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SUMMARY
Recently a new lamp concept has been introduced: a tubular fluorescent lamp of which the
colour can change from cool-white to warm-white. This variabie colour tubular fluorescent
lamp is filled with a mixture of neon and mercury. In it, a primary 20 kHz mercury discharge
and a secondary capacitively coupled radio-frequency (eert) are struck. The primary
discharge causes the lamp to produce white light, whereas the secondary discharge produces
red light. The colour of the lamp can be changed by varying the input powers to the primary
and the secondary discharges. In order to perform a first characterisation of the combined
discharge, electrical and optical measurements are carried out. Making use of the theory for
transmission lines, a metbod is developed to measure the radio frequency (rf) discharge
impedance. A first order discharge model is used for the interpretation of the rf impedance
measurements. Using this discharge model, a rough estimation of the electron density (~
3·1 0 17 m- 3) can be extracted from the impedance measurements. The optica} measurements
are interpreted using a computer program which calculates the relevant colour quantities.
These calculations arebasedon the theory of colorimetry. For low primary input powers, the
maximum obtainable colour temperature change is 2000 Kelvin, whereas for high primary
input powers, it is only 500 Kelvin. The lamp concept introduced in this work does have a
perspective to lead to a new industrial product, but many technological improvements still
have to be implemented.

SAMENVATTING
Onlangs is een nieuw lampconcept geïntroduceerd: Een TL buis waarvan de kleur kan
veranderen van een koude naar een warme witte tint. Deze lamp is gevuld met een mengsel
van neon en kwik. In de buis worden een primaire, 20 kHz kwik ontlading en een secundaire
capacitief gekoppelde radio frequente (eert) ontlading getrokken. De primaire ontlading zorgt
voor wit licht, de secundaire ontlading daarentegen produceert rood licht. Electrische en
optische metingen zijn uitgevoerd om een globale karakterisatie van de lamp te geven. Met
behulp van de theorie voor transmissielijnen is een methode ontwikkeld om de radio
frequente ontladingsimpedantie te meten. Voor de interpretatie van deze impedanties is een
eerste orde model voor de ccrf ontlading gebruikt. Met dit model kan uit de
impedantiemetingen een schatting gemaakt worden van de electronendichtheid (~ 3·10 17 m-3).
De optische metingen zijn verwerkt met een computerprogramma dat verschillende
colorimetrische grootheden berekent. Het maximale kleurverschil dat bereikt kan worden is
2000 Kelvin voor lage en 500 Kelvin voor hoge primaire vermogens. Het geïntroduceerde
lampconcept kan tot een industriëel produkt leiden, maar hiervoor zijn nog wel vele
technologische verbeteringen nodig.
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1. INTRODUCTION

T

he tubular fluorescent lamp is by far the most applied discharge lamp type. It is used in
commercial, social and civic interiors, in streets, tunnels and also in increasing numbers
in the home, especially in east Asian countries like Japan. The main advantage of the
fluorescent lamp is its high power efficiency: one third of the input power is emitted in the
form of visual radiation. In comparison: an iocandescent lamp emits two to four times less
visual radiation at the same input power level. One of the main disadvantages of the
fluorescent lamp is the behaviour when it is dimmed, if it can be dimmed at all. When the
fluorescent lamp is dimmed, the colour of the lamp will change in a direction opposite to the
direction the colour change of a iocandescent lamp. Because of this behaviour, fluorescent
larups are hardly ever used in a situation where a change in light intensity is convenient. In
such a situation, fluorescent larups are used in times when maximum intensity is needed and
iocandescent lamps are used when dimming is required. lt would be much more practical if
these two aspects could be combined in one and the same lighting device. For this, a new lamp
concept is developed. This lamp can emit visual radiation with a cool-white colour for times
when maximum intensity is needed. When less cool light is desired, the lamp can emit warmwhite light. The change from cool-white to warm-white can be made during lamp operation by
changing a certain lamp setting. So the colour ofthe lamp is variabie during operation.
In this chapter we will start with a short description of the conventional tubular
fluorescent lamps (TF lamps ). Th en we will introduce the variabie colour tubular fluorescent
lamp (VCTF lamp). Finally, the scope ofthe research reported hereis described.

1.1 The conventional tuhular fluorescent lamp
This section briefly describes the conventional tubular fluorescent lamp. We will discuss the
working principle, the gas mixture, the electrodes, the fluorescent powders and the geometry.
A conventional tubular fluorescent lamp works on the low-pressure mercury discharge
principle. It is tilled with a mixture of argon, neon and mercury, the latter being present in
both liquid and the vapour forms. In the tube, a mercury discharge is struck in between the two
electrades at the ends of the tube (figure l.l). We will call this discharge the 'primary
discharge'.

Figure 1.1: A conventional tubular
fluorescent lamp.

The electrades are coated with a suitable emirter materiaL They serve to inject the electrical
current into the lamp, and by (enhanced) secondary emission they provide the electrous
necessary to rnaintaio the discharge. Even though a mixture of argon and neon is used as a
buffer gas, the emission spectrum of the discharge is dominated by the mercury spectrum with
its strong UV lines. The inert gas mixture has three functions. Firstly, it decreases the mean
free path length and thus the energy of the electrons. Secondly, it reduces sputtering and
evaporation of the emirter material by a partly too intense ion bombardment The last function
of the inert gas is providing easier breakdown. The mercury discharge produces mainly UV
radiation. The mixture of fluorescent powders couverts this UV radiation into vis ual radiation.
This mixture of fluorescent powders determines the colour temperature of the lamp. For this
study we have used Philips TLD 18W/84o tubes, which have a circular cross section with a
diameter of 26 mm and a length of 56 cm. The black parts at the ends of the tube (tigure 1.1)
are called caps. The electrical circuit used to provide the necessary power is an high frequency
(hf) ballast. This ballast has two functions. The first function is to generate a 20 kHz voltage.
The second function is to limit the current through the discharge. This limiting of the current
is necessary because of the fact that the mercury discharge has a negative ( V,l) characteristic.
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The network used for the hf mercury discharge will he discussed in chapter 5 in which the
electrical system is described.

1.2 The variabie colour tubular fluorescent lamp
Recently, the variabie colour tubular fluorescent lamp or VCTF lamp, was introduced by prof.
R. Itatani of Kyoto University [IT A 95]. Th ere are two main differences between the
conventional TL larups and the VCTF lamps. These differences are:
• In the VCTF lamp neon is used as a buffer gas whereas in the conventiona1
tubes a mixture of argon and neon is used.
• In the VCTF lamp, in addition to the conventional, primary, axia1 positive
column, a secondary, negative glow discharge is implemented.
In the following two sections these two differences, i.e. the gas mixture and the discharge
geometry will he discussed in some more detail.
1.2.1 Gas mixture
In VCTF Iamps, neon is used as a buffer gas, instead ofthe mixture of argon and neon. The hf
mercury discharge, which we wil! call the 'primary discharge' is not changed qualitatively by
this change of buffer gas.
Of course, neon has properties different from argon, however for the mercury discharge
these changes have no qualitative impact. Neon has a considerable number of lines in the
wavelength region 550 nm to 750 nm. However, the lowest excitation energy of neon is very
high (16.6 eV). This Iowest excitation energy is an important quantity, we will cal! it the
excitation potential. The probability for the electroos of the primary discharge to excite a neon
atom is very small, certainly in comparison with the probability for the excitation of a mercury
atom. Mercury has a low excitation potential (4.66 eV). The neon excitation probability is low
because of the fact that only the most energetic electroos have enough energy to excite a neon
atom. Because of the very low neon excitation probability, the primary discharge is based
purely on the mercury atoms. Although in the regions where the electric field is high, as in the
electrode regions, the neon can he excited.
In a discharge with a higher electron temperature however, there is a competition
between the mercury and the neon atoms to absorb energy from the electron gas. The mercury
atoms have a low excitation potential, but the density of the mercury atoms is low. The neon
atoms, however have a high excitation potential but their density is high. Table 1.1
summarises these quantities, taken from [PHI 94].

Neon
Mercury

Excitation potential (eV)
16.6
4.66

Density (m·3)
5.8·1023
1.9·1 020

Table 1.1: The relevant quantities
for neon and mercury

The probability for excitation depends on the neutral atom density, the electron density and
the rate coefficient for excitation which is a function of the electron temperature. The
expression for the number of neon excitations per unit volume per second Nne is:

where ne is the electron density, nne is the neon neutral density, kne is the rate coefficient for
the excitation of a neon atom in the ground state, to the first excited state. It is important to
note that the rate coefficient kne is a function ofthe electron temperature Te.
The densities of the neutrals are assumed to be constant. The electron density depends
on the power input. The probabilities for excitation of neon and mercury both depend linear
on the electron density. Because of this, changing the electron density will not change the
excitation ratio B. Th is excitation ratio is defined as the ratio of the number of excitations per
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unit volume per second of neon to that of mercury:

e = Nne = nne · kne(T.,).
N
('z:)
hg

nhg . khg

The rate coefficients are bath functions of Te, the ratio of these functions is also a function of
Te. Due to this, the excitation ratio can he changed by changing the electron temperature. The
neon atoms radiate red light, the mercury atoms cause the lamp to radiate white light. This is
why a change in the excitation ratio will cause a change in lamp colour. In conclusion, if the
electron temperature is changed, then the colour of the lamp will change.
For the practical application, a slightly different lamp concept is used. Instead of
changing the electron temperature in the whole discharge, a secondary discharge is added to
the primary discharge. This secondary discharge is designed to have a much higher electron
temperature than the primary discharge.
1.2.2 Discharge geometry
In order to add the second discharge to the lamp, extra electrades are attached to the outer
surface ofthe glass tube. These will he called the 'secondary electrodes'. On these secondary
electrodes, a radio-frequency (rf) voltage is applied. This rf voltage causes the build up of
charges at the electrodes, which in its turn causes a high electric field in the region between
the electrodes. Because of this electric field, a capacitively coupled radio-frequency (eert)
discharge develops in the region between the radial electrodes. The electron temperature of
the electrans in the ccrf discharge is much higher than the electron temperature of the primary
discharge. The electron temperature in the ccrf discharge is high enough to excite a
considerable amount of neon atoms. In conclusion, the primary discharge radiates white light,
due to the mercury excitation. The ccrf discharge radiates mostly red light, due to the neon
excitation. By adjusting the power input of the rf discharge, we can get a lamp colour in
between the white mercury light and the red neon light.
The geometry of the colour variabie lamp is given in tigure 1.2. The only difference in
geometry in comparison with the normal tube is the pair of extra electrades attached at the
outer surface of the glass tube.

Figure 1.2: the normallamp with the
extra electrades applied on the outer
glass surface.
For the measurements, two kinds of electrades are used. For the impedance measurements,
brass electrades were used. For the optica! measurements, aluminium tape was attached to the
glass surface. Figure 1.3 shows the cross section of the lamp, with the two sorts of electrodes.
The advantage of the brass electrades is the fact that the lamp and the electrades could he
separated. The advantage of the aluminium electrades is the good mechanica! contact between
glass and electrodes. The length ofthe electrades is 55 cm, the width is 5 mm. The distance in
between the electrades is 5 mm for the aluminium and 25 mm for the brass electrodes.
The qualitative light emission pattem is also plotted in tigure 1.3. Th is pattem is
observed in a lamp without fluorescent powder on the inner glass surface. The blue glow is
caused by the mercury discharge (primary discharge ), the red glow is caused by the ccrf
discharge (secondary discharge). In practice, the neon light is produced only in the regions
near the radial electrodes. In a lamp with fluorescent powder coating on the inner glass
surface, the red light pattem looks uniform over the whole tube. This is because of the fact
that the fluorescent powder coating is a diffuse reflector.
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Figure 1.3: The cross section of the
lamp with the aluminum electrades
and the lamp with the brass
electrodes.

1.3 Research carried out in this project
This report is divided five parts: introduction, theory, experimental set-up, results and
conclusions. The research done in the present project can be categorised in three fields of
physics (science). These three fields are: electrical networks, discharge physics and
colorimetry. The emphasis of the project is on the electrical network used to generate the ccrf
discharge. The discharge itself is investigated by measuring the rf impedance and the optica!
emission spectrum. In order to consicter the lamp characteristics, the optica! emission of the
lamp is used to calculate the colour of the lamp.
In the radio-frequency technology, many unfamiliar concepts and devices are used. The
theory for these concepts and devices is not common knowledge for discharge and plasma
physicists. In the theory part of this report, relevant concepts and devices in the radiofrequency technique are described. Concepts such as power flow , transmi ssion lines, matching
networks, power reflection, characteristic impedances etc. are discussed in chapter 2: Radiofrequency networks. This chapter is written in textbook way, no knowledge on the subject is
assumed. In the experimental set-up part, we will discuss a new methad for determining the
parasitic impedances and the discharge impedance. This methad is based on the theory for
coaxial lines and matching networks derived in chapter 2. In chapter 5: Th e electrical system,
the methad of measurements is descri bed. The rf discharge impedance is measured at different
levels of the power input to the rf discharge and the hf discharge. In chapter 7: The results of
the electrical measurements, the measured impedances and related quantities are presented.
In order to interpret the results of the rf impedance measurements , an impedance model
for the ccrf discharge is derived. This model is described in the theory part of this report, in
chapter 3: Capacitively coupled radio-frequency discharges. With the model, the discharge
impedance can be written as a function of the discharge parameters. In the results part of this
report, the results from the impedance and the optica! measurements are related to several
discharge phenomena.
The results for the optica! measurements are presented as chromaticity coordinates,
correlated colour temperatures, colours and spectra in chapter 7. In order to calculate these
quantities, knowledge of colmimetry is needed. Colorimetry is the branch of colour science
concerned with specifying numerically the colour of a physically defined visual stimulus. This
theory is described in chapter 4: Colorimetry. It is described in the same way as the theory for
the radio-frequency networks, no knowledge on the subject is required. The experimental setup for the optical measurements is described in chapter 6: The optica! system. The results of
these measurements are described in chapter 8: The results ofthe optica! measurements.
In chapter 9, the technica! probieros and their proposed solutions are discussed. Chapter
10 lines up the conclusions drawn in the results chapters.
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2. RADIO-FREQUENCY NETWORKS

I

n the description of radio-frequency networks, many unfamiliar devices and concepts are
used. For plasma and discharge physicists, these concepts and the working principles of
these rf devices are not common knowledge. In this chapter, we will consider matching
networks, power meters, coaxial lines, power reileetion coefficients, power losses etc. We
will start with a very simple network: a power souree which is connected toa single load. We
will calculate the power transfer efficiency from the souree to the load. It will become clear
that the conventional, so-called 'lumped element language' by itself is not sufficient for this
purpose. We will have to use wave language to describe the phenomena in the network.

2.1 The electrical network
The electrical network used to get an rf-discharge is an rf-generator with an intemal
impedance of Z0 and a eertaio network connected to it. We define the load Z as the total
impedance of all the components connected to the power source. The rf-generator is assumed
to consist of an ideal power souree with an intemal impedance Z0 • So we have a simplified
networkas shown in figure 2.1.

z
Figure 2.1: The simplijled network
power souree

lead

We will assume the voltages and current to be harmonie; in this way we can use the complex
representation in our calculations. The potential, currents and dissipated power in the
complex impedance Z can be calculated in two ways: using lumped element language or
using wave language.
In the lumped element approach, the time dependenee is assumed to be e'OJt
everywhere. The voltage is assumed to change instantaneously over the whole network, so
there is no space dependenee in the potential and the current in between two elements. If
these two assumptions hold, as in a network that is very small compared to the wavelength,
calculations usingjust complex amplitudes only, give good results.
If the dimensions of the network are not very small compared to the wavelength, the
wave language must he used. Wave language describes the voltages and currents in the
network as electromagnetic waves which propagate through the network.

2.2 Lumped element language
In the lumped element language the current through and the voltage across each component
of an electrical circuit is calculated. We assume that the current and the voltage are constant
over the wires between the components. If we know the current and voltages, we can
calculate the power dissipated in an element of the circuit. At first, we need a definition of
impedance and dissipated power. The definition of impedance is:
V2
V (t)
Z=
- - 2- - 12 - 12 (t)'

(2.1)
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where Vz and lz are the complex amplitudes of Vz(t) and Jz(t) respectively. The Anotation
conventions being used are that Vz is the complex amplitude of Vz(t) and that V2 is the
amplitude of Vz(t). The power dissipated by an impedance Z is:
(2.2)
The time-average ofthis dissipated power is:

(2.3)

where qJz is the phase difference between the voltage across Z and the current through Z. In
the remainder of this chapter we will use only time average values of the dissipated power.

2.2.1 Network calculations in lumped element language
In circuits wit a non-ideal power source, it is important to know when the power transfer
from the souree to the load is maximaL In order to calculate an expression for this situation,
the network shown in tigure 2.1 is used. We will derive some expressions for the relevant
electrical quantities in this circuit. At tirst we will calculate the dissipated power in Z, shown
in tigure 2.1. The current through Z and the voltage over the impedance Z can be calculated
using the following relations:

V(t)=Ve 1ra =l(t)·Z101 =l(t)·(Z+Z0 )

=> I(t) =

Ve 1ra
Z+Z0

(2.4)

.

So the expression for Vz(t) becomes:

V2 (t) =

z
Z+Z0

A

·

· Ve 1ra.

(2.5)

The average power dissipated in the impedance Z is:

(2.6)

We note that in this equation the denominator contains Z and thus Im(Z). By setting the
derivative with respect to Re(Z) and Im(Z) equal to zero, we can calculate the maximum
dissipated power in Z:

o(Pz)

o(Pz)
oRe(Z) = O

1\

olm(Z) = O.

(2.7)

Rewriting, these equations become

Im(Z) = - Im( Z0 )
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A

Re(Z) = +Re( Z0 ).

(2.8)

2.2 Lumped element language

So, if Z is the complex conjugate of the intemal impedance Zo of the power source, then we
have maximised the dissipated power in Z. In practice, the intemal impedance of a power
souree will be a resistance R 0 , its imaginary part is equal to zero. In this situation, the power
transfer from souree to load is maximal if Z is equal to R0 •

2.2.2 Matching networks
In general, the impedance Z ofthe load will be different from R0 • We can solve this problem
if we use an extra network in between the souree and the load. Th is extra network transfarms
the load impedance to R0 • It is called a matching network because it matches the load to the
power source.
There are many types of matching networks. In table 2.1, four types of matching
networks are described, [NOR 79] gives a full discussion on the different types. The
components X,, Xz and
can each be a capacitance, an inductance, a capacitance in series
with an inductance or a capacitance parallel with an inductance. We note that the
components X,, Xz and X3 are imaginary impedances. So in lumped element language, the
power dissipated in the networkis equal to zero as can be concluded from equation 2.3.

x:,

Type
Ltype

rr or ~type

Ttype

Transfarmer
coupled

Network
X2

r
n
T
Jjr
X2

Table 2.1: Four types of matching
networks

The L type is the simplest possible impedance matching circuit. For this reason, the matching
network used is an L type network. In tigure 2.2 the L type networkis shown, along with the
power souree and the load impedance. We can maximise the power dissipated in the load by
changing the value of the capacitors. We will get the maximum dissipated power if the
impedance of the whole network connected to the souree is equal to the intemal resistance of
the source, R0 . The process of maxiruising the dissipated power is called matching. The two
matching equations, equation 2.8 for the network shown in tigure 2.2 are:

R/ + (x L +

a)( x L + a+ b) = 0

r) = 0'

b RL - Ra (RL + (x L + + b
2

1\

2

a

(2.9)
where
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Here we have assumed that the series impedance of the matching network is j ·a and that the
shunt impedance isj-b. So we have:

1
j ·a=-.--+ jwL
;OJC2
1

j·b=--.
jOJC1

(2.10)

In general, the two matching equations (2.9) give two solutions for b. One of the solutions
for b is the negative of the other. For each of these two solutions of b, there is a solution for
a. However, not every solution of equation 2.9 corresponds to a network as shown in tigure
2.2. For example, if b is positive, C1 has to be negative, which is not possible. The matching
network, shown in tigure 2.2 can match a certain range of values of the plasma impedance.
The tixed value for L, and the possible values for C~, C2 determine the matching range. So
we have equation 2.9, which determines the values a and b. From these values fora and b we
can calculate the values for C1 and C2 . However, the capacitors used in the network imply an
extra condition. This condition is that the values for C1 and C2 have to be within the range of
achievable capacitances. We note that without the assumption of a network with two
capacitors and an inductive impedance as shown in tigure 2.2, matching is achievable in
every case. For instance, ifthe value for C1 has to be negative, we can 'replace' the capacitor
by a positive inductance.
The matching equations also depend on w, this means that ifwe change the frequency,
the values C1 and C2 of the two capacitors have to be changed to match the circuit. Most of
the matching networks are designed to work at a specitic frequency, e.g. 13.56 Mhz, the
frequency which is blocked for radio-stations by the PTT.

z
Figure 2.2: The electrical network

These are the results in lumped-element language. We know what the maximum of the
dissipated power is and we know how to achieve this maximum. We also have all the
necessary relations between the voltage across, the current through and impedance of Z.
However, the situation is a bit more complicated because the plasma impedance is unknown.
So the matching equations cannot be solved. We will have to measure the power dissipated
in the plasma and simultaneously maximise it by changing the values C 1 and C2 of the
capacitors. This can be done by using a transmission-line power meter. Such a meter is able
to measure the power-flow directed to the matching network, and the power-flow directed
backwards to the power source.
In lumped element language there is only one power-flow, which is directed to the
matching network. This is why it is necessary to use the wave language, descrihing the
phenomena in terms of guided electromagnetic waves.

