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Summary

In this master thesis, a study of axial segregation in metal halide high intensity discharge lamps is
presented. These mercury filled lamps are enriched with additives, which radiate very efficiently
in the visible spectrum. The problem with these lamps is color separation, i.e. the upper part of
the lamp radiates different colors than the lower part.

In this thesis, the additive Dysprosium is studied. The radiators, like Dysprosium, are mainly
situated in the lower part of the discharge in the lamp. This is due to an effect described by Fisher
and is called axial segregation. Axial segregation appears, because diffusive and convective flows
compete. If diffusive and convective flows are of equal magnitude, axial segregation becomes
visible. To study axial segregation, the ratio between diffusion and convection is varied.

With a specially equipped airplane, different gravitational conditions are simulated by means of a
pull up or free fall motion. Inside the airplane, periods of about 20s of zero G and 2G can be
simulated. In zero G, convection is canceled because gravity is the driving force for convection.
For the same reason convection in 2G is faster than in the normal 1G conditions.

Absorption spectroscopy is performed to determine the absolute number density of ground state
Dysprosium atoms. With this density, axial segregation is studied. The author derives, explains
and uses a new data analysis technique to determine the radially resolved absolute number
density of ground state Dysprosium atoms.

From the studied density, it is verified that the cold spot temperature, the convective speed and
the amount of mercury in the lamp influence the amount of Dysprosium in the discharge.
Furthermore, it takes many tens of seconds for the cold spot temperature to settle from startup,
because it takes time for the energy balance of the lamp to settle.

From the time resolved density, it is concluded that in our lamps convection is dominant under
normal and hyper gravity conditions. This is in agreement with estimations made for the
convection and diffusion times.

From the zero G measurements, it was determined that the two highest pressured lamps do not
end up in equilibrium, 20s after the transition from 2G. The lower pressured lamp may be on the
edge of being in equilibrium. This is in agreement with diffusion times of molecules, like Dyls
and Dy»le, traveling along the axis of the lamp, which are also about 20s.

More accurate estimations of diffusion and convection times can be obtained by computer
simulations, but it is concluded that Fisher’s model is able to explain the effect called axial
segregation.
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Chapter 1 Introduction

A large percentage (about 25%) of the world’s energy consumption goes to lighting. By
improving the efficiency of our light sources, humanity can do with less energy. This is very
important, because energy is becoming increasingly scarce and in turn more expensive. A small
increase in the efficiency of lamps will therefore result in a massive saving in the world’s energy
consumption.

This is one of the reasons a research project called ARGES (Greek for brightener) was started by
the plasma group EPG of the faculty for physics of the Eindhoven University of Technology
(TU/e) and Philips Central Development Lighting (CDL) some years ago.

In this master thesis, an examination of a set of metal halide high intensity discharge lamps (MH
lamps or HID lamps) 1s presented. These lamps are very efficient due to certain additives, which
mainly radiate in the visible spectrum. The visual efficiency of the HID lamps can be up to 40%,
in contrast to regular light bulbs, which transform about 5% of the input power into visible light.
Unfortunately, the HID lamps are not applicable for all sorts of use. To be able to use this very
efficient light source for as many applications as possible, research is needed in order to gain
more insight into what is happening inside of the HID lamp.

One of the problems of the HID lamp is axial segregation. This means that the additives are not
distributed evenly over the discharge in the lamp, causing the color differences displayed in
Figure 7. In this thesis, the author investigates the axial segregation phenomena and wants to
know if the known theory can explain the axial segregation phenomena.

Axial segregation is caused by the transport of particles in the discharge of the lamp. These
transports are not understood well enough, especially the diffusive and convective transports of
additives. Because convection is driven by gravity, weightlessness is simulated in order to study
the diffusive processes separately and hyper gravity is simulated to study the effect of an
increased convective transport.

Axial segregation is studied by measuring the absolute number density of the additive
Dysprosium at certain position in the discharge.



Metal Halide High Intensity Discharge lamps

Figure 1 shows an HID lamp. The lamp consists of a bumer, which is a quartz cylinder with an
inner diameter of 8mm, an outer diameter of 10mm and a length of 24mm. Through the bumer
two electrodes are positioned on opposite sides, between which a plasma or discharge can be
created. A square wave current of 80Hz at 150W ‘fuels’ a buming lamp. Quartz is used as bumer
material, because the burner must be transparent and yet withstand temperatures up to 1200K.

To prevent energy losses by convection of air on the outside of the burner, for protection and for
UV shielding, an outer bulb, called a Buba (BuitenBallon), is added. Between the Buba and the
burner, vacuum or an inert gas is present.

Figure 1: Photograph of an HID lamp.

The bumer is filled with a starting gas, an amount of mercury (Hg) and a metal halide additive,
which in our case is the salt Dysprosium tri-lodide (Dyls). If the lamp is turned on, a mercury
plasma is formed with a pressure of 1-50bar. Due to high temperatures in the lamp, an amount of
Dyl; from the salt pool, situated underneath the bottom electrode, evaporates. The partial
pressure of Dyls at the bottom of the lamp is typically 5-50mbar. Dyl; enters the plasma. In the
center of the plasma, high temperatures are present in which Dyl; dissociates into Dy and 1. The
Dysprosium atom is a very efficient radiator and radiates at lots of wavelengths in the visible
spectrum, which is the reason these lamps are very promising.



Parabolic Flight Campaign (PFC)

alttude (x 1000 leet)

45 88

time [seconds)

Figure 2a and b: On the left (a), the Novespace airplane specially equipped to perform PFC’s. On the right
(b), the parabolic sequence.

In this thesis, the amount of ground state Dysprosium atoms in experimental HID lamps will be
measured during different gravitational conditions. The ratio between diffusion and convection
changes with gravity, because diffusive processes do not change with different gravitational
conditions, while convection is driven by gravity.

To simulate different gravitational conditions, the airplane pictured in Figure 2a is used. This
plane is modified to house about 20 experiments in parabolic flight. On a day of parabolic flight,
the plane performs 31 parabolic sequences of which one is pictured in Figure 2b.

When the plane is flying leveled at about 16,000feet, 1G (1 x the gravity on earth) is experienced.
The plane will then pull up for about 20 seconds during which 1.8G is experienced. When the
plane has an angle of about 45 degrees with the earth, a parabola is started. This means that the
pilot compensates to keep all volumetric forces as close to zero as he possibly can. During this
phase, which takes about 25 seconds, the path of the plane can be described by a parabola and
micro gravity is experienced (~0.01G). An impression of the micro gravity phase is shown in
Figure 3. At the end of the micro gravity phase, the pilot has to pull up in order to avoid crashing
into the Atlantic Ocean. The second pull up phase of about 1.8G takes about 20 seconds after
which 1G is re-established.



Figure 3: Photograph of the zero gravity experience. From left to right Jovita Moerel, Marc van Kemenade
and Marco Haverlag are floating. The two laptops control the PFC setup. The picture is supplied by the
European Space Agency ESA and is made in October 2003.

Outline of the thesis

In Chapter 2, the author will present the theory used to explain what is happening in the lamps,
also the theoretical basis of the data analysis method will be given. In Chapter 3, the
instrumentation will be presented and the data analysis method will be explained, shown and
discussed. The results are presented in Chapter 4, in Chapter 5 conclusions are drawn and
recommendations are given.



Chapter 2 Theory

In this chapter, it is stated why our lamps are NOT in Local Thermodynamic Equilibrium LTE.
This will impact the other sections that follow in this chapter. The theoretical basis of the data
analysis method performed on the data from the absorption spectrometer will be described. In
addition, some important physical phenomena occurring in HID lamps will be described:

- Line broadening,

- Evaporation of Dyls,

- Dissociation-recombination of Dyls,

- Ionization of the Dysprosium atom,

- Diffusion of Dysprosium atoms and Dysprosium related molecules,

- Convection,

- Radial segregation

- And axial segregation.

Local Thermal Equilibrium (LTE)

Our lamps are not in Thermal Equilibrium TE, because line radiation leaving the plasma can be
detected [7]. In TE, plank’s law is valid and only radiation due to the temperature of the plasma
will leave the plasma.
LTE is a departure of TE in which matter and radiation are decoupled 7 aster # T radiation and line
radiation leaves the plasma. The electron temperature, the ion temperature and the temperature of
the neutrals are still equal, but gradients in both time and space keep the plasma burning. The
following balances are still present in LTE:

- Boltzmann,

- Saha and

- Maxwell.
The Boltzmann balance describes the process of exitation-de-exitation of particles in a plasma.
The Saha balance describes the ionization-recombination process. The Maxwell balance
describes the energy distribution of the particles in the plasma. For LTE to be valid, the loss of
radiation must be small compared to the exchange of energy between particles. Because the input
of power is 150W and the output of light is about 50W, LTE cannot be assumed.
A more thorough investigation is required however to determine how far the plasma is from LTE.
It is still possible that LTE is an accurate approximation. This is the case when the redistribution
of energy states is fast enough to compensate for the loss of radiation. If departure from LTE
occurs in our lamps, this will result in a higher populated ground state energy level [20].



Absorption spectroscopy

Absorption spectroscopy is chosen because it allows us to determine the absolute number density
of ground state (Dysprosium) atoms in HID lamps in a direct way. Emission spectroscopy is not
an option, because it is not known LTE is an acceptable approximation for the discharges. The
ground state density, therefore, cannot be derived by using the Boltzmann balance. However,
Boltzmann’s equation must be used to determine the ground state number density using emission
spectroscopy, because direct measurement of the ground state with emission spectroscopy is
impossible, i.e. a ground state atom does not radiate line radiation.

To be able to use absorption spectroscopy, an equation linking the absorption of laser light to the
absolute number density of ground state atoms needs to be derived.

The derivation is started with the intensity change of a beam of radiation passing through a
plasma, i.e. both an absorbing and emitting medium, which can be represented by the differential
equation [8]:

a0

=—x(V,s), (s)+j, (5) D

with I,(s) the spectral mten51ty of the beam (in Wm’ ZsriHz b, Jw(s) the plasma emission
coefficient (in Wmsr "Hz ") and x(v,s) the absorption coefficient (in m™) for frequency v (in s )
at location s (in m). In our case, the intensity from the laser is much higher than the emission by
the plasma. j,(s) will therefore be neglected.

