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Summary 

Metals are often used in lamps, because they are efficient radiators with many lines in 
the visible range of the spectrum. They are present in the lamps in the form of salts, 
because this provides a useful vapour pressure at the operating cold spot temperatures. 
The salt molecules absorb apart of the emitted light and thus reduce the efficiency of 
the lamps. 

The aim of this project was to investigate and explain the absorption properties of 
HoI3, Dyl), Hgh, HgBr2, Znh and Feh in the visible and UV range of the spectrum. 

To do this a absorption spectroscopy setup was built. A high pressure pure xenon 
discharge lamp was used as a light source in the measurements. A ceramic pipe 
furnace was used to heat up the salts to vaporize them. The signal was detected using 
a 30 cm spectrometer. 
The salts were in a quartz container inside the furnace. The quartz container had an 
extension that was actively cooled, to provide a controlled cold spot. 

The result of the measurements are that most of these salts do not absorb much light 
in the visible range of the spectrum. However in the UV range we have seen a strong 
broad band absorption spectrum for all of these salts. This can be explained as 
absorption caused by photo dissociation. In the absorption spectrum of Hol) we have 
also seen an electronic transition which is a close match to what is described in the 
literature. In the absorption spectrum of Hgh we recognize the absorption spectrum of 
h which is present in the vapour at higher temperatures. 

We found that the energy required for a photon to dissociate a molecule is much 
higher than the chemical dissociation energy. This can be explained by the fact that 
the molecule has to be excited to a higher electronic state to be dissociated. 
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1. Introduction 

This research was done in cooperation between Philips Lighting BV. and the 
Technische Universiteit Eindhoven. It was carried out at the Central Development 
Lighting (CDL) laboratory in Eindhoven in the high intensity discharge (HID) 
department. 

Metal halide lamps are important light sources that have been widely used in many 
applications because of their high power, compactness, high efficacy and good colour 
rendition. 

In metal halide lamps the metal species are dosed as salt mixtures. Metal atoms 
generally have many transitions in the visible region and thus are very efficient 
radiators of visible light. Pure metals, except Na and Hg, cannot be used in a 
discharge lamp because of low vapour pressures due to their high melting point. 
However, most metal halides have a much lower melting point and can have useful 
vapour pressures at wall temperatures common in quartz or ceramic are tubes. 

In a metal halide lamp the halide molecules are evaporated and dissociated in the hot 
plasma into radicals, metal atoms and free halides. The metal and halide atoms will 
diffuse to colder regions and recombine into metal halide molecules to finish the 
circle. In the cold layer of the discharge near the wall there are almost exclusively 
metal halide molecules. 

The metal halide molecules and their radicals usually have absorption bands in the 
visible and UV range. Some of the light radiated from the hot plasma can be absorbed 
by the metal halide molecules in the cold layer and the efficiency of the lamp can be 
reduced. Therefore, the absorption properties of metal halide molecules are very 
important to understand lamp behaviour. 

In this thesis we report the UV and visible absorption spectra of several metal halide 
salts, including HoI3, DyI3, Hgh, HgBr2, Znh and Feh. To our knowledge, the 
absorption properties of these molecules are unknown, especially in the UV range of 
the spectrum. 

Research has been performed into the ultraviolet absorption cross sections of Hg(II) 
and Sn(II) halides in the UV. This was done by Jakob Maya [12] in the late 1970's. 
He reports quantitatively the wavelength below which the absorption is greater than 
90%, hut he does not offer an explanation for the phenomenon. No spectra are 
presented. 

More recently, A.Chrissanthopoulos, from the Hellas-Institute of Chemica! 
Engineering and High Temperature Chemica! Processes, performed a spectroscopie 
investigation of the vapour species above Hol) [1]. He reports a strong absorption 
peak that is assigned to an electronic transition hut he does not detect a broad 
absorption spectrum. 

No more recent research has been found in this field. There have been some 
measurements of absorption spectra in the visible part of the spectrum earlier in the 
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2oth century, specifically in the 1940' s and 1950's, but none of those have measured 
the salts that we are interested in. 

In this report we will first discuss the theory behind the absorptions. After that we will 
give a description of the setup we used to measure the absorption spectra of the 
different salts. Then we will present the results of our measurements and finally we 
will discuss the results and draw some conclusions. 
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2. Theory 

2.1.Introduction 

In this chapter we will discuss the theory needed to understand the spectra that we 
have measured. First we will discuss the relatively simple case of the atomie radiation 
and absorption, where there are only electronic transitions. Then we will broaden our 
scope to molecular absorptions, where there are not only electronic transitions, but 
also vibrational and rotational transitions. 
Following that we will introduce the variables and formulae that are used in the field 
of absorption spectrometry, such as transmission, absorptivity and absorbance. This is 
important to understand the measurements that we have done. 
And finally we will discuss the physics behind the absorptions that we have seen. We 
will talk about the possible absorption mechanisms and we will discuss the 
mechanism that we think is applicable. 
We will treat the thermal distribution of the energy levels in our vapours and discuss 
what the effects of the thermal distribution are on the dissociation energy and the 
dissociation probability. 

2.2.Atomic 

An atom emits light when an electron jumps from an orbit with a higher energy to an 
orbit with a lower energy. The energy difference between the 2 orbits is quantified. 
The liberated energy E1-E2 is emitted as a photon. The energy of this photon can be 
written as 

hv'=hcv=E1 -E2 , (2.1) 

where h is Planck' s constant, v' the frequency and v the wave number of the light. 
This formula is also valid for absorption. 
Since the energy levels are discrete in an atom, the emission or absorption of an atom 
consists of lines. The energy difference between 2 electronic states is of the order of 
1-20 eV. 

2.3.Molecular 

2.3.1. Electronic states 

The electrons in a molecule are what keep the molecule in one piece. Bare nuclei 
would repel each other. Molecules have electronic states, just like atoms, and the 
energy difference between them is of the same order (1-20 eV). 
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The total energy of a molecule is the sum of the potential and kinetic energy of the 
nuclei as well as the electrons. The electrons move much faster than the nuclei 
because their weight is much smaller than that of the nuclei. 

The electronic energy combined with the Coulomb potential (which is of course 
dependant on the intemuclear distance r) between the nuclei forms the potential 
energy under whose influence the nuclei vibrate. If this potential has a minimum for 
some intemuclear distance r, the electronic state is stable. If it does not, the electronic 
state is unstable, meaning that the nuclei will repel each other for any intemuclear 
distance. The molecule will then dissociate. 
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figure 1: Energy levels in the Li2-molecule taken from [4]. The horizontal axis represents the 
internuclear distance in 10·3 cm. 

In figure 1 we can see the ground state of the Li2 molecule, indicated by 1 L;. This 

state is stable. The 3 L: state is an example of an unstable state. The other 2 states in 

that graph are higher electronic states, where one of the Li atoms is excited to the 3p 
level for large intemuclear distances. 

2.3.2. Vibrational and rotational states 

The lowest energy in an electronic state is called the electronic energy of the state, 
with the symbol Ee. In addition molecules have vibrational energy (Ev) and rotational 
energy (Er) . So the total energy of a molecule is 

(2.2) 

In genera} the vibrational energy differences are much smaller than the electronic 
energy differences and the rotational energy differences are much smaller than the 
vibrational energy differences. 

This results in bands instead of lines in the spectrum. A situation like the one in figure 
2 can occur. In this situation the energy levels of rotational states of one vibrational 
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state overlap the rotational states of another vibrational level. This results in a quasi 
continuum spectrum. 
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figure 2: Illustration of electronic, vibrational and rotational energy levels. The separation of the 
levels is arbitrary in this figure. 