2.3 Wave language
In this section, we will derive a set of expression for the currents, potentials and power flows
in an radio-frequency network. The main difference of using wave language instead of
lumped element language is that the connections between the electrical elements are assumed
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to have a non-zero impedance. We will start with consiclering transmission lines. With the
theory for these transmission lines, the influence of coaxial cables in an rf network can be
calculated. Some characteristic examples will be given. Finally, with the knowledge of these
effects, we can carry out the wave language calculations for the system used in the preceding
sections. Section 2.3 .1 and 2.3 .2 are based on the theory for transmiss ions lines described in
'Microwave transmission' by Slater [SLA 42].
2.3.1 Transmission lines and foor-terminal networks
In the schematic drawing of the network in the last section, the matching network is
connected directly to the power somce. This is not realistic, because a coaxial cable with a
eertaio impedance per meter is used for the connection. This coaxial cable is the reasou to
consider the theory for transmission lines.
In order to onderstand the theory of transmission lines it is necessary to detine a few
properties of fom-terminal networks. A fom-terminal network is an electrical network with
two input and two output terminals. Such a network is symmetrie if the properties do not
change when the input and output terminals are exchanged. In tigure 2.3, the general
representation of a symmetrie fom-terminal network is shown. It is possible to calculate a
characteristic impedance for a symmetrie fom-terminal network. If an impedance with this
characteristic value is placed in between the output terminals, then the impedance of the
input terminals will have this characteristic value also.
If we conneet the output of a symmetrie fom-terminal network to the input of an equal
symmetrie fom-terminal network, and so on, we will get a transmission line. A transmission
line is an intinite number of connected, identical symmetrie fom-terminal networks.

Figure 2.3: The generalfarm of a
symmetrie jour-terminal network

2.3.2 Current and voltage waves
lt is possible to calculate the current in a transmission line, with an intinite amount of foorterminal networks as shown in tigure 2.3. This is done by calculating an expression for im the
current through the right upper terminal of the n1h fom-terminal network (see tigure 2.3 for
the detinition ofthe sign of in):

Vn =in

·(~z, +ZP) -in+l ·ZP,

-Vn =-in-I ·ZP +in

·(~zs +ZP)'

:::> Zs •in + Z p • (in -in+ I +in -in-I)= Ü.

(2.11)

We assume:
(2.12)
where A and y are complex constants. Then we have
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Ifwe rewrite this expression, we get

er +e-r

cosh(y)

=

2

Z

= 1+ _s .
2Zp

(2.13)

The hyperbalie eosine is an even function, so there are two solutions for every set of values
of Zp and Zs. One ofthe solutions is the negative ofthe other, so we could have assumed that
in=Ae+rn. The sign of yshould be chosen in such a way that the real part of yis positive. We
can write the general solution for the current in the transmission line as:
(2.14)
where A and B are arbitrary functions of frequency. The presence of the minus sign will be
clarified later. The factor dmt is inserted to represent the time variation of the current. We
have used the principle of superposition in deriving this general solution. Clearly the general
solution of the current through the transmission line is a wave propagated to the right and a
wave propagated to the left.
We can calculate the ratio of voltage to current in the n1h network if the current in is just given
by the first term of equation 2.14 representing a wave travelling to the right along the line.
This ratio is defined as the characteristic impedance ofthe line, Z0 :

(2.15)
The other way around, if we terminate a line at the n 1h network with the characteristic
impedance Z0 , we know that the ratio of voltage to current is Z0 . Because of this, there is a
wave travelling to the right along the line, without a wave travelling to the left. So there is no
reflection at the end of the line if the line is terminated with the characteristic impedance.
If we terminate the line with an impedance Z, which is different from Zo then the current in
the line cannot be simply a wave travelling to the right. This is because such a wave
generates a ratio of voltage to current equal to Zo at the end of the line. By combining such a
wave with a wave travelling to the left, however, we can give the ratio of voltage to current
any desired value, and this must be clone in order to satisfy our general boundary condition.
This boundary condition is that the ratio of voltage to current is equal to Z. So the wave
travelling to the right is partly reflected in such a way that the ratio of voltage to current at
the end of the transmission line is equal to Z.
We can calculate the reflection coefficient ifwe know the voltage at the nth networkof
the transmission line, corresponding to the wave travelling to the left. This situation is a bit
more complicated. We assume the current to be a wave travelling to the left, in= -Be +rn. The
voltage at the n1h network can be calculated, we have
(2.16)
This is almost the same result as with the current wave travelling to the right. The only
difference is the minus sign. We can understand this minus sign by imagining an infinite
transmission line, with a current wave travelling to the right. If we cut this line at the
terminals a-a, then we have two parts, a left and a right part. These two parts are shown in
figure 2.4.
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Figure 2.4: A cut transmission fine.

The arrows in figure 2.4 indicate the direction of the current in the terminals. The upper
terminal is at positive voltage with respect to the lower. The current in the right side of the
transmission line is flowing in the direction of decreasing voltage. The current in the left
side, however, is flowing in the direction of increasing voltage. This means that on the left
hand side the ratio of voltage to current is negative! So looking in the direction of power
flow, as in the right hand side, the impedance is positive. Ifwe look in the direction opposite
to the power flow, as we do ifthe current wave is travelling to the left, then the impedance is
negative. The left part of the transmission line can be seen as a power source, the right part
can be seen as a dissipating device.
We can return to the situation where the transmission line is terminated at the nth
network with an impedance Z. We assume the four-terminal network to represent a
transmission line of infinitesimal Iength. In equation 2.12 we defined r so that ë is the ratio
of the current at the (n+ 1)st to that at the nth element. Th is would give us an infinitesimal y.
We prefer rather to define r so that e-r is the ratio of the current at coordinate (x+ 1) to that at
coordinate x. Then the current through and voltage across Z fora continuous line are:

i 2 (t)

= AeJax-yd -

V (t)

= Z 0 · Ae 1ax-rd + Z 0 · Be 1ax+ftl '

z

BeJax+ftl,

(2.17)

where nis replaced by d, the length ofthe transmission line. We note that we have used the
superposition principle in deriving the expression for Vz(t). The ratio of this voltage to this
current has to be equal to Z:
1

1

V (t)
Z · Ae ax-rd + Z · Be ax+rd
Ae-,a + Be,a
z -= _z_
= o
o
= z .--.,-----,i (t)
AeJax-yd - Befax+rd
Ae -,a - Be ,a ·
0

(2.18)

2

We can calculate an expression for the reileetion coefficient p for the voltage wave using
this equation, then we obtain:

(2.19)

The expressions for the voltage and the current in the transmission line, respectively VT(x,t)
and i7(x,t) can be rewritten in a more conventional notation:

(2.20)
where VF is the amplitude of the voltage wave travelling to the right, and the wave vector k=jy. The expression for kas a function of the series impedance per unit length Zs and of the
shunt impedance per unit length zp, derived from equation 2.13, with = Z 5 ·dx and ZP= zpldx

z,

11

2.3 Wave language

IS:

k~±jf.

(2.21)

In accordance with the definition of y, we have to choose the imaginary part of k to be
negative. The characteristic impedance Z0 of the transmission line as a function of z,. and zp,
derived from equation 2.15 is:
(2.22)
We note that if Z = Z0 , then p = 0, and the expression for the ratio of voltage to current in the
transmission line is:

VF . (ejux-jkx)

=

VF. (e JUX- jkx)
-

=Zo.

Zo
So if we terminate the transmission line with the characteristic impedance, then the
impedance at any point in the transmission line is this characteristic impedance.
In short, the current in a transmission line consists of a wave travelling to the right and
a wave travelling to the left. If we terminate this transmission line with an impedance Z, we
will get a boundary condition for the current. This boundary condition leads to a reflection
coefficient for the waves at the impedance Z. In the next section, we will use the expressions
we derived to calculate the influence of the coaxial transmission lines in between the
electrical elements.
2.3.3 The influence of the coaxial cables

In the preceding sections we derived expressions for the voltage and current waves in a
transmission line which is terminated with an impedance Z. Usually, we use coaxial cables to
conneet certain elements in the network. In this section we will discuss the influence of
coaxial cables in an electrical network.
The first properties of a coaxial cable we will discuss are the wave vector k and the
characteristic impedance Z 0 , which are related to the impedances z., and zp, as described in the
preceding section. In a coaxial line, the series impedance per unit length consists of a
resistance and an inductive impedance in series. The shunt impedance per unit length
consists of a capacitive impedance. So we may write

z.,.

= R + j mL ,
1

ZP=

jOJC'

With this expressions we have:

z ~+~R+ jmL ~+
o

and
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{L
vc{L}+ jOJLR ~+ vc,

(2.23)
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~ +m.fi.E · (1 + ~)
= +(m.Ji.E - i!!.._) .
2JmL
Z
0

Ifwe choose the imaginary part of k to be negative, we get:

R

k ~ m.fi.E- i - = k'- i · k".

(2.24)

Zo

We note that due to this choice of sign, Zo will be positive. As a numerical example, we can
calculate the relevant quantities for RG 213/U cables, which are commonly used for making
rf connections. We have C = 100 pF·m, Zo= 50 Ohm, L = 0.25 r..tH/m, a= -0.018 dB/m. With
this values we can calculate k' and k'~·

20· 10 log(e-k")

= -0.018 ~ k" = 0.002m- 1 ,

We note that k "is very small, so if we do not use long cab les, we can neglect the losses in the
cable. From the values for k' and OJ, we can calculate the velocity of the waves in the cable,
this velocity is 2·1 08 m/s, for all the possib1e val ues of OJ.
The next effect to consider is the impedance change resulting from the use of coaxial cables.
If we terminate a transmission line with an impedance Z that is different from the
characteristic impedance, we get the following expression for the impedance Za at the other
end ofthe line:

Vr(O,t)

za = ir (0, t)

1+p
Z+jZ0 ·tan(kd)
=Zo . 1- p =Zo . Z + jZ · tan(kd) .

(2.25)

0

It is obvious that this expression for Za is not equal to Z. So, in calculating relevant quantities

the iniluence of the coaxial cable cannot be neglected. We can find arelation between the
voltage and current on one side of the transmission line and the voltage and current on the
other side. This relation is an extension of equation 2.25. Because of this, the transmission
line can be seen as a four-terminal network. The relation between the input and output
impedance of this four-terminal network is given by equation 2.25. So to account for the
impedance-change due to the transmission line, we have to replace the impedance Z by the
impedance Za in our calculations.
It is useful to take a closer look at the waves in a transmission line. In the last section we

assumed reileetion at one end of the coaxial line. This reileetion at the load impedance
determined the ratio of the wave travelling to the left to the one travelling to the right. At the
other end of the coaxial cable, i.e. at the power source, there can be reileetion also. We will
derive some useful expressions for this reileetion at the source.
We note that the impedance of a terminated line is in general different from Zo due to
the reileetion at the terminal impedance. The reilected wave creates an extra voltage and
current in the line. If we generate a wave in a transmission line, the impedance of the line is
Z0 until the reilected wave arrives at the beginning of the line. This is because at first, the
wave is not able to 'see' the impedance that terminates the transmission line. At the
beginning ofthe line, the effect ofthe terminal impedance can only be noticed ifthe reilected
wave arrives there. This principle is clear in the following example.
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Transmission line

Figure 2.5: An example of a de
network.

Assume we have a de power-souree with an internal resistance Rr, connected to a resistance
RL with a coaxial cable, as shown in figure 2.5. The coaxial cable has an characteristic
impedance Zo = Ra. If at time t = 0 the switch S is closed, the voltage at the beginning of the
coaxial cable is Va. The voltage in the transmission line is a wave which can be expressed
mathematically as:

V(x,t)

=0
=Va

vt -x~ 0
vt -x> 0,

(2.26)

where v is the group velocity of the wave in the line. The expression for the current wave is:

i(x,t)

=0
Va
Ra

vt- x~ 0
vt -x> 0,

(2.27)

where the expression for Va is:

This is the voltage across an infinite coaxial cable. The voltage of the battery is Vwurce· lt is
clear from this expressions that the ratio of V(x,t) to i(x,t) is equal to Ra, as long as the
voltage wave and the current wave have not arrived at the resistance RL. This is the situation
with only a current and a voltage wave travelling from the source, as described in the
preceding section. When the waves arrive at the resistance RL they create a ratio of voltage to
current of Ra, which is different from RL. To give the ratio of voltage to current at the end of
the transmission line the value RL, the voltage wave is partly reflected with the reflection
coefficient pL:
(2.28)

The current wave is reflected with a reflection coefficient -pL, according to the expressions
we derived in the preceding sections. In the remainder of this section we will describe the
voltage wave only and assume the current wave to propagate along with this voltage wave.
The reflected wave is travelling back to the beginning of the transmission line. When it
has arrived at the beginning of the transmission line, it provides an additional voltage at the
connector of the power-source. Similarly, the reflected current wave provides an extra
current through the connector of the power-source:
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where V0 is the voltage across the connector, caused hy the wave travelling to the right, V1 is
the voltage across the connector caused hy the wave travelling to the right and the reflected
wave. This is the situation when the reflected wave has arrived at the connector. At the
connector, Kirchoffs circuit equation must he satisfied, this equation is:
(2.29)
where Vc and ie are the voltage and current across the connector, respectively. This Kirchoff
condition can only he satisfied if we assume the reflected wave to he reflected at the
connector. This twice reflected wave gives an extra voltage and an extra current term. So we
have the following expressions if we assume the reflection coefficient at the souree to he pp:

(2.30)

In these equations, the extra current and voltage terros are added, to satisfy the Kirchoff
houndary condition. If we substitute these two expressions in equation 2.29, we get the
following expression for pp:

Rp -R0
PP = R p +R0

(2.31)

This process of reflection repeats at every houndary, so for Vc we have a summation of
multiple reflected voltage waves. The same holds for ie. The time rit takes for the wave to
travel through the whole transmission line is:

d

k·d

V

OJ

·=-=--,

where v is the group-velocity of the wave and d the length of the transmission line. Every 2 r
a reflected wave is added to the previous wave, so the voltage on the connector is:

(2.32)

This can he rewritten in the form:

(l+p ++~}(p,p,.l"J

R,

1•

Vc (t) = R + R · Vmurce ·
0

p

(2.33)

l _p p
~

p

The limiting value of this function is:

15

2.3 Wave language

.

()

Lzm Vc t
1

~

00

R0

=R +R
0

p

( 1+ PL )
· Vmurce · 1 _
PLPP

RL
· Vsource ·
L
P

=R +R

(2.34)

This is the same expression we would get if we used lumped element language in a circuit
without the coaxialline. In tigure 2.6, Vc(t) is plotted against t, ford= 1km, R0 = 50 n, Rp =
75 n, RL= 100 n, Vp = 1 Voltand k!m = 5-10-9.
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Figure 2. 6: The voltage across the
connector.

In the same way, we can derive an expressionfora harmonie-wave in the coaxial cable. We
can replace the resistances R0 , Rp and Rr by the impedance Z0 , Zr anc!_ ZL, respectively. The
batteryin tigure 2.5 is replaced by an rf-source with an amplitude of V. The limiting values
of the voltage and current at di stance x and time t are:
A

v(x,t) =

Zo .
V
e1áJI
Z 0 + ZP 1 - PLPr

•(

e-jkx + PL . ejkx)'
(2.35)

A

V
e1·áJI • ( e-1·kx
Z 0 +ZP 1- PLPP

1

i( x,t ) =

where the souree voltage is

Ve 1

ZL- Zo

PL

= ZL

·

+Z ·e

áJI

-pL

·e'kx) ,

and the expressions for PL and Pr are:

-2Jkd

(2.36)

0

Equation 2.35 is an extension of equation 2.34 for the voltage at the beginning of the line.
The characteristic impedance of the line Z0 , the internat impedance of the souree Zr and the
terminal impedance Zr can have a reactive part. From these expressions, it is clear that there
is no reileetion at the souree in the situation where the characteristic impedance of the
coaxialline is equal to the output impedance of the power source.
The multiple reflections in a transmission line have significant consequences. Because
of these reflections, the voltage in some parts of the coaxial cable can he much higher than
the voltage on the power souree connector. This is due to the fact that standing waves arise in
the cable, as can he seen in equation 2.35. The occurrence of these standing waves is clearly
pronounced in the situation when the length ofthe cableis an integer times half a wavelength
À:

d
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1

= m--2 1

/l,.

(2.37)

2.3 Wave language

Where m is an integer. As an example we can plot the voltage in a transmission line, as a
function of distance and time, this is done in figure 2. 7. In this figure, the voltage in a coaxial
cable with a characteristic impedance of 50 n, terminated with an 1 n resistance, connected
to a souree with an internat impedance of 1 n is plotted. In the plot we assumed the
amplitude of the souree-voltage to he 1 Volt, the frequency is 13.56 MHz. The length dof
the cableis equal to the wavelength ofthe voltage and current waves. Using lumped element
language, the voltage at the beginning of the cable, Vc can he calculated:

Vc

1

~

.

= - Ve 1 mt =

2

1
-e 1

'OJ(

2

In figure 2.7, we can see that, using the configuration mentioned above, the voltage in the
cable can he about 25 times the amplitude of the souree voltage, which means that in the
cable, at some point the voltage is 50 times higher than the voltage that is supplied at the
beginning ofthe cablel

10

V(au)

0

-10
1416
12
10
8
6

d(m)

4

Figure 2. 7: The voltage in a
coaxial cable.
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In short, we have to he very carefut with the application of coaxial cables. Especially the
length can he very important in descrihing the influence on voltages and currents in the
network.

2.3.4 Network calculations in wave language

In lumped element language, we derived expressions for the relevant quanttttes in the
network shown in figure 2.1. Using wave language we will do the same, however instead of
using the network shown in figure 2.1, we will use the one shown in figure 2.8. The coaxial
cable used is a transmission line with a characteristic impedance of Zo= R0 = 50 Ohm. So the
network can he seen as a transmission line with a characteristic impedance of R0 , terminated
with the impedance ofthe matching network and the load. We will consider an impedance Z
at the end of the transmission line.

z
Transmission line

Figure 2.8: Simplified network with
the transmission line.
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The rf-generator produces an electromagnetic wave, which is guided to the impedance Z
through the transmission line. This voltage-wave eau be described mathematically as:

V(x,t)

= VeJrd-Jkx,

where x is the distance from the rf-source along the transmission line. If the impedance Z
differs from R0 , the wave will be partly reflected at the end of the transmission line. Because
of this reileetion there are two waves in the transmission line, one going from the souree to
the end and one going backwards. For calculation the voltage at the end of the transmission
line, we can use the expression for the voltage in a transmission line. This expression is
separated in a voltage for the forward wave and the reflected wave:
(2.38)
where

k= k'-jk".

