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SUMMARY 

The buffer gas plays an important role in the light production of fluorescent lamps (bath 
TL and CFL). Until now predominantly neon/argon mixtures have been used as buffer gas 
in CFL. There is a common interest in using krypton as a fraction of the buffer gas mixture 
for CFL. From the usage of krypton in TL, some influences of this gas on lamp properties 
are known. 

The purpose of the present project is to obtain more quantitative data and get a qualitative 
understanding of CFL's with argon/krypton buffer gas mixtures. Therefore CFL's were 

made with a buffer gas mixture of argon and krypton, with a buffer gas pressure between 
200 and 1600 Pa and a mercury pressure between 0.1 and 10 Pa. To perfarm measure
ments, a new measurement system has been built. 

The following conclusions can be drawn from this study: 

• The electric field of the positive column depends on the buffer gas mixture. An 
increasing percentage krypton gives a decreasing electric field. This can be under
stood theoretically. This trend holds true for all buffer gas pressures and lamp cur
rents. 

• The electric field of the positive column depends on the buffer gas pressure. lt has a 
minimal value at about 600 Pa. This is in agreement with the theory, which prediets 
that the electric field is proportional to the buffer gas pressure (in the pressure range 
above 600 Pa) and proportional to the electron temperature (in the pressure range 
below 600 Pa). This trend holds true for all buffer gas mixtures and lamp currents. 

• The electric field of the positive column depends on the mercury pressure. The maxi
mal value of the electric field for krypton will be reached at a higher mercury pressure 
than for argon. This holds true for all fill gas pressures. 

• The mercury pressure for maximal lumineus flux is higher for krypton than for argon 

and proportional to the buffer gas pressure. 

• The efficacy of a lamp as tunetion of the wall laad (and the lamp power) is indepen
dent of the buffer gas mixture and dependent on the buffer gas pressure. The buffer 
gas mixture however determines the lamp voltage and therefore a lso the lamp power. 

• These trends have been explained by making use of the electron temperature and 
electron density. These plasma parameters have been estimated by two other models 
and experimental data . 
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1 INTRODUCTION 

Low pressure discharge lamps are widely used as lighting source. A subclass of the low 
pressure discharge lamps are the fluorescent lamps. This name emphasizes the distinction 
with low pressure discharge lamps in generaL The fluorescent powder in fluorescent 
lamps is essential, because it transfarms the UV-radiation from the discharge into visible 

light. The most known example of a fluorescent lamp is the TL, which stands for Tubular 
Lighting. Compact Fluorescent Lamps (CFL) arealso fluorescent lamps. The Saving Lamp 
(SL) from Philips is a CFL. 

1 . 1 General description of fluorescent lamps 

1 . 1 . 1 Overview 

Fluorescent lamps work on the principle of a low pressure mercury noble gas discharge. 
The discharge tube is filled with a noble gas mixture and saturated mercury vapour. Elec
trades are sealed at each end of the discharge tube (see figure 1.1 ). By applying a voltage 
to the electrodes, an electric field will be created. Electrans in the discharge will be accel

erated by this electric field. These electrans collide with the various gas atoms in the plas
ma. When an electron involved in such a callision has enough energy, it can excite ar 

ionize a gas atom. The energy needed to excite or ionize a mercury atom is lower than 
the energy needed to excite or ionize a noble gas atom. Therefore most of the excitations 
and ionizations will involve mercury. 
Sa, the conductivity of the discharge originates from the partly ionized mercury atoms. 
The noble gas only serves as a buffer gas. lts role is discussed in subsectien 1.1.3. 

Figure 1.1 The working principle of a fluorescent lamp. 

Radiation is generated by radiative decay of an excited mercury atom. Most of this radi
ation has a wavelength in the ultraviolet region (254 nm and 185 nm are the most impor
tant speetral lines) and is therefore nat visible. lt is transformed into visible light by 
applying a fluorescent powder on the inside of the tube wall of the lamp. 
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1.1.2 nnercury pressure 

An important parameter in fluorescent lamps is the density of mercury atoms. This quan
tity is proportional to the mercury vapour pressure. lf the mercury pressure is too low, the 
probability of collisions between mercury atoms and electrans is too low. The density of 
excited mercury atoms wil I a lso be low. Therefore not much radiative decay will occur 
and thus the light output is low. However, if the mercury pressure is too high, mercury 
atoms in the ground state w ill reabsorb the generated UV radiation. As a consequence, 
the radiation loss decreases. Therefore the energy input by the electric field drops. This 
gives a decrease in the total power consumption of the positive column and also a de
crease in the power consumption of the inelastic (light producing) processes. Again the 
light output is low. In other words, there is an 'optimal mercury pressure' for which the 
light output is at a maximum. For standard fluorescent lamps this optimal pressure is in 
the order of 1 Pa . 

1.1.3 Buffer gas 

The noble gas atoms are in general not excited or ionized. They are needed as buffer gas. 
Without this buffer gas, the mean free path of an electron would be very large. The elec
tron would reach the wall without having the chance toexcitea mercury atom. And with
out excited mercury atoms in the discharge, no light production would be possible. 
With the buffer gas, the electrans stay long enough in the discharge to have the possibility 
to excite a mercury atom. This mercury atom canthen decay, whi le emitting radiation. 
Th is buffer gas is a lso often called 'fill gas'. 

1 . 1 .4 General electrical properties 

For typical CFL currents ( 100 mA - 500 mA) and tubes of sufficient length, the discharge 
of the fluorescent lamp will be dominated by the positive column. Lamp voltage is a sum

matien of anode voltage V anode• cathode voltage V cathode• and the voltage across the pos
itive column of the are discharge Vpos.column (see figure 1.2). 

cathode positive column anode 

Field E 

vcathode V pos. column = E * f vanode 

Figure 1.2 The different regions in an are discharge 
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Anode and cathode voltages are practically constant and not very high compared to the 

main component, the voltage across the positive column. The electric field of the positive 

column Epos.col. is independent of the position in the tube axis direction. Therefore it is 
possible to calculate the electric field, by taking two lamps with a different tube length 

R1amp· The difference of the two lamp voltages ~V is caused by the difference of the length 
of the positive column ~f . Dividing this voltage difference ~V by the length difference ~f , 

gives the electric field of the positive column. This is also shown graphically below (see 
figure 1.3). 

-I----------------·-------------------- I 

~!!V E L_ 
1 

pos.coLi 
vlamp - - - -- -- -- ------- '-- i 

velec rodes 

Figure 1 .3 Determining the electric field of the positive column (Epos .cod and the 
electrode fall (V electrodesl trom the lamp voltages of two identical lamps 
with only a different tube length. 

Figure 1 .4 is a typical graph of lamp voltage versus lamp current. lt shows that the lamp 
voltage decreases when the lamp current increases. This is called a negative voltage cur
rent characteristic. lt means that the positive column of the discharge (and the lamp) will 
not behave like an ordinary Ohmic resistance. Any point of this 1-V characteristic cannot 
be operated stabie without an external electronic ballast. Because a small increase in cur
rent will cause a smal! decrease in voltage and a decrease in resistance. This will cause a 
bigger increase in current. Electronic ballasts are used to prevent this current increase. 
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Figure 1.4 A typical voltage versus current characteristic of a fluorescent lamp. 

Fluorescentlampscan be operated both OC and AC. In the present study, the lamps will 

be operated AC at a high frequency (f = 22 kHz). The chosen electronic circuit will set a 
certain lamp current. The discharge will set a certain lamp voltage at this lamp current. lf 
the lamp current is a sinusoidal HF signal, then the lamp voltage will be almast sinusoidal 
HF. Besides, lamp current and lamp voltage will be in phase. Therefore lamp power is 

practically lamp current multiplied with lamp voltage. 