In figure 2, A and B denote electronic states, where A is the lower electronic state and 
B the upper state. The v' ' stands for the vibrational quantum number in the A state and 
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v' stands for the vibrational quantum number in the B state. .F' is the rotational 
quantum number in the lower electronic state, belonging to a certain vibrational level. 
.F is the rotational quantum number of the upper electronic state. 

2.4. Absorption 

The basic concepts that are used in absorption measurements are summarized in this 
chapter. 
The intensity of a beam of light after it has gone through an absorbing medium is 

(2.3) 

This formula is called Lambert-Beer's law. In this formula 1 represents the intensity 
after the light has gone through the absorbing medium, Io the intensity before, ais the 
absorption coefficient or absorptivity and l is the absorption length. 
The transmission is 

1 -al 
T=-=e . 

Io 

The quantity called absorbance is a system property and is defined by 

A = - ln(T) = al. 

In general our spectra will be expressed in terms of the absorptivity a : 

-ln(T) 
a= . 

l 

2.5.Possible absorption mechanisms 

(2.4) 

(2.5) 

(2.6) 

There are several possible absorption mechanisms, including, electronic excitation, 
vibrational excitation, photo dissociation and photo ionisation. 
Electronic excitation means that light is absorbed and used to excite an electron from 
one orbit to another. It typically shows a narrow peak, with a maximum width of a 
few nanometers for atoms. For molecules, broad bands are possible. A typical atomie 
spectrum is shown in figure 3. 
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figure 3: Typical atomie spectrum. 

In absorption by vibrational excitation the energy of the photon is used to excite a 
nucleus to another vibrational excitation level. The energy separation of vibrational 
excitatation levels is generally around 0.1 eV or even less than that. That means that 
the wavelengths where absorptions by vibrational excitations are detected are around 
10 µ or longer. This is not the range in which we have performed measurements. 
In photo ionisation the energy of the photon is used to completely detach an electron 
from the molecule. The excess energy of the photon can be used as kinetic energy of 
the electron and the radical. 
The ionisation energy for our molecules is typically around 10 eV. E.g. the ionisation 
energy of HgBr2 is 10.9 eV [10]. 
That means that the wavelengths, where absorptions by photo ionisations are detected 
are around 100 nm or less. 
In photo dissociation the energy of the photon is used to break up the molecule. The 
typical dissociation energy of our molecules is of the order of magnitude of 2 e V. 
Photo dissociation is the most likely candidate to explain our absorptions as will be 
argued in chapter 5. In the rest of this chapter we will explain the theory bebind photo 
dissociation. 

2.6.The shape of the measured absorption 

2.6.1. Thermal distribution 

The number of molecules in a vibrational state is distributed according to the 
Boltzmann distribution. This is valid because our system is in thermodynamic 
equilibrium, at least after a reasonable stabilization time. We use the Boltzmann 
distribution here as if there is a continuum of levels. This is not the case. The energy 
levels are discrete. The formulas that we use provide the occupation numbers of the 
individual levels. 
The Boltzmann distribution is described by 
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E 

p(E) = d~E) = C ·e-kr dE, (2.7) 

where p(E) is the probability of a state with energy between E and E+dE, dn(E) the 
number of molecules in a state with energy between E and E +dE, N the total number 
of molecules, k Boltzmann's constant, C a normalization constant and T the 
temperature measured in Kelvin. 
To find the normalization constant C, we perform the normalization 

oo E f C · e - kT dE = 1 . 
0 

We then find 

C=-1. 
kT 

The distribution is now 

E N --
dn( E) = - · e kr dE . 

kT 

(2.8) 

(2.9) 

(2.10) 

A consequence of this is that, if the total number of molecules in the volume remains 
constant, the number of molecules in the ground state (i.e. as E = 0) will decrease as 
more molecules are excited to higher excited states: 

N 
dn(O)=-dE 

kT 
(2.11) 

How this progresses can be seen in figure 4, where the Boltzmann distribution at 
several temperatures is given for a constant number of molecules in the volume. 
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figure 4: Boltzmann distribution for increasing temperatures when the number of molecules in 
the volume remains constant. 

In our case, however, the number of molecules is not constant. The number of 
molecules increases with temperature as more of the salt evaporates. The pressure 
increase can be calculated by the CDL in-house chemica! database "Thermo" [13]. 
This program was written by Dr. E. Schnedler and it is based on the minimalisation of 
the Gibb's free energy. As an example of that we show the pressure of a saturated 
vapour of Znh in figure 5. 
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figure 5: Pressure of a saturated Znl2 vapour plotted on a linear scale. The line in this graph is a 
linear fit of the data given by Thermo, of which 5 points are shown. 

The pressure of this vapour increases with the square of the temperature as can be 
seen from figure 5. In this figure, 5 of the points are shown that Thermo has 
calculated. The line in this figure is a linear fit that was calculated using the least 

squares method. The value found for C2 in this fit is 5. 7 · 10-5 Pa/K 2. 

(2.12) 
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Ifwe combine (2.12) and the ideal gas law 

NkT 
p=-v, 

where Vis the volume of the enclosed system, we find that 

_ NkT -C T 2 
p- - 2 v 

and therefore 

N= C2TV 
k 

(2.13) 

(2.14) 

(2.15) 

This means that in, our case, the total number of molecules in the vapour, N, increases 
linearly with the temperature. Equation (2.11) then tells us that the number of 
molecules in the ground state will remain constant in our sample cell: 

dn(O) = C2TV dE = C2V dE. 
k 2T k2 

(2.16) 

The Boltzmann distributions of several temperatures then changes into the ones 
depicted in figure 6, where the number of molecules in the ground state dn(O) is 
constant. 
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figure 6: Boltzmann distribution for increasing temperatures when the number of molecules in 
the ground state remains constant. 

2.6.2. Dissociation probability 

The probability for photo dissociation is dependent on the ratio of the dissociation 
energy of the bond and the energy of the incident photon. 
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The dissociation energy decreases when the molecule is in an excited state. This is 
shown in figure 7. The vibrational excitation provides part of the energy to dissociate 
the molecule. The order of magnitude of the energy of a vibrational level is 0.1 eV 
[11 ]. 

dissociation 

ground state 

figure 7: Schematic representation of the dissociation energy of a molecule (EtJ). The left arrow 
symbolizes the dissociation energy of a non-excited molecule and the arrow on the right the 
dissociation energy of an excited molecule. Ev denotes the vibrational energy of the excited 
molecule. 

In a molecule in the ground state, the incident photon has to carry all the energy 
needed to dissociate the molecule, whereas in an excited molecule, the vibrational 
energy in the molecule provides apart of the total dissociation energy. In that case the 
molecule may be dissociated by a photon with less energy. 

~ 
il 
ro 
.0 e 
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c 
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'..>J ro 
'ü 
0 
!/) 
!/) 

Ci 

Excited 
state 

Energy ratio Eled 
figure 8: Graph showing a hypothetical schematic representation of the absorption probability 
as a function of the ratio of the photon energy and the dissociation energy for different levels of 
excitation. The blue line represents the energy of an incident photon. The black lines represent 
the excitation levels that can be dissociated. The green line represents the threshold excitation 
level that can still be dissociated and the red lines represent excitation levels that cannot be 
dissociated by that photon. 

In figure 8 a hypothetical spectra! distribution of the dissociation probability is 
presented. The dissociation probability is dependent on the ratio of the photon energy 
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and the dissociation energy. We will now explain the shape of this dissociation 
probability. 

E 
At a ratio of _.!!_ = 0 the probability for photo dissociation must be 0. The probability 

Ed 
then starts to rise only after the photon energy has increased above a certain level, the 
threshold energy E1, which is related to the dissociation energy. As we have seen 
before, the threshold energy becomes lower when the state of vibrational excitation 
becomes higher. 
The dissociation probability will be reduced to 0 for very high-energy photons, when 
the energy mismatch of Ep and Ed becomes too large. 
Somewhere in between, the dissociation probability has a maximum. 

