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Introduction

The physical fundamentals of electromagnetic radiation have been
discussed in Lesson 2. The present lesson will deal with practical aspects of
light generation, and as such farms an introduction to the second part of this
course, which will be devoted to lamps and ultraviolet and infrared radiators.
This second part will comprise eight lessons.

There are basically just two practicable ways of generating light:
incandescence and luminescence in solid and gaseous media. Both are
widely employed today

The way in which light - electric light in particular - is generated. determines
to a great extent the inherent characteristics influencing the visual process. It
has also far-reaching consequences with respect to the construction and
electrical characteristics of lamps.

Last, but not least, the efficiency with which electrical energy is converted
into visible radiation varies widely from one light source to another. This also
has a bearing on the spectral composition of the light generated, which Is
why the relation between quantity, quality and cost-effectiveness of artificial
light is so complex.

A small selection from the nearly endless variety of light sources.
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1. Light generation

1.1 Classification of light sources
There is no basic difference between natural and artificial light In an attempt to come to a

classification, one might distinguish between natural and artificial light
sources, but this is not an essential difference, as both obey the same
physical and chemical laws. More fundamental is the physical state of
the light-emitting matter, as in this respect gasses generally behave
completely differently to solid bodies.

Therefore, in the following ‘family tree’, the main division is that made
between solid, liquid and gaseous light sources These are further
subdivided into luminescent and incandescent sources and according to
whether the energy source is chemical or electrical.

Primary and secondary light sources As this chapter deals with light generation, the survey
lists primary light sources only. Secondary light sources, which are
illuminated transmitting or reflecting surfaces, are not included.

The classification includes not only those light sources that find practical
use today, but also those that have already passed into history or that
were never more than Laboratory curiosities. Needless to say, the
following chapters will only deal with practical, present-day methods of
light generation.

1.2 Incandescence
The oldest way of generating light The oldest and still the most widespread way of generating light

is by bringing a solid body to incandescence by heating. The body may
be extremely small like the glowing carbon particles in the flame of a
candle, or of appreciable size, like a gas mantle or the filament of a lamp
(Fig. 1).

Fig. 1 Incandescent light can, for example, be produced by a candle
flame or the filament of an incandescent lamp.
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PRIMARY LIGHT SOURCES

*) Under certain circumstances,. luminescence phenomena can be produced by almost any action
involving the transformation of energy This can be radio-activity (radio-luminescence), electrolysis
(galvano-luminescence), crystallization (crystallo-luminescence). heating below the point of
incandescence (thermo-luminescence), shaking, stirring and crushing (tribo-luminescence), or sound
waves.

**) Under extremely high pressure, hot gases behave more or less like black-body radiators. Under
these conditions the gas is partly or completely ionized, a physical state for which the term plasma is used.
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The high temperature necessary to bring a body to incandescence can be
obtained either by combustion at the incandescent malarial itself or by
employing some type of solid, liquid or gaseous fuel. Another method Is to
pass an electric current through a circuit incorporating a component of a
relatively high electrical resistance. This may be the interface between a solid
conductor and a partly ionized gas (as is the case in the carbon-arc lamp) or a
thin wire of a material with a high melting point.

Only a few materials suitable for use as are incandescent filaments As long as the incandescent
material behaves more or less as a black-body radiator, there will be a close
relationship between the temperature and the proportion of radiation emitted
within the visible range. Theoretically, a black body at a temperature of 5221 K
would be ideal, as the wavelength of maximum radiation would then coincide
with the peak sensitivity of the human eye, namely 555 nm. Alas, no thermal
radiators are known to exist that retain their physical shape at these
temperatures, and indeed, only a handful of elements are still solid at
temperatures of 3000 K and above. It is not surprising that with a sole
exception rhenium, which was not discovered until 1926, when the tungsten-
filament lamp was already well-established - all these have been used to
make filaments for incandescent lamps at some time or another.

Elements with a melting point of 3000 K and above
Tantalum 3269 K
Osmium 3273 K
Rhenium 3453 K
Tungsten 3653 K
Carbon 3825 K

Carbon has a higher melting point , but also a about higher evaporation rate than carbon and tungsten
Of the two materials most often used for the construction of filaments for
incandescent lamps, Carbon and Tungsten, the former has a melting point -
or rather sublimation point - of 3825 K, while for the latter this is 3653 K. The
operating temperature of both carbon and tungsten filament lamps, however,
is appreciably lower, at 2100 K and 2800 K respectively. The reason for this is
that even below the melting point, thc evaporation rate, especially of carbon,
is considerable, which would make the operating lire of the lamp
uneconomically short at higher temperatures In a carbon-arc lamp, on the
other hand, the carbon Is slowly burned away, which permits of a working
temperature of approximately 3800 K, just below the sublimation point, and
hence a higher luminous efficacy.

Most materials show deviations from the black- body characteristic In practice, all incandescent
materials show a more or less pronounced deviation from the characteristics
of a true black-body radiator. In the case of a straight tungsten-filament of
2800 K. In vacuum, the radiation in the visible range is about 35 per cent
higher than might be expected from Planck’s Law (Fig. 2)*). A carbon filament,
on the other hand, follows the black-body curve more closely.

*) Planck's Law defines the amount of
radiation emitted by a black body in a specific
wavelength range as a function of the
temperature.

Fig. 2 At the same temperature,
tungsten filament (W) emits about 35
per cent more radiation in the visible
range than black-body radiator (BB).
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Above a certain critical temperature some solid materials start to behave
completely differently from black-body radiators, in so far that they emit
shorter wavelength radiation than might be expected from the radiation laws.
This is the result of 'cando-luminescence’, which is fluorescence stimulated
by incandescent radiation. Materials exhibiting cando-luminescence are, for
example, zinc oxide, zirconia, thoria and various rare earths. The general
effect is that for temperatures from about 2000 K upwards the amount of
visible radiation is much higher than emitted by a black-body radiator, and
also shows peaks al certain wavelengths. Cando-luminescent materials are
used in the Welsbach gas mantle and, formerly, in the Nernst incandescent
lamp (see Lesson 2).

1.3Luminescence
Luminescence produces either a line or a band spectrum  Luminescence is the light effect produced by

the excitation of single valence electrons of an atom, with little or no
interference from neighboring atoms, as has been described in Section 5.2 of
Lesson 3 of this course. The main difference between light radiated by
incandescent and luminescent sources is that the former shows a continuous
spectrum in which all wavelengths are present, while the latter exhibits a
discontinuous line, or hand, spectrum.