When operated at this high frequency, the lamp behaviour can still roughly be described 
as a semi OC discharge. Therefore, in the present study, the various plasma parameters, 
like electron density, electron mobility and electron temperature will be discussed as being 
OC. This can be done, because only a qualitative comparison of these parameters for the 
different lamps is needed. No quantitative predictions for these parameters will be given 
in this report. 

1 . 2 Purpose of the project 

In subsectien 1.1.3 it was explained that the buffer gas plays an important role in the light 
production of fluorescent lamps (both TL as CFL). A change of buffer gas will invariably 
lead to a change in kinetic and transport properties of the discharge. lt may be assumed 
that characteristic features of a lamp, e.g. the 1-V characteristic can change. This might 
influence the relation between the light output and technica! lamp design properties. 
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1.3 Overview of this report 

In order to extend the basic relations for argon/krypton buffer gas compositions, it is nec
essary to obtain experimental data on lamps with these buffer gasses. Because no data 
was available, new measurements had to be performed. Therefore a new measurement 
system was build. Also a set of lamps with different buffer gas mixtures and buffer gas 

pressures had to be made. Chapter 4 deals with all the measurement activities of the 
present project. The results of the measurements are presented in chapter 5. 

In order to understand why and how the lamp properties change, when the buffer gas 
mixture or buffer gas pressure is changed, some plasma physics fundamentals need to be 
discussed. This will be done in the following chapter 2. Chapter 3 presents the general 
sealing principle. 
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2 THEORY 

2.1 Kinetics of the positive column 

There are two kinds of collisions between particles in the positive column: elastic and in
elastic collisions. 

2. 1 . 1 Elastic collisions 

lf two particles collide elastically, then no energy will be lost. All particles of the plasma 
can collide elastically with each other. The collisions between electrans ensure that all 
kinetic energy will be distributed over all electrons. This gives for the electrans a Maxweii
Boltzmann energy distribution. Because of inelastic collisions deviations from this electron 

energy distribution tunetion (EEDF) can be found at low electron densities. At high elec
tron densities however, these deviations will be reduced by the elastic electron-electron 
collisions, which distribute the kinetic energy over all electrons. 

A callision between a light partiele (electron) and a heavy partiele (atom) gives a relative 
small energy transfer. But because these collisions occur very often, this is the most im
portant process for elastic energy transfer. The chance of one electron to collide with one 
atom is proportional to the cross section. This quantity multiplied with the total atom den
sity gives the change of an electron to collide. 

2.1.2 lnelastic processes: excitation and de-excitation 

Excitations are mainly caused by collisions between electrans and atoms: 

- * 
Hg+e ~Hg +e (2.1) 

This process can only occur with Hg and not with fill gasses, like argon and krypton, be
cause these fill gasses have a too high first excitation energy level. Excitations can also 

occur via photon adsorption: 

* 
Hg+hv~Hg (2.2) 

The photon must have the same energy as the energy difference between the excitation 

level and the ground state. 

An excited atom can loose its energy in two ways. By de-excitation: 

* Hg +e- ~Hg+e (2.3) 

or by emitting a photon with the extra energy: 
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* Hg ~Hg+hv (2.4) 

Only mercury will be excited and ionized by electrons. A simplified energy level diagram 
of mercury is shown in figure 2. 1. All the important energy levels and radiative transitions 
for Hg are shown in this figure. Not all radiated photons can leave the plasma, because 
they can be absorbed again by ether mercury atoms via photon-excitation (equation 
(2.2)). Befere a photon leaves the plasma, it will be absorbed many times. Therefore a 

new quantity, the 'effective lifetime' is introduced. This quantity describes the time need
ed for a photon to leave the plasma. The natural lifetime of an excited atom can be very 
short (t~1 o-7 s [15]), while the effective lifetime is very long ('teff~1 o-4s [15]). Th is effect 
is called radiation trapping. 

eV 

10 

5 

0 

:'-+--+-+r-T--r- r 6 3? 2 
\ '+-r+-~:...t- q 6 3p 1 

P 6 3?o 

Figure 2.1 Simplified energy level diagram for mercury. 

2.1.3 lnelastic processes: ionization and recombination 

Although the ionization degree in a low pressure gas discharge is very low (about 1 % of 
the mercury is ionized), ionizations are very important. There are two important processes 
for ionization. Direct ionization needs an electron with enough energy to ionize the Hg: 

- + - -
Hg+e ~Hg +e +e (2.5) 

Because these electrens are rare, this process will be less important than stepwise ioniza

tion: 

(2.6) 
* - + -

Hg +e ~Hg +e 

This process needs two electrons, but each with less energy than the energy necessary 
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for direct ionization. Therefore if the current density is sufficient high, then stepwise ion
ization dominates over direct ionization. 

Loss of ions by recombination can occur in the plasma: 

- + 
Hg+e +Sp~Hg +Sp+Ek. 

In 
(2.7) 

This process is called volume recombination and needs a third partiele called the spectator 
(Sp) to collect the energy and momenturn that are leftafter the reaction. Because the den
sity in the plasma is low, this process is less important than wall recombination: 

Hg + e-~ Hg+ 10.43 eV (2.8) 

The spectator is not needed, because the wall can absorb the energy and momenturn that 
are left after the reaction. 

2. 2 Partiele transport 

2.2.1 Ambipolar ditfusion 

Wall recombination absorbs electrens and ions at the wall of the discharge, producing 
neutrals. This leads to a radial density gradient in the discharge tube. Electrens and ions 
will diffuse separately as a consequence of the density gradient. Because the electrens 
are more mobile than the ions, a net charge density gradient will be formed. This charge 
density gradient slows the electrens down and accelerates the ions. The resulting com
bined ditfusion is called the ambipolar ditfusion. The electric field caused by the charge 
density is called the ambipolar field. 

+ ne(r) 
____. 
Eamb + 

+ + .---
vne(r) 

+ + 
+ + ____. 

+ + re 

: --+ 
0 r R 

Figure 2.2 Sketch of mechanism of ambipolar diffusion. 

The net electron flux re is proportion al to the density gradient (V n e) and a ditfusion co
etficient: 

re = -D a mb . V n e (2.9) 
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where Damb is the ambipolar ditfusion coefficient. For a plasma with a low ionization de
gree, as in our case, the ambipolar ditfusion coefficient can be approximated as a tunetion 
of ion mobility and electron temperature [7]: 

~ ~ k8 T 
D - 11 T with T = __ e (2. 1 0) amb - ~"''i . e e e 

where lli is the ion mobility of mercury ions in the noble gas. This ion mobility is estimated 
numerically [13]: 

ll · = llo 
I p { 

41 for Ar 
with 110 = 27 for Kr 

with lli in m2v-1 s- 1 and p the noble gas pressure in Pa. 

(2.11) 

lt is possible to find the radial dependenee of the partiele densities with this ambipolar 
ditfusion theory. This will be done in the following section with the Schottky theory. 

2.2.2 Schottky theory 

Conservation of particles can be required for a small cylindrical volume V of the positive 
column, with radius r en r + dr and height dx, with dr a very small length (see figure 2.3). 

tube wall 

tube axis --··x 
Figure 2.3 Conservation of electrans in volume V(dr,dx) 

As a result of ambipolar diffusion, a total partiele flux Jin enters the volume and a total 
partiele flux Jout leaves the volume. Because of quasi charge equality, a charged partiele 
density n will be defined. This density is equal to both the electron density as the ion den
sity: 

The general continuity equation can be written as follows: 

àn=-(V·))+P-L 
àt 

(2.12) 

(2.13) 

with J the partiele flux, P the production term and L the loss term. The loss term can be 
neglected, because volume recombination will be neglected. Assuming only direct ioniza-
tions gives the following expression for the production term: 



P = v.·n 
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(2.14) 

with vi the ionization frequency and n the charged partiele density. For a stationary situ
ation the following condition holds: 

an = 0 
at (2.15) 

This holds true also for the AC lamp currents of the present study. Because the ambipolar 
diffusion is slow compared to the frequency of the lamp current [11 ]. This means that the 
electrans are still in the discharge, when the current passes zero. 