(2.39)

The complex amplitude of Vz is

VZ =VF · ( e - jk'd ·e -k"d +p·e jk'd ·e k"d)

=V · ( e - Jk'd ·e -k"d + (
F

Z- Ro) ·e

=V ·e -Jk'd ·e -k"d · ( 1+
F

-2Jk'd-2k"d

Z+R 0

·e ik'd ·e k"d)

Z- Ro) .

Z+R 0

So we have

V2

-

.

VF e

- jk'd •

e

-k"d • (

2 .z
R

Z+ o

).

(2.40)

This is the expression ofthe voltage at the end ofthe transmission line. To get an expression
for Vp, we use the expression for V2 , the voltage at the beginning of the transmission line.
This expression is:
a
(2.41)
In lumped element language, we derived an expression for the voltage across the impedance
Z, this is equation 2.5. We have the same networkas in tigure 2.1, with Zreplaced by Za, so
we can use equation 2.5 ifwe replace Z by Za and Zo by R0 :

1+p

- · R0

z

V (t) =
a
za
Z +R
a

A

· Ve

o

1•

rd =

1- p
1
· Ve'" =- Ve 1
1+ p
2
- - · R0 +R0
1-p
A

))/

A

"fd

(

·

From the preceding two expressions for V2 a we can derive the expression for Vp:
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)

1+ p .

(2.42)

2.4 The measurements with the in-line power meter

1

A

VF =-V
2 .

(2.43)

Rewriting the expression for V7(x,t) and iy(x,t), we tind

Vr(x,t)

=

±v. (

ef(J)[-,k'x. e-k"x

ir(x,t) = 2~

+ e'(J)[+/k'x. p· ek"x),

V·(e/(1)[-jk'x ·e-k"x -e'oX+tk'x. p·ek"x).

(2.44)

0

This is the general solution for the voltages and currents in the transmission line, shown in
tigure 2.8. We note that the Kirchoff condition at the beginning of the cable (see section
2.3.3) is satisfied when we only have one reflected wave. This is why there is no multiple
reflection. With the expressions 2.44 we can calculate the power dissipated in Z. The
expression for this power is:

(2.45)

This can be rewritten in the following expression:

1
-k"d
( -V·e
1 2
A

P =z 2

· 12Z
- - -~
z + R0

[z[2

2

1

•

Re(Z) =- ·

v

2

2 lz + Rol2

· Re(Z) · e- 2 k"d

.
(2.46)

We note that this expression is similar to equation 2.6, except for the loss factor.

2.4 The measurements with the in-fine power meter
An in-line power meter is frequently used for matching purposes. The reasou for this is that it
is possible to measure the amount of power that is dissipated in the load. This power can be
maximised in order to match the load to the power source. We can derive some useful
expressions for this power meter, using the theory of transmission lines and the expressions
for the simplitied network from the preceding section. Section 2.4.1 is based on the
discussion of transmission line power meters in [ROO 91].
2.4.1 Working principle
An in-line power meter can measure the power-flow in a coaxial cable. In genera!, there is a
flow travelling from the souree and a reflected flow travelling to the source. The meter must
be connected on both sides to the cable connecting generator and matching network. It
consists of a network drawn in tigure 2.9 and some extra circuitry. The network is simply a
piek-up wire titted parallel to the rf-carrying feedthrough in a coaxial system. lt is titted
between the earth and the feedthrough of the coaxial cable. The upper terminal in tigure 2.9
is grounded. The characteristic impedance of the meter is equal to the characteristic
impedance of the cab les, so there are no reflections at the meter. The direction of the piek-up
wire with respect to the coaxial cable can be changed over 180 degrees.
The voltage across the capacitor C is -90 degrees out of phase with the voltage Vrf' In
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series with the capacitor C is a resistance R. The voltage across the piek-up wire with the
mutual induetion Mis ±90 degrees out of phase with the current I,t; depending on the chosen
direction of the piek-up wire. These phase differences in the voltages across the components
in the measuring network make it possible to measure a current that is 180 degrees out of
phase and a current that is in-phase with the voltage Vrt; independently. The voltage Vm is
measured by some extra circuitry .
._Vm-

I
_j

Figure 2.9: The Basic circuit of a
transmission fine power meter.

lt can be derived that

R
(2.47)

The sign of the second term depends on the direction of the piek-up wire M. If R<<l/jwC,
then this expression becomes

Choosing the components of the network such, that

C·R
M

1
R'
a

(2.48)

it appears that

;a

1
Vm = jwM · ( V ± 1,1 )

.

(2.49)

The power-meter is located at x= l. We can write the values of V,j(J) and lrfJ), the voltage
and current at x= l in the transmission line as:

v~1 (t)

=VT(l,t) = vF(t) + vR(t),

Jrf (t)

=. (l' t) = (VF(t)-Ra VR(t)) .
lT

(2.50)

In this expression V1;(t) and VR(t) are the voltages of the forward and the reflected wave,
respectively. These voltages are determined by equation 2.44 with x= l, the distance between
souree and power-meter along the transmission line. Depending on the direction of the piekup wire, and thus the sign of M, the output voltage ofthe power meter is either

M
oX
Vm(t) = jm-·2VF ·e 1 ,
Ra
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(2.51)
or

Vm (t)

M

= jmR · 2VR · e

1

~

0

The extra circuitry calibrates the outputto read the following quantities:
~2

1 I
12
PF = 2R VF(t)

V

= 8R ·e-2k"l '

0

0

(2.52)
~2

and

PR

1 I
V
Z= -2RVR (t) 12 = -8R-.
z + RR0
0

0

2

. e-2k"(2d-t).

0

These are the power flowing from the souree and the power flowing to the source. The extra
factors e-2k'1 and e-2k"(Jd-l) can be omitted ifthe lossesin the coaxial cable can be neglected.

2.4.2 The power measurements
Using the in-line power meter, it is possible to measure the power flow from the souree and
the flow to the source. Normally, short cables are used, so the losses in the cables can be
neglected. This is why we omit the loss factor in the expressions in the remainder of this
section. We can write an expression for PF- PR:

(2.53)

If we campare this expression with equation 2.46 neglecting the loss-factor in this equation,
we find:
(2.54)
So, if we neglect the losses in the cable, then we can measure the power dissipated in the
impedance Z. In general, this is not the power dissipated in the plasma, because the power
dissipated in the matching network is not necessary negligible. However, we can use the
power dissipated in the impedance Z as an approximation for the power dissipated in the
plasma. If we have the situation with a coaxial cable with a characteristic impedance R0
between the souree and the load, then a power meter can be used to match the network. If the
reflected power is equal to zero, then the coaxial line is terminated with its characteristic
impedance. This means that the impedance at the beginning of this coaxialline is equal to R0 ,
and the power transfer is maximised.
The last quantity we will discuss is the power dissipated in the intemal resistance of
the power source. If we calculate this power, we get the following expression:

p

R0

1
=-·

v

2

2 IZ+R 12
0

·R
0 •

(2.55)

If we rewrite this expression, we find
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If we neglect the loss factor, we find
(2.56)
where P is the power generated by the ideal source. The first two terros represent the
dissipated part of the wave travelling to the right. This is the 'normal' dissipated power, that
does not damage the power source. The third term represents the power of the reflected
wave, that is dissipated in the power source. lt is important to note that this is an extra power
flow, that can damage the power source. So, the power dissipated in R0 is equal to the power
dissipated by the wave propagated to the right and the power dissipated by the reflected
wave.

2.5 Conclusions
We have seen that the calculations in the lumped element language give useful results. It is
possible to calculate the maximum dissipated power and an expression for the values of the
capacitors C 1 and C2 . However, because of the fact that the plasma impedance is unknown,
these expressions are useless for determining the values for C 1 and C2 • So, the dissipated
power has to be measured and maximised simultaneously. The dissipated power can be
measured with an in-line power meter. To understand the operating principle of such a meter
it is necessary to use wave-language.
An in-line power meter is able to measure a power-flow in two directions, a flow from
the souree and a flow to the source. The power-flow travelling to the souree is the reflected
part of the power-flow travelling from the source. This reileetion is a result of the fact that
the network is not matched, the transmission line is in general not terminated with the
characteristic impedance. If the reflected power is minimised then the power dissipated in the
whole network connected to the souree is maximised.
The impedance of the plasma can be calculated if we measure the power flows and the
voltage on the connector, or by matching the network and measuring the capacitances and
inductance.
It is important to note that the power of the reflected wave is dissipated in the inner
resistance of the power-source. The reflected power can damage the power-source, so
matching maximises the power dissipated in the network and it minimises the damage to the
power source.
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3. CAPACITIVELY COUPLED RADIO-FREQUENCY
DISCHARGES

I

n this chapter we will consider the physics of a capacitively coupled radio-frequency
discharge (ccrf discharge ). In order to understand the general features of a ccrf discharge,
we will use a simplified model. With this model we can calculate some important discharge
quantities. Because of the many simplifications, these calculated quantities are at best an
estimation for the physical quantities. The advantage of the simplified model is that we can
derive an analytica! expression for every quantity. This gives us more feeling for the
influences of various parameters than a sophisticated, numerical model would give us. The
assumptions for the model are taken from [RAl 91].

3.1 Qualitative discharge model
In a ccrf discharge an rf voltage is applied to plane-parallel electrodes. The electric field,
caused by the charges on the electrades generates a gas discharge in between the electrodes.
F or the characterisation of this discharge, it is useful to take a look at order of magnitude of
the various characteristic frequencies in comparison with the rf frequency. In order to do this,
the value of several discharge parameters has to be estimated. In table 3.1 the characteristic
quantities for a neon ccrf discharge are given, with the conesponding symbols and
references.
Value

13.6 MHz

Reference

-I

[SCH 96""--1]
[RAl 91]
~

6.9·10"5 m3

. h
V0 Iurne 0 fd tsc
ar e

Table 3.1: The characteristic
quantities jor a neon ccrf
2
~.-G_a.:..,p_Ie_n..::gt::....h_ _ _ _-'-l---..L.....2.;.;..5_·1;;..;0_-..;;;m;;;_.....~..._ _ __. discharge
2.8·10-3 m 2

Surface of electrodes

Using these values, we can calculate the characteristic frequencies ofthe discharge. In table
3.2 these frequencies are given, with the expressions which are used to calculate them.
Ex ression

Value
4.4 GHz

electron plasma frequency

2.8 GHz

ion plasma frequency
neon
ion plasma frequency
mercury

14MHz

decay frequency

4.7MHz

v,=
'

A·J,
Vol· e ·n,

290 kHz

Table 3.2: The characteristic
frequencies of the ccrf
discharge

In this tabel, me, mne and mhg are the masses of an electron, a neon atom and a mercury atom,
respectively, .!; is the Bohm current density [BOH 49]. The electron neutral collision
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frequency for neon atoms is calculated from the electron mobility in neon. We note that the
total electron neutral callision frequency is higher due to the mercury atoms present in the
tube. The electron and ion plasma frequencies are calculated from the values in table 3 .1. The
decay frequency is estimated by dividing the lossof ions due totheBohm current density.!;
by the total positive charge in the discharge [ROO 91]. In the calculation of the Bohm current
density, the mass of the mercury ions is used.
The electron neutral callision frequency is much higher than the frequency of the rf voltage.
This means that these collisions cannot be neglected, they result in energy transfer from the
electrans to the neutrals. The electroos perfarm drift oscillations in the rf field.
The electron plasma frequency is high in comparison with the frequency of the rf voltage.
Because of this, the electrans can 'follow' the ascending field. The mercury ion plasma
frequency, however, is low in comparison with the rf-frequency. This means that the mercury
ions cannot 'follow' the rffield, they only 'see' the time averaged field. The neon ion plasma
frequency is of the same order of magnitude as the rf frequency, this means that the neon ions
are able to follow the rf field. However, compared with the electron mobility, the neon ion
mobility is very smal!: the mobility of Ne+ in neon is 0.07 m2/Vs [RAl 91]. This mobility is
600 times smaller than the electron mobility. We can conclude that although the ion plasma
frequency for neon ions is of the same order of magnitude as the rf frequency, their
movement in the rf field is negligible in comparison with the electron drift.
The plasma decay frequency is much lower than the rf frequency, this means that the plasma
wil! not die out during an rf period.
If we combine the properties of the electrans and the ions in the rf field, we conclude
that the spatial profile of the ion density is stationary and that the electron gas swings from
one electrode to the other. In order to make the calculations simpler, the spatial profile of the
ion density is assumed to be uniform. The spatial profile of the electron density is uniform
except for the layers near the electrades where the electron density is zero. In figure 3.1 these
phenomena are viewed. We note that at wt = 0, the electrans which are within a distance less
than the asciilation amplitude are attached to the surface of the electrode. Because of this, a
layer of positive charge is formed near the electrode.
The positive space charge regions are called sheaths. The region in between the sheaths
is called the glow. This region is quasi-neutral because of the fact that the density of ions is
equal to the electron density. We note that the electron density in table 3.1 is the electron
density in the glow.
Although we assume the sheaths to have a electron density equal to zero, there are
some electrans emitted from the wal! due to the ion bombardment These electrans are called
the beam electrons, they are accelerated towards the glow. In the electric field of the glow
they gain a lot of energy. When they arrive in the glow they are thermalised by collisions.
They lose a lot of energy during these collisions. This energy is used for the excitation and
ionisation of neutrals. There is a second process at the sheath-glow boundary. In the region
near the sheath-glow boundary the electric field is higher than the electric field in the glow.
This region is called the presheath. The presheath is not taken into account in the simplified
model we will derive in the next sections. However, the effect of the presheath on the
excitation and ionisation processes in the discharge is not negligible. The higher electric field
results in a higher Ohmic heating of the electrons. The ionisation rate is strongly correlated
with the behaviour ofthe electron energy and so with the electron Ohmic heating [PAS 94].
The ionisation and excitation rate will be very high in the presheath region. The electron
temperature is high enough to excite neon atoms. This is the explanation of the discharge
pattem shown in the introduetion section (figure 1.3). In the qualitative impedance model,
this presheath region has little influence.
The model is based on the electric field in the gap that can be calculated using figure
3 .1. The potentials and the currents in the gap can be derived from this electric field. With
this potentials and currents, the impedance of the discharge cao be calculated.
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Figure 3.1: The swings of the electron
gas, with the stationary ion distribution.

3.2 The electric field and the potential in the discharge
The model which we will derive is based on the electric field praduced by the electrades and
the positive space charge layers near the electrades. The model is one-dimensional, which
means that the electrades have to be very large in comparison with the distance between
them. Wedefine the thickness ofthe leftand the right sheath d 1(t) and d2(t), respectively. The
gap length is l and the area of the electrades is A. As a starting point for our calculations, we
define the field in the glow Eg as:

Eg

= -Ea · cos(wt).

(3.1)

The minus sign is chosen for convenience. As a first approximation, we assume the electron
gas to move with the drift velocity in the electric field Eg. This means that we can write down
the following expression for d 1(t), the x coordinate of the electrans on the left sheath-glow
boundary:

(3.2)
where Jle is the electron mobility. If we integrate this expression, with the correct boundary
condition, we obtain:

d 1 (t) = f..leEa · (1 + sin(wt )) = J · (1 + sin(wt )) .

(3.3)

lü

In this expression, we defined the time averaged sheath thickness as d . In the same way, we
can derive an expression for d 2(t):

d 2 (t)= f..leEa ·(1-sin(wt)).

(3.4)

lü

The field E 1 in the left sheath can be calculated fram the first Maxwell equation:

oE

p

e·ne

a

80

80

------

(3.5)

The dielectric constant of the sheath and the glow is assumed to be equal to unity. The
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boundary condition for this equation is that the field at the sheath-glow boundary is equal to

Eg, integrating equation 3.5 with this boundary condition gives:

E 1(x,t) = e. ne (x- J(l + sin{wt)))- Ea cos(mt).
&o

(3.6)

The field in the right sheath can be calculated in the same way. The definition of the potential
V is, assuming the left electrode to be grounded:
x

V

f

= - E(x')dx' .

(3.7)

0

With this expression, we can calculate the potential V1 in the left sheath, V2 in the glow, and
v3 in the right hand sheath:

~(x,t)= e·ne (2·d 1{t)·x-x 2)-Eg(t)·x,
2&o

V2(x,t)= e·ne d 1(t) 2 -Eg{t)·x,
(3.8)
2&o
2
2
v3(x,t)= e·ne (di(t) -dz(t) -1 2 -x 2 -2x·d2(t)+2x·l+2l·dz(t))
2&o
-Eg(t)·x.
The potential at the right hand electrode is equal to the voltage over the gap V(t):

V(t)=V3(l,t)= e·ne
&o

(d (t)
1

2

-d2{t) 2)-Eg ·l

e · n (-)2
= 2-e
d · sin{wt)+ E) ·cos{mt)

&o

e · n (-)2
ox1
=2-e
d ·sin(mt)+-l·cos(mt).
8o

(3.9)

~e

In this expression, we used the definition for d in order to eliminate Ea. We can separate the
voltage over the gap in a sheath contribution V, and a glow contribution Vg. The electrical
equivalent of the discharge will also be separated in contributions of the sheaths and the
glow. The expression for the sheath potential V, is:

v. =V1(d 1(t),t)
= e·ne .J 2 ·(l+sin{mt)) 2 +Ea ·d(l+sin{mt))·cos{mt).
2&o

(3.10)

If we rewrite this expression, we obtain:

V =i e·ne ·(d)2
s

4 &o

e·ne (-)z
+ -1 E a · d- · sin(2mt ) - __
d cos(2wt )
2

4&0

e·n - 2
wd
(-)2
+-" ·(d) ·sin{mt)+
cos{mt).
8o

~e

(3 .11)

From this expression it is clear that the sheath is a non-linear electrical component, there is a
constant contribution and a contribution with doubled frequency. The expression for the
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voltage over the glow region is:

(3.12)

The following equation holds:

V= 2·V, +Vg.

(3.13)

If we compare this equation with the expressions for Vs, Vg and V, we can conclude that the
constant (de) contri bution and the contri bution with doubled frequency of the two sheaths
cancel out in the expression for the voltage over the gap. In tigure 3 .2, the electric field and
the potential in the gap are plotted, at different parts of the rf-cycle.

rot=O

rot=n/2

rot=n

rot=3/2n

Figure 3.2: the electricfield and the potential in the gap.

3.3 Conduction and displacement currents
The current in a discharge cao be separated in a conduction and a displacement contribution.
The conduction current can be calculated from Ohm's law. The displacement current is no
'real' current. It is caused by the accumulation of charges as in a capacitor. In a parallel plate
capacitor with a dielectric medium between the plates, there is no conduction current in the
dielectric medium, still an ac current can go through a capacitance. In the dielectric medium,
the field changes because of the accumulation of charges at one plate. If we apply Gauss's
law on this situation, we obtain the following expression for q, the total charge on the plate:

q=

é:o&rA. E'

where A is the area of the plate and &r is the dielectric constant of the medium. Making use of
the fact that current is the time-derivative of charge, we obtain:
}dis=

é:oé:r

oE
·a,

(3.14)

for the displacement current density. The expression for the conduction current density is:
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(3.15)
where a- is the conductivity of the medium the current flows through. We note that in
calculating the conductivity, the elastic and not the inelastic collisions of electrans with
neutrals are taken into account. With the last two expressions, we can derive expressions for
the currents in the discharge. As we did for the voltages, we separate the derivation in a
sheath and a glow current.
The electron density in the sheath is assumed to he zero, because of this there is no
conduction current in the sheath. The displacement current density is given by:

2-

-

f

)

= -e · neoxi. · cos,mt +

&oOJ

d sin,mt
f )
.

(3.16)

f..Le

This is the expression for the current density in the sheath. The electron density in the glow is
equal to ne, so the conduction current density becomes:

j g_con

= a· E = -eJ..Lene ·Eg cos(mt) = -e · nemd · cos(mt).

(3.17)

The displacement current density in the glow is:

.

lg

oE g = & mEa smv:ot
• f
)
&om 2 J . f
)
=
sm,mt .
0

dis= &0 - -

-

a

f..Le

(3.18)

We note that the sum of the conduction and displacement current densities in the glow is
equal to the displacement current density in the sheath. At this point we have expression for
all the currents and potentials in the discharge. With these expressions we can design an
electrical equivalent scheme for the discharge.