Luminescence is manifested In the form of a wide variety of light
phenomena, but of these it is the gaseous discharge. often supported by
fluorescence. that is used on a wide scale for practical illumination purposes.
For the rest, only electro-luminescent light sources are used on a limited
scale. A special type of discharge is the laser, which is used for producing
very spectacular lighting effects and therefore will also be briefly described
here.

1.3.1Gaseous discharges

A discharge is an electric current passing through a gas or vapour A gaseous discharge is
generally obtained by sending an electric current through a gas between two
solid conductors, named electrodes *). If the discharge is of the d.c. type, the
negative electrode is called the cathode and the positive one the anode. In
the case of an a.c. discharge, the electrodes alternately serve as cathode or
anode.

The actual carriers of the electric current in the gas between the electrodes
are electrically charged particles, positive ions and negative free-moving
electrons (Fig. 3). In a neutral, non conductive gas the number of charge-
carrying particles is extremely small, but they can be released from the
moms of the fill gas, or the cathode surface by energetic collisions.

*) It is also possible to induce a discharge without the need of electrodes, by inductive or
capacitive means.

Fig. 3 Schematic
representation of a d.c.-
type gaseous discharge.

7



Types of discharges Many physical factors influence the properties of the gaseous discharge,
the most important being the type and pressure of the gas (or mixture of
gases), the electrode material, the operating temperature of the
electrodes. the shape and surface structure of the electrodes, the
distance between the electrodes, the geometry of the discharge vessel,
and the current density *). For the purpose of light generation it is
important to differentiate, according to the gas pressure, between low
and high-pressure discharges and, according to the electrode
temperature, between glow and arc discharges.

Glow discharges

If a moderately high d.c. voltage is applied across the electrodes of a
discharge vessel tilled with a gas at low pressure (less than 5000 Pa or
0.05 atmospheres), only a very small current will flow, without any visible
effects (Fig. 4). this discharge is chiefly sustained by ionisation of gas
atoms through absorption of high-energy quanta from external sources,
for example UV or cosmic radiation. The charged particles (positive ions
and tree electrons) resulting from the ionization process will move
toward the cathode or anode, respectively, and on their way collide with
neutral atoms in the gas. Of these collisions, especially those made by
the much faster electrons **) are of Interest

Effects of collision. Depending on the relative speed of the colliding particles (and thus the
amount of energy transferred to the atom) three things may happen (Fig.
5):

1. If the speed is low, the atom will absorb some of the kinetic energy of
the electron, but remain structurally unchanged. These so-called
elastic collisions only result in an increase of the gas temperature.

2. If the speed is moderate, the collision will temporarily eject one of the
electrons of the gas atom temporarily into a higher orbit, a process
called excitation (see Lesson 3. Section 5.2). These so-called
exciting collisions result in emission of electromagnetic radiation,
which takes place when the excited electron falls back into an orbit of
Power energy.

*) Defined as the number of electrons leaving the cathode per unit of
surface and time

**) Faster, because of their smaller diameter and much lower mass.

Fig. 4 Current-voltage
characteristic of a
gaseous discharge.
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Fig. 5 Three types of collision between an electron and a neutral atom,
A. Elastic collision A. Exciting collision C. Ionizing collision

3. it the speed is high, it is possible that an outer electron of the gas atom is
completely ejected. The effect of these so-called ionizing collisions is that
new charged particles are generated: positive ions and tree electrons.

The breakdown point As long as the voltage across the electrodes is low, the speed of the free
electrons will be insufficient for exciting or ionizing collisions to occur.
However, as this voltage is increased beyond a certain value, ionization will
start to occur, and as every free electron thus produced on its way toward
the anode is capable of ionizing several more gas atoms! charged particles
will be produced at a rapidly increasing rates (avalanche effect). Moreover.
the positive ions hitting the cathode at speed will, by their Impact, release
free electrons from its surface. Al a certain moment the number of charged
particles so produced will be sufficient to sustain the discharge without
outside means. This is called the 'breakdown point'.

The stage that now develops is called a glow discharge, because a soft and
transparent luminous glow is emitted by the discharge, of a colour
characteristic of the gaseous element(s) present (Fig 6). Close observation
of a d.c. glow discharge reveals alternating brighter and darker zones.
These are shown in Fig 7A.

Luminous zones in the discharge From the light emission point of view, the most important luminous
zones are a bright region near the cathode, called the negative glow, and a
long zone of uniform brightness filling most of the discharge vessel, called
the positive column. The latter forms the principal light emitting area in a
tubular glow-discharge lamp. If the distance between the electrodes is
reduced, the length of the positive column will decrease accordingly, until at
a certain inter-electrode distance it disappears completely.

*) When speaking about lamps the term 'ignition' or starting point is more
often used

Fig. 6 d.c. glow
discharge in a mixture
of neon gas and
mercury vapor. The red
negative glow is typical
for the neon, whilst the
blue positive column
represents the emission
spectrum of mercury.
Also the Faraday dark
space is clearly visible.
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1 Aston dark space
2 Cathode glow
3 Crookes or cathode dark space
4 Negative glow
5 Faraday dark space
6 Positive column
7 Anode glow
8 Anode dark space

Fig. 7 Bright and dark zones in the
discharge, together with the related
electrical characteristics

Characteristics of the glow The relative immobility of the positive ions (because of their larger mass
compared with discharge electrons) causes them to accumulate in the
cathode area, where most are generated. Here they form a positive space
charge, which results in a high and steep voltage drop over the short
distance between this positive zone and ihe negative cathode. This large
cathode drop is typical for the glow discharge (Fig. 7C and D). In a neon-
filled lamp with iron electrodes it Is of the order of 150 VoIts*).

Also typical for the glow discharge is the constant, low current density at the
cathode. In other words, the number of free electrons released from the
cathode per second and per unit of surface remains independent of the
discharge current. If this Is increased the emission will spread over a larger
surface until the whole of the cathode area available is covered by the glow.

It is for this reason that practical glow-discharge lamps have large
electrodes, which are often in the form of discs or tubes. Also. because of
the low current density, the electrodes hardly increase in temperature
during the discharge, the chief mechanism for electron production by the
cathode being secondary emission as a result of positive ions hitting its
surface.

With low-frequency a.c. supplies (lass than 1000 Hz) the discharge
characteristics remain essentially the same as for d.c., but the cathode
anode change roles at twice the supply frequency. Thus! typical cathode
phenomena (including the cathode fall) will appear at both electrodes.