Now, the continuity equation for the volume V can be written as follows: 

J . -J +V(v.·n) =0 rn out 1 
(2.16) 

lf volume V and the partiele fluxes Jin and Jout are described in cylindrical coordinates, 
then the following differential equation results [7]: 

v. 
V2n (r) + - 1

- • n (r) = 0 
0 amb 

(2.17) 

This is a second order differential equation, known as the zeroth order Bessel equation. 
The solution of this equation gives the charged partiele (electron or ion) density as a func
tion of radius r. However two boundary conditions are needed, to find a solution for this 
equation. Firstly, when full wall recombination occurs, it can be shown that the density 
at the tube radius R vanishes: 

n (r = R) = 0 (2.18) 

Secondly, the charged partiele density in the middle of the discharge tube is considered 
constant: 

n (r = 0) = n0 (2.19) 

The solution of the differential equation (2.17) with these boundary conditions is a zeroth 
order Bessel function J 0 . The solution can be written as follows: 

n(r) = no ·Jo[ Jl.,) 
~o:;, 

(2.20) 

In order to fit this equation with the boundary condition on the tube wall (equation (2.18)), 

the argument of J 0 has to be equal to the first zero point of this function for r= R: 

J b · R = 2.405 (2.21) 

This is an important result, because the electron density on the tube axis n0 does not ap
pear in this restriction. For every density n0 , the radial dependenee on the charged partiele 
density will be described by equation (2.20) with n0 a constant. This solution is shown 
graphically below (see figure 2.4). 
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1.0 
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Figure 2.4 Bessel profile for the charged partiele density; r is the distance trom 
the tube axis and n(r) is the charged partiele density at distance r. 

Another important result can be found from the Schottky theory: For a certain fill gas mix
ture and fill gas pressure, ambipolar diffusion is determined by the tube radius. The ion
ization frequency vi however, is a function of electron temperature Te. The ratio of the 

ionization frequency and the ambipolar diffusion is given by equation (2.21 ). This equation 
shows, that the tube radius R will determine this ratio and therefore the electron temper
ature Te. The electron temperature will be set in such a way that ionization processes bal
ance the ambipolar diffusion loss. This is called a wall stabilized discharge: the tube radius 

determines the electron temperature. 

Since the positive column electrically dominates the lamp, the Schottky theory is suffi
cient to describe the lamp properties. The complete lamp can therefore be described with 
single quantities like the electron temperature, the electron mobility, etc. lf somewhere is 
referred to the electron density or the ion density, then the density at the tube-axis is 
meant. The density at other radii can be found with the Bessel profile (see figure 2.4). The 
density of neutrals is constant along the radius of the tube. 

2.3 Electron mobility 

An axial electric field applied to an ionized gas will generate an axial current density. This 

current density has two components; a component with charge -q from the electrans and 
a component with charge + q from the ions. Because the ions are heavier than the elec
trons, the mobility of the ions will be lower than the mobility of the electrons. Therefore 
most of the current will be carried by the electrons. This gives the following expression 

for the current density: 

j = nee~eE (2.22) 

with j is the current density, ~e is the electron mobility, e is the charge of an electron, ne 
is the electron density and Eis the electric field of the positive column. The electron mo-



-13-

bility is determined by collisions of electrans with heavy particles. lt is given by [7]: 

(2.23) 

where me is the electron mass and ve is the callision frequency for momenturn transfer 
for electrans with heavy particles. The callision frequency for momenturn transfer is given 
by: 

ve = z:Veh = Lnh(cr;v) 
EEDF 

(2.24) 

h h 

where the summation runs over the different types of heavy particles, both neutrals and 
i ons, nh is the heavy partiele density, cf1 h is the momenturn transfer cross section and v 
is the electron velocity. The notation between brackets indicates an averaging over the 
electron energy distribution tunetion (EEDF). Data for the momenturn transfer cross sec
tion crmh for krypton, argon and mercury are given in figure 2.5. The electrans and ions 
interact by Coulomb collisions. The contribution of Coulomb collisions to the electron mo
bility is very small, because of the low ionization degree in the plasma. 

20 
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Figure 2.5 Momenturn transfer cross sections crmh for argon and krypton and 
mercury 

15 

lt is depicted that the momenturn transfer cross section for mercury crmh is much higher 
than crmh for argon and krypton for electron energies around 1 eV. But for normal lamp 
operation, the density of the mercury atoms is very low. Therefore the contribution of 
mercury to the electron mobility is very small. This can beseen in figure 2.6, which shows 
the contributions of every component (argon, krypton and mercury) to the inverse elec
tron mobility for the 50%Ar/50%Kr fill gas at 200 Pa. This is done for all electron tem
peratures on the x-axis by integrating the momenturn transfer cross sections over the 
EEDF with that electron temperature. The contribution of the mercury atoms is hardly vis
ible in this graph for all depicted electron temperatures. Figure 2. 7 shows the electron mo

bility for the same fill gas pressure, fill gas mixture and mercury pressure. For normal lamp 
operation (mercury pressure between 0. 1 Pa and 30 Pa), the contribution of the mercury 
atoms to the electron mobility can be neglected for all fill gas mixtures and fill gas pres
sures of the present study. 
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Figure 2.6 Inverse electron mobility as tunetion of electron temperature tor 
50%Ar I 50%Kr at 200 Pa. The contribution of mercury at PHg = 1.9 
Pa is hardly vis ible. 

600 

500 - ---------- -~-----------------,-------------- -

400 - - - - - - - - - -~- - - - - - - - - - - - - - - I- - - - - - - - - - - - - - -

~ 

";" 

"' 
} 300 

I 
- - - - - - -~- - - - - - - - - -- - - - - --,- - - - - - - - - - - - - - -

§. I . 
::1. 

I 
200 -- -~------ ----- ------, -- ---- ---- --- --

I 
100 ------------,---------- -----

1 

0 

0.0 1.0 2.0 3.0 

T. [eV] 

Figure 2. 7 The electron mobility as tunetion of the electron temperature tor 
50%Ar I 50%Kr at 200 Pa and PHg = 1.9 Pa . 



-15-

lt should be noted, that for typical electron temperatures (0.5 eV < T8 < 2.5 eV), the elec
tron mobility is a decreasing tunetion of Te. The lamp resistance is proportional to the in
verse of the electron mobility. Therefore the lamp resistance is an increasing tunetion of 
the electron temperature. 

2.4 Electron energy balance 

The electrans in the discharge are not in thermal equilibrium with their environment. They 
gain energy from the electric field. The energy gain per electron is: 

(2.25) 

The energy loss processes are elastic and inelastic collisions with heavy particles. The 
elastic energy loss per electron is: 

"'3 me 
pelastic = L..-2kB(Te- Th) 2-veh 

h mh 
(2.26) 

where Th is the temperature of the heavy particles, mh is the mass of the heavy particles 
and veh is the electron heavy partiele collisional rate as defined in equation (2.24). The 

inelastic energy loss per electron is: 

Pinelastic = Lkxynx!J.Exy 
x,y 

(2.27) 

where kxy is the rate coefficient and !J.Exy is the energy gain corresponding to the inelastic 
process from partiele status x to partiele status y. The summatien runs over all inelastic 
processes. Now the electron energy balance can be written as: 

3 are ( .2 "'3 me ""' ) 2.nekBat = ne e~eé - L.. 2.k8 (Te- Th) 2 mh v eh- L..kxynx!J.Exy (2.28) 
h x,y 

The factor ~nek 8 in the Ie ft hand si de of the equation represents the specific heat capac
ity of the etectron gas. 