The dissociation probability increases for the vibrationally excited states, because the 
cross section of the molecule itself increases, causing the vibrationally excited 
molecules to have a higher probability of catching the photon. This leads to a higher 
dissociation probability. 

Furthermore, the probability for dissociation increases for the higher vibrationally 
excited molecules, the transition to the dissociated or loosely bound level becomes 
more favourable due to the Franck-Condon principle as is illustrated by figure 9. 
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figure 9: Hypothetical energy diagram showing possible transitions and states. 

This principle states that because the electron jump in a molecule takes place so 
rapidly in comparison to the vibrational motion that immediately afterwards the nuclei 
still have very nearly the same relative position and velocity as before the quantum 
Jump. 

In figure 9 there is a semi-bound state, with the mm1mum of its potential well 
occurring at a larger intra-nuclear distance. That means that the tuming-point for the 
atoms vibrating in that well matches better with those of the higher vibrational states 
of the ground state, making the transition more likely than from the ground state, 
because it is at the tuming points that the velocity of the atoms is close to 0 in both 
potentials. 
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In general transitions with a smaller energy tend to be more likely than transitions that 
require a higher energy. 

When the temperature of our sample cell is increased, the number of molecules in the 
ground state stays the same, but the number of molecules in the higher vibrationally 
excited states increases. However, the excited molecules do not contribute to the 
absorption spectrum at the high energy (short wavelength) side of the spectrum. 

The vertical blue line on the right in figure 8 indicates a photon with a specific 
energy. This photon can only dissociate molecules that are at the level of excitement 
indicated by the green curve, or a lower level of excitement, indicated by the black 
curves. This leads to the concept of a threshold excitement level, indicated by the 
green curve. Molecules at a higher level of excitement, indicated by the red curves, 
than the threshold level cannot be dissociated by a photon of the energy 
corresponding to the blue vertical line in figure 8. 

Therefore the measured absorptivity will saturate for small wavelengths irrespective 
of the temperature of the sample cell. On the other hand, the absorptivity for longer 
wavelengths will still continue to increase. This is illustrated in figure 10 for a 
hypothetical case. 

Wavelength 

lncreasing 
temperature 

figure 10: Graphic representation of the saturation effect. 

Every wavelength on the left of the maximum of the curves in this graph corresponds 
to a specific vibrational excitation level, the threshold level. Higher levels of 
excitation do not contribute to the absorption at that wavelength. The levels below 
that do not increase significantly in density as was shown in figure 6. Therefore the 
absorption will saturate with increasing temperature for short wavelengths and an 
envelope is created which limits all spectra at the short wavelength side. 
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3. Experiments 

3.1.Introduction 

In the first paragraph we will describe the setup and in the following paragraphs we 
will provide more detailed information about individual parts of the setup. 
Finally we will describe how the measurements are done and how we determine the 
absorptivity from the raw data. 

3.2.Description 

figure 11 shows a schematic representation of the experimental set up. 
Compressed 

l--1!!!!!!1!!!!!!!!!!!!!!~~!!!!!!!!1--Ji~j 
'flit 11ii ....-------..... 1~........., J:: Lens 
.i!i.'' .• ·•• Plugs 11;.•'.! .. : f: P3 Plu&gs P4 L2 ~ Xenon ' ~' '' P1 & P2 n· Sample 

lamp"" ~· Tu cell 1 ntegrating I 

~~ Tliiiiiiiiiiiiiiiiiiiiiiiiiiiliiiii~Tlr\sph•r•; 
Lens ------------------D1aphragm ~ ./ 
L 1 Furnace 

Computer 

figure 11: Schematic setup for the absorption measurement. 

CCD 
spectrometre 

The setup consists of a sample cell housed in a fumace, a light source, opties and a 
spectrometer. The sample cell, shown in figure 17, is made of 300-quartz. This is 
quartz that is transparent to UV. The sample cell sits in the center of the fumace. It 
has an extension on the top that extends away from the hot zone of the furnace. The 
extension is actively cooled by touching it with a tube that has compressed air flow 
through it, to make a cold spot for the desired vapour pressure of the molecules. A 
thermometer is placed at the extension to measure the cold spot temperature. The 
vapour pressure of the salt can be calculated from the cold spot temperature using a 
chemical database. Ceramic plugs on each side of the fumace are used to reduce the 
temperature gradients along the furnace axis. 
In practice the temperature of the sample cell is always 50-100 K above that of the 
cold spot. 

A high-pressure xenon lamp is used as the light source that provides a continuous 
spectrum in the whole visible and UV range with enough light output in the UV. 
Since the xenon lamp is not as stable as a hal ogen lamp, in general 100 measurements 
are averaged. 

Two quartz lenses are used to collimate the beam through the sample cell into a 
Labsphere integrating sphere, coated with spectralon. An optical fiber couples the 
light from the sphere into the spectrometer. The thin fibre is very sensitive to small 
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shifts of the beam caused by the strong convection of the air in the fumace when the 
beam is directly focused on it by a lens and large fluctuation has been observed in the 
measurement. The integrating sphere is introduced to eliminate this fluctuation effect. 

3.2.1. Evolution of the set up 

The setup was first built as simple as possible. The light source was a halogen lamp. 
There were no plugs, lenses, diaphragms, compressed air cooling or integrating 
sphere. 
We found that the beam of light coming from the fumace was very unstable because 
of the turbulence inside the fumace, so we carne up with the idea of ceramic plugs, to 
reduce the flow inside the fumace. This indeed reduced the turbulence, hut the signal 
was too weak. So we used a lens and a diaphragm to increase our signal strength. This 
was quite successful. 
There was still another and more important problem and that was the fact that some of 
the salt condensated on the optical windows in the path of the light beam. To prevent 
this we tried several things. First we tried to make a ceramic plug around the cold 
finger, to get the cold finger out of the direct radiation of the fumace. This helped, but 
proved to be a very unreliable method. We then decided to go for the forced cooling 
of the cold finger, which proved to be a very effective and reliable method to prevent 
"fogging" up the windows. 
The following problem we encountered was that the halogen lamp did not emit any 
light below 400 nm. We first tried burning the halogen lamp at a higher temperature, 
but this did not have the desired effect. The solution to that problem was the high
pressure pure xenon discharge lamp. This worked quite satisfactory. 
Subsequently we found that the fumace acted as a lens itself, changing the beam so 
much that it affected the signal significantly. We tried quite a few tricks with lenses to 
prevent this, but the real answer proved to be the integrating sphere. 
This was the final form of the set up. 

3.3.Light source 

The light source used in our experiment is a high-pressure xenon lamp. This lamp was 
chosen because it has a continuous spectrum with enough light output in the visible as 
well as the UV range. A picture of the lamp we used can be seen in figure 12. 
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figure 12: Picture of the high pressure xenon lamp used in the experiment together with a pen to 
show the size. 

The disadvantage ofthis kind of lamp for absorption spectroscopy compared with e.g. 
a halo gen incandescent lamp is the instability of the light output. A veraging the 
measurements annihilates the effect of the instability of the light output. The spectrum 
of the xenon lamp extends deeply into the UV whereas a halogen emits virtually no 
radiation below 400 nm. 
The spectrum of the xenon lamp can be seen in figure 13. 
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figure 13: Spectrum of the high-pressure xenon lamp. 

As can be seen from figure 13, the spectrum of the high-pressure xenon lamp we used 
has a relatively small dynamic range in the area of the spectrum that we are interested 
in. The peak that is visible in the spectrum around 589 nm is attributed to a 
contamination by sodium in the lamp. 