A ground state Dysprosium atom is excited from ground state g to a higher state p if a photon
with wavelength 4 = 642.19nm collides with the atom. Equation 2 is derived by the author in
Appendix A, it states the absorption coefficient for ground state Dysprosium atoms in a
discharge. This equation is valid in LTE and in non-LTE conditions with an overpopulation of
the ground state.

In equation 2, 4,4 (in s) is the Einstein coefficient for spontaneous emission, respectively gy, and
g4 are the number of states allowed to be in state p and g, n(s) the number den51ty of ground state
Dysprosium atoms (in m” ) and ¢,(v,s) the line shape of the transition (in s ) The line shape will
be explained in the next paragraph.

K, s)__2 v 4 n (s, 0.5) @

‘I

In addition, in appendix A, the absorption equation (3) is derived, which is a new equation and
the basis of the analysis of the absorption spectroscopy data presented in this thesis. Note that this
equation is not valid if the absorbance of the beam passing through the lamp is 100%, if the
plasma emission is not negligible or if stimulated emission is not negligible.

[ s



with I 4 the intensity of light at wavelength 4 (in m) on the detector at lateral position in the
burner x (in m), I, the intensity of light, if non of the photons are absorbed. c is the speed of
light (in ms™), @, is a fitting parameter and £,(x) is the nth Abel polynomial of which the first five
are listed in appendix B. Note that because our measurement instrumentation is also in
wavelengths, the switch was made from frequencies to wavelengths.

When the a,,’s are calculated, nr) is known.

n,¢)=Ya,r @)
n=0

The 100% absorption limit is not reached, if the spectral line is optically thin. However,
absorption must be enough to be able to measure it. The optical thickness 7, of the 642.19nm line
is estimated using equation 5 [23], if 7o < 1 the line is considered optically thin.

R
T() = kOReﬁ" = 1-06 * 1075 eﬁ”f . glower <n> ex — Elawer (5)
z-8v  O(T) kT
and
I
- = exp(_ TO ) (6)
10
with [23]
gl’ 4 12
f=4,~%-1.499%10* 1 o

q

with ko the absorption coefficient (inm™), R is the effective radius (in m), which is defined as
half the length of the path through the absorbing material. ks is Boltzmann’s constant (in kgs °K"
Y, <n> is the average number density of the absorbing atom (in m™), 7is the average temperature
of the plasma (in K), fis the oscillator strength and dv is the line width at FWHM (Full Width at
Half Maximum) of the absorption line (in s™). Eiower is the energy of the lower energy state (in J).
Eower = E5 =0, because for the line in question the lower energy state is the ground state. giwer
and g, are therefore equal. Q(7) is the partition function that holds the energy-weighted sum over
all energy levels F; of the neutral atomic species in LTE.

Q(T)=§i‘,g,- exp[— kf’f] ®)

Equations 5 and 8 can be combined, yielding

R, n E
TO = 106 . 1075 ﬁf glower ( q> expl — lower (9)
7 oV g kT




In Table 1, the estimated values used in equation 9 are presented. The absorption line is
considered optically thin, because 79 < 1. The percentage of light that will be absorbed is
calculated using equation 6 and is about 45%.

Table 1: Estimated optical thickness {2] {5].

nginm> | Ryinm | f dvins' | E,in] | 5

10”7 4*10° |9.98*107 | 22*10° |0 0.6

Line broadening

In the paragraph above, it was mentioned that an optical transition would be scanned. This
transition is of free Dysprosium atoms. Such transitions have certain line shapes, which are due to
a combination of the following line broadening mechanisms [10]:

- Natural line broadening,

- Doppler line broadening,

- Resonance line broadening

- Stark line broadening,

- V.d. Waals line broadening.

Natural line broadening [10] is due to Heisenberg’s uncertainty principle AE;-At; ~ h. For the line
in question, the FWHM resulting from this broadening is about 3.5*10®nm. So natural line
broadening is not considered important in this thesis.

Doppler line broadening [10] is due to the well-known Doppler effect. If a particle moves from
the detector, the transition will be shifted towards the red, when it moves towards the detector the
transition will shift towards the blue. In a mix of very fast moving particles, in the discharge,
move both towards and from the detector. The FWHM value of this broadening is about 2.6*%10
*nm. This is also too small to be concemed about.

Resonance broadening is due to particles of the same kind. The discharges in question mainly
consist of Hg atoms. Dysprosium particles are therefore not likely to interact with each other,
because the Dysprosium particles do not interact strongly, so the Dysprosium lines will not be
broadened by this mechanism.

Stark broadening is due to electrical fields. In our discharges, the electron densities are about
10°'m™ [20], Stark broadening can therefore have a significant effect on our spectral line.
V.d.Waals broadening is due to particles of a different kind. In our plasma, the Hg atoms perturb
the Dysprosium atoms. In our lamps, the number density of Hg atoms is in the order of 10°m>.
This means that V.d.Waals broadening can also have a significant effect on our line.

By means of a two-body-collision model, it is determined that both Stark and V.d. Waals
broadening give a Lorentzian shaped line profile [10]. With emission spectroscopy, an FWHM of
the total broadening of about 0.05nm is measured.



Evaporation of Dyl;

Before Dysprosium atoms enter the plasma, Dyl; molecules must evaporate. The boiling
temperature of Dyl is 1600K, the melting temperature is 1250K and the temperatures of the
‘cold spots’ of our quartz-HID lamps are about 1100K [22]. This does not mean that there is no
evaporation. Above every solid, a vapor is present, especially at about 1100K.

It is concluded that there is a liquid or solid pool of Dyl situated at the coldest spot, also known
as the ‘cold spot’ of the HID lamp. In equilibrium, Dyls vapor is formed above the cold spot and
particles move in and out of the cold spot’s vapor. In Table 2, some values are given for a lamp
with 10mg Hg at different cold spot temperatures. A few degrees difference in cold spot
temperature results in a big difference in Dyl; vapor pressure just above the cold spot.

The temperature of the cold spot determines the maximum vapor pressure of Dysprosium in the
plasma. Because the number density of Dy atoms np, is measured, the ideal gas law (10) is used
with T = T#=3000K [5] to estimate the average elemental number density of Dysprosium over a
line of sight nDy*.

Pp, =np kT (10)
Table 2: The maximum elemental pressure of Dy at different cold spot temperatures, determined by the vapor

pressure of Dyl; above the solid or liquid Dyl; [15]. The table also gives the elemental number density of
Dysprosium at pp,, with a plasma temperature of 3000K.

Tcgldspot in K Poy in Pa nDy* in 1021 m‘3
1000 6.85 0.17
1010 9.52 0.23
1020 13.17 0.32
1030 18.12 0.44
1040 24.81 0.60
1050 33.80 0.82
1060 45.85 1.11
1070 61.90 1.50
1080 83.21 2.01
1090 111.37 ]2.69
1100 143.46 | 3.59
1110 197.98 | 4.78
1120 260.6 6.29
1130 3433 8.29
1140 450.6 10.88
1150 589.1 14.23

It is assumed that the diffusion time between particles from the vapor to the plasma is much faster
than the diffusion times of particles through the plasma.



Dissociation-recombination of Dyl;

When a Dyls molecule evaporates, it can travel through the HID lamp and will encounter areas
with different temperatures. If temperatures are high enough, like at the center of the HID lamp,
Dy]l; dissociates into Dyl», Dyl and finally into Dy and 31 atoms in accordance with the free
energy minimization principle [2]. If temperatures are low enough, when the particles travel
towards the wall of the bumer, Dy and I can recombine back into DyL; through DyI and Dyl,, but
at sufficiently low temperatures, other molecules are also possible, like Dy-le.

Due to the temperature profile in the lamp [5], the particles in question, i.e. the ground state Dy
atoms, will reside in the center of the plasma, where the temperature is the highest. The result is a
distribution shown in Figure 4. With a radius R", which will be called the radius of molecular
formation. Outside of this radius, almost all Dysprosium atoms have turned into molecules.
Inside of this radius, the atoms freely move around, but they can also get temporarily ionized,
attach themselves to other particles or get excited to a higher energy state.

In equilibrium, no net diffusive elemental flux of Dy is present and the radius of molecular
formation R” will be set. This phenomenal is called radial separation. The temperature profile
along the radius of the lamp determines R".

Figure 4: Schematic of a cross-section of a burning HID lamp with inner burner radius R and radius of
molecular formation R’. For r < R’ the Dysprosium atom is present.
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Ionization of Dy in HID lamps

Due to high temperatures in HID lamps, a certain amount of Dy atoms will be ionized [7]. In
LTE, the degree of ionization obeys Saha’s equation.

n n n h2 32 Eion

L= i) | ex z 11

g, 8.8 27m kT, kT,

In Saha’s equation, respectively n,, n; and n. are the number density of Dy atoms in energy state
P, the number density of Dy ions and the number density of electrons in the plasma. The
Tespective constants g,, g; and g. are the number of states allowed for the Dy atom in energy state
p, the number of states allowed for the Dy ion and the number of states allowed for the electron. -

is Plank’s constant (in m’kgs ™), m. is the electronic mass (in kg) and £, is the ionization energy
of Dy. T is the electron temperature in the plasma (in K).

Ionization will predominantly occur at the center of an HID lamp, because ionization strongly
depends on temperature, which is highest at the center. To get an idea of the ionization degree
versus radius in the lamp, Figure 5 is presented. In constructing this figure, a parabolic
temperature profile is assumed with a temperature at the center (» = Omm) of S000K and a wall
temperature (# = 4mm) of 1000K. Because Saha’s equation is strongly dependant on temperature
and the electron density along the radius of the lamp is not known, the electron density was
considered constant along the radius of the lamp. It was assumed that n, = 10*'m™ [20]. In reality,
this is of course not the case; nevertheless does Figure 5 give an impression of the ionization in
the discharge.
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Figure 5: An impression of the ionization degree of Dysprosium in the HID lamp from a system in LTE.