3.4 Harmonie impedances ofthe sheath and the glow
In the last two sections, we have derived expressions for the currents and the potentials in the
discharge. These expressions are functions of two variables i.e. the time averaged sheath
thickness J and the glow electron/ion _density ne. At this point we can express the
impedances of the sheath and the glow in d and ne.
At first we will calculate the expression for the sheath impedance. In the derivation of
the displacement current density we used a capacitor. The other way around, making use of
the following expression, we can calculate the capacitance C corresponding to the
displacement current density:

V, =- ~

fid;_,dt,

(3.19)

s

where A is the area of the electrode, and Vs is the harmonie part of the sheath potential. The
expression for the capacitance C is:
BoA
= J .
(3.20)

c.

The electrical equivalent of the sheath is a capacitance Ç,. The current in the glow is
separated in a conduction and a displacement contribution. For this, the electrical equivalent
is a capacitance CP with a resistance Rp parallel to it. Figure 3.3 shows the electrical
equivalent of the discharge.
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Figure 3.3: The electrical
equivalent of the discharge.

We note that the lamp impedance is not equal to the discharge impedance. The lamp
impedance is the discharge impedance with a capacitor on each side representing the glass
between the electrades and the discharge. The expression for CP is, calculated in the same
way as C.,:

(3.21)
In practice, the glow capacitance can be neglected, its influence ts nearly absent. The
expression for Rp is:

l-2·d
R =--p

a·A

(3.22)

In the expressions for the thr~e electrical components, the only variables are d and ne. We
can derive an expression for das a function of ne and V from the expression for V. In order to
do this, we isolate d from the expression for IVI 2 :

(3.23)

If we know the harmonie impedance of_the discharge, then we can calculate the expression
for the time averaged sheath thickness d. If we also know the voltage V over the discharge,
then we can calculate the electron density ne in the glow.
In genera!, the electron density in an ccrf discharge is a linear function of the power
input. As a first order approximation, we can assume the electron density to be a linear
function of V2 • We assume the electron density to be 10 17 m· 3 as Vdis = 300 Voltand the gas is
assumed to be neon at a pressure of 5 mBar. With this approximation, the discharge
impedance can be plotled as a function of the discharge voltage. Instead of plotting the
impedance as a function of the discharge voltage, we plot it as a function of the discharge
power input. In this way, the calculations can be easily compared with the measurements. In
figure 3 .4a and 3 .4b, the real and the imaginary part of the discharge impedances are plotted
respectively. We note that in calculating these impedances, the brass electrode geometry is
used, with the values from table 3 .1.
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The mobility of the electrons is assumed to be proportional to p- 1, where p is the pressure.
Using this assumption, the discharge impedance can be calculated as a function of the
pressure. However, the electron density is dependent on the pressure. This means that we
need another assumption to describe the electron density as a function of the pressure. We
need a more sophisticated discharge model to describe the ionisation and the loss processes
of charged particles. The purpose of the simplified model is to describe the discharge
qualitatively, for this a more sophisticated model is not necessary, the trend of the
impedances can be calculated without it.
The impedances in the figures 3 .4a and 3.4b are calculated with the one dimensional
model and with the assumption that the electron density is a linear function of the power
input. The electrode configuration of the lamp is not one dimensional. The correction for this
non-parallel plate geometry is too complex to account for. However, we can give some
qualitative estimations for its influence. At first, the electric field will not be uniform in the
gap. At second, there will betransverse diffusion in the real situation. Figure 3.5 shows the
electric field in both the parallel plate and the real geometry.

Parallel plate
geometry
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Real electrode
geometry

Figure 3. 5: The electric field in
bath the parallel plate and the real
geometry.

3.5 The ion contribution to the currents and potentials

lt is clear that the influence of the non parallel plate electrades cannot be neglected. In the
real situation, there is transverse diffusion of electroos and ions. The diffusion of electroos in
the transverse direction causes a lowering of the electron density in the whole gap. This
results in an increase of the discharge resistance. However, the conductive region is larger
than in the parallel plate situation which leads to a decrease of the discharge resistance. lf we
apply the model to the real situation, the electron density calculated from the glow resistance
will be too high because of the extra conductive regions around the 'parallel plate gap'.
In conclusion, if we measure the resistance then the electron density calculated from
this measured value will be too high. In the sheath region, the broadening of the discharge is
negligible. The disadvantage of calculating the electron density from the sheath capacitance
is that eertaio phenomena are neglected in the sheath. The ion contribution to the current in
the sheath is neglected and the sheath glow boundary is assumed to be a step function. The
ion contribution to the sheath current can be represented as a resistance. Neglecting this
resistance in the measurements results in a value for ne that is too high. Despite these
disadvantages, the sheath capacitance is used for the calculation of the electron density. In
conclusion, the trend of the electron density can be calculated from the sheath capacitance,
the absolute value is a very rough estimation.

3.5 The ion contribution to the currents and potentials
The ions in the discharge only respond to the averaged field. Therefore they don't contribute
to the harmonie impedance of the discharge. In this section, we will discuss some phenomena
which are related to the ions. At first we will calculate the time averaged value of the electric
field. The electric field near the left hand electrode is given by the following expression:

E 1 (x,d1())
t ,t =

{

~(x-d1 (t))-Eacos(mt)
&o

(3.24)

- Eacos(mt)

The time averaged value of this expression is:

(3.25)
We note that the time averaged value of the electric field is not a linear function of x. The
time averaged values of the electric field and the potential are important for studying the ion
movement in the discharge. In figure 3 .6, the time averaged electric field and the time
averaged potential are plotted.

E (a.u)

V

(a.u.)

Figure 3. 6: The time averaged values
of the electric field and the potential.
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3.6 The influence of a dielectric medium between the discharge and the electrades

From these figures it is clear that there is a constant ion flux to the walls, caused by the
constant electric field to the walls.

3.6 The injluence of a dielectric medium between the discharge and the electrodes
All the relations obtained above remain valid in the case with insulated electrodes also [RAl
91]. Instead of attaching to the electrode, the electrons attach to the dielectric surface. The
field in the gas, at the electrodes, is determined by the charge on the dielectric surface. This
charge density has a constant component caused by the deposited electrons and a variabie
component caused by the charge on the electrodes. The dielectric medium between the
discharge and the electrodes is assumed to be a capacitor, as mentioned earlier.

3. 7 Conclusions
In deriving the analytica! expressions for the relevant discharge parameters, the simplified
model gives us more feeling for the ccrf discharges. It is possible to express the discharge
impedance in components for the glow bulk and the sheaths. With an assumption for the
electron density, the impedance can be calculated, as a function of the discharge voltage. In
conclusion, with the model, we have a useful tooi for the interpretation of the impedance
measurements.
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4. COLORIMETRY
ne of the aspects which human beings perceive when their eyes detect visible radiation
(i.e. light) is colour. Colour is a physiological concept which is very hard to define. It
has sarnething to do with light, but it is not the same as the visible part of the electromagnetic
spectrum. It is related to the wavelength of light, but wavelength is not the same as colour.
In this chapter we will derive a system that can specify visible radiation in a numerical
way. This system is based on human physiology, more specifically, the human eyes. It will
become clear that the colour concept is sarnething between the concept of a whole spectrum
and just one wavelength. The derivation is based on the colorimetry chapter in [WYS 82].

O

4.1 Electromagnetic radiation
The eyes of a human being can detect electromagnetic radiation in the wavelength range from
360 nm to 830 nm. This radiation is called visible light, which is a very small part of the
whole electromagnetic spectrum. The visible spectrum can have an infinite amount of
different shapes. So the visible spectrum has an infinite amount of degrees of freedom.
The human eyes can detect monochromatic light of every possible visible wavelength.
However, humans cannot detect the difference between many different visual stimuli. There
are many visible stimuli that look the same to a human being. For example, if we mix
radiation of all the visible wavelengths in equal amounts, we get white light. But it is also
possible to get white light by mixing yellow with some sort of blue. This is not due to
resolution problems, but has a more fundamental reason.
The reason is that the human eyes code the visual information in three dimensions. The
eyes have three receptors, one for lower wavelengths, one for the higher wavelengtbs and one
for the middle part of the visual spectrum. Each receptor detects the integrated intensity of a
part of the visual spectrum and sends a corresponding signal to a nerve. So the eyes
characterise the full visual spectrum in just three signals. In the example of the last section,
the yellow light excites the middle and the high wavelength region receptors, the blue light
excites the low wavelength region. These two stimuli, the blue and the yellow light, excite
the three receptars in the same way as white light does. This is the reason why white light is
perceived the same as the mixture of yellow and blue light. The three signals determine the
colour of a stimulus. They are detected by the brain, which determines the name for the
colour. The three signals are the only colour information the brain gets, so if we know how
sensitive each of the three detectors is for a specific wavelength, we have enough information
for determining a numerical description of colour. However, there are a lot of difficulties in
measuring the sensitivity of the eyes, as we will see in the next section.

4.2 Colour-matchingfunctions and the CIE 1931 chromaticity diagram
The sensitivity of the eyes is very difficult to measure. The reason for this is the same as for
the measurements of other physiological quantities. In genera!, human beings are not able to
give a numerical expression for quantities they measure: gold is heavy, ice is cold, the sun is
bright, and paper is thin, etc. Without some sort of measurement device, people in general
can only give rough estimations for weight in kilograms, temperature in Celsius, intensity in
Watts per square meter, and thickness in millimeters etc. The same holds for the colourconcept: How red are roses?
Most of the problems in measuring physiological quantities are solved if we use
relative measurements. In this kind of measurements the subject has to detect the difference
between two stimuli. These stimuli can be light with the same colour, but with a different
visual spectrum. For instance, we can give two stimuli that are detected as having a different
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colour and slightly change one stimulus to match the colour. In this way, the relation between
different spectra with the same colour is obtained.
The experimentallaws used to determine a numerical colour-system can be summed up
in the trichromatic generalisation which is based on the fact that humans have three different
receptars for visual radiation. This generalisation that if we choose three fixed primary
stimuli whose radiant powers have been properly chosen, we can match the colour of an
arbitrary stimulus, the target stimulus, if necessary mixed with one or two primary stimuli, to
a mixture of the primary stimuli. Th is matching is done in either one of the following ways:
• By adding the three primary stimuli in an appropriate way, to get a colour match.
• By adding one of the primary stimuli to the target stimulus in a proper way, and matching
this total stimulustoa mixture ofthe two other primary stimuli.
• By adding two of the primary stimuli to the target stimulus in a proper way, and matching
this total stimulus to the third primary stimulus.
The first way to match a colour with three primary stimuli is straightforward: The target
stimulus gives the same colour perception as a linear combination of the three primary
stimuli. In this linear combination we can only add stimuli, we cannot subtract one primary
stimulus from the other two. However, the trichromatic generalisation states that we can
match the colour of a target stimulus to a linear combination of the primary stimuli. This
linear combination is not restricted to adding only. It is possible that the colour of a target
stimulus can only he matebed to a mixture of two primary stimuli minus the third stimulus. In
practice, stimuli cannot he subtracted from each other. This is why we have to add the third
stimulus to the target stimulus and match this mixture to a mixture of the other two primary
stimuli, this is the second way to match the colour of a target stimulus to a mixture of the
primary stimuli. The third way represents the situation in which the target stimulus can only
he matebed to one primary stimulus minus a combination of the other two stimuli.
A primary stimulus can he regarcled as a three-dimensional vector, which we will
denote by a boldface letter, such as Q, R, G, B. The letter Q represents the target colour
stimulus, the letters R, G, B are reserved for the three primary stimuli. In the previous
discussion, the three primary stimuli are not defined, the only requirement is that none of
these three stimuli can he obtained by a linear combination of the other two. In the vector
notation we have just introduced, this implies that the three vectors, representing the primary
stimuli, have to he independent. So the choice for the primary stimuli is rather arbitrary. To
obtain a system that can he used world-wide, the stimuli R, G, B are chosen to he
monochromatic stimuli with wavelengtbs ÀR= 700, 20 = 546.1, ÀB = 435.8 nm [CIE 71]. With
this definition, it is clear that the letters for the primary stimuli stand for Red, Green, and
Blue. In tigure 4.1, a three dimensional geometrie representation of the (R,G,B) tristimulus
space is shown.

Q

R+G+B=1

Figure 4.1: The three dimensional
geometrical representation of the
primary stimuli.
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From this figure, it is clear that we can construct the colour stimulus Q from the three
primary stimuli R, G, and B. So we can write:
(4.1)

where RQ, GQ, and BQ describe the amount of the stimuli R, G, and B, respectively. These
quantities are called the tristimulus values of the stimulus Q. The tristimulus values are the
quantities that describe the colour of a stimulus. lt is important to realise that the tristimulus
values of a stimulus Q can be negative as a result of the trichromatic generalisation.
Consider a monochromatic colour stimulus E..1, with wavelength À and radiant power
equal to unity. For this stimulus, equation 4.1 holds, so:
(4.2)
One can find R..1,, G..1,, B..1, combinations for all values of À.
With this set of unit intensity, monochromatic stimuli E..1, any arbitrary speetral power
distribution can be constructed, and hence any arbitrary visual stimulus Q. For this purpose,
the tristimulus values ofthe stimuli E..1, have been given a special notation:
(4.3)

r(À), g(A,) and b(A,) are the speetral tristimulus values of E..1,. The functions r(À),
g(À) and b(A,) can be determined by matching the colour of a monochromatic stimulus

where

with the three primary stimuli, as described above. Therefore, these functions are called
colom-matching functions. In tigure 4.2, these colour matching functions are plotted [CIE
71].
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Figure 4.2: The colour-matching
junelions ofthe (r,g,b) system.

We note that although the radiant power ofthe stimuli E..1, is equal to unity, this does not mean
that r(À)+g(À)+b(À)=l. With equation 4.3, we can derive an expression for the three
stimulus values of a stimulus with a speetral power distri bution {P..1,dÀ}:

Q=

JEÀ, ·{PÀ,dÀ}=

f{r(À)·R+g(À)·G+b(À)·B)·{PÀ,dÀ}

=(fr(À)·PÀ, ·dÀ)·R+(fg(J.).pÀ, ·dÀ)·G+(fb(J.).pÀ, ·dÀ)·B.

(4.4)

With this formula, we can numerically express the colour of a stimulus. Comparing equation
4.4 with equation 4.3 we obtain the following definitions:

RQ = fr(J.) · PÀ ·dJ.,
GQ=fg(J.)·PÀ,·dÀ,

(4.5)
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and

= Jii(l) · P;. ·dl.

BQ

With these expressions, we can calculate the tristimulus values RQ, GQ, and BQ of a stimulus
with speetral radiant power distri bution {P ;.dÀ}. So we can express the colour of a stimulus
in the quantities RQ, GQ, and BQ.
At this point we have to realize that the intensity of a stimulus is independent of the
colour. Using this fact, we can rewrite equation 4.1 in:

(4.6)

If we use the following detinitions:

q=

rQ

gQ

Q
RQ +GQ +BQ

'

=(RQ +~:

+BJ'
=(RQ +~: +BJ
(4.7)

then we obtain:
(4.8)
The colour stimulus q has the same colour as the stimulus Q, but a different radiant power.
The quantities rQ, gQ and bQ are called chromaticity coordinates. We note that the following
expression holds for the chromaticity coordinates:
(4.9)
Because ofthis, the end of vector q lies in the R+G+B=l plane, as shown in tigure 4.3a. This
R+B+G=l planeis plotted in tigure 4.3b.

r=1

b=1

(a): (R,G,B)-tristimulus space.

(b): The R+G+B=1 plane.

Figure 4.3: The geometrical representation ofthe primary stimuli
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The colour of any stimulus q is determined by the values rQ, gQ, and bQ, however if we make
use of equation 4.9, we can express bQ in rQ and gQ. This means that we can express the
colour of a stimulus as a two-dimensional vector, which determines the place in the
R+G+B=1 plane. If we omit the subscript Q in the equations above, we get the following
relations for the chromaticity coordinates:

r

·PA· dA,
= ---=-_____:_fr(A,)
_______
_

f(r(A)+g(/l,)+b(À))·PA ·dÀ'
g

=

fg(À)·PA ·dÀ

---=-------':..___ _ _ _ _ __

f(r(À) + g(A,) + b(-1,)) ·PA· d-1,

(4.10)

We note that the colour matching functions have been defined in such a way that the equal
energy stimulus QE, i.e. the stimulus with the speetral radiant distribution function equal to
unity, has the chromaticity coordinates r = g = b = 1/3.
In principle, we have enough information for our colour-system, but the (R,G,B)
system is inconvenient: the greatest problem is that the colour matching functions can be
negative, which makes the calculations and measurements difficult. For this, the Commission
International de l'Eclairage (CIE) adopted a different system, the CIE 1931 (X,Y,Z) system
[CIE 71], in which the coordinates are defined positive, and in which the equal energy
stimulus has the chromaticity coordinates x= y = z = 113. The primary stimuli ofthe (X,Y,Z)
system are a linear combination of the (r,g,b) primary stimuli. We note that it is possible to
make a new colour-system by taking a linear combination of the (r,g,b) primary stimuli,
because all the equations we have derived conceming these stimuli, are linear.
The primary stimuli of the (X,Y,Z) system are nonreal stimuli, so the only way to get
the colour-matching functions for this system is to transfarm colour-matching functions of
another system like the (r,g,b) system. The colour-matching functions cannot be expressed in
an analytica! way, in the literature the values for wavelengths from 360 to 830 nm are given
in tables. In figure 4.4, the colour-matching functions in the ÇX,Y,Z) system are plotted.
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Figure 4.4: The colour-matching
junelions in the CIE 1931 (X,Y,Z)
system.

Wavelength (nm)

With these colour-matching functions, we can determine the chromaticity coordinates x, y
and z of monochromatic stimuli. These coordinates can be calculated from the following
expression:
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f y( À) · PÀ .dÀ

(4.11)

y = -=----=---------

f (x( À) + .Y(À) + z( À))· PÀ . dÀ

With these two expressions, we can derive the following expressions for the monochromatic
stimuli:
x =
À

YÀ

fx(À')·8(À-À')dÀ'
x(À)
=
'
f(x(À')+ y(À')+z(À'))·8(À-À')dÀ' x(À)+ y(À)+z(À)

fy(À'). 8(À- À')dÀ'
y(À)
= f(x(À')+ y(À')+z(À'))·8(À-À')dÀ' x(À)+ y(À)+z(À)

In tigure 4.5, these functions are plotted in the (x,y) plane, for all the visual monochromatic
stimuli. The chromaticity coordinates of monochromatic stimuli are very important
quantities, because every visual stimulus consists of a set of monochromatic stimuli. At this
point it is important to have a relation between the colour coordinate of a stimulus that
consists oftwo stimuli and the colour coordinates ofthe two stimuli. We will consider the x
coordinate only:
X1
X2

x

=

x

X+Y+Z

=(

=

X+Y+Z

+ ---=---X+Y+Z

xl + :r; + zl) .

X+Y+Z
=~ ·Xl +82 ·X2.

z2) .

x + ( x2 + r; +
1
X+Y+Z

x
2

(4.12)

In this expression, we detined 6'1 as the relative intensity of the tirst stimulus, ~ is the relative
intensity of the second stimulus. We note that these intensities are neither radiant powers
(radiometric) nor luminous intensities (photometric). It is clear that the chromaticity
coordinates of the mixed stimulus are a linear combination of the chromaticity coordinates of
the two stimuli it consists of. If we apply this result to the chromaticity coordinates of the
monochromatic stimuli in tigure 4.5, we see that the chromaticity coordinates of all the
visible colours are in the plane shown in tigure 4.6. This plot is called the chromaticity
diagram of CIE 1931.
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Figure 4.5: The chromaticity
coordinates of monochromatic
stimuli.

4 .3 Quantities used in the lighting industry

We can use figure 4.3 as a geometrie representation of the (X,Y,Z) system instead of the
(R,G,B) system. Then we see that the (x,y) chromaticity diagram is a part of the X+Y+Z=l
plane in (X,Y,Z) space. The endsof the veetors X, Y and Z are at (1 ,0,0), (0,1 ,0) and (0,0,1).
We noted befare that the primary stimuli of the (X,Y,Z) system are nonreal, this means that
they are not visual. In figure 4.6 this is clear from the fact that the three primary stimuli are
not in the plane of visual colours.