3.4.Integrating sphere 

The integrating sphere was introduced to counter the thermal lens effect as well as the 
instability of the beam caused by the turbulence inside the furnace. There is also a 
steady state effect that we refer to as the thermal lens effect. Because of the very large 
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temperature gradients inside and around the furnace, the air itself acts as a lens; 
shifting the beam when the temperature of the furnace changes. Air has a refractive 
index of around 1.003 at room temperature. This value decreases towards 1.000 as 
temperature increases. This causes the light to be refracted, forming a diverging beam 
as can be seen in figure 14. 

·' figure 14: lllustration of the thermal lens effect. The orange area denotes the hot zone of the 
furnace. The arrows indicate where the air flows in and out the furnace due to the temperature 
gradients. The 2 red dots on the right hand side indicate the shape of the light spot when the 
furnace is cold (left one of the 2) and when the furnace is hot. 

When the furnace is at thermal equilibrium, a flow is created by baroclinic vorticity 
production, caused by the density gradients in axial direction due to the temperature 
gradients in the axial direction. This flow causes cold air to flow into the furnace at 
the bottom and hot air to flow out of the furnace at the top of the pipe. This gives a 
hot zone that extends further towards the end of the pipe on the top and less far at the 
bottom of the fumace, as is depicted in figure 14 as the orange region inside the 
furnace. This phenomenon causes a temperature and density gradient in the vertical 
direction. 
This temperature induced flow was reduced by adding 4 plugs in the furnace obstruct 
and slow the flow. 
The superposition of the axial and vertical density gradients yields a density gradient 
that is neither perpendicular nor parallel to the beam of light. Therefore the air itself 
acts as a lens. 
We have observed this by shining through the furnace with a simple diode laser that 
has a circular beam. The beam was clearly deformed into a long oval after the fumace 
was heated. The approximate change in the shape of the laser spot is indicated in 
figure 14 by the red circle and oval on the right. 
To avoid this thermal lens effect, the integrating sphere, also known as an Ullbricht 
sphere, was introduced. The integrating sphere (figure 15) we used was made by 
Labsphere and coated on the inside with spectralon [14]. Spectralon has a very high 
reflection coefficient in the visible and UV range of light as can be concluded from 
figure 16. 
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figure 15: Picture showing integrating sphere in blue on the left. 
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figure 16: Reflection coefficient of spectralon taken from [14]. 
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3.5.Sample cell 

figure 17: Picture of a sample cell. 

The sample cell we used was made of 300-quartz that is highly transparent between 
250 and 700 nm. A picture of a sample cell can be seen in figure 17. 
The sample cell in this picture is filled with Hgh, recognizable by its distinct red 
colour. The sample cells were sealed under vacuum conditions. 
The sample cell is 11 cm long and has a volume of 75 cm3

. It has an extension to 
provide a controlled cold spot that extends 2 cm in axial direction measured from the 
window on that side. A schematic drawing of the sample cell can be seen in figure 18 
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figure 18: Schematic drawing of the sample cell. 

Touching the extension with a quartz tube that has compressed air flow through it 
cools the extension in our experiment. 
The forced cold spot is necessary to prevent any salt from condensating anywhere on 
the window or even worse in the path of the beam of light. 

3. 6. Furnace and plugs 

The furnace has a power of 2 kW. The length of the furnace is 50 cm. A picture of the 
fumace can be seen in figure 19. 
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figure 19: Picture of the furnace. 

The fumace was mounted on a bracket to allow for a long optie rail to pass 
undemeath helping to align the setup. 
The fumace consists of a long ceramic tube that is heated electrically. It is insulated 
by alumina wool. A head on view of the fumace can be seen in figure 20. 

figure 20: Head on view of the furnace. 

One of the ceramic plugs that were used to reduce the turbulence in the fumace is 
shown in figure 21. It has 3 holes in it; one for the tube with the compressed air to 
cool the extension of the sample cell, one to allow the light to pass through and one to 
allow for the thermometer to be inserted. 
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figure 21: Ceramic plug to reduce turbulence in the furnace. 

3. 7.Spectrometer and data acquisition 

The spectrometer we used was a SpectraPro 300i by Princeton Instruments. The 
specifications are given in Table 1. 

Tab Ie 1: Specifications of the spectrometer. 

Focal length 300mm 
Aperture ratio f/4 
Optical design Czemy-Tumer with aspheric mirrors 
Scan range 0-1400 nm mechanica! range 
Resolution 0.1 nm@ 435.8 nm, 10-µm slits 
Dispersion 2.7nm/mm (nominal) 
Accuracy ±0.2 nm 
Repeatability ±0.05 nm 
Drive-step size 0.0025 nm 
Focal-plane size 27 mm wide x 14 mm high 
Standard slits Adjustable from 10 µm to 3 mm wide; 4-

or 14-mm slit heights; 
motorized ( optional) 

Grating size 68 x 68 mm 
68 x 84 mm ( optional) 

Grating mount Triple-grating turret 
Grating turrets Interchangeable ( optional) 
Size 337 mm long; 

254 mm wide; 
203 mm high; 

weight 15.9 kg 
The spectrometer had a grating of 150 gpm (grooves per mm). 
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To acquire the data a CCD camera was used. The model that was used was the 
NTE/CCD-400E by Princeton Instruments. The camera has 1340 x 100 pixels. The 
light is spread over those 1340 pixels according to its wavelength. 
To reduce noise caused by the analogue to digital conversion, we used vertical 
hardware binning. This means that the signal from each of the 1340 columns was first 
added up analogously and then converted to a digital number. 
The opposite of this is software binning, where you first convert each individual pixel 
and then add them up in the digital world. This causes more ADC-noise, but less 
CCD-noise. In our case vertical hardware binning gave the best results. 
The quantum efficiency of the CCD is given in figure 22. We used the front 
illuminated CCD with UV-coating. 
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figure 22: Quantum efficiency of the CCD. 
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This quantum efficiency is only relevant to show that the CCD works in the range 
where we are using it, because, as the absorptivity is calculated from the transmission, 
which is a relative quantity, the quantum efficiency should not impact the outcome of 
our measurements. 

3.8.An absorption measurement 

A single absorption measurement actually consists of 4 multiple measurements. 
The first measurement that is performed is the measurement of the spectrum of the 
xenon lamp shining through the whole setup including the sample cell at room 
temperature. This measurement and all the others are performed several times, 
typically 100 times, to average out instabilities of the lamp. This gives us the "cold 
signal" Sc(À). This signal consists of the light from the xenon lamp and the 
background light from the laboratory. 
The second measuretnent that is performed is exactly the same as the first one, only 
this time with the lamp covered. This gives us the background belonging to the "cold 
signal" measurement. It consists of background light from the laboratory. This 
measurement gives us the "cold background" Bc(À). 
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The third measurement is when the furnace is hot. This time the lamp is shining 
through the sample cell, just as in the first measurement. This gives us the "hot 
signal" Sh(A.). This is where the actual absorption happens in the sample cell. This 
signal consists of the light from the xenon lamp, the background light of the 
laboratory and the thermal emission (black body radiation) of the furnace. 
The fourth and last measurement is the background belonging to the "hot signal" and 
accordingly named the "hot background" Bh(A.), measured with the lamp covered. 
This signal consists of the background light of the laboratory and the thermal 
emission from the furnace. 

From the first 2 measurements we can calculate the "corrected cold signal" Io(A.) by 
subtracting the cold background from the cold signal. 

(3.1) 

Similarly, from the last 2 measurements, we find the "corrected hot signal" J(A.) 

(3.2) 

Dividing 1 by 10 gives us the transmission as we have seen from (2.4). Then (2.6) 
gives us the absorptivity. 
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4. Results 

4.1.Introduction 

In this chapter we will show the measured absorptivity of HoI3, DyI3, Hgh, HgBr2, 
Feh and Znh. We will also show the calculated vapour pressures of these salts and we 
will show the progression of the point of inflection of the absorptivity curve as a 
function of temperature for each of these salts. 
The discussion of these measurements will take place chapter 5. 