Diffusion

Dy atoms typically move much faster through plasma than molecules like Dyl; due to their larger
size. Estimating the typical time of diffusion zagision 0f Dy, Dylz and Dy>lg, equations 12 to 17 [9]
were used. In Table 3 and Table 7, the parameters are listed used to estimate the diffusion times

along the radius of the lamp, which are presented in Table 4, and the diffusion times along the
axis of the lamp, which are listed in Table 5.

RZ
Tdiﬁim'ian = _3 (12)
with
7
p el (13)
UL
and with

12
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In these equations, D is the diffusion constant (in mzs'l) , T the effective temperature in the
discharge of the lamp, which is defined as the average temperature over the total volume of the
discharge [5]. u is the reduced mass (in kg), v, the collision frequency of particle p with Hg (in s”
Y, my, the mass of a mercury atom and m, the mass of the particle in question. For the collision
frequency, equation 16 has to be used, which is based on solid sphere collisions. This is valid,
because the particles in question (i.e. Hg, Dy, Dyls and Dy-l) are neutral.
UV, =Ny Oy ,V (15)
with ng, the number density of Hg, o4, the cross-section of a collision between an Hg particle

and particle p (in m”) and v the average squared velocity of the fastest particle (in ms™), i.e. Hg or
particle p.

3k,T.
yo |l (16)
m
with m the mass of the particle.
Ong—p = ”(RHg + Rp)2 amn

with Ry, the effective radius of an Hg atom and R, the effective radius of particle p. The effective
radius is defined as the radius v.d.Waals forces act.

Table 3: Parameters used to estimate typical diffusion times [16] [19].

myginkg | 3.3*%10%
mp,inkg | 2.7¥10%
my in kg 2.1*¥10*
Rpyinm | 226%10"°
RDy13 inm 460*10'1
RDy216 inm 5.50*10—10
Ryginm | 2.09%10™°
Rinm 4%107
Linm 24%10°
Terin K 3000




Table 4: Results of estimation of diffusion times along the radius of the three measured lamps.

NHg in III_3 TDy diffusion s TDyI3 diffusion ins TDy2I6 diffusion in s
0.97%10” | 0.11 0.45 0.70
1.45%10™ | 0.17 0.67 1.39
1.93*%10% | 0.22 0.89 1.04

Table 5: Results of estimation of diffusion times along the axis of the three measured lamps.

g in m—3 TDy diffusion ins TDyI3 diffusion ins TDy2I6 diffusion in s
0.97*10” | 4.0 16.1 25.1

1.45%10% | 6.0 24.1 50.0

1.93%10” | 8.1 32.1 375
Convection

Introducing gravity will-add convection in the lamps, more gravity results in faster convective
speeds. This could change the temperature profile [5] in the lamp and shift R". Like for diffusion,
an estimate is made of the typical time of convection 7 omection- The result of a 1G situation is
presented in Table 6.

L
Tcanvection T (l 8)

convection

Table 6: Estimated values used to calculate the typical convection time for a discharge with 7, _ 1 93410 m™ [6].

. - = § -
L mim Veonvection 111 TNS Tconvection 111 S

2.4%107 | 0.2 0.1
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Radial segregation

In the section ‘Diffusion’, it is concluded that Dysprosium atoms diffuse faster along the radius
of the lamp than Dysprosium molecules. In addition, it was concluded in the section
‘Dissociation-recombination of Dylz* that radial separation occurs due to the temperature profile
along the radius of the lamp. These two facts cause the elemental number density of Dysprosium
to vary along the radius of the lamp. This is called radial segregation.

During micro gravity and in equilibrium, convection is absent and the elemental Dysprosium
pressure will be lower at the axis of the lamp than near the wall of the burner as pictured in
Figure 6. With increasing convection, the radial segregation will gradually disappear because
convection mixes the Dysprosium across the burner faster than it can segregate by means of
diffusion. Note than this does not necessarily mean radial sePAration disappears. At the radius of
molecular formation R”, the Dysprosium atom will still attach itself to other particles.

No
1 Increased
1.4+ — High
1
1.2
1.0
g; 0.8 -
& 4
u
' o
04 -
0.2
0.0 T s [ ] v T ¥ T L T
-0.004 -0.002 0.000 0.002 0.004

Lateral position in m

Figure 6: Sketch of radial segregation at three different convective speeds, i.e. No, Increased and High. Less
radial segregation corresponds to lower convective speeds. The partial elemental pressure p),, ; divided by the
partial molecular pressure near the wall py, 5, is pictured versus the lateral position in the burner.
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Axial segregation and the Fisher curve
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Figure 7: On the left, a photograph and on the right, a schematic of an HID lamp burning horizontally
showing axial segregation. The photograph shows color separation. This is caused by the diffusive and
convective fluxes shown in the schematic on the right.

As explained in the Introduction, axial segregation is present, which is pictured in Figure 7. The
light emitting particles are not spread evenly within the lamp. In this section, the physical
processes causing this phenomenal will be considered.

Due to a competition between diffusion and convection, schematically pictured in Figure 7, axial
segregation [6] [11] is present. Fisher quantifies this competition. In Figure 8a, the Fisher curve is
shown in which the axial segregation parameter 4 [11] is presented, for Dy the axial segregation
parameter is defined as
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with pp, the partial pressure of Dy at » = Om. When gravity is low, diffusion wins the competition
and the discharge has an axial segregation parameter, which is on the left hand side of the
maximum of the curve

Ap, ~ pf,ngg. (20)

In our lamps py = pug, because the partial pressure of additives is much lower than the mercury
pressure. When gravity is high, convection wins the competition and the axial segregation
parameter of the discharge is on the right hand side of the curve

1

£ o,
P R’g

- Q1

The axial segregation parameter can also be pictured versus gravity. This is shown in Figure 8b.
At both extremes, i.e. pp= 0 and py — o in Figure 8a or g =0 and g — oo in Figure 8b, no axial
segregation is present and A = Om’.

At g = 1G and 2G our lamps are in between the two. The estimations in the section ‘Diffusion’
and ‘Convection’ show that both the time of diffusion along the radius and the convection time
are of the same order of magnitude. Convection is not enough to mix the Dy through the whole of
the plasma. However, it is still strong enough to compete with the radial diffusive processes,
which want to distribute the Dy evenly over the radius of the plasma. Because the two processes
compete, the Dy will not be distributed evenly over the plasma, as shown in Figure 7.

—_— B =———— K

Figure 8a and b: The Fisher curve, showing the axial segregation parameter versus the pressure in the lamp
po on the left hand side (a) and on the right hand side (b), the axial segregation parameter versus gravity g.
Note that the points indicating the 1G and 2G situation are arbitrarily chosen, they are different for
differently pressured lamps.
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The axial segregation parameter A determines the number density of Dy atoms »np, versus the
height in the HID lamp.

d
ij =—Ap,np, (22)
np, (z): npy 0 exp(— ﬂDyz) 23)

In Figure 9, 3 profiles are shown. If 4 is zero, profile A, a constant density along the z-axis of the
lamp sets. Increasing A will lessen the total amount of Dy in the plasma column. This can be
concluded from the decrease of the surface undemeath profile B and C. The number density of
Dy atoms at z = Om is the density just above the lower electrode. This density depends on the
temperature of the cold spot and the amount of radial segregation.
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Figure 9: The number density of Dy atoms versus the height between both electrodes in the HID lamp.
Different profiles show density profiles for different values of the axial segregation parameter. The axial
segregation value is zero for profile A. Profile B and C have increasing axial segregation values. The place at
which is measured is indicated with a dashed line at Smm from the lower electrode.
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Combining radial and axial segregation

In zero gravity, axial segregation disappears and only radial segregation is left. In this situation,
the ratio between atomic and molecular Dysprosium is 0.3 as calculated by Geijtenbeek [24].
When gravity is increased the density of Dysprosium atoms increases due to less radial
segregation, but the effect of axial segregation is stronger and decreases the density as shown in
Figure 10.

At an unknown gravitational condition, the top of the Fisher curve is reached and at about this
point the density starts increasing due to a still decreasing radial segregation in addition to a
decrease in the axial segregation parameter.

Finally, when gravity is very high the discharge mixes completely. Due to high convective

speeds, the atomic Dysprosium pressure becomes equal to the molecular Dysprosium pressure
above the salt pool.

PDEA(Z);pr,M (z=0)
—_—

e
e
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g

Figure 10: The blue line represents the combination of radial and axial segregation [S] on the partial atomic
Dysprosium pressure at the axis of the lamp. The line starts at about 0.3. The upward trend is due to less

radial segregation and the dip is caused by axial segregation. The red line is the Fisher curve described in the
previous section.
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Chapter 3 Instrumentation

In this chapter, the author will explain the absorption instrumentation used to measure the number
density of ground state Dysprosium atoms. The lamps that will be investigated are listed in Table
7. This chapter will also explain how to calculate the number density from the data the setup
collects. This section will not describe the complete experimental setup. The author points to
literature for further details [1] [2] [3] [4] [5], but the laser absorption setup will be described in
detail. For the list of measurements done during the PFC, the author points to Appendix E.

Table 7: Lamps measured in PFC.

Lamp number | Mercury filling in mg | 72, in 10® m™
29 10 0.97
38 5 1.45
79 7.5 1.93

Global view of PFC setup

The actual experiments are preformed with an experimental setup, which is designed and build by
the university workshop GTD in cooperation with the laboratory automation group of physics
BLN, both of the Eindhoven University of Technology. At the military airbase of Bordeaux in
June 2004, the experiment was used to gather absorption data in its third parabolic flight
campaign (PFC). Previous experiments were in April 2003 and October 2003 under supervision
of prof. G.M.W. Kroesen. This setup, schematically shown in Figure 11, was originally designed
as a prototype for the model that went to the International Space Station ISS in 2004. The setup,
therefore, had to be very light and compact.

The PFC model holds 20 experimental lamps (4) in a carousel. In Appendix D, the lamps that
were used in the PFC are listed. A color camera (3), an Echelle-type emission spectrometer (6-10
and 13) and a tunable diode laser absorption spectrometer (1,2,11,12) can examine the lamps one
by one.

Compared to previous PFC’s, the place at which will be measured is 4mm lower along the axis of
the lamps. This is 4mm from the center of the burner, 5Smm above the lower electrode and 8mm
from the salt pool. This is schematically shown in Figure 12.