The electron energy balance fora stationary situation (T8 =const.) becomes: 

0 = pfield - p elastic - pinelastic (2.29) 

The electron temperature is in the order of 1 eV, which equals 11600 K. The heavy par
tiele temperature is much lower (in the order of 50°C). Therefore Te-Th-;:;;Te in the Pelastic 

term. Also in Pelastic• the electron heavy partiele collisional rate veh can be expressed in 
electron mobility ~e· with equation (2.23) and (2.24). This leads to: 

kB 1 
0 = Pfield -3e- · ne Te-- Pinelastic (2.30) 

mh ~e 



-16-

2.5 Mercury pressure dependenee 

lt is not easy to predict the influence of mercury pressure variation, because many param
eters and coefficients are strongly dependent on the mercury pressure. The review artiele 
from Winkier et.a/. [15]&[16] gives model calculations and various experimental results 
(until 1983). This artiele handles about an ordinary TL operated at a constant lamp current 
of 400 mA. In the introduetion already was mentioned that TL's and CFL's are both flu
orescent lamps. Therefore the same mercury pressure dependenee on the electric field will 
be expected for the CFL's of the present study. Therefore, this artiele will be used to ex
plain the mercury pressure influence qualitatively. 

The electric field of the positive column appears to be dependent on the energy loss as a 
result of collisions between electrens and heavy particles. The electron density, electron 
mobility and electron temperature are shown in figure 2.8. Figure 2.9 shows how much 
energy will be lost by the various cellision processes. In this figure, pF is the total dissi
pated power !Ptield of equation (2.26)). Hg-in and Ar-in are the power losses due to the 

inelastic collisions with the mercury atoms and the fill gas (in this case argon) atoms. Hg
el and Ar-el are the power losses due to the elastic collisions with the mercury atoms and 
the fill gas atoms. All variables are normed for the total gas pressure Po at 0°C. With this 
figure, it is possible to know which processes are important at what mercury pressure. 
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Figure 2.8 Electron density ne, electron mobility PcPe and electron temperature 
Te as tunetion of the mercury pressure fora TL36W lamp [15]. Points 
are taken trom measurements and lines are model calculations. The 
current density is taken constant. 
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Figure 2.9 All important callision processes which lead to a power loss in the dis
charge as tunetion of the mercury pressure for a TL36W lamp at con
stant current density [15]. 

Three regions can be distinguished in the electric field versus mercury pressure character
istic (see tigure 2.1 0). 

Region I ~ Region 11 Region III 

20 -Mercury pressure [Pa] 

Figure 2.10 The electric field of the positive column as a tunetion of the mercury 
pressure for a TL36W lamp [8]. 
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2.5.1 Region I 

At low mercury pressures (PHg < 1 Pa: region I of figure 2.1 0) I the electric field increases 
with increasing mercury pressure. At this low mercury pressurel the amount of mercury 
in the discharge tube is small. Thereforel elastic collisions of electrans with mercury at
oms are rare and can be neglected. As a result of elastic collisions between electrans and 
fill gas atoms (argon or krypton) howeverl power will be lost. An increase in mercury at
oms will give an increase in inelastic collisions. Thereforel more mercury atoms will be 
excited and lose their energy by radiation decay. Because the mercury is nat very densel 

a radiated photon can leave the plasma easily. 

lf the current density of the discharge is kept constant upon an increase of the mercury 
pressurel some plasma parameters have to change. Recalling equation (2.22) 
j = n ee~eE I the three candidates for this are electron density I electron mobility and elec
tric field. In figure 2.8 it can be seen that the electron density decreases. This has to be 
compensated by the other two quantities. The electron mobility curve has a small slope 
for typical electron temperatures (Te~1.5 eV). Sol Te will nat influence the electron mo
bility significantly. Therefore the electric field has to increase. 

2.5.2 Region 11 

lf the mercury pressure is between 1 Pa and 20 Pa (region 11 of figure 2.1 0)1 then the 
electric field decreases with increasing mercury pressure. This can be explained as fel

lows. Firstly1 photons can be absorbed by other mercury atoms. This is called radiation 
trapping. Already in section 2.1.3 it was told that this process can be characterized by 
the quantity 'effective lifetimel. The effective lifetime is proportionaf to the mercury atom 
density and is shown below (figure 2.11 ). 

Yett 
[ s] 

l 

0.1 

eff.p 

--- PHg[Pa] 

10 

Figure 2.11 Effective lifetime tor excited mercury atoms (6 1 P and 63P) as tunetion 
of the mercury pressure tor a TL36W lamp [15]. 
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An increasing mercury pressure will give an increasing effective lifetime. Therefore, the 
chance that a photon is absorbed by a mercury atom increases. Hence, the chance that 
the photon does not leave the discharge, increases. Radiation trapping results in a de
creasing radiation loss and gains importance for higher mercury pressures. 

Secondly, the stepwise ionization (mentioned in section 2.1.3) becomes important. The 
increasing trapping will give an increasing density of excited mercury atoms. This gives 

more stepwise ionizations and electrons. In figure 2.8 is visible that the electron density 
has a miniurn at PHg = 1 Pa and starts increasing for higher mercury pressures. 

Again, to keep the lamp current density constant, some plasma parameters have to 
change. The electron temperature decreases and gives a small increase of the electron 
mobility. The electron density also increases. Therefore the electric field has to decrease. 

2.5.3 Region 111 

At higher mercury pressures (from region 11 to region 111 of figure 2.1 0), the decrease of 
the electric field will become less. This can be explained by the growing importance of 
collisions between electrans and mercury atoms. These collisions become important at 

PHg = 20 Pa (see figure 2.9). The density of the mercury atoms is stilllower than the den
sity of the fill gas atoms. But at low electron temperatures, mercury has a very high mo
mentum transfer cross section for collisions with electrans (see figure 2.5). Therefore the 
mobility of the electrans will decrease. In order to keep the current density constant, the 

electron density has to increase. This effect however is not strong enough. Therefore, 
also the electric field will increase. 

2.6 Fill gas mixture dependenee 

lt is known, that the fill gas mixture has influence on the electric field. This influence is 
the major subject of the present project. In order to study this effect experimentally, all 
the other quantities in a lamp which can change have to be kept constant. The current 
density of the lamp is taken constant. The mercury pressure is also taken constant at a 
certain value in region I or 11 of the electric field versus mercury pressure characteristic. 
In these two regions the influence of the mercury atoms in the elastic energy loss can be 
neglected. Figure 2.6 already showed the influence for PHg = 2 Pa. But also at PHg = 20 
Pa, the influence of the mercury atoms on the electron mobility can be neglected. 