4.2.Salt filling 

The amount of salt used is the different experiments is given in table 2. Also the 
saturation temperatures are given in this table. 

table 2: The amounts of salt used in the experiments. 

Salt Filling [ mg] Saturation temperature Dissociation energy [eV] 
rKl 

HoI3 77.81 -- --
DyI3 173.00 -- --
Hgh 66.65 773 0.3596 
HgBr2 98.38 773 0.7546 
Feh 52.09 -- 1.85 
Znh 73.74 1123 1.122 

4.3. Typical measurements. 

In this chapter we will show some typical measurements of the cold signal Se, the cold 
background Be, the hot signal Sh and the hot background Bh. We will show the hot 
(1273 K) and cold (293 K) measurements ofHgBr2 in figure 23 until figure 26. 
The transmission calculated from this is presented in figure 27. The peak at 589 nm in 
figure 23 and 25 is caused by Na in the lamp. The spikes between 500 and 650 nm in 
figure 24 and 26 are caused by the fluorescent lamps in the lab. 
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figure 23: Cold signal Se of HgBr2• 
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figure 24: Cold background Be of HgBr2• 
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figure 25: Hot signal Sh of HgBr2• 
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figure 26: Hot background Bh of HgBr2• 
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figure 27: Transmission ofHgBr2 at1273 K. 

4.4.Ho/3 

The absorptivity of HoI3 is shown in figure 28 as a function of the wall temperature. 
The temperature of the walls of the sample cell is around 70 K higher than the 
temperature of the cold spot. The vapour inside the vessel is saturated at all 
temperatures used in this measurement. In this figure we see a distinct double peak 
around 465 nm that matches very closely what has been described in reference [1]. It 
is attributed to the hypersensitive transition 5G6~5I8 . Besides that there is a 
continuum absorption visible that is present in many of the salts that we have 
measured. This phenomenon will be discussed in Chapter 5.3. 
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figure 28: Absoptivity of Hol3• 

The partial pressures of Hol3 are shown in figure 29. In this figure we see that the 
dominant species in this vapour is Hol3 itself followed by the dimer of this molecule 
at a partial pressure that is roughly half an order of magnitude less. At much lower 
pressures there is also some Sih and 1 and h in the vapour. The Si comes from the 
sample cell, which is made of Si02 (quartz). The pressure of these components is so 
low that their contribution to the absorption properties is negligible. 
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figure 29: Partial pressures as a function of temperature of Hol3• 

We have measured the position of the point of inflection on the right of the maximum 
in the absorptivity curve given in figure 28 and plotted that against the temperature in 
figure 30. The reason why we decided to use the point of inflection as a measure of 
the position of the right si de of the absorptivity curve is that there is no clear threshold 
wavelength visible on the long wavelength side of the absorption curve and therefore 
the point of inflection is a reasonable and practical measure of the position the right 
flank of the absorptivity curve. 
We see a distinct trend in this line. The higher the temperature, the lower the energy 
of the point of inflection. A linear fit of this line linearly would have an intercept on 
the vertical axis at 6.72 eV and on the horizontal axis at 0.20 eV. 
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figure 30: The position of the point of inflection as a function of the temperature for Hol3• 

4.5.Dy/3 

In figure 31 we see the absorption spectrum of Dyh. Also for this salt the vapour 
inside the sample cell is always saturated. This spectrum shows a broadband 
absorption covering the whole range of our measurement with a strong peak around 
340 nm at 1173 K moving towards 420 nm at 1323 K. This is something that a lot of 
the salts have in common and will be discussed in chapter 5.3. 
Dy is a neighbour of Ho in the periodic system of the elements and they have many 
similar properties. Therefore it is interesting to note that DyI3 seems to have an 
increased absorption right around 465 nm, just like HoI3. The peak is much smaller in 
the case of Dyh however and is within the margin of error. We do not know the origin 
of this peak. 
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figure 31: Absorptivity ofDyl3• 
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In figure 32 the partial pressures of DyI3 are shown as a function of temperature. It is 
clear from this diagram that Dyh reacts much more aggressively with the quartz than 
the HoI3 does. Therefore it is of paramount importance to make sure that the DyI3 
never forms a droplet on the optica! windows, because reactions between the quartz 
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and the Dyh go much faster on a liquid salt to solid quartz interface than on a gas to 
solid interface. Si4 has the highest partial pressure in the mixture, closely followed by 
Dyl), Si!i, Dy2I6and1. 
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figure 32: Partial pressures as a function oftemperature ofDyl3• 

If we look at the graph of the point of inflection of the absorptivity curve of Dyl3 in 
figure 33 we see that there is the same trend as that for Hol). The higher the 
temperature, the lower the energy of the point of inflection. A linear fit of this 
measurement would intercept the vertical axis at 8.50 eV and the horizontal axis at 
0.16 eV. 
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figure 33: The position of the point of inflection as a function of the temperature for Dyl3• 

4.6.Hg/2 

In figure 34 we see the absorption spectrum of Hgh. The vapour in this sample cell is 
not saturated at all the temperatures that we used to measure. At temperatures higher 
than 773 K the vapour is unsaturated. This was deliberately done to allow the 
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absorption by the h molecules, produced by dissociation of the salt molecules, to be 
visible. In a saturated vapour the absorption of the Hgh is so strong at higher 
pressures that no light at all is transmitted through the cell. Moreover a saturated 
vapour at 973 K has a pressure of around 100 Bar. The sample cell would likely 
explode at that kind of pressure. The sample cell can handle pressures up to 2 Bar. 
Also in this case we see a strong absorption in the UV with a maximum moving from 
close to 270 nm at 423 K toa maximum at 400 nm at 973 K. This will be discussed in 
chapter 5.3. In the red part of the spectrum we see the typical absorption spectrum of 
h. This has also been matched to the reference values in reference [ 4]. 
The measured 11GYi for the vibrations starting at 564 nm is 129 cm-1

• 

The structure visible between 300 and 450 nm on the top of the absorption curve is 
likely attributed to the vibrational structure of the Hgh molecule. 
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figure 34: Absorptivity of Hgl2• 

lf we look at the absorption spectrum for h found in the literature [15] in figure 35, 
we see that it clearly resembles what we have measured. Our absorptions however 
start at a slightly longer wavelength, rather close to where the v'=l transitions start in 
the literature. The explanation for that is the high temperature of the molecules that 
we are working with. 
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figure 35: Absorption spectrum of the 12 molecule from literature [15). 

In figure 36 the partial pressures of Hgh vapour are shown. As is clearly visible the 
pressure of Hgh does not increase after 773 K is reached and the pressures of h and 
Hg still increase. This makes the absorptions by the h more visible as is clear from 
figure 34. 
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figure 36: Partial pressures as a function of temperature of Hgl2• 

If we look at the graph of the point of inflection of the absorptivity curve of Hgh in 
figure 37 we see that there is the same trend as that for Hol3 and Dyl). 
It appears that the points of inflection at the different temperatures are not as nicely on 
a straight line as is the case with Hol) and Dyl). This may be caused by the fact that 
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there is another strong absorption in this graph, namely that of Ii and that may have 
caused the measurement of the points of inflection to be less accurate. More 
importantly, the vapour is not saturated in all these measurements. lt is not saturated 
in the measurement at the highest temperature, so the last dot on this line will be 
disregarded in the linear fit. A linear fit through the other points would intercept the 
vertical axis at 4.81 eV and it would intercept the horizontal axis at 0.16 eV. 
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figure 37: The position of the point of inflection as a function of the temperature for Hgl2• 

4.7.HgBr2 

In figure 38 we see the absorption spectrum of HgBr2• This measurement was 
especially done to compare to the one above. Also in this case the vapour is 
unsaturated above 773 K. We see a strong absorption in the UV, that will be discussed 
in chapter 5 .3. 
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figure 38: Absorptivity of HgBr2• 