On previous PFC’s, the color camera has been used in the research of Frank van den Hout [4].
Guido Schiffelers [3] and Pim Kemps [5] have used the emission spectrometer and the absorption
spectrometer is used by Danny den Akker [2].
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1) diode laser
2) lens laser setup
3) colour camera
4) experiment lamp
5) beamsplitter
6) lens emission setup
7) mirror
8) filter wheel
9) entrance slit
10) Echelle grating
11) interference filter
12) diode array
13) CCD camera

Figure 11: Schematic of the measurement instrumentation of the PFC setup designed by the GTD group of the
TUle.

=

8mm

Figure 12: Schematic of the HID lamp showing the width, length, electrode height, the measurement position
(dashed line) and the salt pool in the bottom corners.

The PFC setup, pictured in Figure 13, is controlled by 2 laptops also visible in the photograph in
Figure 3 and a Sacher controller rack and a PhyDAS rack, which are positioned in part 1 of
Figure 13 and pictured in Figure 14.
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The laptop above part 2 in Figure 13 will be called laptop A. With this laptop, the carousel is
rotated in order to change lamps, lamps are started, different powers up to 150W can be applied
to the lamp, filters for the emission spectrometer are changed and the color camera is operated.
The other laptop, which will be called laptop B, is used to control some parameters for the laser
and emission setup.

Figure 14: Photograph of a side of the PFC setup at which the SACHER controller rack and the PhyDAS rack
are located.
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Laser absorption setup

The absorption setup consists of a tunable diode laser [17] that emits light at about 8mW of
power with a wavelength of about 642.19nm, which is the absorption line of the ground state
Dysprosium atoms in question. The laser beam passes some lenses, the HID lamp and an
interference filter as pictured in Figure 15. Finally, the laser beam hits the detector, which is an
array of photo diodes that counts the number of photons it collects. If there are ground state
Dysprosium atoms present in the plasma, some photons will be absorbed and less photons will be
collected on the detector.

cross-section

laser lens I lens IT lens III diode array

¢ ]

burner and interference
outer balloon filter

Figure 15: Schematic of the optical system of the absorption setup. With a ray trace program, the laser beam
is pictured going through the burner. With the ray trace program, a one on one relationship between the ray
through the burner and the detector position can be determined.

The interference filter lets light with certain wavelengths pass, as shown in Figure 16. This means
that there will also be photons that are emitted by the plasma and not only from the 642.19nm
line that hit the detector when the lamp is tumed on. For this fact will be corrected in the data
analysis.

23



R E I N

Figure 16: Transmittance of the interference filter in the PFC setup.
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The detector consists of 32 evenly spaced photo diodes. However, due to the lens formation, the

lateral positions in the bumer of the lamp are not evenly spaced. By means of ray tracing, the
dependence, shown in Figure 17, between the photo diode and lateral position x;« is given.
Detector number d = 0 is the center diode. The fifth order polynomial fit of the points is:

X, =6.22%10d —-535%10°d” +2.69*10°d* -8.93*10 *d* +2.16*10°d"’
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Figure 17: The lateral position from the center of the burner versus the detector number counted from the
center diode. The last point at x;,,= 3.28mm is the maximum distance from the center measurable.

Detector number
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Ray tracing calculates the path of a beam of light, using optical refraction equations, not the thin
lens equations. Because the laser has a certain beam width, aberrations appear. Figure 18 shows
that the beam width leads to a crossing of lines, so the one on one relationship mentioned above
is broken, i.e. Figure 17 becomes invalid.

Figure 18: Schematic of rays of light, coming from above, passing the burner. The picture is made with a ray
trace program. The picture shows aberrations caused by a widened laser beam.

The laser diode is an optical resonator, which has multiple modes that are amplified. The
difference in frequency between the modes is given by

c

Ay =—
2nl

(25)

with n=3.66 the refractive index of GaAs and / = 300um the length of the optical resonator. If the
laser is operated at 642nm, the spacing between modes is about 0.2nm. The width of a mode is
typically in the order of 10™*nm, which makes this laser capable of performing absorption
spectroscopy on ~0.4nm wide lines.

To select a mode the laser is tuned with an extended/external cavity, known as a ‘Littman
configured wavelength selection’ configuration, which is pictured in Fi%ure 19. Note that by
extending the cavity, the spacing between modes decreases to about 10" nm. The mirror guides
the first order of diffraction on the grating back into the laser cavity. The photons of this beam
will be multiplied, so only one mode is multiplied by a constant (gain) higher than one and the
laser will be operating in single mode. The exit beam is the zeroth order of diffraction on the
grating. Applying a voltage between 0 and 100V to the piezo element changes both the
orientation of the mirror and the length of the cavity. This means shifting both the red and blue
line in Figure 20.

The shift of both the red and blue lines, shown in Figure 20, has to be synchronized otherwise
mode hops will appear. A mode hop is when the laser jumps from one cavity mode to another (A4
~ 10”nm) resulting in a change in wavelength that is not continuous.
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Figure 19: Schematic of the extended/external cavity tuning the laser [17]. A change in position of the mirror
changes both the length of the cavity of the laser and the angle the light hits the grating.
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Figure 20: Possible modes in the cavity with a grating selecting one [17].
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Operating the laser

Cavity mode shift Grating shift
1 1
Length of the cavity Angle of the mirror
Temperature of
the active region Physical
* f reactions
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Figure 21: The laser operating system. With below the dashed line the instrument settings and above the line
the results of these settings. C1 and C2 are couplings. C1 is a mechanical coupling and is always present. C2 is
an electronical coupling, which can be turned on and off. The goal is to synchronize the cavity mode shift and
the grating shift. This is done by three input parameters that control the cavity shift and one input parameter
controlling the grating shift.

In Figure 21, the scheme that explains the operating system of the laser is shown. The goal of the
operating system is to have a synchronized shift of the cavity mode and the grating. With a
synchronized shift, /; ; and /; ; from the absorption equation (3) are measured on the 642.19nm
absorption line.

The cavity mode shifts, if the length of the cavity changes. The three parameters controlling the
cavity length, i.e. the offset temperature, the laser current and the piezo voltage, have to vary such
that they keep up with the grating shift, controlled by only one parameter, i.e. the piezo voltage.
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Through the computer, the PhyDAS rack and the Sacher control rack, the three parameters of the
laser system, i.e. the temperature of the active region of the laser, current through the laser diode
and piezo voltage, can be adjusted.

The laser temperature must first be set to a certain operating temperature, which is done with the
Sacher control rack. This operating temperature is controlled by a Peltier element. In our
experiments, the operating temperature is set at 30°C.

Next, the 642.19nm absorption line must be found by setting the piezo voltage. Changing the
piezo voltage on the Sacher controller rack changes both the length of the cavity and the angle of
the mirror, because they are mechanically coupled, as shown in Figure 19 and C1 in Figure 21.

To extend the range of the mode hop free zone, the current is electronically coupled to the piezo
voltage, C2 in Figure 21. The current heats the active region of the laser somewhat so the length
of the cavity increases and a better synchronization between the shifts is accomplished.

The drawback is that this electronic coupling imposes a limit to the maximum scanning range,
called the span, this is due to a minimum and maximum current at which the laser operates [18].
The minimum current of about 29mA is the threshold current at with the laser starts lasering.
There have to be enough exited electrons for the gain to be larger than one. The laser’s maximum
current is 80mA, because the semiconductor would degrade very fast if operated at higher
currents.

Our system limits us, due to the coupling of current and voltage to a 40V scan, just enough to
scan the mean part of the 642.19nm absorption line of Dysprosium. The result of a change from 0
to 100V in the piezo voltage is a change in wavelength of the exit beam of up to 0.5nm.

In Figure 22, the signal on the detector when the lamp is off is shown. The shape of the signal is
triangular, because of the current coupling. If the current is raised the power of the laser also
rises, resulting in more signal on the detector. When the current decreases, the power of the laser
also decreases. Keep in mind that the line shape is therefore scanned twice.

Above ‘Measurement channel’ in Figure 22, the piezo voltage and the piezo span are set. It is
best to set the piezo voltage to zero, because it is easier to control the parameter with one
instrument, i.e. the pot meter on the Sacher control rack. The piezo span is set to 4.000V and with
the amplifier in the Sacher control rack this results in a triangular signal on the piezo with a span
of 40V.

The Sacher control rack controls the offset voltage applied to the piezo. This voltage is the offset
above which the 40V span is put. The piezo voltage can therefore be set to a maximum of 80V
because the piezo cannot handle voltages above 120V. The rack also controls the current for the
laser diode.
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Improvements

Compared to previous experiments, the author has made an important but simple improvement. A
shutter has been placed between the first and second lens of Figure 15 in order to block the beam,
when performing an emission measurement. In previous experiments, the laser was turned on and
off in order to perform emission measurements. The change was made because the laser system
will slow start until a thermal equilibrium is established in the laser diode, which can take some
tens of seconds. During this time, it is not possible to do absorption measurements.

A software update can be seen in Figure 22, a screenshot of laptop B. In the bottom left graph the
four lines represent measurements on different photo diodes. In previous PFC’s, only one line
could be monitored. It was considered best to monitor more lines in the graph. The diodes can be
selected with the four numbers in the boxes underneath ‘Measurement channel’.

A A ;r Absorption and Emiss lyll"[ ctrosc 4[ y Measurement 5D'twar€ = s ;’» ¥ ;'_. x|
T U tBchrische TU D AC S | UABuy  PSABusy
universiteit e |
e slndhoven Bed i ‘ ~ *
tfsgrop | UADone PSA Done

— e L 4 I ,

| PiezoDffset  Piezo Span

I ) faaz0 ;

M Channel ‘
O 1o 2o 3w 40 s eo 7o @o s 100 100 120 1300 o0 1soo  1ses | RN NN

\

I

| B

|| Channel 32 means off ‘

[ Aborpiion Loggrag

| P TIT
{on

it Yiow feash |
- t

Enzosan L ongin V
(o

" Enable Spectioscopy Logging (F1)

(on

| Absomption  Lassr Emission
3 b

s g) e

 SystemFail  TD Emor  Camera Emor

Fo 5 Absorption Profle e | ) -

Figure 22: Screenshot of laptop B controlling the emission and absorption measurements.
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Data handling

In order to calculate the density profile, the absorption equation (3) is needed. The inputs of the
equation are multiple scans at different lateral positions of the line shape of the optical transition
with 4 = 642.19nm and background measurements at these positions.