Glow-discharge lamps Practical lamp types operating in The glow discharge mode Include tubular
neon signs (with positive column), neon signaling lamps (without positive
column), and some small UV radiators (Fig. 6). These will be described in
Lessons 14 and 12. respectively. The glow discharge is also of importance
during the starting process of most other discharge lamps, unless the
electrodes are preheated, as Is the case with most fluorescent lamps.

*) There is a voltage drop at the anode as well, but this is always much
smaller.

10



Fig. 8 Selection of
lamps working on the
glow discharge
principle.

Low-pressure arc discharges

The glow discharge described in the previous section is only stable at small
to moderate current densities. It, by increasing the voltage, the current is
increased, us character will change into that of an arc discharge. This works
as follows:

If the current is increased beyond the point where the glow covers the
whole cathode area, both current density and cathode fail will first slowly
increase. This is referred to as the abnormal glow region (Fig. 4).

Glow-to-arc transition Increasing the voltage still further will cause the nature of the discharge to
suddenly change. The cathode tail drops to less than 20 volts, thus
becoming of the same order as the anode tall, and the current rapidly
increases. Instead of covering the entire cathode surface, the discharge
now seems to emerge from a very bright spot on the cathode, which by now
has become red-hot (Fig. 9). This is the glow-to-arc transition point.

Electron emission is stimulated by high the temperature of the cathode Essential for the glow-
b-arc transition is a change in the process of electron emission by the
cathode. In the glow-discharge mode the cathode temperature remains low.
Consequently current density is only modest, depending entirely on
secondary emission. In the region of abnormal glow the cathode fall first
becomes higher and steeper, resulting in an increased impact energy, of
the positive ions, which raises the temperature of the cathode.

Fig. 9 The arc discharge
does not cover the entire
cathode area uniformly,
but emerges from a small
bright spot.
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Fig. 10 Development of the cathode
fall (Vc) the cathode temperature (Tc)
in the glow-to-arc transition region,
for tungsten electrode in a nitrogen
atmosphere.

This releases a different process of electron emission. which is stimulated by
he it. This so-called thermionic emission is insignificant a low temperatures,
but at a certain point, which can range from as low as 800°C for oxides of
calcium, strontium or barium to approximately 2000 oC tar pure tungsten, it
rapidly becomes the most important means of free-electron production and so
effective that the current density increases abruptly (Fig. 10)

The decrease of the cathode tall resulting trout the improved electron
emission and the dense stream of free electrons causes the formation of a
large number of new positive ions, which, by their impact, give rise to a further
increase of the cathode temperature. The discharge current in fact increases
exponentially. and if no measures were taken to restrict it, the cathode would
soon be destroyed by overheating.

Externally heated electrodes It is not necessary to rely on ion bombardment for electrode
heating. It is also possible (and indeed often done) to heat the cathode or
both electrodes in the initial stage by an external current, the ion
bombardment taking over the heating task as soon as the arc discharge ties
started. it Is even possible to send a permanent heating current through the
electrodes, if the energy from the ion bombardment is not sufficient to keep
them at the required temperature.

Apart from the higher discharge current and the much smaller cathode fall,
the properties of the low-pressure arc are not unlike those of the low-pressure
glow discharge. In tubular arc discharge lamps the positive column is the
chief light-emitting element The spectral composition of the radiation is
normally the pure line spectrum of the fill gas. the strongest lines generally
being those with the lowest excitation energy from the stable (or ground)
level. These are called resonance lines (Fig 11).

Fig. 11 Simplified excitation diagram and line spectrum of mercury. The
resonance lines are at 185 nm and 254 nm.
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Fig. 12 Selection at
lamps working on the
low-pressure arc
discharge principle.

Low-pressure arc-discharge lamps Low-pressure arc-discharge lamps are widespread. They have the
advantage over glow-discharge types of a higher luminous (radiant) flux per
unit of length (thanks to the higher discharge current) and a lower operating
voltage. By far the most popular are the phosphor-coated low-pressure
mercury lamp (better known as the tubular fluorescent lamp) and the low-
pressure sodium lamp (Fig. 14).

High-pressure arc discharges

Difference between gas temperature and electron temperature In a low-pressure discharge the free
electrons, on their way to the anode, travel over considerable distances
between collisions with the gas atoms. Their average speed Is therefore
very high compared with the neutral atoms and positive Ions In the positive
column. As there is a direct relationship between the average speed 01
particles and temperature, we speak at a low gas temperature, but a high
electron temperature, although only the former can be sensed! directly.

With increasing gas pressure, the number of collisions between electrons
and atoms also increase energy transfer between electrons and atoms
becomes more frequent and also more effective, so that more energy is
dissipated in the positive column. The average speed of the gas atoms
increases as a result of the collisions, but that of the electrons decreases. In
other words: the gas temperature increases and the electron temperature
decreases (Fig. 1 3)

At an operating pressure of about 25 kPa (0,25 atmospheres), the values of
gas and electron temperature have became roughly the same. From that
moment on, we speak of a high-pressure discharge. Principally, high-
pressure discharges too can be divided into glow and
arc discharges, and transient high-pressure glow phenomena play an
important role in the starling process of high-pressure discharge lamps. The
sustained high-pressure glow, however, is hardly more than a laboratory
curiosity, and therefore need not concern us here.

Fig. 13 relationship between electron
temperature (Te), gas temperature (Tg)
and gas pressure.
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Fig. 14 This high-pressure mercury
discharge shows that the positive
column is confined to a narrow zone
round the axis of the discharge tube.

Characteristics of the high- pressure discharge Typical characteristics of the high-pressure arc
discharge are the high gas temperature and the steep voltage gradient in
the positive columns. The effect of the later is that for a given current
density and power dissipation the arc will be much shorter, down to only a
few millimeters at very high operating pressures. Another phenomenon is
that the positive column no longer tills the complete cross-section of the
discharge vessel, but is concentrated along the axis, and separated from
the wall by a comparatively cool and dark zone (Fig. 14).

Because the radiant flux per unit of arc surface produced by a high-
pressure discharge is much higher, a high-pressure discharge lamp can be
considerably smaller than a comparable low-pressure one. The most
important differences, however, are found in the spectral composition of the
radiation.

Low and high-pressure spectra The low-pressure spectrum consists of a number of narrow, well-
defined emission lines, of which the resonance lines emitted by the element
with the lowest excitation potential are the most prominent. With increase in
pressure the number of strong lines also increases. because the influence
of higher excitation levels and transitions between meta-stable levels
becomes more prominent. Then, gradually, the lines broaden into bands,
and also a weak continuous spectrum appears. The original (resonance)
lines disappear, and now form dark gaps in the spectrum. All these effects
become more marked with increase of pressure, until, at very high
pressures. a practically continuous spectrum is obtained.