The fill gas atoms will not be excited or ionized, because the first energy level of excitation 
is much higher than the first energy level of excitation for mercury. The fill gas atoms only 

take part in the elastic collisions. The Pinelastic term of the energy balance for electrans 
(equation (2.27)) will therefore be determined by the mercury density and is the same 
function of the electron temperature for different fill gas mixtures. 
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Assume, that the electron temperature remains constant when changing the fill gas mix
ture from pure argon to pure krypton. Also assume that the electron mobility stays con
stant. This assumption is only true for a very rough description of the energy balance. 
Then the only parameter that changes in the energy balance is the mass of the fill gas 

particles, which appears in the Pelastic term. The only quantity which can balance this 
change, is the electric field which appears quadratic in the Pfield term. So, a zeroth order 
approximation of the energy balance shows that the electric field scales with the inverse 
root of the mass of the heavy fill gas particles: 

E--1- (2.31) 

Jm" 
However, the electron temperature is not constant. This can be illustrated most easily as 
fellows. Ambipolar ditfusion is proportional to the ion mobility. Heavy fill gas atoms will 
give a lower ion mobility than light fill gas atoms. This is also visible in equation (2. 11), 
which gives a numerical value for the ion mobility of mercury ions in argon and krypton. 
From the Schottky theory (see sectien 2.2.2), it is known that the ionization frequency 
has to balance the ambipolar ditfusion losses. lt is also known that the ionization frequen
cy is strongly dependent on electron temperature. lf all the ether parameters remain con

stant, then a decrease of ionizations is only possible if the electron temperature 
decreases. So, when the fill gas mixture changes from argon to krypton, the electron tem
perature decreases. A decreasing electron temperature results in a decreasing ambipolar 
diffusion. This is consistent with the assumption that the ambipolar ditfusion decreases, 
caused by the decreasing ion mobility. 

lt is difficult to predict the influence of this decreasing electron temperature on the elec
tron mobility, because there are two competitive processes. Firstly, a decreasing electron 
temperature gives an increasing electron mobility (see figure 2. 7) for a certain fill gas. 
Secondly, the fill gas mixture will be changed from argon to krypton. The electron mobility 
curve of krypton is lower than the electron mobility curve of argon for all electron tem
peratures. This leadstoa decreasing electron mobility. Therefore it is not possible to pre
dict exactly whether the electron mobility increases or decreases. 

Another quantity which changes is the inelastic power loss, because all the inelastic pro

cesses are streng functions of the electron temperature. 

Therefore it is impossible, from an analytica! approach of the electron energy balance, to 
predict the exact behaviour of the electric field when the fill gas mixture is changed. The 
experimental results together with the help of some models and the literature, will give a 

better estimation of the terms in the energy balance. 
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2. 7 Fill gas pressure dependenee 

Now, the fill gas mixture is taken constant and the fill gas pressure is varied. Again the 
current density is fixed at a certain value. Also the mercury pressure is taken constant at 
a value in region I or 11 of figure 2.1 0. 

Assume that the electron temperature is constant. Then, the inelastic power losses will 
also be constant . The elastic power losses however change. This results in a change of 
the electric field. This can be seen most easily with a zeroth order look at the energy bal
ance for electrans in a stationary situation, which was derived in section 2.4: 

.-2 kB 1 
0 = nee~et: -3e-. ne Te-- pinelastic 

mh ~e 

The electron mobility ~e is proportional totheinverse of the density of the fill gas. Because 
the temperature of the heavy particles is assumed to stay constant, the electron mobility 
is a lso proportion al to the inverse of the pressure of the fill gas ( ~e- p _, ) . The elastic term 
of the energy balance (second term of r.h.s.) scales with the inverse of the electron mo
bility. The field term of the energy balance (first term of r.h.s.) scales with the electron 
mobility itself. Because the field term also scales with the square of the electric field, the 
following sealing can be found from the energy balance: 

E-p (2.32) 

But, Te will be no langer constant for all fill gas pressures. Winkier [16] showed - bath 
from experiments as well as from calculations - a decreasing Te tor an increasing fill gas 
pressure (see figure 2.12). Th is can a lso be concluded from the Schottky theory: A higher 
fill gas pressure gives a lower ion mobility and a lower ambipolar diffusion. Therefore the 
ionization frequency can be lower. Th is will be established with a lower electron temper
ature. 
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Figure 2.12 The electron temperature as tunetion of fill gas pressure [16]. Points 
are taken trom measurements and the Te • -curve is a model calcula
tion. The fill gas pressure is expressed in Torr, which equals 133 Pa. 

lt is again difficult to predict the influence of the decreasing electron tempersture on the 
electron mobility, because there are two opposite processes. Firstly, a decreasing electron 
tempersture gives an increasing electron mobility (see figure 2. 7) fora certain fill gas pres
sure. Secondly, the increasing fill gas pressure gives a lower electron mobility for all elec
tron temperatures. Th is leads to a decreasing electron mobility. lt is analytically impossible 

to predict which process will be of more importance. A decreasing electron mobility would 
give an increasing electric field and an increasing electron mobility would give a decreas
ing electric field. With the help of some models and the literature, it is possible to see a 
minimum in the electric field versus fill gas pressure characteristic. 
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3 SCALING 

3. 1 Sealing principle of discharge 

Any chosen property of a discharge, for example the potential V, depends on a number 
of others, the current, fill gas mixture, fill gas pressure, etc. The dependenee is aften com
plicated, and sametimes cannot be expressed analytically at all. Every experimentally de
termined quantity, like V tor example, can be written as a tunetion of another quantity or 
a combination of other quantities. Clearly, it would require an infinite number of such 
curves to describe all possible states of the discharge given by every combination of prop
erties. Therefore some simplification may be found by grouping some parameters. 

The importance of such grouping was first demonstrated by De la Rue and Muller and later 
by Paschen and Townsend, who noticed that E ·À represents the energy gained by an 
electron moving along a tree path À in an electric field E, and p · R is proportional to the 
total number of atoms between two electrodes. lf E · À (ar Elp) and p · R are kept con
stant, the total amount of electrans between the electrades is thus fixed. These groups 
of parameters, and others, can be deduced, following the treatment of Francis [1]. The 
objective of this treatment is to define two discharges identical in only one or two chosen 
properties and different in others, and to derive groups of parameters which are invariant 
and can therefore be used to describe those properties identical in bath discharges. 

Consider two discharges containing the same gas with the same electrodes. All the eer
responding linear dimensions are scaled withafactor a (see tigure 3.1 ). This includes the 
tube, the electrades and the properties of the gas, e.g. the mean tree path (but nat the 

mean distance between the molecules). 
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Figure 3.1 Similar discharges. Current I and voltage V are the same. Tube radii R 
and tube length .e differ. 

Assume that the gas temperature is the same in both, and that corresponding points have 
the same potential difference between them; the potential across the electrades is V. 
Such discharges are called similar. 

Then the following relations hold for corresponding points in the two discharges. The lin
ear dimensions of the discharge tube and electrades are scaled with a factor a: 

.e
1 

=a· f 2 (3.1) 

R1 =a·R2 

Elements of area will then be scaled with a2 : 

2 
dA 1 =a · dA 2 

(3.2) 

(3.3) 

The mean tree paths of electrons, ions or atoms in the gas are also scaled with a by def

in ition: 

"-, = a. "-2 (3.4) 

Hence the gas density becomes: 

n2 
n 1 = --;; (3.5) 

Since, by assumption, the temperature is the same in both, the pressure is proportional 
to the density, hence for the pressure: 

p2 
p =-

1 a 

The potential is the same: 

V1 = V2 (by assumption) 

The electric field E = _dV then becomes: 
dx 

(3.6) 

(3.7) 
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E 
E = _2 (3.8) 

1 a 

Sealing also the surface and volume charge densities and assuming only single-stage pro
cesses leads to the following expression for current density [1 ]: 

. j2 
1 =-

1 2 
(3.9) 

a 
Tagether with equation (3.3), this gives: 

/1 = 12 (3.10) 

With these relations, many scalabie parameterscan be grouped (e.g. E ·'A, Elp and p · f ). 
A combination of equation (3.2) and (3.8) shows that E · R is a scalabie parameter for 
similar discharges. And a combination of equation (3.2) and (3.6) shows that p · R is a 

scalabie parameter for similar discharges. 

