along the wall of the 

burner, reaches the bottom, and will be dragged up again, passing the same (vertical) 

location in the burner. We will estimate the time scale for convection as the time it takes for 

the partiele in the conveetien flow to complete one such cycle. We assume that this time is 

completely determined by the sum of the time the particles travel upwards (with mean 

velocity v1), and the time the particles travel downwards (with mean velocity v2). See figure 

A.1. The mean veloeities are calculated by 

(A.1) 

where vi is the velocity corresponding with the area Ai through which the species flow. We 

define the time scale for conveetien as 

(A.2) 

with L the length of the burner. 

The time scale for ditfusion is determined by the time needed for the radial distri bution 

to reach equilibrium. From the expression known from ditfusion theory for the mean square 

distance A 2
r ditfused by a species in timet, 

(A.3) 

we estimate it to be 
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(A4) 

iv, f L 

Figure A. 1: Estimation of time scales for convection and diffusion. 

The distance A, represents the etfective ditfusion length that is travelled by the ditfusing 

species. We assume that A, = R2, the outer radius of the burner. The ditfusion coefficient 0 is 

given by 

1 3/2 
D T3!2 -DM_T 

D = o ~ -=2c.__ __ (A5) 
PHg PHg 

where 0 0 is the etfective ditfusion coefficient of the metal atom OMe and iodide molecule 

DMeJx. respectively. We estimate 0 0 by taking half the value of the ditfusion coefficient of the 

metal atom OMe. since DMe>>DMelx· T is the mean gas temperature, and PHg is the mercury 

pressure. Now let us calculate both time scales under the following assumptions: 

• Temperature 

• Burner geometry 

• Hg dose 10 mg, giving 

T= 3000 K 

R2 = 4 mm, L = 18 mm 

PHg = 15·1 05 Pa 
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The mean veloeities v1 and v2 are calculated using the Navier-Stokes equation [28], giving v1 

= 5. 7 cm!s; v2 = 3.4 cmls. The ditfusion coetficients OMe are -2·10-4 m2/s forsodium and 

-1·1 0-4 m2/s for cerium and dysprosium [43]. For a sodium-iodide filling the resulting time 

scale for conveetien is Tc= 0.9 s, for ditfusion Td = 1.5 s, or Tc hd ~ 0.6. Apparently, the radial 

ditfusive transport takes place at a slower rate than the axial conveetien transport. In general, 

we can interpret the ratio Tc hd as follows: 

• Tchd>>1 

• Tchd =1 

• Tchd <<1 

: little convection, radial segregation only, far leftof Fischer curve; 

: ditfusion and convection, radial and axial segregation; 

: mixing due to convection, no segregation, far right of Fischer curve. 

In order to grasp the dependencies in the Tc hd ratio, we rewrite equation (A.2) by 

substituting v1 = q·v2 , with q a constant: 

We continue by using equation (2.12) for the conveetien velocity to arrive at 

We know from equation (A4) and (A5) that 

RiPHg 
T ~ ---,-"-

d D T312 • 
0 

so we can conclude 

(A.6) 

(A.?) 

(A.8) 

(A9) 

To bring the sodium-iodide lamp for which the ratio was calculated to be 'te hd ~ 0.6 

into the channel model regime, we require •d <<•c· lf, for example, we demand 'te hd = 10, 
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equation (A.9) prediets that we need to decrease the buffer gas pressure with a factor of 

~I%_6 =4.1 to 3.7-105 Pa. Equation (A.9) can, therefore, be used as a guideline for the lamp 

design for microgravity experiments. 

Technology assessment 

Philips Lighting develops and manufactures a wide variety of lighting products including High

Intensity Discharge (HID) lamps. The demand for HID lamps that have a high energy efficiency as 

well as a pleasing white colour led to the introduetion of metal halide Jamps in 1960. They are 

essentially mercury high-pressure discharge lamps that have a relatively small amount of metal hal i des 

intheir are tubes. Their sparkling white light makesthem suitable fora large number of applications 

both indoor and outdoor, from compact size applications like shops to high-flux applications, like big 

stadiums and floodlighting of buildings. 

The general requirements for metal halide Jamps include many non-trivia] issues dealing with 

colour, maintenance, corrosion, electrodes, EMC, etc. Different spectra can be generated by variation 

of metals in the discharge, by changing the gas pressures and by using different coatings of the bulb. 

In order to produce a perfectly functioning lighting product, all these aspects need attention. They are 

driving factors for the research that is conducted in the HID groups at the Central Development Lamps 

(CDL) laboratories ofPhilips Lighting in Eindhoven. 

Present ebaBenges concerning metal halide lamps are the further impravement of their 

efficiency and the possibility to use these Jamps in any desired burning position. The equipment 

described in this report wil! be used to perfarm microgravity experiments that can imprave the 

understanding of some important processes in HID lamps. In the long run this understanding might 

lead to more efficient lamps. 
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