We shall try to explain these phenomena in turn:

1. More spectral lines are emitted because atoms are excited to higher
energy levels, resulting in a greater choice of energy transitions (Fig. 15)
This can be explained by the higher collision frequency and the greater
variety in collision energy in the high-pressure gas.

2. Line broadening (Fig. 16) is the result of various processes, the most
important being found in collisions between neutral and excited atoms.
These result in a shift of the excitation energy to a slightly higher or lower
level, with the effect that the spectral line that corresponds to the emitted
photon also shifts toward a shorter or longer wavelength, the amount of
shift being proportional 10 the collision energy. Another cause is the
generation of molecules (e.g. Na2) in the high-pressure vapour, which
produce the same effect.
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Fig. 15 Excitation diagram and low and high-pressure sodium spectra, clearly
showing that a low pressure wily the resonance lines (D1 and D2) are
emitted, but that at high pressure the lines belonging to the higher excitation
levels are also present

3. Absorption of the original emission lines is effected by the relatively cool
layer of neutral gas, which surrounds the discharge arc. Here practically all
atoms are in the ground (unexcited) slate, and therefore capable of
absorbing the photons corresponding to the resonance lines, as these are
emitted by excitation from the ground level. The absorbed radiation is
ultimately converted into heal. leaving a gap in the spectrum at the place
of the former resonance line (Fig. 17).

4. The emission of a continuous spectrum is the combined result of line
broadening and recombination of free electrons with positive ions The
photons emitted during the latter process are of random energy, in
contrast to those emitted as a result of excitation.

Fig. 15 This high-pressure sodium ('white
SON') spectrum clearly shows a gap in
place of the resonance lines as a result of
absorption (right image)

Fig. 16 Comparison between a low-pressure mercury spectrum (top) and a
high-pressure one (bottom) shows that in the latter case the lines have
broadened to bands. (left image).
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Fig. 18 Selection of
lamps working on the
high-pressure
discharge principle.

High-pressure discharge lamps  High-pressure discharges are very popular light sources (Fig.
18). They can be made much more compact than comparable low-pressure
lamps for the same luminous flux, and are therefore chiefly used in cases
where a high lumen output Is required. However, small versions (50 W and
less) have entered the market recently. Thanks to the wide emission bands,
the colour rendering properties of high-pressure lamps are fair to excellent,
depending of the type of filling.

1.3.2 Fluorescence

Fluorescence converts short-wave radiation into energy longer wavelengths Not all the
electromagnetic radiation produced by gaseous discharges is emitted in the
visible range. In the case of the low-pressure mercury discharge for
example, the highest content lies in the ultraviolet part of the spectrum, and
only a few, relatively weak lines radiate in the visible range. The result is a
low output of visible light and poor colour rendering.

The remedy, found In 1936, was to coal the inside of the discharge tube - or
the glass bulb surrounding it - with a fluorescent powder. As has already
been described in Lesson 3. fluorescent materials have the power to
convert short-wave radiation into radiation of longer wavelengths, this effect
being used to transform the ultraviolet radiation of the mercury discharge
into visible light (Fig. 19). A great many fluorescent compounds are
available nowadays, radiating either over a wide spectral region or in a
specific waveband. By judicious blending of these, an almost infinite variety
of light colours and colour rendering properties can be obtained.

Fig. 19 Partly-coated
tubular fluorescent lamp,
which shows that the
luminous output of the
initial discharge (right) is
only a small percentage of
that of the fluorescent layer
(left).

16



Fig. 20 A laser produces a
clearly-defined,
monochromatic beam of
light, which exhibits
practically no dispersion.

1.3.3 Laser

The word 'laser’ is the acronym for light Amplification by the Stimulated Emission
of Radiation, ills a process of light generation that produces an intense,
monochromatic, parallel beam of light (Fig. 20). There is practically no dispersion,
because the light waves are all in phase (coherent light).

The laser is a discharge The laser is in essence a discharge phenomenon, be It not necessarily in a
gaseous medium. As with the gas discharge, a quantum of electromagnetic
radiation is emitted when an electron in an excited orbit falls back to an orbit of
lower energy. However, in contrast with normal discharge processes, this does not
occur at random moments in time, for the electron transitions are triggered by an
extraneous source that produces powerful energy surges at regular Intervals. This
process Is called ‘pumping’.

Solid-state Laser Consider, for example, the oldest practical laser type, the ruby laser. This takes
the form of a cylinder of very pure aluminium oxide, whose ends are coated with a
reflecting material. The pimp is a xenon flash-tube wound round it (Fig. 21). Every
flash raises the atoms of the laser material to the excited state, to relapse a
fraction of a second later.

Fig. 21 Schematic drawing of a solid-slate laser, with the xenon flash-tube wound
around the ruby rod. Fig 22 Schematic drawing of a self-exciting

ion gas laser.

1 Ruby rod 1 Laser-tube
2 Flash-tube 2 Electrodes
3 Totally reflecting mirror 3 Totally reflecting mirror
4 Partially reflecting mirror 4 Partially reflecting mirror
5 Laser beam 5 Laser beam

6 Electromagnet
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The photons released when the electrons fall back are emitted in random
directions. Most leave the laser, but those emitted in a direction parallel to
the axis of the cylinder are shuttled to-and-fro between the reflecting ends
and - like the initial light flash - excite the atoms at the laser material on their
way. This results in an ever-increasing cascade of photons all in the same
direction or, in other words, ‘light amplification'. One of the ends at the laser
in tact forms a partial reflector, and when the energy exceeds a certain
threshold value, the light will ‘break out’ so that end in the form of a parallel,
coherent, monochromatic beam.

The laser must be very precisely constructed, for it is essential that the
reflecting ends are perfectly parallel and that their distance apart equals a
whole number of half wavelengths. This means that standing wave*) can
occur between the reflecting ends, which is a prerequisite for the process of
amplification.

Gas laser The type of laser described above is called a 'solid-state laser, because the
laser material is a crystalline solid. More popular nowadays is the gas laser,
which is not pumped by an external light source, but by an 'ordinary'
discharge in the laser tube itself (Fig. 22). The energy transfer is effected by
using a separate energizing gas (viz. helium) or by partial ionization of the
laser gas.