In the case of HgBr2 there is much less dissociation, unlike in the case of Hg!i. This 
can be seen in figure 39. The pressure of the dissociated species is about an order of 
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magnitude less than in the case of Hgh so we expected to see much less or no second 
peaks to appear in this measurement. 
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figure 39: Partial pressures as a function oftemperature ofHgBr2• 

If we look at the points of inflection of the absorptivity curve of HgBr2 in figure 40 
we see that there is the same trend as that for HoI3 and DyI3 and Hgh. 
It appears that the points of inflection at the different temperatures are not as nicely on 
a straight line as is the case with HoI3 and DyI3. But the vapour of HgBr2 is not 
always saturated, whereas the vapeurs of HoI3 and Dyh are. Only the lowest 3 
temperatures, on the left in figure 40 are in a saturated condition. A linear fit through 
these points would intercept the vertical axis at 5.85 eV and it would intercept the 
horizontal axis at 0,17 eV. 
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figure 40: The position of the point of inflection as a function of the temperature for HgBr2• 

4.8.Fe/2 

The absorption spectrum of Feli is shown in figure 41. In this spectrum we see 2 
peaks appearing at 973 K. Those are attributed to Feh molecules in the vapour. At 
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1073 K suddenly the absorptivity increases drarnatically over the whole range. This 
effect rises much faster than the temperature and pressure and therefore we believe 
that the Fel molecule, formed by the dissociation of Fel2, likely causes this 
absorption. 
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figure 41: Absorptivity of Fel2• 
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As we can see in figure 42 the partial pressure of Fel increases much faster than all 
the other species in the vapour. And even though the pressure of this molecule is very 
low it may still cause a strong absorption signal through a big absorption cross 
section. 
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figure 42: Partial pressures as a function of temperature of Fel2• 

For this molecule we have not looked at the points of inflection, because they are too 
difficult to determine reliably. 

4.9.Zn/2 

The absorptivity of Znh is shown in figure 43. The vapour used in this measurement 
is saturated up to 1123 K. In this spectrum we see again the strong absorption peak in 
the UV and blue range of the spectrum with a maximum around 270 run at 773 K 
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moving to approximately 400 nm at 1273 K. Tuis absorption will be discussed in 
chapter 5.3. Below 773 K we measure no absorption. 
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figure 43: Absorptivity of Znl2• 
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It is clear from figure 44 that the dominant species in the vapour is always Znh in the 
range of temperatures where we operate. 
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figure 44: Partial pressures as a function of temperature of Znl2• 

lf we look at the plot of the points of inflection of the absorptivity curves of Znh in 
figure 45 we find again the same trend as in all the other molecules. In this plot the 
last 2 points of the curve at the highest temperatures are measured when the vapour is 
unsaturated. These will be disregarded for a linear fit. The linear fit will intersect the 
vertical axis at 6.41 eV and the horizontal axis at 0.18 eV. 
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5. Discussion 

5.1.Reliability of the measurements 

To assure ourselves of the reliability of our measurements and conclusions, we have 
tested some possible flaws in the experiment. 
The following artefacts will be discussed: ghost light, scattering and non-linearity of 
the CCD. 

5.1.1. Ghost light 

In figure 46 we have reprinted the spectrum of the high-pressure xenon lamp that we 
have used. It is clear from this figure that the intensity of the light it emits is larger at 
the longer wavelengths than at the shorter wavelength. The ratio of the intensity of the 

light measured around 270 nm and that emitted around 700 nm is __!__. 
13 

180 

160 

140 

'iii' 120 
ë 
::1 

.[ 100 

~ 80 "' c: 
.! 
.5 60 

40 

20 

0 

270 320 370 420 470 520 570 620 670 

Wavelength [nm] 

figure 46: Spectrum of the high-pressure xenon lamp. 

It is possible that due to imperfections of the spectrometer there could be ghost light 
inside the spectrometer. Possible imperfections include diffraction at the entrance slit, 
a too large aperture and an opening in the spectrometer wall. 
Ghost light is light that goes everywhere in the spectrometer and does not ( only) get 
directed towards the correct pixel on the CCD corresponding to its wavelength. 
Therefore that light will be composed of photons from the whole spectrum of the 
lamp, and in our case, that would mean more light from the longer wavelength range 
of the spectrum. 

A consequence of this phenomenon would be that, as the light output of the lamp in 
the UV range of the spectrum is much weaker than the output in the red range of the 
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spectrum, the relative contribution of the ghost light in the UV range of the spectrum 
is much larger than in the red. 

This means that the calculated transmission would be 

T= Sh -Bh +Gh 
Se -Be +Ge, 

(6.1) 

where S is the signal, B the background and G the contribution of the ghost light. The 
suffices c and h stand for hot and cold. Gh and Ge are very similar in magnitude, 
because they consist largely of light coming from the longer wavelengths and in our 
case those wavelengths are hardly affected by absorption. 

We have proved that this artefact is not relevant by using band filters that change the 
spectral distribution of the light that enters the spectrometer. By using the filters, we 
prevent most of the light from entering the spectrometer. This means that the relative 
contribution of the ghost light is strongly reduced in the range of the spectrum that the 
filters are transparent for. 

We used the UGI 1 filter. The transmission ofthat filter is given in figure 47. 
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figure 47: The transmission of the UGll band filter. 
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In figure 48 we show the measured absorptivity of Znh, once without any filter and 
once with the UG 11 filter. It is clear from this measurement that the filter, does not 
have a significant impact on the measured absorption and therefore we can conclude 
that ghost light is not a significant influence on the measured absorptivity in our 
experiments. 
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figure 48: The absorptivity of Znl2 at 873 K, once measured with the UGll filter and once 
without filter. 

5.1.2. Scattering 

Another possible artefact that we have looked into is scattering on small droplets that 
could be formed. Scattering does not make photons disappear; it merely changes the 
direction of the photon. Therefore, if scattering causes the attenuation of the beam of 
light in our experiment, the scattered light should be visible, just like the beam of light 
coming from a flashlight in the fog. Furthermore, Rayleigh scattering a too low cross 
section to be of any concern. Mie scattering should increase for shorter wavelengths, 
not reducing again. 
To verify whether scattering plays a significant role in our measurements, we 
conducted an experiment where we used a green laser to shine through the sample cell 
at 1000 K. The laser beam was not visible and therefore we conclude that there is no 
scattering. 

5.1.3. Linearity of the CCD 

A last option that we have considered is the non-linearity of the CCD. In the short 
wavelength range the CCD receives much less light than in the red as can be seen 
from the spectrum of the high pressure xenon lamp in figure 46, so perhaps that 
causes the CCD to give skewed results. 
We tested this by using grey filters with different wavelength independent 
transmissions to vary the intensity of light on the CCD. The results of this 
measurement can be seen in figure 49. The filters equally attenuate all wavelengths. 
So the intensity of the attenuated signal should be equally attenuated for all 
wavelengths and, as we can see, the measured attenuation is equal for all wavelengths, 
so the response of the CCD is linear 
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figure 49: Measurement to confirm the linearity of the CCD. 