In this section, the author will take the reader through the steps of data processing and in
Appendix B the ORIGIN scripts, which do the actual work are listed.

Step 1: The measurements

In Figure 23a, both a measurement of the optical transition and a background measurement of
one lateral position are displayed. Because the voltage varies in time, the time axis could have
been replaced by a wavelength axis. Due to the in time triangular shaped voltage applied to the
piezo of the laser, the wavelength of the laser will first increase followed by a decrease of the
wavelength. The transition point is at about 7 = Qa.u., the line shape is therefore scanned twice, in
mirror image of each other. The increase and decrease in signal is, as mentioned above, due to
current coupling. An increase in piezo voltage results in an increase in the current ran through the
laser, which increases the power of the laser.

Step 2: Synchronization

A problem is that the transition from increasing to decreasing wavelengths is not exactly at 7 =
Oa.u., this means that the wavelengths of both lines at for example 7 = 100a.u. in Figure 23a are
not equal. The lines will, therefore, be shifted so the maximum of both lines in Figure 23a are at ¢
= Oa.u. However, due to the high noise level of the lines, an FFT filter must first be used. This is
a low pass filter, to get rid of the noise. The result of the FFT filter is pictured in Figure 23b. The
shift of Figure 23a is pictured in Figure 23c.

Step 3: Clearing noise

The raw signal must first be centered before the final FFT filtering, because there is a continuous
triangular signal on the piezo and parts of a previous or next triangle would otherwise be
included, as shown by the arrow in Figure 23b.
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Figure 23a to d: Part one of the conversion of measurement data into number densities in lamps.

Step 4: Correcting for emission

A detector continuously receives light emitted from the lamp, a constant must, therefore, be
subtracted from the FFT filtered absorption measurement. The emitted light is not only from the
642.19nm line, the interference filter in the setup has a width of about 4nm, as mentioned in
Chapter 3 ‘Laser absorption setup’, so the assumption made in Chapter 2 ‘Absorption
spectroscopy’, i.e. that the emission the spectral line in question is negligible, is still valid. The

result of this correction is displayed in Figure 24a.
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Step 5: Line shape determination

By dividing the two lines in Figure 24a, the absorption line shapes, pictured in Figure 24b, are
calculated. In the Figure 23a to d and Figure 24a and b, the negative times are increasing
wavelengths, the positive times are decreasing wavelengths, as explained in Step 1.

The line shape in Figure 24c is calculated by averaging the mirror image of the line shape on the
left hand side with the line shape on the right hand side. This line shape is the term between
brackets on the left hand side of the absorption equation (3).

Step 6: The left hand side of the absorption equation

The absorption equation (3) states that the natural logarithm of the line shape of Figure 24c¢ has to
be calculated, which results in Figure 24d. The absorption equation (3) also states that this result
must be integrated over the wavelengths.

The parameter 4 of the Lorentz function (26) gives the area undemeath Figure 24d.

24 w
== 26
a_ 4(c—x, ) +w? e

A Lorentz is therefore fitted through the line in Figure 24d. This is done because complete scans
of the line shape were not obtainable and by fitting the Lorentz; the remaining parts (the wings)
of the line shape are included.

Note that the Lorentzian is chosen because it gives a good fit, Figure 24c¢ and d are not Lorentzian
in nature, as explained in Chapter 2 ’Line broadening’. The line shape at a particular radius is
probably a Lorentzian, but this cannot be measured. What is measured is the absorption line
shape at the end of a line of sight, which a different thing.
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Figure 24a to d: Part two of the conversion of measurement data into number densities in lamps.

b

d

Steps 1 to 6 describe the gathering of only one point in Figure 25. This process has to be repeated
for another 31 lateral positions in order to obtain the information needed in the term on the left

hand side of the absorption equation (3).
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Step 7: Clearing faulty points

In Figure 25, some points are deleted, because due to the aberrations discussed in Chapter 3
‘Laser absorption setup’, these points are from other lateral positions and shall therefore be

disregarded.

Step 8: The right hand side of the absorption equation

The radially resolved absolute number density of ground state Dy atoms in the bumer of the HID
lamp can be determined by fitting the remaining points with Abel polynomials (f,(x)’s), convert
the time axis of Figure 24d into wavelengths and multiply by the constants on the right hand side
of the absorption equation (3).
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Figure 25: Part three of the conversion of measurement data into number densities in lamps.
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Comparing fitting procedures

In Figure 26, the number density versus the radius in the bumer of the 5Smg Hg filled lamp is
shown. The figure holds three lines representing the three different fitting procedures. The
simplest fitting procedure was also used in the sectlon above, it discards all a,‘s from the
absorption equation (3) except for @y and uses R’ instead of R. W1th this fitting procedure, the
average number density within the radius of molecular formation R’ is calculated. This means the
absorption equation (3) becomes:

A A " ¢
J' L1 (x) . 4.2 a, f,(x) with -R <x<R (27)
I, o(x) e g,
and
np, =4, with 0<r<R’ 28)

The a0a2a3 fit discards all but ay, a,, as and uses R, so a density profile versus the radius r is
calculated. The absorption equation (3) becomes:

J “{ 8 il —A’Lﬁ”%aofo(x»a2f2<x>+a3f3<x» with R <r<k  (9)
/10 q

and
np, =a, ta,r’ +a,r’ with 0<r<R’ 30)

In the a0a2a3 fit with a boundary cond1t1on BC, the same parameters as in the a0a2a3 fit are
calculated, but the condition that at R the density should be zero is included, i.e.

ay+a,(R'} +a,(R") =0 (31)
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Figure 26: The number density of ground state Dy atoms versus the radius of the Smg Hg filled lamp. The
three lines represent three different fitting procedures. A different radius of molecular formation for each of
the lines is determined, for the a0 fit R = 3.14mm, for the a0a2a3 fit is R" = 3.14mm and for the a0a2a3 fit
with BC R"=3.3mm.

Figure 26 shows a dramatic change in the density plot, which is due to the application of the
boundary condition. The boundary condition gets rid of the infinitely steep slope at R". The
dramatic change is due to the basis of eigenfunctions, which is too small. The rim at R’ is too
steep for a third order polynomial to handle and the fit becomes unreliable. This is an important
discovery, because it was believed to be the case that the density of Dysprosium atoms would
more gradually decline.

From the above we conclude that the a0a2a3 fit is the most realistic one, it is an improvement of
the a0 fit. However, because only few data points are available (Figure 25), the stability of the a0
fit is considered better than the a0a2a3 fit. It is therefore considered best to use the a0 fit in
comparing different gravitational conditions, which will be done in the next chapter. In the future,
if more data points in the lateral direction are available, radially resolved density profiles could
be determined with the absorption equation (3).

We can still conclude from the density profile resulting from the a0a2a3 fit that at the center, the
density is lower than just before R", which is due to radial segregation, ionization and excitation
of the Dysprosium atom. In the center of the discharge, temperatures are higher, so more atoms
will be ionized and excited.
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Chapter 4 Results

Startup phase of a lamp
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Figure 27: The startup phase of the 7.5mg Hg HID lamp in which two parabolas are present. To increase the
clarity of the graph, the error bars are absent. The average error is about 5 percent.
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In Figure 27, the average number density within the radius of molecular formation R of the
startup of the Smg Hg filled HID lamp is displayed. Unfortunately, there is a parabola during the
time of startup. However, by comparing the first parabola with the second, starting at about # =
190s, a rise time in the order of tens of seconds is still apparent.

When starting an HID lamp, it takes some time for the additive to end up in the plasma. The long
diffusion time along the axis of the lamp of Dyl; (Table 5) is not the cause of the slow rise,
because convection disperses the Dyls, which is a much faster process (Tcomvecrion = 0.15). From
Figure 27, we conclude that it takes time for the energy balance of the burner to settle and a time
constant can be linked to this process, which is at least in the order of tens of seconds.

Number density versus time

Before going into details about radial and axial segregation, the absolute number density of
Dysprosium will be linked to the cold spot temperature. This is done to validate the absorption
equation (3).

The average number density within R* versus time is pictured in Figure 28 and shows that during
the first 1G phase for the 10mg Hg filled lamp, the number density is about 2.8*10'm™. Due to
radial and axial segregation, the partial Dyl density is probably higher. How much higher is not
known, if the variation is less than a factor of 3 Table 2 shows that this corresponds to a cold spot
temperature of about 1090 to 1120K, which is the assumed temperature of the cold spot of 1100K
[22]. The factor is assumed using Figure 10. The variations in atomic Dysprosium pressures
differ not more than a factor of 3. We therefore conclude that with the absorption equation (3), a
new and useful tool in examining plasmas is available.

For the rest of this chapter the effect of radial and axial segregation will be studied.
Unfortunately, it is not possible to give a number density plot versus gravity. The 20s of 0G and
2G are not enough to end up in equilibrium in the burner of the lamp, because some processes in
the lamp are too slow. Examples of these slow processes are the time constant discussed in the
previous section and the diffusion of Dyk and Dy-ls. Note that this is the reason experiments
were performed in the international space station ISS.

Normal 1G condition

The three lamps in Figure 28 probably have different cold spot temperatures, because they are all
operated at 150W, but have different amounts of radiating particles in the discharge. Radiation is
loss of energy so the temperature of the system (of which the cold spot is a part) will therefore be
different.

Different mercury fillings result in different convective speeds in the lamp, more convection
corresponds to less radial segregation and more radiating particles.
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Different mercury fillings also mean different radial and axial segregation situations (Figure 6,
Figure 8a and Figure 10). This in turn means that at equal cold spot temperature, different
amounts of Dy atoms will be present in the discharge.

In order to compare the three lamps, the number density is normalized by dividing the number
densities by the number density it had during 1G. The result of the normalization is shown in
Figure 29.