Other lasers Other types of laser are the liquid laser, also called the dye laser, and the
semi-conductor laser. In the latter the laser effect occurs across the junction
between p-type and n-type materials.

The radiation emitted by a laser is by no means restricted to the visible
region of the spectrum. The oldest types emitted solely in the very long
wave regions - microwave and Infrared - but nowadays even ultraviolet
lasers exist. The first true laser (emitting visible light) was built in 1960.

Lasers are to an increasing extent employed in lighting to obtain special
effects, which can be very striking. The most popular laser types for effect
lighting are the helium-neon, the argon-ion and the krypton-ion laser. These
will be described in more detail in Lesson 14, Special Radiators and
Applications.

 *) In a standing wave, the incident and ref reflected waveforms interface with one another in
such a way that they are always in anti-phase (i.e. 180o out of phase). Thus, points of zero
amplitude coincide, as do the maximums of one waveform arid the minimums of the other
(Fig. 23).

Fig. 23 Typical standing-wave
pattern produced by reflection.
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2. Energy aspects of light generation
2.1 Luminous efficacy

Luminous efficacy is the ratio between light output and electric power input One of the most Important
aspects of light generation, certainly from the application point at view, is the
luminous efficacy. This can be defined as: The ratio of The luminous flux of a
light source to the power consumed in it. It is expressed in lumens per wall
(lm/W). Although the concept is applicable to all light sources, its use is in
practice restricted to electrical ones.

The luminous efficacy of a source Is dependent on two factors: the percentage
of electrical power that is actually converted into visible radiation, and the
spectral distribution of the radiation related to the spectral eye-sensitivity curve
In Lesson 5 it has boon explained that one light-watt of radiation at 555 nm
equals 563 lumens Thus, a lamp that converts all input power into light of a
wavelength of 555 nm - the point of maximum eye sensitivity - would have a
luminous efficacy of 683 lm/W. In practice, however, these figures are much
lower from 10 to 20 lm/W for incandescent lamps and up to 200 lm/W for the
largest type of low-pressure sodium lamp.

All lamps produce more heat than light As energy can not be ‘lost’, it means that even the most
efficient lamp converts more of the electrical power dissipated in it into forms of
energy other than visible light. These other forms are ultraviolet radiation (but
not for all lamp types) and heat. Heat losses can be in the form of infrared
radiation, but convection end conduction also play their pads, because an
operating lamp has always a higher temperature than its surroundings. Fig. 24
on the next page gives the energy balances of the most important lamp types.
These clearly show that in all cases only a small part of the input power is
actually converted into visible radiation.

Influence of the spectral eye-sensitivity curve on luminous efficacy Even with the visible range! the
luminous efficacy varies according to the spectral sensitivity curve of the human
eye. A theoretical lamp emitting all of its input power in the form of visible (blue)
radiation of a wavelength of 490 nm, would have a luminous efficacy of only 140
lm/W or 20 per cent of the luminous efficacy of a similar lamp emitting all its light
at 555 nm (Fig. 25). A low-pressure sodium lamp emits almost all of its radiant
energy at a wavelength of 589 nm, for which the human eye has 77 per cent of
the maximum sensitivity. This is one reason why such a high luminous efficacy
can be reached with low-pressure sodium lamps.

Ways to improve the luminous efficacy As the energy costs are the major item in almost any lighting
installation, lamp manufacturers have over the years put much effort into
increasing luminous efficacy of existing
lamp types and developing new energy-
effective lamps. Take the incandescent
lamp, for example, only a few years after
the invention, steps were already made
to increase the filament temperature.
First by making smoother, less porous
carbon filaments, later by replacing the
carbon by a more temperature-resistant
material, namely tungsten. A further
temperature increase became possible
after the introduction at the gas-filled
bulb, which reduced the evaporation rate
of the filament. The next step was to
reduce the thermal losses mainly caused by convection currents in the fill-gas -
by winding the filament, first into a single coil, later into a coiled coil.

Fig. 25 Light of a wavelength of 490 nm and of a low-pressure sodium lamp
(589 nm), plotted against the spectral eye- sensitivity curve.
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Fig. 24 Examples of energy balances for the most common lamp types.
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Fig. 26 The spectral power distribution
of the phosphors of three-band
fluorescent lamps plotted against the
spectral eye-sensitivity curve.

The latest improvement has been to further increase the gas pressure arid to add a
halogen to the fill-gas. This serves to ensure that evaporated tungsten is re-
deposited on the filament instead of on the tube wall. Thus, the filament temperature
can he further increased without bulb blackening or shortening the life of the lamp.

With discharge lamps, an increase in luminous efficacy has been obtained by
reducing the thermal kisses and - In the case of high and low-pressure mercury
discharge lamps - by producing more efficient fluorescent powders. With respect to
the latter solution, Philips 'TL’ fluorescent lamps of the colour series /80 should be
mentioned. Whereas traditional lamps are coated with fluorescent powders that
produce a more or less continuous spectrum, in these lamps three fluorescent
powders are used, each of which emits in a well-defined waveband - red, green or
blue. In this way, the near and far ends of the spectrum, for which the eye sensitivity
is very low, are cut out and a high proportion of the light is radiated in the region of
maximum eye sensitivity, resulting in a high luminous efficacy (Fig. 26).
Nevertheless, the colour rendering capability of these lamps Is good, because the
spectral wavelengths in which light is emitted coincide fairly well with the three
primary colours (see Lesson 3).

2.2 Light colour and colour rendering

In Lesson 3 the subjects of colour temperature and colour rendering capability have
been dealt with. Here we shall examine how far these colour aspects of light
sources can he influenced, and what their effect is on the luminous efficacy.

Colour temperature of incandescent sources For incandescent light sources that present black-body
characteristics the colour temperature of the light is closely correlated with the
temperature of the incandescent body. The following Table gives the colour
temperature of a selection of incandescent sources. Wien’s displacement law
shows that luminous efficacy sharply increases with colour temperature (Fig. 27).

 candle                                            2000 K
carbon-filament lamp 2100 K
tungsten-filament lamp 2800 K
halogen-incandescent lamp 3000 K The colour rendering index (Ra) of
carbon arc 3800 K these sources always equals 100, or
sun 6000 K very nearly so.
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Fig. 27 Spectral power
distribution curves of
black-body radiators with
colour temperatures
ranging from 2000 K to
6000 K. With increasing
temperature
proportionally more
power is radiated in the
visible region.