1.0

y

Figure 4.6: The Chromaticity
diagram of CIE 1931.

x
It is important to realise that colour cannot be expressed in two coordinates for every purpose.
For lighting purposes, two coordinates are enough to describe a lamp colour. This is not true
for the use of a colour system in the paint and coating industry. For paint, not only the (x,y)
values of the colour are important, the amount of absorption of light changes the appearance
of the colour. For instanee a white and a black surface have the same (x,y) values. The
difference in appearance results from the fact that the black surface absorbs more light than
the white one. The same is true for the appearance of the coloured surface in this report. It is
difficult to represent the colour of a lamp with a high intensity by means of a coloured
surface on a piece of paper. The coloured areas will look more 'coloured' (less white) than
the lamps are.

4.3 Quantities used in the lighting industry
The quality of a lamp can be expressed in several quantities. In principle, it would be enough
to specify the speetral intensity distribution function of the lamp. However, this distribution
function is useless in defirung lamps. Weneed a couple of easy to handle, explicit quantities,
defining the speetral distribution function. In the previous section, we defined the
chromaticity coordinates of a visual stimulus. Besides these coordinates, there are a few other
quantities that we will discuss in this section. All these quantities are defined to express one
property of the speetral distri bution function.
Firstly, for lamps that are supposed to radiate white light, the concept of (correlated)
colour temperature T is important. This colour temperature is the temperature of a black body
of which the colour resembles the colour of the lamp. In addition, a second quantity D is
defined. It expresses the difference between the colour of the lamp and the colour of a black
body with the (correlated) colour temperature. Finally, for lamps that are used to illuminate
an object the colom-rendering index is important. If we illuminate an object, how good does
the colour of the reflected light resembie the colour of the object? This is expressed in the
colom-rendering index Ra.
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4.3.1 Colour temperature and black body colour difference
The radiation of a black body with temperature T is a very important radiation standard in the
Iighting industry . In table 4.1 a few light sourees which emit black body radiation is given
[BOU 45].
Colour temperature (K)
1900-1950
4100
5300-5800
5800-6500
6400-6900
10000-26000

Souree
Candle
Moon
Sun
Sun + clear sky
Sun + overcast sky
Clear blue sky

Table 4.1: The colour temperafure
of some light sourees

The speetral power distribution of a black body radiator P,. at temperature T is given by the
Planck radiation law:
(4.13)

where h is the constant of Planck, cis the velocity of light. In figure 4.7 the colour of a black
body is shown as a function of temperature.
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Figure 4. 7: The colour of a black
body with temperafure T.

Tc (Kelvin)

If we calculate the chromaticity coordinates of this kind of radiation, we obtain the Black
Body Locus in the CIE 1931 chromaticity diagram. In figure 4.8 this curve is plotted.
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Figure 4.8: The black body locus in
the CIE 1931 chromaticity
diagram.

x
At this point, we have to make a distinction between different temperatures. Firstly, for black
body radiators , we can speak of the distribution temperature of the lamp. However, forsome
other lamps we can calculate the colour temperature. This is the temperature of the black
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body which has the same chromaticity coordinates. The speetral distribution of the lamp,
however, does not have to be proportional to that of the black body. Finally, if the colour
point of the lamp is not on the black body locus but near it, we can speak of a correlated
colour temperature. This is the temperature of the black body which colour most resembles
that ofthe lamp.
If the lamp has a correlated colour temperature T, we can express the difference in
colour between the lamp and the black body with temperature T as the quantity D. This
quantity cannot be calculated from the (x,y) diagram. This is due to the fact that this
chromaticity diagram is highly non-linear. If one looks at the chromaticity diagram in figure
4.6, the visual impression ofthe green part is much more uniform than that ofthe yellow part.
In 1960, the CIE attempted to define a chromaticity diagram in which this non-uniformity
does not exist. This diagram is the (u,v) diagram in which the difference non-uniformity is
reduced considerably, but not sufficiently. In later years, other diagrams are presented which
give a better difference uniformity. However, for the definition of correlated colour
temperature the CIE recommended the use of the (u,v) system. In the (u,v) system, the lines
on which the colour temperature is constant (isotemperature lines) are assumed to be
perpendicular to the black body locus.
The temperature T is unknown so we need a construction in the chromaticity diagram
to calculate the chromaticity coordinates of the black body. This construction is defined,
making use ofthe (u,v) system. The colour-matching functions ofthe (u,v) system are defined
as:
2

u(/l) = x(/l),

3

v(/l) = y(/l),
w(À)

=-

1

3

1

2

2

x( À)+ y(À) + z(/l).

2

(4.14)

With these co Jour-matching functions, we can calculate the position of the black body locus
(uT, vT). The slope mT of this curve is given by the following expression:

mT

dvT

=-.
duT

(4.15)

The colour-matchin~ functions are not expressed in an analytica] form, they are defined as a
table of x(À), y(À) and z(À) values for the wavelengtbs 360 nm to 830 nm. This is why
the black body locus cannot be expressed in an analytica! form, so we cannot directly
calculate this derivative. However, ifwe use the following expression, we can calculate mT:

(4.16)

The slope ty(u,v) ofthe isotemperature lines in the (u,v) system is:
-1
tAu,v)=-,
mT

(4.17)

where we used the fact that the isotemperature lines are perpendicular to the black body
locus, in the (u,v) system. With this expression, the equation for the isotemperature lines in
the (u,v) system is:

= tT(u, v)·(u-uT)+vT,

(4.18)
where ur and vr are the chromaticity coordinates of the black body with temperature T. We
can transfarm this expression to the (x,y) system. The expression for the slope in the (x,y)
v
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system is

2yT ·(4tAu,v)-1)+2tr(u,v)

tT(x,y) =

2XT ·

(4fT (U, V ) - 1) + 3

(4.19)

We obtain
(4.20)

for the isotemperature lines. Fora stimulus which cbramaticity coordinates are between two
isotemperature lines, the value for the correlated colour temperature can he interpolated. In
this interpolation, we make use of the fact that the colour on the black body locus changes
with T-l in the (u, v) diagram. In figure 4.9, the CIE 1931 cbramaticity diagram, with the
isotemperature lines is plotted. The isotemperature lines are plotled at a distance of 20
reciprocal megakelvin. The temperature of the n1h line from the left is:

T"

1
6
= 1·10- +n·20·10- 6

10 6
1+20·n

(4·21 )

In figure 4.9, we see that the distance between two adjacent isotemperature lines on the black
body locus is approximately constant in the (x,y) system. In the (u,v) system, the distance
between these lines is constant.
The colour difference D between the stimulus with the correlated temperature Tc and
the black body with temperature Tc is defined as:
(4.22)
where (uL,vL) are the cbramaticity coordinates of the stimulus with the correlated colour
temperature Tc and of the black body with temperature Tc, respectively. Making use of the
colour-matching functions for the (u,v) system, we can rewrite this expression as a function
of x and y. We note that this formula is an approximation, the visual colour difference is nat
the same as the distance between the two points in the (u,v) cbramaticity diagram.

1.0

y

Figure 4.9: The isotemperature
!ines.
x
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4.3.2 Coloor-rendering index
The colour rendering index of a light souree is the effect the souree has on the colour
appearance of objects, compared with their appearance under a reference source. The
difference ~E between these two colours is determined by colour-difference equations, which
we will not derive here. The colour rendering index of the light souree is measured by
illuminating eight colour samples with the reference souree and the light source. These eight
measurements give eight colour differences M; (i = 1 to 8). From these eight colour
differences, we can calculate eight CIE Special Colom-Rendering indices R;:
(4.23)
These indices have been scaled so that R; = 100 when there is no colour difference. The
colom-rendering index Ra is determined from the values for R;, with the following equation:

1

8

R =-·IR
a

8

i=l

(4.24)
'

We note that, although determining Ra seems difficult, with the proper data it is easy to
calculate it, if we know:
• The speetral distri bution of the reileetion coefficients of the colour samples
• The speetral distri bution function of the reference souree
• The speetral distri bution function of the lamp
then we can calculate Ra, using the proper colour-difference equations.

4.4 Conclusions
We can use the CIE 1931 chromaticity system as a way of expressing colour in a numerical
way. Expressing the colour of a lamp in chromaticity coordinates is not sufficient. Because of
the fact that nearly all natura! radiation is black body radiation, we also have to express the
colour of a lamp in (correlated) colour temperature. Bes ides from this, we have to calculate a
quantity D which represents the difference between the colour of black body radiation and
the colour of the lamp. All the quantities can he derived from the speetral intensity
distribution function ofthe lamp.
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5. THE ELECTRICAL SYSTEM

I

n this chapter, we will discuss the electrical part of the experimental set-up. This set-up

consists of an rf network in which a glow discharge is capacitively coupled and an hf
network which invokes a positive column in the same gas tube. In order to understand the rfimpedance measurements, we will start with the rf set-up. A new method for measuring
impedances is developed. Finally we will discuss the hf part of the experimental set-up, along
with the prablems which arise fram operating of the rf and the hf discharge simultaneously.

5.1 Experimentalset-up for the rf impedance measurements
The rf set-up consistsof a function generator, a power amplifier, a power meter, a matching
network and a tubular fluorescent lamp with two electrades attached to it. The function
generator produces a 13.6 MHzharmonie signa! which is amplified by the power amplifier.
The power amplifier is connected to the matching network with a coaxial line of 120 cm
length, in which a directional power meter is placed. The working principle of the directional
power meter and the function of the matching network are described in chapter 2. The
matching network is connected to the electrades with a coaxial cable of 65 cm length.
Because of the fact that rf signals are used for communication and other applications,
rf radiation has to he minimised. This can he done by praviding a proper electrastatic
shielding for the whole set-up, using the principles of Electramagnetic Compatibility (EMC).
EMC is defined as the ability of electranies or electrical apparatuses to operate correctly in
each others vicinity [HOU 90]. Figure 5.1 shows the experimental set-up, with the proper
shielding.

Figure 5.1: The experimentalset-up for the rf measurements.

The electrode configuration is already described in chapter 1. An RCL meter is used for the
determination of the two variabie capacitances in the matchbox. The EMC housing of the setup consists of a faraday case and a copper litze cable. This copper litze cable is wrapped
around the coaxial line from the amplifier to the matchbox. It is connected to the grounded
conductor ofthe amplifier's output connector. In table 5.1, the used equipment is listed.

Function generator
Power amplifier
Power meter
Coaxial cables
RCL meter

Hewlett Packard 8116A 50 MHz puls/
function _generator
ENI 3100 LA power amplifier
Bird series 4410
rf directional Thruline wattmeter
RG 213/U
Fluke PM 6303A automatic RCL meter

Table 5.1: The used
equipment.
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5.1.1 The rf impedance measurements

The impedance measurements were carried out with the set-up shown in figure 5.1. It is
important to realise that impedance measurements in rf networks are completely different
from impedance measurements at low frequencies. The reason for this is the fact that every
wire, connector, inductance and component has an impedance that is different from the low
frequency value. For instanee the impedance of a capacitance (Z = 1/jOJC) is much lower at
high frequencies. This means that a small capacitance at a low frequency can result in a very
low impedance at a high frequency. If a wire is placed near a grounded surface, there is a
small capacitance in between the surface and the wire. The impedance at low frequencies is
high enough to neglect the current that flows through it. At high frequencies however, the
impedance of the capacitance becomes smaller and the current from the wire to the surface
cannot he neglected.
The impedance of a inductance (Z = jwL) is much higher at higher frequencies, this
means that every wire has an impedance which cannot he neglected. In general every wire
has a small inductance. At low frequencies the impedance of this inductance cannot he
measured, at high frequencies it cannot he neglected.
The third difference results from the high conductivity of metals. Because of this high
conductivity, an electric field in the metal will be cancelled very fast due to the movement of
the charges in it. This results in a penetration depth o for electromagnetic waves with
frequency w:

5=

(5.1)

'

where o- is the conductivity of the metal, ois called the skin depth. For copper, the influence
of the skin depth is enhanced because of the oxidation of the surface. Copper oxide has a
much lower conductivity than copper. The current flows at the surface of the wire, so the
resistance of an oxidised copper wire will he much larger at high frequencies than at low
frequencies. All these effects result in extra (parasitic) impedances in the rf network which
don 't arise in the same physical network at low frequencies.
The key point of the rf impedance measurements is the fact that, if the network is
matched, then the impedance of the matchbox with the lamp is R 0 = 50 Ohms. lf we know all
the components of the rf-network, including the parasitic impedances, but without the lamp,
the lamp impedance can he calculated from the fact that the total impedance is 50 Ohms. The
main complication with these measurements is the determination of the parasitic impedances.
For the determination of the parasitic impedances, the output of the matchbox is shortcircuited. The reason for this is that all the components of the network, except for the extra
impedances are known. As a reminder, below the matchbox of figure 2.2 is reproduced, with
a short-circuited output. (figure 5.2).

short-circuit

Transmission line

. . . . .matching
. . . . . . .netwerk
. . .. . . . . . . . . . .

Figure 5.2: The power source, the coaxial cable and the short circuited matchbox, without
the parasitic impedances.
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Deduced from considerations mentioned above, the extra impedances in the matchbox are:

• jb : An imaginary impedance in series with the capacitance C 1
• jX: An imaginary impedance in series with the inductance L
• R : A resistance in series with the inductance L
• Cc1: A capacitance parallel with C1 andjb.
The first extra impedance results from the indoetanee of the copper wire. The second results
from the indoetanee of the copper wire and a correction on the calculated value for L. Th is
value is calculated using geometrical considerations (L = 3. 72)-tH). The third results from the
skin effect in the copper wires and the indoetanee L. The fourth results from the connector at
the input of the matchbox and the grounded surfaces near the input coaxial Iine. The skin
effect can he neglected in the wires connected to C 1• Figure 5.3 shows the network
representation of the short circuited match box.

Figure 5.3: The network
representation of the short circuited
matchbox, with the parasitic
impedances.
At this point it is useful to reeall some ofthe results from chapter 2. At first, the output ofthe
power meter is (equation 2.52):
A2

V
PF = 8R

0

or
2

PR

V

= 8R

0

z- Ro
. z+R

0

2

I 12
= PF . p '

where Z is the impedance ofthe whole network shown in figure 5.3. This impedance is given
by the following expression:

z = zl .z2

___;_______oo._

zl +Z2,
where the expressions for zl and z2 are:

(5.2)

1

--+j·b

z,

~ l+j~~(~+j·b)'

1
Z2 =-.--+jmL+R+j·X.
jmC2

With this result, we can obtain an expression for p as a function of the capacitances. The
inductance L is known and the extra impedances are parameters in this function. With the
power meter it is possible to measure IPi as a function of the capacitances: At first the short
circuited matchbox is matebed by changing the capacitances to a proper value. The criterion
for matching is that the reflected power PR is zero. By changing the variabie capacitance C 1,
the reflected power will he different from zero, because of the fact that the impedance of the
matchbox is different from R0 . In this way we can measure IPI 2 as a function of C~, with the
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2

value for C2 kept constant. If we plot IPI as a function of C1, then we can fit the function for
IPI 2 as derived above, the fit parameters are the four extra impedances. In figure 5.4 this fit is
plotted, along with the measured values for llf· The value for C2 is 32.89 pF. The two
capacitances are measured as follows:
•
•
•
•
•

The coaxial cable is disconnected from the matchbox.
The RCL meter is connected to the input terminals of the matchbox.
The capacitance ofthe short-circuited matchbox is measured (C,, 1"m).
The short-circuit is removed
The capacitance ofthe matchbox is measured (C"pen).

The RCL meter measures at lkHz instead of at 13.6 MHz. For this, the influence of the
parasitic impedances and the inductance L can be neglected. For the capacitance
measurements, the different frequency has no influence because we used vacuum
capacitances. The two capacitances C1 and C2 can be calculated from Copen and C.vhort· In this
calculation, corrections are made for the capacitance of the disconnected connectors.
1.0

0.8

0.6

~

p..

0.4

0.2

0.0

600

800

1200

1400

Figure 5. 4: The measurements and
2
the fit for IPI .

C1 (pF)
The fit is good if l,ol 2<0.2. This is the situation in which the coaxial cable is almast properly
terminated. In the matched situation, the voltage at any point in the cable is the same as the
voltage at the end of the cable, except for a certain phase factor. The same holds for the
current in the matched situation. When the cable is not properly terminated this assumption
does not hold any more. Parasitic effects in the coaxial cable are dependent on the position in
the cable. For this, we cannot assume an impedance at the end ofthe cable to account for the
effects of these parasitic effects in the cable. In conclusion, if the reflection coefficient is
higher, then phenomena in the coaxial cable occur which cannot be described by an
impedance at the end of the coaxial line. However in the region of interest, i.e. l,ol 2<0.2, the
fit is good. The fit parameters, i.e. the extra impedances are:

cc1
b

x
R

4.9 · 10"5 pF,
5.249 n,
44.05 n,
o.6383 n.

With these impedances, the network is calibrated and the lamp impedance can be calculated.
If we match the network and measure the capacitances C1 and C2 then we can calculate the
impedance which terminates the matchbox. The expression for the impedance at the
beginning of the second coaxial cable i.e. the one connecting the lamp to the matchbox is, if
the network is matched:
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-R,

(5.3)

Rt~-bJ
2

0

)
Im( Za) = ( 1
~--b
+R0 2
mCI
2

1
-mL+ mC -X.
2

We can conclude from these equations that if the network is calibrated, we will only have to
measure the two capacitances in order to calculate the impedance of the lamp. The two
capacitances are measured in the same way as during the determination of the parasitic
impedances.
5.1.2 The validity of the metbod of measurement
In order to check the method used to measure the impedances, an rf discharge is generated in
the lamp and voltage on the rf electrode is measured in three different ways. Of course, the
circuit is matebed to maximise the power transfer from generator to lamp. At first, the voltage
is measured with a high voltage probe. The second method is to measure the capacitance and
calculate the voltage V; on the electrode making use of the calibration described above and
making use of the measured power input. Finally, the voltage is calculated from the
capacitances, without the corrections for the rf impedances. Figure 5.5 shows the results of
these measurements. It is clear that the determining of the parasitic impedances is useful. In
order to check the linearity of the short circuited matchbox, the calibration is done with a
different value for the power coupled in the matchbox, this calibration gives the same
parasitic impedances, from which we conclude that the parasitic impedances are constant.

600

500

•

V i with calibration

•

V i without cal i bration

~V400
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Figure 5.5: Comparison ofthe high
voltage probe measurements with
the impedance measurements.

(Watt)

5.1.3 The feasibility of the principle of measurement
The measurement principle was already discussed in the previous sections, here we will only
discuss its implications. At first the principle is not new, in 1979 Norstram [NOR 79] used
the principle of matching the impedance of the discharge with a matchbox equal to the 50 n
internat resistance of the power source. However, he used an rf bridge to measure all the
components in his network. These measurements were carried out with the rf generator
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tumed off, i.e. without a discharge. He made the mistake not to disconneet the coaxial cable
connecting the power supply and the matchbox during these measurements. Due to this
mistake, the coaxial cable that has no influence on the impedance in the matebed situation,
becomes a capacitance during the measurement with the rfbridge.
The advantage of our methad is the simplicity of the experimental set-up; we can use
the metbod at any rf discharge set-up with a matching network, and a bidirectional power
meter. For the determination of the values of the capacitors we can use an RCL meter,
however it is much easier to have capacitors with dials or potentiometers which read the
capacitance. In this way it is even possible to measure the impedance of the discharge
without influencing it. From this impedance, conclusions can be drawn for the rf discharge.
To get reliable information out of this impedance, a more sophisticated discharge model has
to be implemented.
5.1.4 The results ofthe measurements from a matching point of view

A lot of impedance measurement were carried out, the results for these measurements wiJl be
discussed in the next section. In this section we will discuss a few general features of these
measurements.
For every impedance measured, a 'matching plot' can be drawn. A matching plot is the
three dimensional surface that describes the reflection coefficient IPI 2 as a function of the
capacitances C 1 and C2• Figure 5.6 shows the matching plotfora short circuited matchbox. It
is important to note that the parasitic impedances in the short circuited matchbox are
determined from a fit in a cross section of the matching plot. In a matching plot, the most
interesting region is the region where IPI 2 is close to zero. This is the region where the
network is nearly matebed to the coaxialline.