First hyper G condition

Figure 29 shows that the number densities of all three lamps increase at the transition from 1G to
2G. This corresponds to less radial segregation (Figure 6) and a change from profile C to profile
B in Figure 9, which means a decreasing axial segregation parameter and less axial segregation.
Figure 8b shows that a decrease in axial segregation parameter with increasing G forces is
possible, if the lamps are situated on the right hand side of the Fisher curve. On this side of the
Fisher’s curve, convection is dominant, which is in agreement with the diffusion and convection
times estimated in Chapter 2 ‘Diffusion’ and ‘Convection’. The Dy atoms are carried further
along the axis of the lamp by convection, before they pass the radius of molecular formation.

A slow decrease in density is also present in the 2G phase. This is due to a change in the energy
balance of the lamp. There is more atomic Dysprosium in the plasma, so more energy is lost due
to radiation. In addition, there is more convection, which is also a loss term. These two effects
cause the cold spot temperature to decrease with equal input power (150W). The change in
energy balance is essentially the same as the effect described in the section ‘Startup phase of a
lamp’, i.e. establishing equilibrium in the bumer. If the 2G situation would be longer, it could be
possible that the density ends up lower than it was in 1G, regardless of radial segregation and
their lower axial segregation parameters.

Zero G condition

At t = 45s in Figure 29, the gravitational condition is changed from 2G to 0G. In zero G, radial
segregation is maximal so fewer atoms are expected. In zero G A = 0m, corresponding to profile
A in Figure 9. The atomic Dysprosium will spread along the axis of the lamp.

The density will drop, as pictured in Figure 29, because radial segregation is a relatively fast
process. This is in agreement with the radial diffusion times of atomic Dysprosium (tpy afision =
0.1s).

The increase of atomic Dysprosium density due to the effect of axial segregation and is delayed,
because the Dysprosium can only spread evenly over the discharge by means of diffusion along
the axis of the lamp. The bigger Dysprosium related molecules situated just above the cold spot
must supply the extra Dysprosium atoms. These molecules will diffuse more slowly. Once the
molecules are in a high temperature zone, they will dissociate and more Dysprosium atoms will
be detected.
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In Table 5, estimations of diffusion times along the axis of the lamp are given. The table shows
that for Dyl and Dy, it will take 15 to 50s to travel along the axis of the lamp. For lower
density lamps, the diffusion will be faster, which is in perfect agreement with Figure 29. The 5Smg
mercury filled lamp appears to be on the edge of reaching equilibrium at the end of the zero G
phase.

The effect of the change in energy balance of the bumer is also expected in this phase, but the
segregation processes overshadows this effect.

Second hyper G condition

At ¢ = 70s in Figure 29, the gravitational condition changes from 0G to 2G. Convection will start
again, so less radial segregation is expected and the lamp will travel the Fisher curve (Figure 8b)
to the right hand side and end up at a higher axial segregation parameter, i.c. a lower density in
the lamp and returning to profile B in Figure 9. Because convection times are about 0.1s, the
change is faster compared to the transition from 2G to 0G. Further conclusions cannot be drawn
from this phase, because the airplane in which the experiments are performed is not kept at a
stable 2G during the second 2G phase.

At t = 90s in Figure 29, the gravitational condition changes from 2G to 1G and the discharge will
increase radial segregation and settle to profile C in Figure 9.
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Figure 28: The number density measured in the three lamps during parabolas.
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Chapter S Conclusions and
recommendations

The following conclusions with respect to the measurement technique can be drawn from Chapter
2, Chapter 3 and Chapter 4:
- The absorption equation (3), derived by the author gives results that can be linked to
literature values.
- Absorption spectroscopy is an accurate measurement technique by which ground state
Dysprosium atoms can be detected.
- The data analysis technique, developed by the author, is robust. By integrating over
the absorption line, it does not depend on the broadening of the absorption line.
- The technique CANNOT be used if stimulated emission appears or if spontaneous
emission is not negligible compared to the intensity of the laser.

From the number density measurements presented in Chapter 3 and Chapter 4, we can conclude
that:

- The settling of the energy balance of the burner of the lamp is a slow process. The
time constant linked to this process is in the order of tens of seconds.

- We can see this effect at the startup of the lamps and at a gravitational transition,
except for the transition from 2G to zero G. In zero G, slow diffusive effects
overshadow this effect.

- The slope at the radius of molecular formation R is too steep for a third order
polynomial to handle.

- The radius of molecular formation is about 3.2mm in burners with an inner radius of
4mm.

- Radial segregation, ionization and excitation reduces the number density of ground
state Dysprosium atoms at the axis of the lamp.

- The number density of ground state Dysprosium atoms is maximal just before R".

- The three lamps are ‘positioned’ at the right hand side of the top of the Fisher curve,
when gravity is 1G or 2G.

- In 0G, diffusion times of molecules determine the time it takes for the plasma to reach
equilibrium and we saw that higher pressured lamps give longer diffusion times.

- The theory derived by Fisher can explain axial segregation.

- It is necessary to go to the ISS in order to examine HID lamps without convection and
in equilibrium.
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The author has the following recommendations:

It could be of great interest to measure lamps with an Hg filling below Smg and
measure at the left hand side of the Fisher curve. ISS measurement are not needed for
these experiments, because the 25s of zero G that can be obtained in PFC’s should be
enough to reach equilibrium.

Computer simulations are needed to more accurately estimate diffusion and
convection times.

It may be possible to perform measurements without current coupling. This extends
the scanning range from 0.2nm to 0.5nm, but introduces mode hops. The mode hops
are in the order of 0.01nm, which could be small enough to be neglected. In order for
this idea to be successful, the absorption and background measurements must be
performed at the same time. The mode hops must appear at equal wavelengths in both
measurements, because the signals must be divided in the data analysis.
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Appendices

Appendix A. Derivation of the absorption
equation by Marc van Kemenade

The intensity change of a beam of radiation passing through plasma, i.e. both absorbing and
emitting medium, can be represented by the differential equation [8]:

L)y, () 1,6) Al

with 1,(s) the spectral mtensuy of the beam (in Wm’ ’sr'Hz Y, J(s) the plasma emission
coefficient (in Wm™sr 'Hz ") and x(v,s) the absorption coefficient (in m™ Y for frequency v (in s™)
at location s (in m). In our case, the intensity from the laser is much higher than the emission by
the plasma at the frequency in question. ji(s) is therefore neglected.

iI (gs))— —xv,s s (A2)
with
K0,5)= "2 (B, 5)- B,pm, (), () (A3)

In equation A 3 [8], the absorption coefficient is shown with 4 plank’s constant, ¢ the speed of
11ght (in ms™), respectively B,, and B,, the Einstein coefficient for absorption and for stnnulated
emission, respectively n, and n, the number density of particles i m state ¢ and p (in m™) and
@«(v,s) the line shape of the optical transition at frequency v (in s*). In Figure 30, a scheme with
the three processes (i.e. spontaneous emission, absorption and stimulated emission) is shown
between the two energy states.
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Figure 30: The three processes emission, absorption and stimulated emission between energy state p and q.
With the slim arrow indicating the direction of the transition and the thick arrow the photons emitted or
absorbed due to the transition.

For the line shape equation A.4 holds [8].
[o,.s)v =1 (A.4)
0

Using the Einstein relations, i.e.

g, 8zhv?
4 =24 B AS
2 g, o’ gp (A-3)
g,B,=8,B, (A.6)

with 4,, the coefficient for spontaneous emission and respectively g, and g, the allowed number
of states in energy state g and p, equation A.3 yields

8v?

K(v,s)=—ci—§—”Am(nq (s)—?np (s))(av Wv.s) (AT)

The allowed number of states in an energy state can be determined with [8]
g=2J+1 (A.8)

In the next few lines, the explanation will be given to why the stimulated emission term from
equation A.7 is neglected.
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In our case, state p and g have equal quantum numbers ./ [13] and the number of states in these
energy levels g, and g, are, therefore, also equal. If our lamps are in LTE, the Boltzmann
distribution equation can be used

n n E
2 =P exp ——& (A.9)
gq gp kBT
which in our case becomes
FE
n =n_exp ——— A.10
q §4 { kBT ) ( )

From equation A.10, we conclude that at 7~0.5¢V, ng will be about 2% of n,.
Our lamps are in fact in non-TLE in which this percentage is even smaller. Stimulated emission
can therefore be neglected from equation A.7. This yields

2
x(y,s)= 8“ Z A,n (), ,s) (A.11)

This equation can be simplified even further by taking into account that for the spectral line

P «<1 (A12)

P9

with 44, the full width of the line and 4,, the wavelength of the transition.
Equation A.11 can, therefore, be rewritten in

K(v,s)= Sn, (s)(p‘, (v,s) (A.13)
with
2 A
s=—C By Irfry (A14)
8zv,, &, 87 g,

and S = 2.65*10°m’s the line strength.
Combining equation A.2 and A.13 yields

a;l ((S)) -Sn (s)fpv (v,s)ds (A.15)

or
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dinl,(s)

—lde i, (s)pv (v,s) (A.16)
ds

To get rid of the line shape function, equation A.16 is integrated over frequency, yielding

T.Mdv = —an (s) (A17)
o ds

Consider the plasma and our measurement system, the plasma is assumed radically symmetric
and measurements are done at points along the x-axis, which means the laser beam has traveled
through the plasma along the y-axis. Figure 31 shows a schematic.

I(x)

o I

L(x) X

Figure 31: Schematic of the laser beam (red arrows) passing through the plasma in the burner with radius R.

Integrating equation A.16 over the line of sight gives

L) L)

20 Fdnl 2

[] —dj—('i)dvdy =S [n,(r}y (A.18)

1 0 1
71 (x) -—2—1 (x)

With /(x) the distance through the plasma.
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%l(x)= JR* =%’ (A.19)

If equation A.20 is a continuous function, the integration variables on the right hand side of
equation A.18 are allowed to switch [21].

dnl,(y) (A20)
dy

Equation A .20 is continuous, if the total absorption along the line of sight is not 100%.