Colour temperature and colour rendering of luminescent sources With luminescent light sources it
is a different and more complicated matter. These emit their light in a limited
number of bands and lines. The distribution of the lines over the visible
spectrum and their relative intensity determines the overall colour appearance.
If the colour appearance does not differ too much from that of a black-body
radiator of a given temperature, the source can be allocated a correlated
colour temperature. This has already been explained in Lesson 3, Section 7.3.

Thus, a low-pressure sodium lamp. which displays two closely-spaced
emission lines at 589 nm, gives a colour impression of yellow with a correlated
colour temperature of (approximately) 1700 K (Fig. 28 left). A low-pressure
mercury discharge, on the other hand, exhibits strong lines at wavelengths of
546 nm (green) and 578 nm (yellow), and slightly lesser ones at 406 nut
(violet) and 436 nm (blue). The overall colour impression is a bluish white with
a correlated colour temperature of about 6000 K (Fig. 28 right)

Ways to improve the colour rendering To improve the colour rendering and the colour appearance
of discharge lamps, manufacturers have sought ways to fill in the gaps
between the spectral lines. Four ways have been found of achieving this.

The first is to increase the pressure of the discharge gas. As we have seen,
this has the elf act that the number of emitted lines increases, lines broaden
into bands, and that, with further increase of pressure, a continuum arises.
This is the reason why high-pressure mercury and high-pressure sodium
Lamps show better colour characteristics than their low-pressure counterparts.
In the case of the high-pressure xenon lamp, the spectrum is almost
continuous, as this lamp works under a very high pressure, while the low-
pressure xenon spectrum shows a great many lines divided over the whole
visible range (Fig. 29).

Another method Is to add certain solid compounds to the fill-gas, which
become gaseous in the heist of the discharge and then display a dense line or
band spectrum. This Is what has been done in metal halide lamps (Fig. 30).
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Fig. 28 Spectral power distributions of low-pressure sodium lamp (left) arid a
low-pressure mercury lamp (right),

Typical additives are the iodides of the element sodium, scandium, indium,
thallium, tin, thulium, dysprosium and other rare-earth metals in various
mixtures.

A third way to improve the colour characteristics of discharge lamps is by
coating the glass ‘wall of the lamp with fluorescent powder Fluorescent
coatings arc generally used on high and low-pressure mercury lamps, as the
mercury discharge emits an appreciable proportion of its radiation in the
shorter wavelengths (blue, violet and ultraviolet).

Finally, It has been found possible to combine two light sources of different
colour characteristics into one lamp. This is what has been done in the so-
called 'blended-light' lamp (Fig. 31). The bulb of this lamp contains a mercury-
discharge tube in series with a tungsten incandescent filament. The tungsten
light not only adds to the red end of the spectrum, but the filament also acts
as a ballast for the mercury discharge.

The effect of these measures on the luminous efficacy is varied. High-
pressure discharge lamps generally have a lower luminous efficacy than
comparable low-pressure ones, because the heat losses are greater. Lamps
with metal halide additives or a fluorescent coating, on the other hand, often
show a much higher luminous efficacy than those without. The luminous
efficacy of blended-light lamps lies between that of a high-pressure mercury
lamp and an incandescent lamp, as would be expected.

Fig. 29 The almost continuous spectral power distribution of the high-
pressure xenon (CSX) lamp. compared with the multi-line low-pressure xenon
spectrum.
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Fig. 30 Spectral power distribution of a metal Fig. 31 Spectral power distribution of a blended
halide (HPI) lamp, showing the contribution of the light (ML) Snip. The part below the broken line is
various halides. the contribution made by the incandescent

filament.

Luminous efficacy, colour temperature and colour rendering index of various lamp
types

Lamp type                  Luminous           Colour    Colour rendering
efficacy (lm/W)    temperature (K)      Index (Ra)

GLS incandescent 100 W 14 2300 100
Halogen incandescent 500 W 16 3000 100
'TL' fluorescent 36/40 W
colour /25 62 4100 70
/29 63 2000 51
/33 83 4100 63
/35 76 3400 57
/54 69 6200 72
/57 45 7300 94
/82 90 2700 81
/83 96 2900 82
/84 96 4000 80
/85 92 5000 80
/86 90 6300 77
/92 63 2700 94
/93 64 3000 95
/94 65 3800 96
/95 85 5000 96
SL* fluorescent 18 W 50*) 2700 85
PL fluorescent 9 W /82 67 2700 85
                               /84 67 4000 85
Low-pressure sodium (SOX-E) 131 W 200 1700 -
High-pressure sodium (SON-T) 400 W 118 2000 23
High pressure mercury
 clear (HP) 250 W 47 6000 15
 with fluorescent coating (HPL-N) 250 W 52 3850 45
 with fluorescent coating (HPL comfort)
 250W 56 3300 52
 metal halide (HPI-T) 2000W 95 4500 61
 blended light (ML) 250 W 22 *) 3000 60
Compact source
 mercury halide (CSI) 250 W 60 4200 80
 xenon (CSX) 500 W 29 6000 90
 tin halide (SN) 500W 60 5600 90

*) The luminous efficacy of discharge lamps does not include ballast losses, with
the exception of the SL* lamp and the blended-light lamp, en here the ballast
forms an integral part of the lamp.
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Fig. 32 A typical positive resistance characteristic (left), compared with e
negative one (right).

3. Electrical characteristics
3.1 Current limitation

Lamps with a positive or negative resistance characteristic The electric mains supply - and in
fact any constant voltage supply - can be considered as an unlimited
source of electric current with no noticeable internal resistance. This means
that the electrical load (in this case a lamp) must show a positive resistance
characteristic (Fig. 32 left). In other words, as the current in a circuit
increases, the load resistance must increase too, or at least remain
constant, otherwise the current will keep increasing until the circuit breaks
down.

Incandescent lamps do in fact have a positive resistance characteristic, but
it is a different case with discharge lamps. These generally exhibit a
negative resistance characteristic (Fig 32 right), because every electron in
the discharge releases a number of new electrons (avalanche effect).
Therefore some method has to be found to compensate for this.

Current limiting device Originally an 'ohmic' resistance was placed in series with the discharge
(Fig. 33 left). This could be either a wire-wound resistor, a heating filament
or a filament lamp. The latter is still used for some types of d.c. fluorescent
lamps and the same principle is also utilized in the blended-light lamp The
great disadvantage is that a resistor dissipates a great deal of energy in the
form of heat and Is therefore a very inefficient current limiter.