5.2.Absorption mechanisms 

- Reference 
- T=0,7 
- T=0,5 
-T=0,3 

There are several possible absorption mechanisms, including, electronic excitation, 
vibrational excitation, photo dissociation and photo ionisation. 
The electronic excitation in this case is unlikely, because the shape of the absorption 
spectrum by electronic excitation would consist of narrow structures, especially with 
heavy molecules. 
In our absorption spectra we see very broadband absorptions with a width of more 
than 100 nm which are also dependent on the temperature. 
Vibrational excitation is also unlikely, because the energy of vibrational excitations is 
generally around 0.1 eV or less. That means that the wavelengths where absorptions 
by vibrational excitations are detected are around 10 µ or longer. 
Photo ionisation is unlikely as well, also because the energy for molecules like ours is 
a strong mismatch with the energy that we provide. The ionisation energy for our 
molecules is typically around 10 e V or more. That means that the wavelengths, where 
absorptions by photo ionisations are detected are around 100 nm or less. 
Photo dissociation is a likely candidate, because the energies associated with that are 
of the correct order of magnitude 

5.3.Photo dissociation 

5.3.1. Introduction 

In this chapter we will discuss the various aspects of the spectra that we have seen. 
We will first discuss the fact that the required energy of the photon to dissociate the 
molecule is larger than the dissociation energy found in the literature. Then we will 
show that there seems to be a correlation between the two. 
Furthermore we will explain why the right flank of the absorption spectra grows when 
the temperature increases. We will also explain why the left flank of the absorption 
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spectra does not grow and how that gives the visual impression of the maximum of 
the absorption peak moving to the right. Finally we will discuss the fine structure as 
we have seen it in the spectra. 

5.3.2. The magnitude of the required photon energy 

In our experiments we have found that the energy a photon needs to have to be able to 
dissociate a molecule is larger than the dissociation energy Ed. We can see this by 
looking at the points of inflection of the right flank of the absorptivity curve of each 
of the molecules, which is a good measure for the position of the right flank of the 
absorptivity curve. Another way of finding the minimal dissociation energy for these 
molecules is to find the longest wavelength (minimal energy) in the graphs for which 
the absorptivity starts to rise, either by measuring or by carefully extrapolating the 
right flank of the measured absorptivity curve. Both methods yield photon energies 
higher than the dissociation energy. 

This can be explained by figure 50, which is a reprint of figure 9. 
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figure 50: Hypothetical energy diagram showing possible transitions and states. 

The energy diagram of the molecules we researched probably looks like the one 
drawn in figure 50. This diagram shows the ground electronic state with the 
vibrational levels in it. It also shows a semi-bound state with some vibrational levels 
in it. The highest level drawn in the diagram is a dissociative state. 
The dissociation energy Ed is also indicated in the figure. 

There are a few ways for a molecule to become dissociated in this diagram. One is to 
excite the molecule directly to the dissociative state or to the dissociated level of the 
ground state. 

The transition that is marked with Ed is not visible in our measurements, because the 
wavelength corresponding to that energy is in the infrared, as we know from the 
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dissociation energies found in literature. lt is also highly unlikely because of the 
Franck-Condon principle. 
So we do not see it in our measurement. However, other transitions can also result in 
dissociation. 

Another method involves the semi-bound state. The molecule can be excited by a 
photon to the semi-bound state, which is more favourable from the vibrationally 
excited levels of the ground state as we know from the Franck-Condon principle. 
When the molecule is in the semi-bound state, the atoms are still loosely bound. From 
there it can be excited again to the repulsive state, or it can tunnel through the harrier 
and be dissociated. However the most likely event to happen is that, as more 
molecules are excited into the semi-bound state, there will also be a thermal 
distribution appearing over the vibrational levels of the semi-bound state. This will 
help "push" some of the molecules over the potential harrier and dissociate. This 
mechanism will limit the number of molecules in the semi-bound state. Equilibrium 
will be reached, where the number of molecules entering the state by photo excitation 
will be equal to the number of molecules leaving the state to be dissociated. 

A transition from the electronic ground state to the repulsive state is possible from all 
the vibrational excitation levels of the electronic ground state. The photon energy 
required for this transition is more than the dissociation energy. 
Another perhaps more likely candidate is the transition from the electronic ground 
state to a semi-bound state. This transition also requires more energy in the photon 
than just the dissociation energy. 

5.3.3. Correlation between Ed and Ep 

The point of inflection is of the right flank of the absorptivity curve is at a different 
wavelength for every molecule at a fixed temperature. In this paragraph we will take a 
closer look at the correlation between the points of inflection and the dissociation 
energies found in the literature. We will investigate Hgh, HgBr2 and Znh at 773 K in 
figure 51. 
The dissociation energies found in literature and the energy belonging to the point of 
inflection are given in Table 3 

Table 3: Dissociation energies and points of inflection. 

Ed [eV] Energy at the point of 
inflection [ e V] 

Hgh 0.3596 4.131 
HgBr2 0.7546 3.592 
Znl2 1.122 4.131 
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figure 51: Absorptivity at 773 K offrom top to bottom Hgl2, HgBr2 and Znl2• 

lf we look at the graph where we put the energy of the photon at the point of 
inflection as a function of the dissociation energy that we have found in literature we 
find that they are on a straight line as can be seen in figure 52. 

47 



4,5 

4 

3,5 

3 

> 2,5 
~ 
c. 

2 w 

1,5 

0,5 

0 
0 0,2 0,4 0,6 

Ed [eV] 

0,8 1,2 

figure 52: Points of inflection as a function of the dissociation energy in literature. 

This suggests that there is a correlation between the dissociation energy of a molecule 
and the energy separation between the ground state and the dissociative state. 

5.3.4. lncrease of the right hand side of the absorptivity curve 

What we have seen from all spectra, perhaps with the exception of Feh is that the 
right flank of the absorptivity curve increases with temperature. This is shown in the 
typical case of Znh in figure 53. 

14 

12 

4 

2 

320 370 420 470 520 570 620 

Wavelength (nm) 

figure 53: Absorptivity of Znl2• 
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The cause of this increase is the increasing temperature. As the temperature increases, 
the number of vibrationally excited molecules in the vapour increases. The excited 
molecules can be dissociated by photons of a lower energy, so the absorptivity can 
increase towards the longer wavelengths. 
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5.3.5. Saturation at short wavelengths 

What we have seen from all spectra, perhaps with the exception of F eh is that the 
absorptivity reaches a saturation level in the shorter wavelength range. At the same 
time the absorptivity increases in the longer wavelength range. This gives the visual 
impression of the maximum of the absorptivity curve moving to the right. 

The absorptions will not increase in the short wavelengths, because the number of 
molecules in the lower excited states, that are responsible for the absorptions there, 
will not significantly increase when the temperature is increased as is shown in figure 
6. The number of molecules in the higher excited states will increase, but as we have 
seen in figure 8, those molecules, represented by the red curves in figure 8, do not 
contribute to the absorption spectrum at the shorter wavelengths. In other words, the 
number of molecules that can absorb photons of the shorter wavelengths does not 
increase with temperature. 

The absorptions will increase towards the longer wavelengths, because the number of 
molecules in the excited states will increase significantly with temperature. 

This means that the maximum of the absorption spectrum will move towards the 
longer wavelength as temperature is increased because more of the vibrational levels 
in the ground state will be excited, making the energy required to reach the repulsive 
or semi-bound state smaller. This shift will go even faster than just the increase in 
mean thermal energy that the higher temperature provides, because the probability for 
dissociation also grows with increasing temperature. 

5.3.6. Fine structure 

In the spectra of Hgh, HgBr2, Znh and Feh, we see a fine structure on the left flank 
of the absorption spectrum. A typical example of that is the spectrum of HgBr2 shown 
in figure 54. 
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figure 54: Absorptivity of HgBr2• 
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The peaks of the fine structure are around 20 run apart at 350 run. That means an 
energy separation of around 0.2 eV. That matches the order of magnitude of the 
vibrational energy levels of molecules [11]. 

For this reason we think that the fine structure that is visible in the absorption spectra 
of our molecules can be attributed to the vibrational energy levels of the molecule. 

The vibrationally structures are more visible on the left flanks of the absorptivity 
curves, because photons with a higher energy can only interact with the molecules 
that are in a low vibrationally excited states. The photons with a lower energy can 
interact with a bigger range of the vibrationally excited levels. This causes the 
vibrationally excited transitions to overlap each other. 