C,(pF)

.0.875 -.0.750 -.0.6250.500 0.375 -0.250 0.125 -0 --

1.00
0.875
0.750
0.625
0.500
0.375
0.250
0.125

Figure 5. 6: The matching
plot of the short circuited
matchbox.

C 1(pF)

In order to investigate the similarities in the behaviour of different networks, the matching
plots can be compared. However, three-dimensional surfaces are difficult to campare with
each other, for this we will derive some useful expressions which describe the trend of the
matching plots. We wiJl start with the analytica! expression for the power reflection
coefficient. This expression is:

(5.4)

where a1, a2 , a3 , b1, b2 and b3 are parameters depending on the extra impedances, L, OJ, R 0 and
the Joad impedance. In appendix A, these parameters are given. lt is clear from this
expression that the contour plot of this function consists of cone cross sections. If we keep
one capacitance, i.e. C 1 constant, then we can calculate the value of C2 for which the
reflection coefficient IPI 2 is at its minimum. When we repeat this calculation for every
possible value for Cb the we obtain the curve that leads to the matebed situation, we call this
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curve the 'matching curve'. We can even derive an explicit expression for this curve,
however this expression is very complex. In order to obtain a simplified expression, we reeall
2
that the region of interest is where IPI is low. If we use this, the expression for the matching
curve becomes:

=

d 1 ·C12 +d2 ·C1 +d3

2
,
(5.5)
e 1 • C1 + e 2 • C, + e3
where a" a 2, a 3, b" b2 and b3 are parameters depending on the extra impedances, L, OJ, R 0 and
the impedance at the output terminals. In Appendix A, these parameters are given. Figure 5.7
shows the exact calculation and the approximation for the matching curve of the short
circuited matchbox.
c2

35

-······· Exact solution
Approximation

~
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~0~~~~900~~~~1000~~~~1~900~~~~~·

Figure 5. 7: The exact calculation
and the approximation of the
matching curve for the short
circuited matchbox.

cl (pF)

We note that the approximation is good for C1 > 400 pF. Figure 5.8 shows the matching
curve fortheshort circuited matchbox at the same scale as the matching plot in figure 5.6.
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Figure 5. 8: The matching curve for
the short circuited matchbox.

We can use the matching curve instead of the matching plot as a characterisation of the C 1
and C2 dependenee of IPI 2 . Fora non-linear component such as a discharge, it should be noted
that the impedance changes when the power coupled into it changes. This means that if we
have the situation matebed at a certain power input, the power input changes if we disturb the
matching of the situation on purpose. This means that the impedance changes when we
mismatch the situation. In the calculations mentioned above, the impedance is assumed to be
linear, even when the matching is disturbed.
5.1.5 Efficacy ofthe power coupling in the discharge

The efficacy of the power coupling into the discharge can be estimated using the rf network
theory derived in the preceding sections. Every impedance with a non-imaginary component
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dissipates power. With these resistive components, the power dissipated in different sections
ofthe set-up can be calculated.
The rf network consists of several non-imaginary impedances. At first, in the
matchbox, the inductance has a resistance R. The second resistance is the non-imaginary part
of the impedance of the coaxial cable terminated with the lamp impedance. These two
resistances are of the same order of magnitude. The first efficacy we will define is the lamp
efficacy, i.e. the amount of power dissipated in the lamp:

Re( za)
rtamp = Re( za) + R

(5.6)

.

The power dissipated in the lamp can be separated in the power dissipated in the plasma and
the power dissipated due to the rf radiation from the electrodes.
In order to estimate the power loss due to the rf radiation, the impedance of the
electrades without the tube is measured. The two electrades are assumed to be a transmission
line. The electrades are assumed to be a transmission line build up out of the four-terminal
network drawn in figure 5.9.

Figure 5. 9: The jour-terminal network
representing electrodesof length dx.
Where Re is the resistance per unit length and Ce is the capacitance per unit length. The
characteristic impedance Zo and the wave number k can be expressed in the components Re
and Ce using the expression given in chapter 2 (equation 2.21 and 2.22). The component Re
represents the power dissipation due to rf radiation. The component Ce represents the rf
capacitance of the electrades and the displacement current of the rf radiation. As an
appraximation for the rf capacitance of the electrades Ce1, we will use the capacitance at 1
kHz. The calculations result in the following values for the components: Re = 18.9 Ohm/m,
Ce= 51.5 pF/m, Cet = 4.1 pF/m. Ifthe tube is placed between the electrodes, then the power
dissipated by the rf radiation is at maximum equal to the power dissipated in the resistance
Re. This is because of the fact that the rf radiation in the situation without the discharge is
different from the radiation in the situation with the discharge. However, as a first order
approximation, the power dissipation due to radiation in the situation with the tube in
between the electrades can be modelled as the resistance Re. The lamp is assumed to be a
transmission line build up out of the four-terminal network drawn in figure 5.10.

Figure 5.10: The jour terminal network
representing the electrades and the
discharge of length dx.
In this four terminal network, Zdis represents the impedance ofthe discharge per unit length.
The expression for the capacitance Ce· is:
(5.7)
Using the two transmission line representations, we can calculate a first order approximation
for the power toss due to rf radiation. The expressions for the power dissipation are:
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(5.8)

where P;11 is the power input to the total network that consists of the matchbox and the lamp.
This power input can be measured with the power meter in tigure 5.1. With the expressions
for the dissipated powers, we can calculate the power losses from the impedance of the lamp
and the electrode. With the power losses, the last quantities in the rf network are discussed.
In the next section, the hf experimentalset-up will be discussed.

5.2 Experimentalset-up for the hf electrical measurements
Along with the rf discharge, an hf discharge is produced in the lamp. The electrical network
used to produce this hf discharge (primary discharge) consist of an hf generator which output
voltage can be regulated with a de source. This hf generator is connected to an inductance, a
capacitance and the lamp with an inductance in series with each electrode. Figure 5.11 shows
the network representation of the hf set-up.

Figure 5.11: The hf circuit,
1, 2 and 3 are the positions
where the probes are
attached.

Because of the fact that the hf discharge is a positive column which has an negative (V,I)
characteristic, an impedance has to be placed in series with the lamp to make the total
impedance connected to the hf generator positive. In the present hf network an inductance is
used for this purpose. The hf generator and this inductance tagether are called the hf ballast.
In order to prevent the current from being rectified by the lamp, a capacitance is placed
in series with the lamp. The lamp can behave as a rectifier due to the fact that it is possible
that one electrode gets a bit hotter than the other, which leads to a higher current through the
hot one and a lower current through the cold one. The current difference amplifies the
temperature difference, till one electrode is hot and the other is so cold that hardly any
electron can be emitted from it. Then the current can flow normally in one direction, in the
opposite direction no current can flow. The capacitance prevents this effect from occurring.
Ifboth the hf and the rfvoltage are applied to the lamp, the mutual influence ofthe two
networks has to be minimised. The frequency of the hf voltage is 20 kHz, this value is low
enough to neglect the capacitive coupling from the hf electrades and the rf electrodes. The
frequency ofthe rfvoltage i.e. 13.6 MHz is toa high to neglect the capacitive coupling from
the rf electrades to the hf electrodes. This means that the rf signa) has to be filtered out from
the hf network. This filtering is done by the two inductances (L 2) in series with the hf
electrades of the lamp. To imprave the filtering, a transfarmer is placed between the lamp
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and the generator. The de voltage and current at the input of the hf-ballast are measured with
multimeters. The current in the hf circuit is measured with a current probe at position 3 in the
network (figure 5.11). This current probe is connected toa digital oscilloscope. The voltage
at the ballast output (position 1) and just after the capacitance (position 2) are measured with
high-voltage probes connected to the oscilloscope.
The current in the hf circuit is small, in comparison with the current in the rf circuit.
Because of this, the influence of the rf current in the hf circuit is high, even with the
'blocking' inductances. To minimise this influence, the scope averaged 200 measurements,
which cancelled out the rf influence. The rf influence is cancelled out because of the fact that
the scope did not trigger on the rf signa) and the fact that the average value of the rf signal is
equal to zero. In table 5.2, the used equipment is listed.

Power souree (de)
Ballast
Oscilloscope
High voltage probes
Current probe
Inductance ~
Capacitance C
Transfarmer
Multimeters

Delta electronika power supply
D 050-10
Philips BRC 411101
Tektronix DSA 601
digitizing signa) analyzer
Tektronix Tek P51 00 1OOx
Pearson electranies inc. Wideband
current monitor model 2877
403 f..LH
LCC 1000 pF, 20 kV
2·27 mH
Fluke 77 multimeter

Table 5.2: The used
equipment.

5.3 Conclusions
The discussion of the hf network completes the experimental set-up for the electrical
measurement. The principle of measurement is discussed, for both the rf and the hf network.
With the networks presented, the lamp can be operated and the rf discharge parameters can
be estimated from the rf impedance. The mutual influence of the discharges can be explored
using the rf impedance and the hf lamp current and lamp voltage.
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6. THE OPTICAL SYSTEM
n this chapter, we will discuss the part of the experimental set-up which is used to measure
the optica! emission from the discharge. The set-up consists of an optica! multichannel
analyser (OMA), with the proper opties to guide the light from the discharge to the OMA.
The OMA is connected to a computer with an IEEE cable. The data acquisition is performed
by the program : Omavision of EG&G Instrument Corporation [EGG 93]. The relevant
spectrum analysis is performed by the program Colorana.

I

6.1 Experimentalset-up for the optica/ measurements
This section is divided in two subsections. At first, we will describe the general working
principle of an OMA set-up. Secondly, the details of the used set-up, along with the
calibration and the measurements are described.
6.1.1 The working principle of an OMA set-up
The light emitted by the discharge is guided to the OMA through an optical fibre. The light is
focused onto the beginning of the fibre with a lens. The width of the beam can be adjusted by
changing the size of the aperture that is placed in front of the lens. Figure 6.1 shows these
components schematically.

aperture

lens

Figure 6.1: Schematic drawing of
the opties at the beginning of the
fibre .

libre

At the other end of the fiber, the beam is focused onto the entrance slit of the spectrograph by
the Imaging input opties assembly. The light that passes through the slit reaches a grating at
which diffraction occurs. The diffracted beam is focused onto a diode array. If the focusing is
done properly, then every part of the diode array detects a part of the visual spectrum. The
Imaging input opties assembly focuses the beam onto the entrance slit in such a way that the
diffracted beam has a plane wave front. Figure 6.2 shows the working principle of an OMA.
IEEE cable
to com puter

Detector
interface

lmaging input
opties assembly

model1461

IEEE cable
to computer

Spectrograph
Fibre

Entrance slit

Grating

Exit slit

Figure 6.2: The working principle of an OMA.

The diode array can be caoled to in order to decrease the dark current. By means of an 14 bit
analogue-digital converter, the detection signal is transmitted to a data controller, which is
connected to the computer (IBM PC compatible) with an IEEE cable. The spectrograph
controller can rotate the grating and is connected to the computer with an IEEE cable.
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6.1.2 The messurement and calibration procedure

Before the measurements and the calibration will be described, some details of the set-up
have to be given. We will start with the input opties shown in tigure 6.1. The diameter ofthe
aperture of the input opties in tigure 6.1 is 1 mm. The focal length of the lens is 77 mm. The
input cross section ofthe tibre is a circle with a diameter of 1 mm. The output crosssectionis
a straight line of 4 mm length. The entrance slit height of the spectrograph is 4 mm. The slit
width is 50 micrometer.
The fibre is adjusted in the radial and axial direction as shown in tigure 6.2 until the
intensity measured by the OMA is maximaL The end of the tibre then is properly imaged on
the entrance slit of the spectrograph.
In table 6.1, the components ofthe OMA set-up are lined up. In the spectrograph, three
gratings are present: a 1200 g/mm, a 600 g/mm and a 150 g/mm grating. For the
measurements, the 150 g/mm grating is used because this is the only grating present which
provides a wavelength coverage of 470 nm. This coverage is necessary for measuring the
whole visual spectrum once at a time.

Spectrograph
Imaging input
opties assembly
Detector
Detector interface
Cards in Detector
interface

Acton Research Corporation
SpectraPro 275
Acton Research Corporation
Model FC-459-180
EG&G Princeton Applied Research
model 1420 IR_gated.
EG&G Princeton Applied Research
model1461
EG&G Princeton Applied Research
model 1463 Detection controller:
Scan control, Analog, 14 bit AID

Table 6.1: The OMA
components.

The details ofthe spectrograph with the 150 g/mm gratingare shown in table 6.2. The 1420
detector is a gatable intensified diode array.

Focallength spectrograph
Blaze wavelength
Central wavelength
Dimensions grating
Wavelength coverage
Size detector array
Detector temperature

275mm
500nm
580nm
68·68 mm
592nm
1024 channels
-10°C

Table 6.2: Relevant quantities ofthe OMA
set-up with the 150 g/mm grating.

Omavision controls the spectrograph and the detector and the measurements. The central
wavelength, the grating and the detector temperature can be set in Omavision. Along with
this, the exposure time of the detector can be set. This is the time during which the detector is
read out. To prevent having a too high or a too low signa!, the exposure time can be adjusted.
The 1463 detection controller couverts the analogue signa! from the detector in a 14 bits
digital signal. After every exposure time, this converting is carried out. For this, the
maximum number of counts per channel in a spectrum is 16384. In order to measure more
than these 16384 counts per measurement, a number of measurements can be carried out,
these measurements are added. The time it takes to carry out these measurements is called the
run time. This run time can be set in Omavision.
In order to correct the measurements for the background, the 'background subtract' can
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be tumed on in Omavision. A lamp spectrum is measured using the following procedure. The
background spectrum has to be measured when the lamp is off. During one exposure time, the
background is measured. After this, the lamp is switched on and the lamp spectrum is
measured during a certain run time. Every exposure time, the measured background spectrum
is subtracted from the measured spectrum. The total set-up and software settings for the lamp
spectrum measurements are the same as for the background measurement. Omavision
automatically perfarms this background correction.
The spectrograph controller can change gratings and change the central wavelength by
rotating the grating. Besides this, it can perform some scanning procedures which are not
used during the measurements. The wavelength reading of the spectrograph controller is
calibrated. However the alignment of the detector is likely to change whenever there is any
physical movement between the detector and the spectrograph. This results in a wavelength
offset. OMA vision can reset this offset by measuring a known speetral light source. From
this measured spectrum, a known line has to be selected. The conesponding wavelength has
to be entered. With this information, OMA vision can calculate a correction for the offset of
the spectrograph controller.
The wavelength calibration is carried out with an Hg lamp. The wavelengtbs of the
emission lines of Hg are known in the literature [EGG 93], and a linear fit is performed for
the wavelength as a function of the channel number. The peaks used for this cal ibration are:
404.66 nm, 435.84 nm and 546.07 nm. The wavelength calibration is carried out by
Omavision. Whenever a spectrum is stored on disk, the calibration coefficients are stored in
the spectrum file also.
The intensity calibration is carried out in Omavision. For this purpose, it needs a
cal ibration souree (lamp) with a known speetral intensity. This speetral intensity is entered in
a lamp data file. In this lamp data file, the speetral intensity of the souree is given as power
per area per nanometer for a number of wavelengths. Omavision creates a lamp curve by
carrying out a fit on the lamp data. In this way, a calibration curve with a data point for each
pixel is created. After this lamp curve is created, the spectrum of the calibration souree is
measured in counts. With this measured spectrum and the lamp curve, i.e. the known
intensity spectrum of the lamp, Omavision creates a correction curve by calculating the ratio
of the lamp curve to the measured curve. This curve is stored and used whenever the intensity
calibration is 'tumed on'. The intensity calibration is performed with a Tungsten filament
lamp. The current through the tungsten ribbon was 13.87 Ampere. The part of the ribbon
from which the radiated spectrum was measured had a temperature of 2600 K [IJK 81].
Making use of the tables for the emissivity of Tungsten [VOS 54], the correction curve for
the intensity was calculated.
The lamp measurements are carried out with exactly the same set-up as used with the
intensity calibration and the wavelength calibration: The settings of the aperture cross
section, the fibre position, the entrance slit width, the grating angle, the detector temperature,
the spectrograph controller offset and the wavelength calibration are kept the same. The
exposure time was not the same during the intensity calibration and the lamp measurements.

6.2 Data acquisition and data processing
The data acquisition program Omavision controls the measurements. In order to measure a
lamp spectrum properly, the fibre is positioned properly as described in the preceding
section. Secondly, the spectrograph offset is determined, making use of the 546 nm Hg line.
Thirdly, the wavelength calibration is carried out, with the three Hg lines mentioned in the
preceding section. Fourthly, the intensity is calibrated with the tungsten lamp. Finally, the
lamp spectrum is measured. A measured spectrum can be storedon disk as a Omavision file,
including calibration files, or as an ASCII file. For different settings of the VCTF lamp, the
emitted spectrum is measured. The ASCII files of these measurements can be imported in the
program Colorana. In the spectrum files, the wavelengtbs have non-integer values. Because
ofthe fact that the colour-matching functions are tabulated for integer wavelength values, the
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wavelengtbs in the spectrum file are rounded off to integer values during the import of the
spectrum ASCII file. When two or more different wavelengtbs are rounded of to the same
integer wavelength, the program averages their intensities. Whenever a spectrum is imported,
the (x,y) values of the spectrum are calculated according to equation 4.11. With the (x,y)
values, the correlated colour temperature of the lamp can be calculated, along with the black
body colour difference D.
In order to represent the colour of the lamp on the screen and on a printer, a series of
calculations are performed. The three phosphors of the screen can be seen as primary stimuli
of a new colour system: the screen-(R,G,B) system. In order to transfarm (x,y) values to the
screen-(R,G,B) system, the (x,y) values of the red, green and blue phosphors of the screen
have to be known. These values are shown in table 6.3 [EBU 96], a1ong with the chosen (x,y)
values of the red, green and blue ink of a colour printer. These values are not measured, but
are chosen properly as will be described further on.

Red
Green
Blue

Screen
x
0.64
0.29
0.15

y

0.33
0.60
0.06

Printer
x
0.735
0.080
0.176

y

0.265
0.720
0.005

Table 6.3: The (x,y) values used to
calculate the screen-, and printer-(r,g,b)
values.

In chapter 4 is derived that by mixing two co Jour stimuli Q 1 and Q 2, the colour point of the
mixed stimulus is positioned somewhere on the straight line connecting the colour point of
the two stimuli Q 1 and Q 2 . This means that by mixing the light emitted by the three
phosphors, we can have colour stimuli with a colour point positioned in between the straight
lines connecting the three phosphor colour points. In figure 6.3 this principle is shown in the
CIE 1931 diagram.