Fig. 33 From left to
right: older type of
resistor ballast,
inductive ballast for
high-pressure sodium
lamps and HF
Electronic ballast for
fluorescent lamps.
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Fig. 34 Schematic diagram of an inductive ballast circuit (left), and of the
same but with capacitive compensation (right).

Inductive coils, or 'chokes’, were therefore soon introduced as current-limiting
devices or ballasts, for discharge lamps. These also exhibited heat losses, but
tar lees then with resistors (Fig. 33 center).

A current limiting device with still Lower thermal losses Is the HF Electronic
ballast. This converts the mains voltage into a high-frequency voltage, and
incorporates a small low-loss ballast in the HF circuit (Fig. 33 right).

Phase shift compensation A disadvantage of the use of an inductive ballast is that they produce a phase
shift In the mains supply, the current lagging behind the voltage. If this were
allowed to happen on a large scale, it would have serious consequences for
the efficiency of the electricity distribution network. This effect Ms, therefore,
to be compensated for by incorporating a capacitor in the ballast circuit (Fig.
34). A capacitor causes the current to lead the voltage, so if a capacitor of the
correct value is used, exactly the opposite effect of an inductive ballast can be
achieved. This phenomenon will be further explained in Lesson 9.

3.2 Starting
Not all lamp types start automatically We have already seen that with newly all discharge lamps

the resistance decreases with increasing current. At no current (i.e. if the lamp
is switched oil) the resistance is often too high tar the lamp to ignite on the
nominal supply voltage. This problem arises with most types S fluorescent
lamps, high-pressure sodium Lamps, metal halide lamps, and to a lesser
extent with how-pressure sodium lamps and high h-pressure mercury lamps.

Ignition devices There are several ways of solving this problem. For a start the distance
between the electrodes can be temporarily reduced. In Lesson 2 it was
explained how a carbon-arc lamp could be ignited by momentarily short-
circuiting the electrodes and then separating them again. The same method
was used to start the Liquid-mercury Cooper-Hewitt lamp.

Auxiliary electrode A more subtle approach, but working on the same principle, is utilized in high-
pressure mercury lamps and in some types of metal halide and tubular
fluorescent lamps. These are provided with an auxiliary electrode, which in
fluorescent lamps takes the form of a metalized strip along the inside of the
tube (Fig. 35). The auxiliary electrode is connected to one of the main
electrodes, via a resistance, and reaches almost to the other electrode (Fig.
36). After switching on, a glow discharge arises between the auxiliary
electrode and the opposite main electrode. This releases enough electrons to
start the main discharge. Once the lamp Is burning, the Internal resistance of
the main discharge circuit drops below that of the auxiliary discharge circuit,
causing the latter to cease.
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Fig. 35 Fluorescent Fig. 36 Discharge tubs of a Fig. 37 This short-arc mercury
lamp with auxiliary electrode in high-pressure mercury lamp. lamp is fitted with a lateral
the form of an internal M = main electrode auxiliary electrode to transmit
conductive strip. A = auxiliary electrode the starting pulse.

Some lamp types employ an auxiliary electrode to transmit the starting peak
(Fig. 37), which is produced by a high-voltage pulse generator

External conductor Related in function to auxiliary electrodes is the external conductor. This takes
the form at a metallised skip or wire, running along the outside of the discharge
lube, or a wire coil wound around it (Fig. 38). The external conductor is
connected to one of the electrodes, and - by inductive or capacitive action -
serves to build up an electric field in the discharge lube and initiate some pre-
ionisation.

These starting aids are chiefly employed with tubular fluorescent lamps for use
in starterless circuits and various high-pressure sodium lamps

The production of tree electrons in a cold lamp, and thus the ignition process, is
also stimulates by the presence of beta-ray emitting radioactive materials in the
discharge tube. Examples are thorium oxide in the electrodes of metal halide
lamps, and thorium iodide or krypton-85 added to the filling.

Fig. 38 Different types of external conductors. Left: conductive strip on the
outside of a 'rapid-start' fluorescent lamp. Center; Ignition wire along The
discharge tube of a high-pressure sodium lamp. Right; ignition coil round the
discharge tube of a high
pressure sodium lamp.
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Fig. 39 The heated electrode of a tubular
fluorescent lamp.

Pre-heating of the electrodes In Section 1.3.1 of this lesson we have seen that pre-heating of
the electrodes to the point at thermionic emission is a very effective way of
reducing the starting voltage (Fig. 39). To achieve this at a reasonably low
temperature, the electrodes are coated with an oxide (e.g. barium oxide) that
freely emits electrons. This method I\is used in most types of fluorescent
lamps, often in combination with a starter.

Voltage peek discharge Finally, a high voltage peak can be applied over the electrodes to start the
This voltage peak is provided by a device known as an 'igniter' or 'starter'.
This is either an automatic switch, in combination with the self-induction of
the choke ballast or an electronic pulse generator (Fig. 40). Starters are for
example, required for high-pressure sodium and metal halide lamps, for most
types of fluorescent Lamps, and for low-pressure sodium lamps, according to
the type  of ballast used*).

Starters may be separate items, incorporated in the control gear, or even in
the lamp itself. The last-mentioned is the case with SL* and most PL- lamps,
and with some types of small high-pressure sodium and metal halide lamps
(Fig 41).

In many cases, more than one of the starting devices here described are
used in one and the sortie lamp circuit to ensure reliable ignition.

*) Low pressure sodium lamps sometimes use a so-called 'auto-leak transformer' lot a ballast,
which supplies a lamp voltage higher than me 220 V/240 V mains. A starter is not then
required.

Fig. 41 Glow-discharge starter incorporated in the outer
envelope of a small high-pressure discharge.

Fig. 40 Two starters. Left: glow-discharge type for use
with fluorescent lamps, shown with and without cover;
Right: electronic starter for high-pressure sodium
lamps.
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Fig. 42 Just after ignition a
low-pressure sodium lamp
radiates the red light
characteristic of the neon
discharge (left), which
gradually changes to the
yellow sodium light until the
lamp has fully run up
(right).

3.3Run-up
The composition of the gas in a cold lamp differs from that in a hot one  In many discharge lamps, the

actual light-emitting substances are in liquid or solid form when the lamp is cold.
Under these conditions the vapor pressure is insufficient for efficient operation.
Examples are lamps filled with mercury, sodium or metal halides. Ignition of
these lamps lakes place in an auxiliary gas (one of the inert gases neon, argon.
krypton or xenon), or in a special mixture of two inert gases (called a Penning
mixture), which is characterized by an extra-low breakdown voltage.