The above treatment also yields a condition for a processes in a discharge to be scalable. 
This condition does nat hold for many processes, which are called torbidden processes. 
Stepwise ionization (equation (2.6)) is a very important processes in the lamp discharge, 
but an example of a torbidden process. The processes which hold for the mentioned con
dition are called permitted processes. Direct ionization is an example of a permitted pro

cess. 

Lamps in genera!, however, will nat be scaled in length and radius by an equal factor a. 
Therefore, the discharges of lamps will nat be similar. 

3.2 Sealing principle of positive column 

As already mentioned, the positive column is the most important region of the lamp. Be
cause the positive columns of the lamps of the present project are nat similar, another 
sealing principle is desired. Therefore a model of Weysenfeld and Matthey [14] is used 

and explained. 

Weysenfeld and Matthey [14] searched sealing relations for the positive column of a mer
cury-argon discharge. They examined a general model description of the positive column 
looking for sealing relations. Also experimental results for various tube diameters D, fill 

gas pressures p, electric fields E and current densities j were examined. They found that 
their model prediets a constant E · D at a constantj and a constant p · D. The experimen
tal results confirmed this model, but in a limited range of diameters and pressures. The 
scalabie parameters can be presented in various ways. The following representation is 

commonly used: 

E · D = f(j) for p · D = constant (3.11) 

The sealing principle does nat predict how this tunetion fis dependent on current density 
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j. lt only prediets that it is the same tunetion for positive columns with the same p · D. 

This implicates that positive columns can be scaled if the electron temperature Te and the 
electron density ne are kept constant. This can be seen most easily with the tunetion for 
current density (see section 2.3): 

j = nee~eE (3.12) 

where the electron mobility ~e scales with the inverse of the fill gas pressure p. The fill 
gas pressure in its turn scales with the inverse of the diameter, because p · D is constant. 
He nee the electron mobility ~e scales with the diameter. The electric field se ales with the 
inverse of the diameter, because E 0 D is constant. Therefore the product of the electron 
mobility and the electric field ~e 0 E is constant. lf the current density is constant, then 
equation (3.12) shows that also the electron density ne has to be constant. lt can there
fore be concluded that for the sealing of Weysenfeld and Matthey both electron temper
ature and electron density have to be constant. 



-27-

4 EXPERIMENTAL SETUP 

4.1 The lamps 

Lamps were made with different fill gas mixtures and different fill gas pressures, to study 
how the important lamp properties depend on the fill gas mixture and the fill gas pressure. 
The fill gas mixture is varied from pure argon to pure krypton in five steps and the fill gas 
pressure is varied from 200 Pa to 1600 Pa in four steps (see table 1 ). This results in twen
tv combinations of fill gas pressure and fill gas mixture, which will be referred to as fill 
gas composition, further on in this document. 

Table 1: a: Fill gas mixtures and b: fill gas pressures. 

100% Argon 

75%Ar I 25%Kr 200 Pa 

50%Ar I 50%Kr 400 Pa 

25%Ar I 75%Kr 800 Pa 

1 00% Krypton 1600 Pa 

a b 

The lamp tube has typical CFL dimensions; it is an unbent saving lamp (SL). Two lamps 
with a different tube length were made for each fill gas composition. The shortest lamp 
has a length of (385 ± 1) mm. The electredes are separated from the tube ends by 25 
mm. The spacial occupation of the anode and cathode fall can be neglected. So, the 
lengthof the positive column of the shortest lamp is 305 ± 1 mm. The long version of the 
same lamp has a length of 435 ± 1 mm and a positive column of 385 ± 1 mm. An over
view of the lamp dimensions is shown below (see figure 4.1 ). 
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elamp=355 
All dimensions are in mm. 
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Figure 4.1 Lamp dimensions 

The mercury pressure in a lamp will be controlled with an amalgam. The used amalgam 
is Pb20Bi46Sn34 with 3 wt% Hg. lt is placed at the end of an extended exhaust tube which 
is bend 90°. The used electrades are SL 18 Watt- electrodes. The fluorescent powder is 
type /82. All lamps are burned 1 00 hours on a SLE 9/11 Watt electronic ballast before 
measurements are performed on them, according to the standard procedure. 

4.2 Measurement system 

In figure 4.2 an overview of the experimental setup is shown. The lamp will be operated 
on a 22 kHz electronic ballast (not depicted in figure 4.2). Every desired lamp current can 
be set, because this ballast is controllable. The lamp voltage, lamp current and lamp pow
er will be measured with a power analyzer. A detailed description of the electrical lamp 
operatien can found in appendix section A.2. The luminous flux will be measured with a 
calibrated photodiode. The calibration procedure of the photodiode can be found in ap
pendix A.1. 
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Figure 4.2 Overview of the elimate box and the 19"-rack. 

rn~ Master switch 

1 ° 2 C() C() Variac 1 ' '8 
st s2 

42.5 I I Lumen J 

Eurotherm I 

Power Analizer 

Power supply 
for ballast 

Power supply 
for amalgam 

Stabilizer 

The mercury pressure in the lamp can be controlled, by cantrolling the amalgam temper
ature, because the relation between the mercury pressure and the amalgam temperature 

is known from the literature [12]. A thermocouple is attached on the glass wall of the 
extended exhaust tube of the lamp at the location of the amalgam {see figure 4.3). The 
extended exhaust tube is inserted into a copper heating element, which is heated by a 
power supply. A Eurotherm PID controller controls this power supply, to obtain the de
sired amalgam temperature. 

Eurotherm 
~-----1 controller 

Power supply 

Amalgam temperature 
measured with thermocouple 

Coil 

Figure 4.3 Mercury pressure control with an amalgam at an exhaust tube. 
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Mercury pressure control with an amalgam at an exhaust tube is only possible, if no cold 
spot is formed somewhere in the lamp. Th is is extensively described in [9]. Therefore the 
lamp is put in a elimate box at an ambient temperature of 45°C. This way no cold spot 
will be formed in the lamp. 

A change in mercury pressure will result in a change of lamp voltage. The used ballast 
produces a constant lamp power. As a result the lamp current changes. The measure
ments, however, need to be performed at a constant lamp current. Therefore the lamp 
power will be controlled to keep the lamp current constant. This will be done with a con
trol loop in the software of a PC, which controls the used ballast. The measurements are 
fully automated, because it takes a long time to measure one lamp. Appendix sectien A.3 
handles about the automatization. 

4.3 Measuring procedure 

4.3.1 Quantities 

The amalgam temperature in allexperimentsis varied from 45°C to 125°C. This gives a 
variatien in mercury pressure from 0.3 to 5 Pa (see appendix figure A.6). Lamp current is 

set at multiples of 50 mA from 1 00 to 300 mA. 

For alllamps, the following experiments are performed. The lamp current is set at the first 
value and kept constant at that value during the following mercury pressure variation. The 
mercury pressure is increased stepwise, by increasing the amalgam temperature stepwise 
with steps of 5°C. After changing the amalgam temperature, 15 to 30 minutes must be 
waited to give the lamp time to stabilize. This time is dependent on fill gas composition 
and has been investigated earlier [ 1 0]. lf the lamp is stabilized, then the lamp voltage, the 

lamp power and the lumineus flux are measured. 

After this measurement, the amalgam temperature is increased again, the lamp gets time 
to stabilize and the lamp properties are measured. This procedure will be repeated until 
the amalgam temperature has reached its maximum of 125°C. Then the amalgam tem
perature is decreased to 45°C and the lamp current is increased by 50 mA. The amalgam 
temperature will be increased stepwise again. This procedure will be repeated until for all 
lamp currents the entire mercury pressure range has been completed. The Program Struc
ture Diagram (PSD) of the software which perfarms this measurement procedure can be 
found in appendix subsectien A.3.2. 