1.0

520nm

530nm

0.8

540nm
510nm
SSOnm

560nm

0.6
SOO•m

y
0.4

Figure 6.3: The stimuli ofthe
screen phosphors in the CIE 1931
diagram.

x
The stimulus Q represents the co Jour of a lamp, calculated from the lamp spectrum. In figure
6.3, the sameconstruction is used as in figure 4.3. The phosphors ofthe screendetermine a
new colour system, the screen-(R,G,B) system with the primary stimuli R', G' and B'. The
(x,y) values of these primary stimuli are the (x,y) values of the phosphors. The amount of
light that the three phosphors each produce are the tristimulus values in the screen-(R,G,B)
system. In figure 6.3 the construction for determining these tristimulus values RQ ', GQ' and
BQ' is plotted. U sing this construction, the screen (r,g,b) val ues of the colour stimulus can be
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calculated. This screen-(r,g,b) values each have an integer value from 0 to 255. With the
calculated screen-(r,g,b) values, the colour of a stimulus can be shown on the screen. The
screen-(r,g,b) values are normalised to the maximal intensity; the tristimulus values are
multiplied by a constant in such a way that the highest tristimulus value is equal to 255.
Colorana performs these calculations when a spectrum is imported.
The (x,y) val u es of the primary stimuli of the printer-(R,G,B) system are not measured,
this requires a complex set-up of a well determined reference souree which has to illuminate
the printed paper. For this, we will choose appropriate (x,y) values for the primary stimuli.
The primary stimuli R' and B' are chosen to be equal to the monochromatic stimuli
with the wavelength 700 nm and 400 nm, respectively. With these fixed two primary stimuli,
the third primary stimulus is chosen in such a way that (x,y,z)=(l/3, 113, 113) corresponds to
the printer (r,g,b) values (1/3,1/3,113). This construction leads to the (x,y) values shown in
table 6.3.
Because of the fact that no negative tristimulus values can arise in the printer and the
screen-(R,G,B) system, these systems cannot define all the possible colours. The screen
cannot produce the colours with a colour point positioned outside ofthe triangle in figure 6.3.
The same holds for the printer, with its triangle. For this, the colour of the points outside the
triang1e have to be approximated. The approximation is that whenever a tristimulus value
becomes negative, the conesponding screen or printer r, g or b value is set to zero. In this
way, the screen-, and printer-(r,g,b) values of every visual stimulus can be calculated. With
the calculated printer-(r,g,b) values, Colorana can make a bitmap file (.BMP format). These
bitmap files can be used in other Dos or Windows applications. The coloured bitmaps in the
figures in chapter 4 and chapter 8 are produced by Colorana.
Apart from the calculations mentioned above, Colorana has the following options:
•
•
•
•
•
•
•

Plot the CIE 1931 colour diagram on screen.
Plot the black body locus with isotemperature lines on screen.
Plot the triangle of colours limited by the screen phosphors on screen.
Plot the measured spectrum, and the colour ofthis stimulus on screen.
Show the colour of a point (x,y).
Create a bitmap of the CIE 1931 diagram, the black body colours, the spectrum.
Create a bitmap out of an (x,y) array.

With the set-up described above, the visible radiation from the discharge can be measured
and analysed. This analysis results in (x,y) values, colour temperatures, colour difference D,
coloured bitmaps and visual spectra.
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7. RESULTS OF THE ELECTRICAL MEASUREMENTS

I

n this chapter we will discuss the results of the electrical measurements. From the rf lamp
impedances, all the relevant electrical quantities such as discharge voltage, discharge
current and dissipated power can he calculated using the expressions derived in chapter 2. In
chapter 3 we obtained expressions for the components of the electrical equivalent of the
discharge. Using these expressions, we will now calculate the relevant discharge parameters.
We will start with the discussion of the rf impedance of the lamp without the hf discharge.
After this, the rf impedance of the lamp with the hf discharge will he discussed. We will end
with the discussion of influence of the rf discharge on the hf discharge parameters.

7.1 The rfimpedance measurements
In this section, we will make use of the expressions derived for the impedance measurements,
matching networks and the capacitively coupled radio-frequency discharge. In tigure 7.1, the
total network, used for the measurements is plotted. In order not to make this tigure too
complex, the parasitic impedances are not shown.

CoaJ<ial cable (1)
with power meter

-

~

-~~t~i~?.n~~~ .........·

: ...

Figure 7.1: The total rf
network, without the
parasitic impedances.

z.

In order to match the network, the capacitances C 1 and C2 are adjusted, till the reflected power
P R, measured with the power meter was minimaL After this, the power flowing to the

matchbox PF was measured with the power meter also. In tigure 7.1 these two power flows are
shown. The power input P;n is assumed to he the difference of PF and PR. The values of the
two capacitances were measured with the RCL meter, the two coaxial cables were
disconnected during these measurements. From equation 5.3, the impedance Za at the
beginning of the second coaxial cable can he calculated. Making use of equation 2.25, the
lamp impedance ZL at the end of the coaxial cable is calculated from the impedance Za at the
beginning of the line. As a reminder, the equations used are shown in table 7 .1. In this table, cj,
is the length of the second coaxial cable. In this section, the power dissipated due to rf
radiation is neglected, unless it is stated different. This is the reason for the fact that P1amp and
P dis are used interchangeably.
Equation(s)
P;n = PF- pR

Input
PF,PR
PR~o, c~,

c2,

the parasitic
impedances

Re(z") =

(2.54)

R"OJC
.(-'1

(--~
OJC

-br -R

2

I

-b) +R() 2

(5.3)

R0 2 (~ -b)
Im(z.)= (

_l __

OJC

Za

r

b

R'

_L_

-wL+ OJC, -X

+o

Za - jR0 • tan(kd,)

zl· = Ro . R

Result
P;n
Za

0 -

1(, ,)

JZ" ·tan kd,

ZL

Table 7.1: The
expression used for
calculating the lamp
impedance.
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7.1.1 The rf discharge parameters
The impedance of lamps with five different neon pressures (5, 10, 15, 20 and 30 mBar) were
measured at seven different input powers (Pin= 0.52, 2.1, 4.6, 8, 13, 18 and 24 Watt). We will
start with the power dependence. Figure 7.2a and 7.2b show the realand the imaginary part of
the lamp impedance ZL, this is the impedance which terminates the coaxial cab1e from the
matchbox to the lamp. This impedance is not the impedance at the output terminal of the
matchbox (see table 7.1 for the relation between these two impedances). We note that the
trend of the measurements is the same as the trend of the calculated values in the figures 3 .4a
and 3.4b, which are reproduced in figure 7.2a and 7.2b, respectively. We can interpret the real
part of the lamp impedance qua1itatively. The discharge has to 'produce its own conductivity'
by ionising neutral gas particles. If the power input is low, then this ionisation is low which
results in a high resistive part of the impedance. At high input powers, the real part of the
discharge impedance increases a little due to the inelastic collisions of electrans with neon
atoms. The cross section for this callision bas a certain energy threshold, which gives its
equivalent impedance a non-linear character. The imaginary part of the impedance can at first
sight, not be interpreted directly.

25

neon pressure:
- • - 5 mBar
-e-IOmBar
-A-15 mBar

-•-20mBar
----.-30 mBar

·--·-·
0

2

4

6

8
pdis

18

18

Figure 7.2b: The imaginary part of
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With the plasma impedance and the impedances in the rest of the electrical circuit, the
amplitudes of the voltage over and the current through the lamp and hence the (V,I)
characteristic can be calculated. Figure 7.3 shows the result ofthis calculation.
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Figure 7.3: The (V,!) characteristic
of the lamps with various neon
pressures.
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In this figure, the trend of the 5 mBar lamp at low currents is linearly extrapolated, this is the
dotled line. From this figure it is clear that at high input powers, the ionisation is high enough
to cause the lowering of the voltage over the lamp. This effect is bigger at higher neon
pressures, as is to he expected. If we couple the ionisation to the production of light, we can
conclude that the colour of the lamp is more red at high input powers and higher neon
pressures. In this conclusion, we implied that the absolute value of the imaginary part of the
lamp impedance becomes smaller at higher electron/ion densities.
At this point we can draw some more quantitative conclusions, making use of the ccrf
discharge model, derived in chapter 3. Before we do this, we note that the lamp impedance is
different from the discharge impedance due to the dielectric media (the glass) in between the
electrodes. We also note that the model is based on certain approximations, as described in
chapter 3. At first the model is a one dimensional one, which means that the area of the
electrades has to he very large in comparison with the gap length. In the discharge we
examined, this certainly is not the case. In chapter 3 this phenomenon is already discussed, the
result was that if we want a 'first order approximation of the electron density', it should he
calculated from the sheath components of the electrical system. The geometrie change from
parallel plates to the real electrades is minimal at the sheaths, so the influence of the
geometrie change on the sheath impedance is minimaL
Secondly, in the calculation of ne, the mobility we have used is the mobility of electrous
in a neon gas. The influence of the mercury atoms on the mobility cannot he neglected.
However, in the calculation of ne from the imaginary part of the discharge impedance, the
mobility plays a minor role.
A third reason for using the sheath capacitance instead of the glow resistance for the
calculation of ne is the significant change in the measured resistance at high power input due
to the inelastic collisions of neon atoms and electrons.
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Figure 7.4: The electron density as a
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In chapter 3 (section 3 .4 ), we assumed the electron density to Ье linear with the input power to
the discharge. The measured trend will Ье different due to the mixture of mercury and neon,
which have а different excitation potential: In the region where this power is low, the mercury
ionisation is dominant with respect to the neon ionisation. If the power input becomes higher,
then the field is high enough for the neon atoms to Ье ionised, this result in а higher power
dissipation per ionisation. For this, the slope of the electron density as а function of the power
input will decrease. At still higher input powers, the influence of neon ionisation becomes
significant, as сап Ье derived from the fact that for higher neon pressures, the electron density
is 11igher. These effects are clearly visiЫe in figure 7.4. lt is important to note that the electron
densities are derived using the model from chapter 3. This means that the real, absolute value
of the densities can Ье very different from the ones we have calculated, the model only
describes the trends in the measurements.
In the preceding part of this section, the neon pressure is used as а parameter and the
power input as the variaЫe. If we change the role of these two quantities, we oЬtain the
following plots for the lamp impedance (Figure 7.5а and 7.Sb).

25

rf power iпput:
-•-052Watt
- o-21Watt

20

/

-д-4 6 Watt
-у-8

Watt

-о-13

15

Watt

-+-18 Watt
-x-24Watt

~

.----•

7·

10

-----·

--==~!-

5
о

10

5

15

20

25

зо

Figure 7.5а: The real part ofZL as
function of the пе оп p ressure.

а

Pneon (mВar)

-220
-230
-240
-250
-230
-ZТО

~

-280
-200

-300
.З10

-320
-330

·--·----·--·
5

10

15

20

-x-24Watt

25

•
зо

Figure 7.5Ь: The imaginary part of
ZL as afunction of the пеоп
pressure.

Pneon (mВar)

The total power input Р;п is used as а parameter is these plots. We can give а qualitative
explanation for the trend of the measurements. We will consider the real part of the discharge
impedance only, because it сап Ье interpreted easily. The power dissipation in the glow will
Ье mainly caused Ьу elastic collisions of electrons with neon and mercury atoms and inelastic
collisions of electrons with mercury (and neon) atoms. This means that the conductivity of the
glow will Ье lower at higher pressures due to the higher neutral density at higher pressures. At
low power input, the discharge is mainly burning on mercury. The higher the power input, the
higher the influence of the ionisation of neon atoms becomes. In figure 7 .Sa, we see three
effects, firstly, At а fixed neon pressure, the real part of the discharge impedance, i.e. the glow
resistance Rp, will decrease when the power input increases. This effect is due to the extra
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conductivity caused by extra ionisation of mercury and neon. Secondly, the ionisation of neon
will he higher at higher neon pressures. This results in a lower plasma resistance at higher
neon pressures and high power input. The last effect is the fact that for the 30 mbar lamp, the
resistance ofthe discharge at the highest input power is higher than at lower input power. This
is due to the fact that the power dissipated due to visual radiation emitted by neon atoms is a
progressive and not a linear function of the power input. The electron density as a function of
the neon pressure is shown in figure 7 .6.
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The total power input P;n is used as a parameter for these measurements. As a first order
approximation, the mercury ionisation rate is independent of the neon pressure. The ionisation
rate of neon is proportional to the neon pressure. From this, we can conclude that the total
ionisation rateis a linear function ofthe neon pressure. This is clear in figure 7.6. The slope of
the lines is higher for higher input powers, as expected.
The electron density completes the discussion of the discharge parameters. In the next
section, the matching curves of the larups will he discussed.

7.1.2 Matching curves
The behaviour of the electrical network can he described by the matching curves of the lamp
impedance. Insection 5.1.4, the definition of a matching curve is given. When an impedance
is matebed to the coaxial cable, then the capacitance C 1 and C2 can he measured. From these
capacitances, we can calculate the impedance. With this impedance, we can calculate the
matching curves using equation 5.5. In this section we will discuss the curves for the 15 mBar
lamp. In figure 7.7 these curves are plotled for different rf input powers. The symbols in the
plot represent the capacitances C 1 and C 2 in the measured, matebed situations. We note that
this figure is very similar to the matching plot ofthe short circuited matchbox in figure 5.7.
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In figure 7.7, the power input P;n is varied from 0.52 Watt to 24 Watt. It is clear that although
the matebed situations can differ from each other, the trend of the matching curves remains the
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same. For manual matching of an impedance, the matching curves in the figures shown are
important. In practice, it can be used while turning the capacitors to match the network, if C 1
is made higher, C2 has to be made lower. It can be shown that the trend even remains the same
within a few orders of magnitude for the real and the imaginary part of the impedance at the
output terminals of the match box.

7.1.3 Powerlossin the matchbox and doe to rf radiation
The power losses are calculated as described in chapter 5. We note that the power loss due to
rf radiation is an estimate based on the fact that the rf radiation fram the electrades are
assumed to be equal with or without the discharge. Figure 7.8 shows the results of the power
loss calculations. This figure shows the percentage ofthe total power input that is coupled into
the matchbox, the rf radiation and the discharge.
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We note that the power coupled into the discharge depends on the total power input. In
principle, the power losses in the matchbox can be neglected if we use silver coated
components. This is because of the fact that the silver oxide layer is much thinner than the
copper oxide layer.
These were the results for the impedance measurement of the rf discharge, without the
hf discharge. In the next section, we will discuss the results ofthe rf impedance measurements
with the hf discharge on.

7.2 The rfimpedance measurements, with the hf discharge
The influence of the primary (hf) discharge on the secondary (rf) discharge can be
investigated by measuring the impedance of the rf discharge at different levels of the power
input to the primary discharge. In this section, we will discuss the results of the rf discharge
impedance with the primary discharge turned on. As a measure for the influence of the power
input to the primary discharge, the root mean square value of the hf current thraugh the lamp
is used. We will discuss the lamp impedance ofthe 15 mBar neon lamp only. The model we
used in the last section is not used here because of the fact that this model is deduced for the rf
discharge without the hf discharge.
In the figures 7.9a and 7.9b, the real and the imaginary part of the rf discharge
impedance are plotted respectively. It is clear that the influence of the hf discharge on the rf
discharge is best pronounced in the low rf power input region. This is due to the fact that the
hf discharge supplies the rf discharge with electrons. The ionisation caused by the rf discharge
is lower than the 'flux' of electrans from the positive column of the hf discharge. The real part
of ZL becomes lower and the absolute value of the imaginary part of ZL gets lower due to the
higher electron density. If the rf input power gets higher, then the influence of this extra
electrans and ions is weaker, although they are still influencing the rf discharge.
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These were the results for the rf impedances with the influence of the hf discharge. In the next
section we willlook at the influence ofthe rf discharge on the hf discharge.

7.3 The injluence of the rf discharge on the hf discharge
The influence of the secondary discharge on the primary discharge can be investigated by
measuring the voltage over and currents through the primary discharge. In this section we will
briefly discuss the influence of the rf discharge on the hf discharge.
In order to visualise the influence of the rf discharge on the primary discharge, the rms
( V,l) characteristic of the primary discharge is measured at different levels of the rf input
power. Figure 7.10 shows the results of these measurements for the 15 mBar lamp.
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From this plot, it is clear that the presence of the secondary discharge has a profound impact
on the primary discharge. The (V,/) characteristic changes from a negative one (positive
column) into a positive one. The voltage at the ballast connector did not change during these
measurements. The current through the discharge did not change significantly when the rf
power input changed, at a fixed primary power input. This why the influence of the secondary
discharge on the primary discharge can be regarcled as a conductivity change of the primary
discharge. The conductivity of the primary discharge increases with increasing power input to
the secondary discharge.
As a first order approximation, the explanation for these curves is that at high rf input
powers, the rf discharge generates a lot of electron-ion pairs in comparison with the hf
discharge. Because of this, the conductivity for the hf discharge will be much higher. Due to
this, the hf voltage over the lamp will decrease. This effect is more pronounced at lower hf
currents, because the hf ionisation is lower at Jower hf currents.

7.4 Conclusions
The results of the rf impedance measurements are difficult to interpret The model derived in
chapter 3 proved to be a useful tooi in interpreting the results. With simple assumptions and
rough approximations, all phenomena can be explained.
The influence of the hf discharge on the rf discharge can as a first order approximation
be seen as electron transport from the hf to the rf discharge. The hf discharge is a souree of
electrans for the rf discharge. This extra electrous result in a higher imaginary and a lower real
part ofthe rf discharge impedance.
The influence of the rf discharge on the primary discharge is as a first approximation
the transport of electrans from the rf discharge to the hf discharge. This leads to a positive
(V,/) characteristic for the hf discharge.
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8. RESULTS OF THE OPTICAL MEASUREMENTS
s derived in the introduetion chapter, the colour ofthe VCTF lamp will change due to the
secondary discharge which is added to the primary one. In order to know the lamp
colours which can be achieved by adding this secondary discharge, optical measurements were
carried out. A second reason for these measurements is a better understanding of the
impedance measurements. The third reason is to quantify visual aspects of the total discharge,
such as the intensity of a lamp or the discharge pattern. All the measurements were carried out
using the optical multichannel analyser (OMA). In order to visualise the sametimes complex
results, the results will be represented in more than one way. The most important way to
visualise the results is the direct colour representation, the colour of the lamp will be printed
as a coloured area. The coloured areas are calculated with the program Colorana, as described
in chapter 6. In this chapter, we will avoid confusion by changing the symbol for the total
power input from P;n to Prf·
The colour ofthe lampsis measured at different parts ofthe lamp. In figure 8.1, a cross
section of the measurement set-up is given. The input opties were placed on a rail parallel to
the tube axis. The quantity x represents the position on this rail, at the left cap-tube boundary x
is equal to zero. The height y of the input opties can be changed. At the lowest position in the
tube, just above the electrodes, y is equal to zero. Unless stated differently, the input opties are
positioned in the middle of the tube.

A

Figure 8.1: The position ofthe input
opties.

We will start with the results of the rf discharge measurements without hf discharge.
Secondly, we will discuss the results of the measurements with the combined rf and hf
discharge. Thirdly, we will discuss the combined discharge colour pattern. Finally, we will
discuss the time dependenee ofthe colour due to the temperature rise ofthe lamp.

8.1 The rf discharge
In this section, the results of the optical measurements for the rf discharge will he presented.
We will discuss the dependenee of the colour on the neon pressure. In the remaioder of this
chapter, this neon pressure dependenee will not be discussed anymore. At first, we willlook at
the speetral radiant power distribution of the 30 mBar lamp; the lamp spectrum. Figure 8.2
shows this spectrum for the rf discharge at low and at high input power.

800

Figure 8.2: The lamp spectrumjor
two different rf input powers.