50 



6. Conclusions 

To explain the spectra that we have measured we have to assume that the dissociation 
probability is dependent on the ratio of the photon energy and the dissociation energy. 
There is a threshold energy Er below which no dissociation is possible. When the 
energy of the photon Ep increases above Er the dissociation probability increases. 
For very high ratios of the photon energy and the dissociation energy the dissociation 
probability will decrease to 0, because of the increasingly large energy mismatch 
between the photon energy and the dissociation energy. 
In between these two points the dissociation probability will reach a maximum. 

When the salt vapour is heated up, more and higher vibrationally excited molecules 
appear in the vapour and for those higher vibrationally excited molecules the required 
energy of the incident photon to dissociate the molecule is smaller. This means that 
higher vibrationally excited molecules can be dissociated by lower energy photons. 
The threshold energy will be lower. It also means that the dissociation probability will 
start to decrease at a lower photon energy, because the energy mismatch will increase 
to unacceptable levels at a lower photon energy. 

The absorption probability also increases for higher vibrationally excited molecules, 
because the molecules themselves increase in size. In genera! transitions requiring less 
energy are more likely. 
The transitions of higher vibrationally excited molecules can also become more 
favourable because of the Franck-Condon principle in the case of a semi-bound state. 

The number of molecules in the ground state will stay constant when the sample cell 
is heated to higher temperatures. This is caused by the fact that at higher temperatures 
more molecules will be evaporated from the liquid salt pool. 

The result of this is that when the temperature is increased, the absorption does not 
increase at the short wavelengths, because the density of molecules in the ground state 
stays the same. But the absorption increases towards the longer wavelengths, because 
the number of molecules in the higher vibrationally excited states increases. 

This finally results in absorption spectra which saturate for high temperatures at the 
short wavelength side, but which increase with temperature at the long wavelength 
si de. 
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By vaporizing different salts in a sample cell inside a furnace, the molecular absorption of the salts 
is studied in the UV and visible range of the spectrum using a high pressure xenon discharge lamp 
as the light source. 

1. Introduction 
Metal halide lamps are important light sources that 
have been widely used in many applications because 
of their high power, compactness, high efficacy and 
good colour rendition. 

In metal halide lamps the metal species are dosed as 
salt mixtures. Metal atoms generally have many 
transitions in the visible region and thus are very 
efficient radiators of visible light. Pure metals, 
except Na and Hg, cannot be used in a discharge 
lamp because of low vapour pressures due to their 
high melting point. However, most metal halides 
have a much lower melting point and can have 
useful vapour pressures at wall temperatures 
common in quartz or ceramic are tubes. 

In a metal halide lamp the halide molecules are 
evaporated from the cold spot and dissociated in the 
hot plasma into radicals, metal atoms and free 
halides. The metal and halide atoms will diffuse to 
colder regions and recombine into metal halide 
molecules to finish the circle. In the cold lay er of the 
discharge near the wall there are almost exclusively 
metal halide molecules. 

The metal halide molecules and their radicals 
usually have absorption bands in the visible and UV 
range. Some of the light radiated from the hot 
plasma can be absorbed by the metal halide 
molecules in the cold layer and the efficiency of the 
lamp can be reduced. Therefore, the absorption 
properties of metal halide molecules are very 
important to understand lamp behaviour. 

We report here the UV and visible absorption 
spectra of several metal halide salts, including Hol3, 
Dyl3 and Feli. To our knowledge, the absorption 
properties of these molecules are relatively 
unknown, especially in the UV range of the 
spectrum. 

2. Experimental setup 
figure 1 shows a schematic representation of the 
experimental setup. 
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Schematic setup for the absorption 

The setup consists of a sample cell housed in a 
furnace, a light source, opties and a spectrometer. 
The sample cell, shown in figure 2, is made of 300-
quartz and sits in the centre of the furnace. lt bas an 
extension on the top that extends away from the hot 
zone of the furnace. The extension is actively cooled 
by touching it with a tube, that has compressed air 
flow through it, to make a cold spot for the desired 
vapour pressure of the molecules. A thermometer is 
placed at the extension to measure the cold spot 
temperature. The vapour pressure of the salt can be 
calculated from the cold spot temperature using a 
chemical database. Ceramic plugs on each side of 
the furnace are used to reduce the temperature 
gradients along the furnace axis. 
In practice the temperature of the sample cell is 
alwa s 50-100 °c above that of the cold s ot. 

figure 2: Picture of a sample cell. 
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A high pressure xenon lamp is used as the light 
source that provides a continuous spectrum in the 
whole visible and UV range with enough light 
output in the UV. Since the xenon lamp is not as 
stable as a hal ogen lamp, the average of 10 
measurements is used in the experiment. 

Two quartz lenses are used to collimate the beam 
through the sample cell into a Labsphere integrating 
sphere, coated with spectralon. An optical fibre 
couples the light from the sphere into the 
spectrometer. The thin fibre is very sensitive to 
small shiftings of the beam caused by the strong 
convection of the air in the fumace when the beam 
is directly focused on it by a lens and large 
fluctuation has been observed in the measurement. 
The integrating sphere is introduced to eliminate 
this fluctuation effect. 

3. Results and Discussions 
The absorption spectra of Hol3, Dyl3 and Fel2 are 
measured at different temperatures with the 
associated saturated vapour pressures. The results 
can be seen in the following graphs. 
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figure 3: Absorptivity of Dyl3 as a function of the wall 
temperature. 
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figure 4: Absorptivity of Hol3 as a function of the wall 
temperature. 
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figure 5: Absorptivity of Felz as a function of wall 
temperature. 

The absorption spectra in figure 3 and figure 4 are 
from 2 very similar molecules, DyI3 and Hol3 
respectively. Both show strong absorptions in the 
UV extending into the visible, but Hol3 shows a 
distinct peak around 465 nm. This peak was known 
in literature and is accurately reproduced in our 
measurements. 

The absorption increases with increasing 
temperature and pressure and the maximum of the 
absorption moves towards the longer wavelengths. 
This phenomenon is seen in most of the salts, but 
the origin is not yet understood. It is possible that it 
is caused by progressively exciting states with 
temperature. In any case we have excluded 
contributions from the fumace as well as scattering. 

figure 5 shows the absorption spectrum of Fel2. It 
starts to absorb at 700 °C and has a peak around 300 
nm. At higher temperatures we see an extra peak 
around 370 nm coming up. We think that this peak 
comes from the radical Fel absorption band. The 
radical is created by the dissociation and our 
thermodynamic calculations support this conclusion. 

4. Ref erences 

[l] A. Chrissanthopoulos, G.D. Zissi, G.N. 
Papatheodorou, UV Nis spectroscopie 
investigation of the vapous species above Hol3 
and Csl·Holt, LSlO, 2004. 

[2] R.W.B. Pearse, A.G. Gaydon, The Identification 
of Molecular Spectra, John Wiley & Sons, Ine., 
New York, 2004. 

[3] G. Herzberg, Atomie Spectra and Atomie 
Structure, Dover Publications, New York, 1944. 

[4] G. Herzberg, Molecular Spectra and Molecular 
Structure, 1. Spectra of Diatomic Molecules, D. 
Van Nostrand Company, Ine" Princeton, New 
Jersey, 1964. 



XXVIlth ICPIG, Eindhoven, the Netherlands, 18-22 July, 2005 

[5] G. Herzberg, Molecular Spectra and Molecular 
Structure, Il. Infrared and Raman Spectra of 
Polyatomic Molecules, D. Van Nostrand 
Company, Ine., Princeton, New Jersey, 1964. 

[6] G. Herzberg, Molecular Spectra and Molecular 
Structure, m. Electronic Spectra and Electronic 
Structure of Polyatomic Molecules, D. Van 
Nostrand Company, Ine., Princeton, New Jersey, 
1966. 