4.3.2 Accuracy of electric field measurement 

The electrode fall (cathode fall and anode fall) has been determined for each fill gas mix
ture and each fill gas pressure at all lamp currents and all mercury pressures. From the 
measurements on two different lamp lengths, the electrode fall can be found equal to 
10± 5 V. 
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The value of 10 V is in agreement with various publications e.g. [2]&[12]. Also previous 
measurements performed at Philips [3] give a good indication of the validity of this value. 
The large spread on this value however is not expected from the literature. lt is caused 
by the fact that the different lamp lengths are nearly equal. This gives a large inaccuracy 
in the determination of the electrode fall from the measurement data. 

To minimize the inaccuracy on the electric field of the positive column, the electrode fall 
will be fixed at 10 V. The electric field for each fill gas composition will be calculated from 
the lamp voltage. With this fixed electrode fall, the difference in the electric field between 
the long and the short version becomes always smaller than 5 V/m (equals 5% of absolute 
value). This holds true for all lamp currents and all mercury pressures. 

4.3.3 Discharge parameters 

To explain the measurement results, it is useful to know the most important discharge 
parameters: the electron temperature and the electron density. The exact value of these 
parameters is impossible to determine with the described experimental setup. Neverthe
less it is possible to give an estimation of these parameters. 

For a certain mercury pressure and a certain fill gas composition, the electron mobility J..le 
is only a tunetion of the electron temperature Te (see section 2.3). The electron density 

ne can also be written as a tunetion of the electron temperature, by rewriting the relation 
for the electron mobility (equation (2.22)): 

(j 
with cr = L 

E 
(4.1) 

with e is the elemental charge of an electron. The lamp conductivity cr is measured indi
rectly. The electric field E and the lamp current density jare measured directly and give 
the lamp conductivity cr. 

The energy balance for electrans in a stationary situation was derived in section 2.4: 

_ kB 1 
0 -?field -3e- · ne Te-- Pinelastic 

mh lle 

Filling in equation (4. 1) gives the following expression: 

kB 1 _ 1 
3- ·Te z - - · (?field -Pinelastic) 

mh lle cr 
(4.2) 

where kB is the constant of Boltzmann and mh is the mass of the heavy fill gas particle. 
The total power of the positive column ?field is measured. Only the total inelastic power 
loss Pinelastic is still unknown. However, the distribution of the power input by the electric 
field over the elastic and inelastic power losses can be estimated for a certain known sit

uation [3]. Therefore theelastic and inelastic powerlossescan be estimated. The inelastic 

power loss Pinelastic is assumed to be proportional to the luminous flux. By camparing the 
luminous flux of an experiment with the luminous flux of the known situation, Pinelastic 

can be found. 
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Filling in all the constants gives a tunetion of Te for the l.h.s. of equation (4.2). The r.h.s. 
is known from the experimental data. This equation has been solved numerically, giving 
a value of Te. Hence, the value of the electron mobility and the electron density are also 
known. 
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5 RESULTS 

5. 1 Mercury pressure dependenee 

Every lamp property is dependent on mercury pressure. There is a certain mercury pres
sure for which the luminous flux has a maximum. This 'optimal mercury pressure' is de
pendent on fill gas composition. 

There is also a certain mercury pressure for which the lamp voltage has a maximum. This 
pressure is lower than the 'optimal mercury pressure'. Therefore, the maximum efficacy 
will not be reached at the same mercury pressure as the maximum luminous f lux. Insome 
publications, by 'optimal mercury pressure' is meant, the mercury pressure for which the 
efficacy is maximaL In this report, by 'optimal mercury pressure' is meant, the mercury 
pressure for which the luminous flux is maximaL 
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Mercury pressure influence on the luminous flux and the lamp volt
age. 
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In tigure 5.1, the lumineus flux and the lamp voltage are shown as tunetion of the mercury 
pressure. The ditterenee of the 'optimal mercury pressure' and the mercury pressure at 
maximal lamp voltage, is dependent on fill gas composition. 

Cernparing the voltage of tigure 5.1 with the voltage versus mercury pressure character
istic trom the theory shows, that the mercury pressure in the experiments only varies trom 
region I to 11 of tigure 2.1 0. The curves for all the other fill gas compositions, show com
parative results. 

The lumineus flux is the average value of the long and the short lamp with the same fill 
gas composition. The ditterenee between the long and the short lamp at the 'optimal mer

cury pressure' is smaller than 60 lumen/m for all fill gas compositions. This is about 3%, 
which is of the same magnitude as the inaccuracy of the photodiode. This holds true tor 
all measured lamp currents. 

A comparison between the mercury pressure at maximal electric field for pure argon and 
pure krypton is made for a fixed fill gas pressure and a fixed lamp current in tigure 5.2. 
Krypton has a maximal electric field at a higher mercury pressure than argon. This maxi
mal electric field occurs at the transition between region I and 11 of tigure 2.1 0. The de
creasing electric field of region 11 is caused by the radiation trapping which reduces the 
inelastic power losses. The electron temperature for krypton is less than for argon. There
fore at the same mercury pressure, the inelastic power losses are less for krypton than 
for argon. Therefore for krypton, at higher PHg the radiation trapping gets important. This 
results in a transition trom region I to 11 at a higher mercury pressure. 

A comparison between the mercury pressure at maximal electric field for different fill gas 
pressures shows that this PHg increases with increasing fill gas pressure. The same argu
ment as above can be used to explain this shift in mercury pressure. The electron temper
ature for high fill gas pressures is lower than for low fill gas pressures. Therefore at the 
same mercury pressure, the inelastic power losses are less for higher fill gas pressures. 
Therefore for high fill gas pressure, at higher PHg the radiation trapping gets important. 
This results in a transition trom region I to 11 at a higher mercury pressure. 

All the mercury pressures for maximal electric field can be found in table 4 in appendix 
sectien 8.3. 
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Figure 5.2 The electric field versus the mercury pressure for pure argon and pure 
krypton at a fixed lamp current. 

5. 2 Fill gas mixture dependenee 

5.2.1 Measurements 

The current density is for all lamps varied from a bout 1 .3 * 1 0 3 A/m 2 to 4 . 1 * 1 0 3 A/m 2 . 

The electric field versus current density is expected to be negative. The result in figure 
5.3 shows that this is true. 
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Current density [A/m**2] 

• Argon 

• 75%Ar/25%Kr 

T 50%Ar/50%Kr 

• 25%Ar/75%Kr 

Krypton 

Figure 5.3 The electric field versus the current density for different f ill gas mix
tures. The fill gas pressure is kept constant at 1600 Pa. The mercury 
pressure for each curve is the 'optimal mercury pressure' for that fill 
gas mixture . 

This figure can also be made for the other fill gas pressures (200, 400 and 800 Pa). These 
figures can be found in appendix sectien 8. 1 

5.2.2 Trends 

There is a trend of a decreasing electric field when going from pure argon to pure krypton, 
at a certain lamp current. This trend can be seen in figure 5.3 for a fill gas pressure of 
1600 Pa, but a lso in the figures for the other fill gas pressures (200, 400 and 800 Pa) . 
The trend is present at all lamp currents. The lamp current is fixed, to campare the electric 
field for the different fill gas mixtures in figure 5.4. This figure shows the electric field as 
a tunetion of the fraction krypton in the fill gas mixture for a fill gas pressure of 200 Pa 
and 800 Pa. The other fill gas pressures (400 and 1600 Pa) show the same trend. 
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0.50 

fraction krypton 

0.75 

p = 800 Pa 

1.00 

• 200 Pa, Exp. 