69

8.1 The rf discharge

In these spectra, we can see the 546 nm mercury peak. The size of this peak is the same at low
and high rf power. However, the neon peaks in the Á> 575 nm region change a lot in size.
This means that as a first order approximation, the spectrum of the lamp is built up of a neon
stimulus caused by the rf discharge which depends on the rf power, and a mercury stimulus
that is nearly independent of the rf power input. For the other lamps (5, 10, 15 and 20 mBar),
the mercury stimulus is not independent of the rf power input.
The second way to visualise the radiation of the lamp is the direct colour representation.
In figure 8.3 the neon pressure and input power dependenee of the lamp colour are plotted in
this way. In this figure, every coloured rectangle represents one measurement.
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Figure 8.3: The direct colour
representation of the lamp colour as
a function of the neon pressure and
the if power input.
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From this figure, it is clear that the influence of the red neon light is higher at higher neon
pressures and at higher input powers. The result of the measurements can also be expressed in
the correlated colour temperature Tc. Figure 8.4 shows this representation. We note that figure
8.3 gives the best feeling for the lamp colour. Insteadof this, figure 8.4 represents the colour
in an absolute way, however without creating a colour perception for the unfamiliar viewer.
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An important condusion can be drawn from this figure; the correlated colour temperature
curve flattens at higher power input for the 20 mBar and 30 mBar lamps. This is due to the
fact that the mercury stimulus is still present at high input powers. Besides this, it could be
due to the fact that the absolute intensity of the neon light flattens as a function of the power
input. This explanation can be verified or falsified by looking at the different lamp spectra. We
will use the area beneath the neon peak at 724 nm as a measure for the amount of neon light
radiated by the lamp. In the wavelength region from 720 nm to 730 nm, there are no mercury
or phosphor peaks. So in this region the radiation is determined by the neon peaks only.
Figure 8.5 shows the neon peak at 724 nm, for different input powers .
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The area beneath the peaks shown in tigure 8.5 is plotled as a function ofthe rfpower input in
tigure 8.6. It is clear from this tigure that the flatlening of the correlated colour temperature is
not caused by the saturation of the production of neon light. We note that the area beneath the
725 nm peak, Ane is not a linear function of the rf power input. This is due to the 'energy
threshold' for the cross section of the excitation of neon.
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The colour of the lamp can be plotled in the CIE diagram. Figure 8. 7 shows this plot, this is a
part of the diagram shown in tigure 4.8. We note that the black body locus and the
monochromatic stimuli arealso plotled in tigure 8.7.
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In figure 8.7 it is clear that the visual radiation emitted by the lamp can beseen as a mixture of
a mercury stimulus and a neon stimulus. The chromaticity coordinates of the lamp are situated
on the straight line that connects the mercury and the neon stimulus. This condusion can also
be drawn from figure 8.2; the shape of the part of the spectrum representing the neon stimulus
does not change significantly with the rf power input. However, the intensity of the total neon
stimulus changes with the rf power input. The same holds for the mercury spectrum.
The last quantity we will consider in this section is the intensity of the lamp. As a
measure for this intensity , we used the surface beneath the whole spectrum. So the measured
intensity is a radiometric quantity. Figure 8.8 shows this quantity as a function of the rf power
input.
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It is clear that a higher rf power input excites more neon, which leads to less mercury
excitation, which leads to a loss in the intensity . We note that at the lowest rf power input,
only the 30 mBar lamp gives a significant loss of intensity.
Figure 8.8 completes the set of representations for the optica} measurements of the rf
discharge. From all the representations it is clear that the lamp colour has the highest red
component at high pressures and high rf powers. In the next section we will not only use the rf
discharge, we will combine it with the hf discharge and measure the colour of this combined
di scharge.

8.2 The combined rf and hf discharge
In this section, we will discuss the results of the colour measurements of the combined rf and
hf discharge. In the preceding section, the neon pressure dependenee is discussed, here we will
only use the 5 mBar lampand the 30 mBar lamp. We will start with the colour of the 30 mBar
lamp in the middle of the tube as a function of the rf and the hf power input.
Figure 8.9 shows the results for the colour measurements of the combined hf and rf
discharge. In this figure, Prf is the total rf power input, Phf is the de power input to the ballast.
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Figure 8. 9: The colour of the
combined hf and rf discharge for the
30 mBar lamp

8.2 The combined rf and hf discharge

The coloured areas in figure 8.9 represent a measurement or an interpolation of two
measurements. In the blank region, an interpolation was not possible because the colour
changed too sudden. The blank region divides the measurements in two regions; the rf
dominant and the hf dominant region. In the rf dominant region, the radiation of the combined
discharge is mainly determined by the rf discharge. In the hf dominant region, the radiation of
the combined discharge is mainly determined by the hf discharge. A part of the region in
between is not stable, the hf discharge will either change to the rf dominant region or to the hf
dominant region.
The change from the rf dominant to the hf dominant region is due to the fact that only
in the hf dominant region, the hf discharge is fully developed. At low hf power, the hf
discharge is not fully developed, the electrades are probably to cold to emit enough electrons.
The dependenee of the colour of the 5 mBar lamp on the hf and rf power input is also
measured. Figure 8.10 shows the results forthese measurements.
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Figure 8.10: The colour of the
combined rf and hf discharge for the
5 mBar lamp.

0
0

2

6

7

In this figure, there's only one region, the rf dominant one. This is due to the fact that the
ballast could not deliver enough power to make the hf discharge develop fully. We note that
the maximum hf power input in this lamp is 7 Watt, the maximum power input in the 30 mBar
lamp is 13 Watt.
Figure 8.11 shows the correlated colour temperature of the 30 mBar lamp as a function
of the hf power input. In this figure, the rf power input is used as a parameter. We note the
change in Tcin the transition region.
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Figure 8.12 shows the correlated colour temperature of the 5 mBar lamp as a function of the hf
power input. In this figure, the same Tc scale is used as in the last figure.
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The correlated colour temperature of the 5 mBar lamp changes very little in comparison with
the 30 mBar lamp. As mentioned before, this is due to the fact that it was very difficult to
transfer power from the ballast to the lamp. In figure 8.13, the results of the colour
measurements are plotled in the CIE diagram.
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The area beneath the 724 nm neon peak (Ane) can be calculated, as a measure for the red light
produced by the rf discharge. Figure 8.14 shows the results for this quantity for the 30 mBar
lamp.
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Figure 8.14: The area beneath the
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Apart from a slightly negative trend, the area Ane can be considered to be almost independent
of the hf power input. This means that there is only little influence of the hf discharge on the
rf discharge. This was already clear from the impedance measurements, but consirlering the
huge raise in correlated colour temperature at high hf power input, it seemed as if the rf
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discharge stopped producing red (neon) light. The last figure proves that this is not the case.
For the calculation of the area A.,, the spectrum had to be corrected by subtracting the mercury
stimulus from the total spectrum. The mercury stimulus was normalised to the area beneath the
546 nm peak.
The last quantity we will discuss in this section is the intensity of the lamp, i.e. the area
beneath the lamp spectrum. Pi gure 8.15 shows this quantity, as a function of the hf power
input, at different values for the rf power input.
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We note that the sudden raise of the intensity at higher hf power input coincides with the
sudden change of the lamp colour.
The overall condusion of this section is that the lamp colour changes drastically at a
certain hf power input. The change in colour is caused by the huge increment of white light
from the positive column. The change in colour is not caused by a decrement of red light from
the rf discharge. The influence of the hf discharge on the rf discharge is very little.

8.3 The colour p attern
In this section we will discuss the colour pattem of the combined discharge. In order to
visualise this dependence, the direct colour representation and the correlated colour
temperature dependenee will be given in figures . The lamp spectra at different places of the
lamp were measured. We will take a closer look at these spectra, as we did in the preceding
two sections. At first, we will look at the axial dependenee of the colour. At second we will
discuss the radial dependenee of the colour.
The colour of the 30 mBar lamp at different axial positions x is measured, at a fixed rf
power input of 18 Wattand at four different values for the hf power input. Figure 8.16 shows
the results of these measurements in the direct colour representation.
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Figure 8.16: The axial dependenee
of the colour for jour values of the hf
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The colour of the rf discharge alone is nearly constant over the length of the tube. If the hf
power input is different from zero, then the axial colour pattem becomes non-uniform. At the
ends of the tube, the lamp colour becomes whiter, until at a certain value of the hf power
input, the red spot disappears completely. At the hf electrodes, the colour stays reddish,
because of the fact that at the electrades the electric field is high enough for the electrans to
excite the neon atoms.
Figure 8.17 shows the axial dependenee of the lamp' s correlated colour temperature.
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From this tigure we can conclude that the correlated colour temperature of the rf discharge
alone is not uniform. Besides from this, the discharge is not symmetrie around x = 28 cm, the
middle ofthe tube. For the secondary (rf) discharge, this phenomenon can be explained from
the fact that the power is coupled to the electrades from the right hand side (x = 56 cm). The
experimental set-up for the primary discharge is not symmetrie also. The right hand hf
electrode is grounded, and the left hand electrode is not grounded.
At first, the discharge from the powered rf electrode to the hf electrode is the same at
the left and the right hand electrode, at least averaged over one hf period. This discharge is not
the reason for the asymmetry. However, the discharge from the hf electrode to one of the rf
electrades at the right hand hf electrode is different from the one at the left hand hf electrode.
The potentials of the grounded rf electrode and the right hand hf electrode are approximately
the same. The potentials of the grounded rf electrode and the left hand hf electrode are not the
same, there potential difference is approximately 100-200 Volt (i.e. the hf lamp voltage). For
this, the discharges at the ends of the lamp differ. The correlated colour temperature at the
ends of the lamp is higher because of the relative low fieldleurrent in the interacting
discharges. In tigure 8.18 the lamp with the electrades and the interacting discharges is
plotted. The arrows indicate the kind of discharge: The arrows pointing away from the rf
electrode represent rf discharges. The arrow pointing away from the powered primary
electrode represents an hf discharge.

Figure 8.18: A schematic
drawing of the asymetry in the
combined discharge.

As we have seen in the preceding two sections, besides from the correlated colour
temperature, the area beneath the 724 nm neon peak, as a measure for the red light radiated by
the rf discharge is an important quantity. In tigure 8.19, this quantity is plotled as a function of
the axial position, for Pif = 18 Watt, and four values of the hf power input.
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We note that at the ends of the tube, Ane is very high in the hf dominated discharge. The value
for Ane does not change significant in the middle region of the tube. The total intensity of the
lamp is plotted in figure 8.20.
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We note that the transition from the rf dominated to the hf dominated discharge is very clear
in this picture.
The last quantity we will discuss in this section is the radial dependenee of the
correlated colour temperature of the lamp. The correlated colour temperature is measured at
different heights at x = 28 cm. Figure 8.21 shows the results of these measurements. The
electrode are positioned at y = 0 mm, as shown in figure 8.1.
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The lamp has its highest correlated colour temperature near the electrodes, where we expected
it to be the lowest. Perhaps this is a geometrical effect due to the diffuse reileetion in the tube.
This was the last quantity we will discuss in this section. It is clear that the lamp has to
be optimised in order to give a homogeneaus intensity and colour in the column. The secoud
condusion is that a colour change caused by a superposition of the rf discharge and the hf
discharge is better than the reverse case.

8.4 Time dependenee of the colour
In this chapter we will briefly discuss the time dependenee ofthe colour. We will do this by
turning on the rf discharge at a eertaio point in time and measure the correlated colour
temperature ofthe lamp at fixed intervals. The reasou for this set-up is that the heating ofthe
electrodes vaporises the liquid mercury in the lamp. This leads to more mercury atoms in the
discharge. Because of this there will be more mercury excitations, which leads to a higher
correlated colour temperature.
Figure 8.22 shows the results for the time dependenee measurements; the correlated
colour temperature ofthe lamp as a function of time.
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Figure 8.22: The time dependenee of
the correlated colour temperature,
due to the change in temperafure in
the tube.
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lt is clear that the correlated colour temperature changes a lot due to this temperature rise.

8.5 Conclusions
The optica! measurements are important for the quantification of the lamp colour. Also they
are necessary for the determination of parameters that cannot be calculated from the
impedances. The direct colour representation can be used for the presentation ofthe colours to
viewers who are not familiar with the concepts of colorimetry. In the quantitative
interpretation of the results another representation has to be used.
An important condusion can be drawn from the results for the rf discharge. The power
dissipated by means of neon radiation is not linear with this power input. The influence of the
neon pressure on the correlated colour temperature is large, as we expected.
For the combined discharge, it is important to realise that the hf discharge produces
much more light than the rf discharge. This results in a high correlated colour temperature.
Ho wever, the influence of the hf discharge on the power dissipated by means of neon radiation
is very small. The area of the 724 nm neon peak is almost constant at different values for the
hf power input and at a fixed rf power input.
The colour pattem of the combined discharge can be explained using the concept of
interacting discharges. The radial dependenee ofthe correlated colour temperature is probably
aresult ofthe used geometry. The time dependenee ofthe correlated colour temperature is due
to the temperature rise in the tube due to the ion bombardment at the electrodes.
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9. TECHNICAL PROBLEMS AND PROPOSED SOLUTIONS

I

n this chapter we will briefly discuss some of the technical problems associated with the
present implementation of the VCTF lamp and the proposed modifications which could
eliminate these problems.

9.1 Power coupling
Problem
The amount of rf power that is needed for a
significant change in colour.
This is the main problem. At 12 Watt hf
input power, the drop in correlated colour
temperature is about 500 Kelvin at its
maximum. This can be concluded from
figure 9.1, which is a reprint of figure 8.11.

Proposed solutions
1. Optimisation of the matchbox and the
electrode configuration.
Silver coated components will decrease the
power loss in the matchbox. Besides this, an
electrode configuration which emits less rf
radiation is required. For instance, the farfield of a quadrupale is lower than the far
field of a dipole, so the quadrupale
configuration emits less rf radiation.

2. Changing the voltage wave farm.
Instead of a sinus wave, applying a wave as
shown in figure 9.2 could be useful [TAC
97].
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Figure 9.1: The correlated colour
temperafure ofthe 30 mBar lamp.
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Figure 9.2: The sinus wave and the
proposed wave jrom.
The current density will be high enough to
excite a reasanabie amount of neon atoms. In
general, a high current density will produce
more red light than a low current density.
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9.2 Probierus caused by the ion bombordment

9.2 Problems caused by the ion bombardment
Problem
The heating of the glass near the electrodes

The mercury consumgtion near the
electrades

Proposed solutions
Changing the wave farm
The time averaged electric field m the
sheaths directed to the walls can be
decreased by changing the wave farm of the
rf discharge, see tigure 9.2. This will lower
the energy the ions gain in the sheath. The
ions arrive at the wall with a lower energy.
1. Changing the wave farm
The field in the sheath is lowered but there
will always be an electric field in the sheath
that will accelerate the ions to the wall.
2. Coating the wall
A better salution for this problem is to apply
a proper coating at the wall. By doing this,
less mercury atoms can artach to the wall.

9.3 The change of colour
Problem
The colour ofthe lamg deviates too much
from the black body locus.
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Figure 9.3: The chromaticity coordinates
ofthe 30 mBar lamp, at different levels
of the secondary and primary power
input. A linear fit through the
measurements is plotled also.
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Proposed salution
Adding another fluorescent nowder to the
ghosnhor mixture in the lamn.
This fluorescent powder should convert the
UV lines of neon to visual radiation, without
converting the mercury UV Iines to visual
radiation.

10. CONCLUSIONS
In this chapter we will line up the most important conclusions drawn in the preceding two
chapters.
• The method developed for measuring radio-frequency impedances works. The high voltage
probe measurements are consistent with the impedance measurements. The correction for
the parasitic impedances can he determined from the power reflection coefficient. When
this is done, the impedance measurements can be carried out easily.
• The input power dependenee of the measured and calculated rf impedances show a very
similar trend. The only difference is the positive slope of the measured impedance at high
power input. This effect is due to neon excitation and ionisation.
• The electron density in the glow can he estimated from the sheath capacitance of the
discharge. It is not a linear function of the power input. Th is is due to the fact that mercury
and neon have very different ionisation potentials.
• The influence of the ionisation of neon can he measured. The measured electron density is
a linear function of the neon pressure. The slope of this function is higher at higher power
input. At low input powers, this function is constant. We assume the mercury ionisation
rate to he independent of the neon pressure and the neon ionisation rate to be a linear
ftmction of this pressure. Using this, we can conclude that the change of the slope of the
electron density is caused by the ionisation of neon.
• The matching curves of all the measured impedances show the same trend. This will come
in handy for the manual matching of a network.
• The efficacy of the power coupling from the souree to the discharge is very low. It is
typically in the range of 30 to 70 percent, depending on the amount of power dissipated
due to rf radiation. The power dissipated due to rf radiation cannot he exactly calculated
from the measurements, it is estimated to be 40 percent maximaL The power dissipated in
the matchbox is 30 percent typically.
• The primary discharge can be regarcled as an extra souree of electroos for the secondary
discharge at low power input to the secondary discharge. The influence of the primary
discharge on the secondary discharge can he understood by assuming these interacting
electrons.
• The secondary discharge can he regarcled as an extra souree of electroos for the primary
discharge. The conductivity of the positive column increases due to these extra electrons.
The voltage over the column decreases because of this conductivity increase. The influence
of the extra electrous is larger at low primary power input.
• The lowest colour temperature of the light emitted by the secondary discharge can he
achieved at high power input to the secondary discharge and high neon pressure. At high
input power, the electron temperature is high enough to excite a significant amount of neon
atoms, while at low power input only mercury excitation occurs. At high neon pressures,
the probability for an inelastic collision of an electron with a neon atom is higher than at
low pressures.
• The amount of neon light radiated by the lamp is not a linear function of the power input to
the secondary discharge. It is a progressive function of the power input. This effect is
caused by the non-uniform cross section of the neon excitation.
• The colour of the combined discharge can be regarcled as a mixture of two stimuli. The
first stimulus is the light produced by the mercury atoms (and the phosphors). The second
stimulus is the light produced by the neon atoms. The intensity of the mercury stimulus is
determined by the primary discharge and the secondary discharge. The intensity of the
neon stimulus is dependent on the secondary discharge only.
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10 Conclusions

• The influence of the primary discharge on the light production of the secondary discharge
is hardly noticeable from the measured spectra. The secondary discharge produces an
almast constant amount of neon light, independent of the primary discharge.
• The primary discharge produces much more light than the secondary discharge. The
intensity of the light produced by the primary discharge (Phr= 12 Watt) is typically 500
times higher than the intensity of the light produced by the secondary discharge.
• The axial emission pattem of the discharge can be explained with the concept of
interacting discharges. These are discharges struck between two different electrodes (rf to
hf and reversed).
• The time dependenee of the colour temperature of the light produced by the secondary
discharge is caused by the heating of the glass in between the discharge and the electrodes.
This heating results in a higher mercury atom density in the tube, which results in more
collisions of mercury atoms with electrons.
• The mercury atom density in the tube has to be investigated.
• The discharge has to be investigated using real diagnostics. The spatial profile of the
electron density and the electron temperature have to be known in order to optimise the
VCTF lamp.
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APPENDIX A MATCHING CURVES
The expressions for the parameters of equation 5.4 are very complex. Because of this, we will
give the expression for IPI 2, which can be rewritten in the same form as equation 5.4. The
2
expression for IPI is:

where

1

( jb + -.- -) ·

z=

jOJC!

(j

1

mL + R + jX + -.- - + Ztoad)
jOJC2

1
jb+-.-+ jmL+R+ jX +
jOJC!

1

·oe

1

+Z1aad

2

The expressions for the parameters of equation 5.5 are:

d 1 =- Re(Ze 2 ) • Im(m · (- jb +Ra))+ Im(Ze 2 ) • Re(w · (- jb +Ra)),
d 2 =- Re(Ze 2 ) - Im(m · (- jb +Ra))· Im(Ze 1 ) - Re(m · (- jb +Ra))· Re(Ze 1 ),

d 3 =- Im(zel ),

e1 = Re(Ze 2

r
r

+ Im(Ze 2

r,

e2 = 2 · Re(Ze 2 ) · Im(Ze 1 ) - 2 · Im(Ze 2 ) • Re(Ze 1 ),
e3

= Re( Ze 1 + Im(

zeJ

2
,

where

where Ztoad is the load impedance.
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APPENDIX B

TECHNOLOGY ASSESSMENT

The tubular fluorescent lamp is by far the most applied discharge lamp type. It is used in
commercial, social and civic interiors, in streets, tunnels and also in increasing numbers in the
home, especially in east Asian countries like Japan. The main advantage of the fluorescent
lamp is its high power efficiency
One of the main disadvantages of the fluorescent lamp is the behaviour when it is
dimmed, if it can be dimmed at all. When the fluorescent lamp is dimmed, the colour of the
lamp will change in a direction opposite to the direction the colour change of a incandescent
lamp. In a situation where a change in light intensity is convenient, fluorescent lamps are used
in times when maximum intensity is needed and incandescent lamps are used when dimming
is required.
Recently a new lamp concept has been introduced: a tubular fluorescent lamp of which
the colour can change from cool-white to warm-white. In this lamp, a primary 20 kHz mercury
discharge and a secondary capacitively coupled radio-frequency (eert) are struck. The colour
of the lamp can be changed by varying the input powers to the primary and the secondary
discharges.
In order to perform a first characterisation of the combined discharge, electdeal and
optica] measurements are carried out. The radio frequency (rf) discharge impedance is
measured. A first order discharge model is used for the interpretation of these rf impedance
measurements. The optica] measurements are interpreted using a computer program which
calculates the relevant colour quantities. For low primary input powers, the maximum
obtainable colour temperature change is 2000 Kelvin, whereas for high primary input powers,
it is only 500 Kelvin.
The lamp concept introduced in this work does have a perspective to lead to a new
industrial product, but many technological improvements still have to be implemented.
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