) 40
I"{ Vd(x) v==28 [n,()y (A21)

with 1, o the intensity before entering the plasma and /,,; the intensity on the detector, i.e. when
the beam has passed through the plasma. Because our measurement system scans in wavelengths,
equation A.21 is rewritten into

4 l(x)
J’ln( Ad(x) _ j’qupq gp J'n (r)a’y (A22)

Ao(x) 47

To calculate the number density from the measurements, a basis of eigenfunctions is needed. One
possibility is using <1 r,.. . >fromr=0tor=R,so:

n,(r)=Y a,r" with0 <r<R (A23)
Equation A.22 becomes

-

84 n=0

with f,(x) Abel polynomials of which the first five are listed in Appendix B. If the a,’s are
known, so is the number density in the HID lamp.

Another possibility is not to use the inner radius of the bumer R, but R” which is defined as the
radius at which all Dysprosium atoms disappear.
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Appendix B. Some Abel polynomials

These are the first five Abel polynomials [2].
fole)=VR* - x>,

fl(x)=lx2h{ ox +R} —R\/RZ—xz,
2 |x| 2
f,(x)=x*JR’ x2+1(R2—x2)m,
O e G e

j;(x)=—;—(R2 ~x* )" +%x2(R2 _x2)3/2 +x*JR* - x*

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

fs(x)_ 5 6m(v —X +R) 5 2 Re*JR? — 2 +551R3x2 [R? _ &2 +—2—R5 [R? _ 2 (B.6)
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Appendix C. Origin script files

To calculate a density profile the following ORIGIN scripts [14], written by Marc van
Kemenade, have to be executed:

- Script A on a background measurement,

- Script B on an absorption measurement,

- Script C, which is used by script B,

- Script D copies some windows,

- Script E copies some windows,

- Script F calculates the density profiles.

Script A

//Script A should be preformed on a window called RawBack and needs the templates Raw.OTW
//and Max.OTW. The rawBack window is an imported background measurement file like
/Pro_2004_0608_112804.Abs. The outputs of the script are two windows, which should be
//stored and used in script B/C. The windows are called Max$(mm) and ProfileLamp$(mm).

mm=15;
//mm is the number of the lamp

win -t data "C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\Raw.OTW" ResultFFT $(mm);

//this command creates a worksheet from the template Raw.OTW, which is stored in

// C:\Documents and Settings\S465013.TUE\Mijn documenten\Afstudeeropdracht\Origin functies

for(ii=1; ii<=33; ii++)
{ wks.col$(ii).name$ = AC$3i-1); }
//this command renames the columns of the worksheet

% (ResultFFT$(mm),1) = %(RawBack$(mm),1);
//this command copies column 1 of worksheet RawBack$(mm) to ResultFFT $(mm)

curve.smoothpts = 25;
/fthis command sets FFT smoothing on 25 points before and after a point

for(ii=7; 1i<=32; ii++)

{ curve.data$ = %(RawBack$(mm),$(ii+1));
curve.result$ = %(ResultFFT$(mm),$3i+1));
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curve.fftsmooth();

}

//here the measurements are FFT smoothened

win -t data "C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\Max.OTW" Max$(mm);

//this is part of the output of the script. It should be stored afterwards and used in script B.
//in this worksheet we store the maximal values of each scan

win -t data "C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\Raw.OTW" Shifted$(mm);
for(ii=1; ii<=33; ii++)

{ wks.col$(ii).name$ = BCS$(ii-1); }

%(Shifted$(mm),1) = %(RawBack$(mm),1) - 654;
/lrow 654 has X=0
for(ii=7; 1i<=32; ii++)
{ %(Max$(mm),1 i) = ii;
limit %(ResultFFT $(mm),ii+1);
XX = limit.imax;
//maximum of scan is set on row 654
%(Max$(mm),2,$(i1)) = xx;
if (xx>654) { ss = xx-654;
for(kk=1; kk<=1310-ss; kk++)
/ffrom 1310-ss the cells are empty
{ %(Shifted$(mm),ii+1,kk) = %(RawBack$(mm),ii+1,kk+ss); }
}
if (xx<654) { ss = 654-xx;
for(kk=1310; kk>=ss+1; kk--)
/fbefore ss+1 the cells are empty
{ %(Shifted$(mm),ii+1,kk) = %(RawBack$(mm),ii+1 kk-ss); }
}
if (xx==654){ %(Shifted$(mm),ii+1) = %(RawBack$(mm),ii+1); }
}

//this part shifts the scans so the maxima are on X=0

win -t data "C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\Raw.OTW" ProfileLamp$(mm);

//this is part of the output of the script. It should be stored afterwards and used in script B.
//1t stores the shifted and smoothened background measurement.

for(ii=1; ii<=33; ii++)
{ wks.col$(ii).name$ = Prof$(ii-1); }

%(ProfileLamp$(mm),1) = %(Shifted$(mm),1);
curve.smoothpts = 25; //FFTsmoothing on 25 points before and after a point
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for(ii=7; ii<=32; ii++)

{ curve.data$ = %(Shifted$(mm),$Gi+1));
curve.result$ = %(ProfileLamp$(mm),$(ii+1));
curve.fftsmooth();

}

Script B

//Script B should be preformed on windows called Al to A12 and needs script C called
//MasterFile.ogs. The A windows are imported measurement files like
/Pro_2004_0608_112754.Abs. The outputs of the script are windows called Avaluel to
/Avaluel2.

freq=3*10"8/(642.19%10"°(-9))"2;
towavelength=(1/655)*(40/100)*0.5*107(-9);

//freq and to wavelength are to get a wavelength on the x axis
mm=18;

/fmm is lampnumber

//mn is filenumber

for(nn=1; nn<=12; nn++){
run.section(C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\lab\bordeauxdata\MasterFile.ogs,SectionA);

run.section(C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\lab\bordeauxdata\MasterFile.ogs,SectionB);

run.section(C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\lab\bordeauxdata\MasterFile.ogs,SectionC);

run.section(C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\lab\bordeauxdata\MasterFile.ogs,SectionD);

run.section(C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\lab\bordeauxdata\MasterFile.ogs,SectionE);

run.section(C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\lab\bordeauxdata\MasterFile.ogs,SectionF);
/[creates Dip

run.section(C:\Documents and Settings\S465013.TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\lab\bordeauxdata\MasterFile.ogs,SectionG);
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/lcreates AvDip

run.section(C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\lab\bordeauxdata\MasterFile.ogs,Sectionl);
//creates Ln

run.section(C:\Documents and Settings\S465013. TUEMijn
documenten\Afstudeeropdracht\Origin functies\lab\bordeauxdata\MasterFile.ogs,SectionlJ);
/[creates Avalues with fitting

/frun.section(C:\Documents and Settings\S465013. TUEWMijn
documenten\Afstudeeropdracht\Origin functies\lab\bordeauxdata\MasterFile.ogs,SectionK);
//creates Avalues with integrating

//one must chose to run section J or section K

run.section(C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\lab\bordeauxdata\MasterFile.ogs,Sectionl.);
//deletes obsolete windows

}

//this section runs different parts of script C, stored as MasterFile.ogs in the folder C:\Documents
/fand Settings\S465013. TUEMijn documenten\Afstudeeropdracht\Origin
/Mfuncties\lab\bordeauxdata.

Script C

//Script C is activated by script B and performs operations on windows called Al to A12. The A
//windows are imported measurement files like Pro_2004_0608_112754.Abs. The script needs
//the templates Temps.OTW, Raw.OTW, HalfRaw.OTW, FourthRaw and Avalues.OTW and the
//output windows of script A Max$(mm) and ProfileLamp$(mm). The outputs of the script are
/lwindows called Avaluel to Avaluel2.

freq=3*10"8/(642.19*10"(-9)"2
towavelength= (1/655)*(40/100)*0.5%¥10"(-9);
mm=18;

//mm is lampnumber

nn=I;

//mn is filenumber

[SectionA]
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/ffilenames starting with a T are Temporary

win -t data "C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\Temps.OTW" TA$(nn);
for(ii=1; ii<=33; ii++)

{ wks.col$(ii).name$ = F$(nn)AS$3i-1); }

for(jj=601; jj<=730; jj++)
{ %(TA$(nn),1,jj-600) = jj; }
for(ii=9; ii<=32; 1i++)
{ for(jj=601; jj<=730; jj++)
{ %(T A$(nn),ii+1,jj-600) = %(A$(nn),ii+1jj);
}}

[SectionB]

/Milenames starting with a T are Temporary

win -t data "C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\Temps.OTW" TFFT $(nn);
for(ii=1; ii<=33; ii++)

{ wks.col$(ii).name$ = F$(nn)BS$(3i-1); }

%(TFFT$(nn),1) = %(T A$(un),1);
curve.smoothpts = 25; /[FFTsmoothing on 25 points before and after a point
curve.x$=%(T A$(nn),1);
for(ii=9; ii<=32; ii++)
{ curve.data$ = %(TA$(nn),ii+1);
curve.result$ = %(TFFT $(nn),ii+1);
curve.fftsmooth();

}

[SectionC]

//filenames starting with a S are Shifted

win -t data "C:\Documents and Settings\S465013.TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\Raw.OTW" SA$(nn);
for(ii=1; 1i<=33; 1i++)

{ wks.col$(ii).name$ = F$(nn)C$Gi-1); }

%(SA$(nn),1) = %(ProfileLamp$(inm),1); //row 654 has X=0

for(i1=9; ii<=32; 1i++) //max of triangle is set on row 654
{ limit %(TFFT$(nn),ii+1);
xXx = limit.imax + 600; //in sectionA 600 was substracted

% Max$(mm),3,ii) = xx;
if (xx>654) { ss = xx-654;
for(kk=1; kk<=1310-ss; kk++) //vanaf 1310-ss zijn cellen leeg
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{ %(SAS$(nn),ii+1,kk) = %(A$(nn),ii+1.kk+ss); } }
if (xx<654) { ss = 654-xx;
for(kk=1310; kk>=ss+1; kk--)  //voor ss+1 zijn cellen leeg
{ %(SA$(nn),ii+1,kk) = %(A$(nn),ii+1 kk-ss); }}
if (xx==654){ %(SA$(nn),ii+1) = %(A$(nn),ii+1); }
if (xx<=601 || xx>700) {mark -m %(SA$(nn),ii+1) -b 1 -e 1310;}
}

[SectionD]

win -t data "C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\Raw.OTW" FFT $(nn);
for(ii=1; ii<=33; ii++)