"" 800 Pa, Exp. 

~ SQRT trend line 

Figure 5.4 The electric field as tunetion of the fraction krypton in the fill gas mix
ture tor a certain lamp current. The line gives the square root trend. 

Th ere is a line depicted in figure 5 .4. Th is line is calculated with the expected trend from 
section 2.6. The formula of the line is: 

1 E(%Kr)=--·EAr with m,g= (1-%Kr)·mA,+%Kr·mKr (5.1) 

R:, 
where EAr is the electric field for pure argon as fill gas mixture for p = 800 Pa, mAr is the 
mass of an argon atom and mrg is the average mass of an atom of the fill gas. This line 
gives a very good agreement with the measurements at a fill gas pressure of 800 Pa. For 
the other fill gas pressures (200, 400 and 1600 Pa - not depicted) the trend line is still 

qualitative in agreement with the measurements, but no langer quantitative. 

When going to other lamp currents, the expected trend (equation (5.1 )) keeps always 
qualitatively in agreement with the measurements, but not quantitatively. The explanation 
therefore is already mentioned in section 2.6: the electron temperature does not stay con

stant. 
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5.3 Fill gas pressure dependenee 

5.3.1 Measurements 

The electric field versus the lamp current density can also be compared between different 
fill gas pressures for a certain fill gas mixture. In figure 5.5, this comparison is shown for 
pure krypton as fill gas. Again the mercury pressure is the 'optimal mercury pressure' for 
each fill gas pressure. The curves for the other fill gas mixtures can be found in appendix 
section 8.2 . 
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Figure 5.5 The electric field versus the current density tor different fill gas pres
sures. The fill gas mixture is kept constant at 100% krypton. The 
mercury pressure for each curve is the 'optimal mercury pressure'. 

5.3.2 Trends 

The curves of electric field versus current density (like figure 5.5) for each fill gas pressure 
do show a trend when going from the lowest pressure (200 Pa) to the highest pressure 
( 1600 Pa). But this trend is not simple linear and in addition different for each fill gas mix
ture. The trend is present at all lamp currents. The lamp current is fixed to compare the 
electric field of different fill gas pressures fora certain fill gas mixture. Figure 5.6 shows 
the electric field as a tunetion of the fill gas pressure for the following fill gas mixtures: 
1 OO%Ar, 50%Ar/50%Kr and 1 OO%Kr. 
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eAr, Exp. 

• 50/50, Exp. 

""Kr, Exp. 

4 8 12 16 

p [mbar] 

Figure 5.6 The electric field as tunetion of the fill gas pressure for 1 OO%Ar, 
50%Ar/50%Kr and 1 OO%Kr at a certain lamp current. 

lt is visible that the electric field tor a certain lamp current (see tigure 5.6) has a minimum 
at a fill gas pressure in the range of the present project (between 200 and 1600 Pa). This 
minimum appears at a fill gas pressure of about 600 Pa tor all fill gas mixtures. Also at 
other lamp currents, the same trend is visible with the minimum at p = 600 Pa. 

In section 2. 7 is shown that tor a constant electron temperature, the electric field would 
be proportional to the fill gas pressure. lt was already mentioned that the condition of con
stant electron temperature is not valid. An estimation of the electron temperature can be 
made. 

Figure 5. 7 shows the electron temperature as tunetion of the fill gas pressure tor pure 
argon and pure krypton, calculated with three different methodes. First, the electron tem
perature calculated by HGDC [4]. HGDC is a Collision Radiative Model tor DC driven 
lamps. Second, the electron temperature calculated by VITL. VITLis a model for AC driv
en lamps. Third the 'experimental electron temperature', which is calculated following the 

procedure, explained in section 4.3. 

Both models (HGDC and VI TL) and the 'experimental electron temperature' give the sa me 
trend tor the electron temperature as tunetion of the fill gas pressure. Quantitatively, the 
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electron temperature of both models is lower than the 'experimental electron tempera
ture'. Th is ditterenee in absolute value can be explained by the rough estimation of the 

Pinelastic-term of the energy balance by the lumineus flux. Also, the semi-DC description 
introduces an error for AC driven lamps. 

3,------------,-------------,------------,-------------. 

0~----------~-------------+------------~----------~ 

0 400 800 1200 1600 

p [Pa] 

Figure 5. 7 The electron temperature as tunetion of the fill gas pressure. 

5.4 Lumineus flux 

5.4.1 Efficacy 

__._ VITL, Ar 

--.- VITL, Kr 

__._ HGDC, Ar 

-.- HGDC, Kr 

__._Exp., Ar 

_"._ Exp., Kr 

The efficacy of a lamp is dependent on the wall load (see section 3.3.3). The mercury 

pressure is fixed at the 'optima I mercury pressure'. Every lamp has been measured at 5 
lamp currents. Therefore every lamp is also burnt at 5 different lamp powers, which gives 

5 different wall loads. The efficacy as tunetion of wall load is plotted in tigure 5.8 for 
every fill gas composition and lamp power. 
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Figure 5.8 The efficacy as tunetion of the wall load for every fill gas composition. 

The average deviation in the efficacy is 3 lumen/W. The average deviation in the luminous 
flux is 70 lumen/m. This is about the same as the inaccuracy of the luminous flux mea
surement. Therefore this fit is acceptable. 

5.4.2 Luminous flux 

lt was already noticed in the previous subsection 5.4.1, that the fill gas mixture has just 
a minor influence on the efficacy and the fill gas pressure has a major influence on the 
efficacy. This effect is also visible in the luminous flux. 

Figure 5.9 shows the luminous flux per meter positive column as tunetion of the power 

per meter positive column. 
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Figure 5.9 The luminous flux as tunetion of power of the positive column. The 
points are measured values. 
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6 CONCLUSIONS 

The following conclusions can be drawn from this study: 

• Measurements on the lamps of the present project (a buffer gas mixture of argon and 
krypton, a buffer gas pressure between 200 and 1600 Pa and a mercury pressure 
between 0.1 and 10 Pa) yielded the following results . The measurement system can 

measure the electric field of the positive column with an accuracy of a bout 5% and 

the luminous flux of the lamp with an accuracy of a bout 3%. 

• The electric field of the positive column depends on the buffer gas mixture. An 
increasing percentage krypton gives a decreasing electric field. This can be under
stood theoretically. This trend holds true for all buffer gas pressures and lamp cur
rents . 

• The electric field of the positive column depends on the buffer gas pressure. lt has a 
minimal value at about 600 Pa. This is in agreement with the theory, which prediets 
that the electric field is proportional to the buffer gas pressure (in the pressure range 
above 600 Pa) and proportional to the electron temperature (in the pressure range 

below 600 Pa). Th is trend holds true for all buffer gas mixtures and lamp currents. 

• The electric field of the positive column depends on the mercury pressure. The maxi
mal value of the electric field for krypton will be reached at a higher mercury pressure 
than for argon. This holds true for all fill gas pressures . 

• The mercury pressure for maximal luminous flux is higher for krypton than for argon 
and proportional to the buffer gas pressure. 

• The efficacy of a lamp as function of the wall laad (and the lamp power) is indepen
dent of the buffer gas mixture and dependent on the buffer gas pressure. The buffer 
gas mixture however determines the lamp voltage and therefore also the lamp power. 

• The trends of the electric field have been explained by making use of the electron 
temperature and electron density. These plasma parameters have been estimated by 
two other rnadeis and experimental data. All lamps of the present project have an 
electron temperature of approximately (1.5 ± 1) eV and an electron density of 
approximately ( 1.5 ± 1) * 1018 m-3 . 
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