{ wks.col$(ii).name$ = F$(mn)D$(i-1); }

%(FFT $(nn),1) = %(SA$(nn),1); //this column will not be used
curve.smoothpts = 25; //FFTsmoothing on 25 points before and after a point
for(ii=9; ii<=32; ii++)
{ curve.data$ = %(SA$(nn),ii+1);
curve.result$ = %(FFT$(nn),ii+1);
curve.fftsmooth();

}

[SectionE]

//filenames starting with a C are Corrected for background radiation

win -t data "C:\Documents and Settings\S465013.TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\Raw.OTW" CFFT$(nn);
for(ii=1; ii<=33; ii++)

{ wks.col$(ii).name$ = F$(nn)ES$(i-1); }

%(CFFT$(nn),1) = %(FFT$(nn),1); //this column will not be used
for(j=9; jj<=32; jj++)
{ background = 0;
for(ii=161; ii<=180; ii++)
{ background += %(FFT$(nn),jj+1,ii) - %(ProfileLamp$(mm),jj+1,ii); }
for(ii=1131; ii<=1150; ii++)
{ background += %(FFT$(nn),jj+1,ii) - %(ProfileLamp$(mm),jj+1,ii); }
background = background/40;
for(ii=1; ii<=1310; ii++)
{ if (%(FFT$(n),jj+1,ii)>0) %(CFFT$(nn),jj+1,ii) = %(FFT$(nn),jj+1,ii) - background; }
}

[SectionF]



win -t data "C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\Raw.OTW" Dip$(nn);
for(ii=1; ii<=33; 1i++)

{ wks.col$(ii).name$ = F$(mn)F$(i-1); }

%(Dip$(nn),1) = %(CFFT$(nn),1); //this column will not be used
for(jj=9; jj<=32; jj*++)
{ for(ii=1; ii<=1310; ii++)
{ if (%(CFFT$(nn),jj+1,ii)>0 && %(ProfileLamp$(inm),jj+1,ii)>0) % (Dip$(nn),jj+1,ii) =
%(CFFT $(nn) jj+1,ii) / %(ProfileLamp$(mm),jj+1,ii); }
}

[SectionG]

win -t data "C:\Documents and Settings\S465013. TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\HalfRaw.OTW" AvDip$(nn);
for(ii=1; ii<=33; ii++)

{ wks.col$(ii).name$ = F$(nn)H$(1i-1); }

for(ii=1; 1i<=655; ii++)
{ %(AvDip$(nn),1,ii) = 1i-1;} //this column will not be used
for(jj=9; jj<=32; jj++)
{ for(ii=1; 1i<=655; 1i++)
{ %(AvDip$(nn)jj+1,ii) = ( %(Dip$(nn),jj+1,ii) + %(Dip$(nn),jj+1,1310-ii))/2; }
}
mark -d %(AvDip$(nn),1) -b 631 -e 656;
mark -d %(AvDip$(nn),1) -b 1 - 260;

[Sectionl]

/ - dip voor het fitten met een gauss A geeft de opp. onder de gauss

win -t data "C:\Documents and Settings\S465013.TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\FourthRaw.OTW" Ln$(nn);
for(ii=1; 11<=33; ii++)

{ wks.col$(ii).name$ = F$(nn)J $(ii-1); }

for(ii=1; ii<=370; ii++){
%(Ln$(nn),1,ii) = ii;}

for(jj=9; jj<=32; jj++)

{ for(ii=1; ii<=370; ii++)
{ if(%(AvDip$(n),jj+1,ii) > 0) { %(Ln$@n)jj+1,ii) = - In( %(AvDip$(nn),jj+1,ii) ); }
}

}
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[Section]]

win -t data "C:\Documents and Settings\S465013.TUE\Mijn
documenten\Afstudeeropdracht\Origin functies\Avalues.OTW" Avalue$(nn);

for(ii=1; ii<=2; ii++)
{ wks.col$(@ii).name$ = F$(mn)K$(ii-1); }

nisf.dataBegin=1;
nisf.dataEnd=370;
nisf.dataStep=1;
nisf.func$="lorentz";
nlsf.x$=%(Ln$(nn),1);

for(ii=9; ii<=32; ii++){
%(Avalue$(nn),1,ii)=ii;
if( %(Ln$(n),ii+1)}=){

limit %(Ln$(nn),ii+1);
itop = limit.imax;

xtop = %(Ln$(nn),1,itop);
nlsf.begin( );
nisf.y$=%(Ln$(nn),ii+1);
nlsf.p1=0;

nlsf.p2=xtop;
nlsf.p3=120;

nlsf.p4=20;

nlsf.lb2=xtop-10;
nisf.ub2=xtop+10;

nlsf.vl=0;
nlsf.v2=1;
nlsf.v3i=1;
nlsf.vd=1;

nlsf.iterate(20);

if(nlsf.nlter==20) { type "to few iterations"; }
%(Avalue$(nn),2 ii)=nlsf.p4;

nisf.end();
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}
%(Avalue$(nn),2) *= towavelength*freq;

nlsf.cleanUpFitData( );
nlsfunkit( );

for(ii=1; ii<=32; ii++)
{ if( exist(NLSF$(ii))==2 )
{ NLSF$(ii)! Page.CloseBits=2;
win -ca NLSF$(i);
}
}

[SectionK]

win -t data "C:\Documents and Settings\S465013.TUE\WMijn
documenten\Afstudeeropdracht\Origin functies\Avalues. OTW" Avalue$(nn);
for(ii=1; ii<=2; 1i++)

{ wks.col$(ii).name$ = F$(mn)K$3i-1); }

for(1i=9; ii<=32; ii++){
%(Avalue$(nn),1,i1)=ii;
if( %e(Ln$(nn),ii+1)!=)
{ limit %(Ln$(nn),ii+1);
top = limit.imax;
%(Sum,1)=sum( %(Ln$(nn),ii+1) );
%(Avalue$(nn),2,ii) = %(Sum,1 top) * 2;
}
}

%(Avalue$(nn),2) *= towavelength*freq;

[SectionL]

window ¢ TA$(nn);
window -¢ TFFT$(nn);
window -¢ SA$(nn);
window -¢ FFT$(nn);
window -¢c CFFT$(nn);
window -¢ AvDip$(nn);
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window ¢ Ln$(nn);
window -¢ Graphl;

window -a Dip$(nn);
window -i;

window -a Avalue$(nn);
window -i;

Script D

/[This script copies the Avalue windows into one window called Aas$(ff).
//Aas$(ff) is a window with 13 rows and 33 columns.

fi=1;

%(Aas$(ff),1) = %(Avaluel, 1),
wks.col$(1).name$ = Detnrf$(ff);
for(ii=1; 1i<=12; ii++){
wks.col$(ii+1).name$ = Af$(Hn$(i);
% (Aas$(th),ii+1) = %(Avalue$(ii),2);

}

Script E

/[This script copies the Aas windows into one window called AllAas.
/[The AllAas window has 32 rows and 86 columns.
//Column 2 has to be used to convert the detector number into postions in the lamp (in m).

wks.col$(1).name$ = Detnr;
wks.col$(2).name$ = LatPos;
%(AllAas,1) = %(Aasl,1);

for(jj=1; jj<=T7; jj++) {
ff=ij;

for(ii=1; 1i<=12; 1i++){



wks.col$((ff-1)*12+ii+2).name$ = Avalue$((ff-1)*12+ii);
Yo(All Aas,(ff-1)*12+ii+2) = %(Aas$(ff),ii+1);

}

}

Script F

//This script gets the density profiles from the AllAas window and is put in the window Result.
/[The script uses a user defined function called userl.
/The Result window has 84 rows and 5 columns.

S5=2.65¢9;

nisf.dataBegin=1;
nlsf.dataEnd=24;
nisf.dataStep=1;
nlsf.func$="userl";
nlsf.x$=%(AllAas,2);

for(ii=1; ii<=84; ii++)

{ %(Result,1,ii) = ii;
nlsf.begin( );
nlsf.y$=%(AllAas ii+2);
nlsf.p1=0.00282;
nlsf.p2=10"2;

nlsf.vli=1;

nlsf.v2=1;

nlsf.iterate(20);

if(nlsf.nlter==20) { type "to few iterations"; }
% (Result,2,i1) = nlsf.p2/(2*S);

% (Result,3,i1) = nlsf.e2/(2*S);

%(Result 4,i1) = nlsf.pl;

%(Result,5,i1) = nlsf.el;

nisf.end( ),
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Appendix D. Occupation of the 20 carousel
positions during the PFC

Table 8: Carousel filling during PFC of June 2004.

Burner diameter
car. position | lampnr. | Hg (mg) [Additive “4mm” "Smm"

1 F71 5,30 Ce DGA
2 -
3 70 0,75 Dy X
4 73 2,00 Dy X
5 74 2,00 Dy X
6 -
7 -
8 .
9 -
10 -
11 -
12 -
13 78 7,50 Dy X
14 29 10,00 Dy X
15 38 5,00 Dy X
16 26 10,00 Ce X
17 -
18 79 7,50 Dy X
19 30 10,00 Dy X
20 41 5,00 Dy X




Appendix E. The measurements performed
during the PFC and used in this thesis

Table 9: Measurements used in thesis.

Lamp Mercury Date of Starting time of | End time of Time of

number | dose in HID | measurement | measurements measurements | background
Lamp in mg measurement

38 5 June 8 2004 11.38.01 11.43.52 11.43.54

79 7.5 June 9 2004 10.30.40 10.33.36 10.36.32

29 10 June 8 2004 10.45.34 10.48.32 11.48.33

Appendix F. Spectroscopic data of

Dysprosium

Table 10: Spectroscopic data on Dysprosium [13].
Atomic number 66

Atomic mass 162.5u
Upper energy level of 1.93023%9eV
Absorption line

J value of upper level 8

Lower energy level of OeV
Absorption line

J value of lower level 8

Transition wavelength 4,, | 642.19nm
Transition probability 4,, | 1.615*10°s™
Oscillator strength f 9.99%10™
Ionization energy 6.82eV
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Table 11: Partition sum of Dysprosium at different temperatures [12].

T(K)

o

2500

19.6

3000

21.1

3500

245

4000

279

4500

34.1

5000

40.3

5500

50.7

6000

61.0
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