Changes in luminous flux and color characteristics during run-up At first the discharge will be in the
auxiliary gas, and the color or the radiation will be typical for that gas for
example red if neon is present (Fig. 42) The heat generated by the initial
discharge will however, vaporize the liquid or solid additives! and in due course
the radiation produced by these will lake over. This will cause a shift in the color
characteristics and also an increase of the luminous flux the additives having
been selected to give a high light output under normal operating conditions, This
vaporization process will go fairly fast If mercury is the principal additive (boiling
point 357°C). but will take somewhat longer if sodium (boiling point 883oC) or
metal halides (boiling point about 1000oC) have been added. In low-pressure
mercury lamps (better known as fluorescent lamps), the vapor pressure when
cold is high enough for starling the lamp on the mercury vapor present. The
initial luminous flux is then some sixty per cent of the final value, which is
reached in about four minutes.

Changes in electrical characteristics It is not only the luminous flux and color characteristics
that change during the run-up period: the same happens to the lamp voltage and
current. In most lamps the voltage increases And the current decreases during
the run-up, due to the pressure build-up as result of the Increasing gas
temperature (Fig 43 left). In low-pressure sodium lamps and some fluorescent
lamps, however, the opposite is true, which can be explained by the change in
the corn position of the fill gas as result of vaporization (Fig. 43 right).

Fig. 43 Comparison
between the run-up
characteristics of a high
pressure mercury lamp (left)
and a low-pressure sodium
lamp (right).
V = lamp voltage
I = a lamp current
ϕ = luminous flux
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3.4 Re-ignition

Some lamp types do not re-strike when hot  In high-pressure discharge lamps, the gas pressure in the
discharge tube when the lamp is operating is considerably higher than when cold.
When the lamp is switched oil, or if an interruption in the mains supply occurs, the
free electrons in the discharge will almost immediately disappear, but the high
pressure will persist until the lamp has cooled down, which may take up to twenty
minutes, As the resistance of a non-ionized gas increases steeply with pressure,
the voltage peak from the ignitor will be insufficient to re-start a hot lamp. Where a
delay is unacceptable or dangerous, there are ways to overcome this problem.
How this can be done will be explained in the relevant lessons.

3.5 Dimming

Dimming can be defined as the reduction of the luminous flux of a lamp, either
continuously or in steps, by reducing the operating current. This Is not always
possible without adversely affecting the performance of the lamp.

Dimming devices Basically, dimming is achieved In one of the following ways (see Fig. 44):

• by switching a (variable) resistor or inductive coil in series with the lamp(s);
• by running the lamp(s) from a variable transformer;
• by suppressing the a.c. waveform of the supply current during part of the cycle

by means of an electronic element (thyristor). Such a device is also called a
'chopper circuit';

• by increasing the frequency of the supply current over an Inductive coil! thereby
increasing the impedance of this.

Resistors are now rarely used for dimming purposes, because they are inefficient
and produce a lot of heat.

Inductive coils, In the form of an extra ballast, are used to reduce the light output
of street lanterns after a certain hour This is done either by switching the extra
ballast in series with the principal one, or by using two ballasts of half the nominal
power rating In parallel, switching one off when dimming is required (Fig. 45).

Variable transformers are appreciated because of their high power-handling
capacity but at the same time are heavy and expensive.

Thyristor dimmers are by tar the most popular nowadays. because they are small
and inexpensive, and are suitable for dimming fluorescent lamps.

Frequency regulation is the most recent technology arid is employed in the Philips
HF Electronic light regulation ballast lot fluorescent lamps.

Fig. 44 Four basic ways of dimming.
A by a variable resistor B. by a variable transformer C. by a thyristor circuit D. by frequency regulation
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Fig. 45 Extra ballasts, which can be switched in series (left) or in parallel (right)
with the main one, and which are used for dimming street lanterns.

Dimming of incandescent lamps  Incandescent lamps, halogen incandescents included, can be
dimmed from full light output down to zero, the chief consequence being a
decrease at the color temperature of the light as the luminous flux is reduced.
Also the luminous efficacy of a dimmed lamp is much lower than that of one
burning at lull power, because of the lower proportion of visible radiation in
relation to heat radiation.

Peak voltage and dark period With discharge lamps the
situation is far more complicated. as
here the various methods used for
dimming have different effects on the
functioning of the lamps. Two
parameters are of importance here:
The peak value of the supply voltage
and the duration of the 'dark periods’ in
the a.c. waveform (viz. the time during
which the voltage is too low for the
lamp to operate (Fig. 46).

A resistor dimmer, inductive coil or
variable transformer typically reduces
the peak voltage of the waveform and
lengthens the dark period as well (Fig.
46B) At the moment that the peak
voltage drops below the arc voltage of
the discharge (in practice even
earlier), the lamp will cease to operate.

Thyristor dimming, on the other hand,
scarcely affects the value of the peak
voltage. Instead it alters the shape of
the waveform, making It narrower, and
thus extends the duration of the dark
period, until the point is reached where
the lamp will refuse to re-ignite
because too many free electrons will
have disappeared from the discharge
(Fig. 46C). Increasing the frequency of
the supply voltage reduces the
duration of the dark periods, and this is what is often practiced (Fig. 46D).

Fig. 46 Variations in length of the dark period.
A. at the nominal supply voltage
B. with transformer dimming
C. with thyristor dimming
D. with thyristor dimming and increased frequency
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Finally, dimming reduces the current density in the discharge, with the
result that at a certain point the power dissipated in the electrodes, and
hence their temperature, will be insufficient to sustain thermionic emission.

Dimming of discharge lamps Provided that the correct equipment is used, practically all
discharge lamps can be dimmed down to about filly percent of the nominal
luminous flux without problems (so-called ‘stop dimming’). However, this is
not recommended for low-pressure sodium lamps, because it is hardly
possible without affecting lamp life. High-pressure discharge lamps
connected to a dimming circuit should always be ignited at the nominal
operating voltage.

Dimming below fifty per cent is seldom advisable where discharge lamps
are concerned, because trouble may be expected in the form of reduced
lamp life, unstable operation or discoloration of the light (the light of high-
pressure sodium lamps and HPI-type metal halide lamps becoming more
monochromatic). A notable exception, however, are fluorescent lamps
operated in circuits where continuous healing of the electrodes is provided.
This is the case with Philips HF Electronic light regulation ballasts and with
so-called rapid-start circuits. The for flier allows dimming down to ten per
cent of the nominal light output, whilst the kilter permits of dimming down to
almost zero.

When dimmed down to fifty percent of their nominal luminous flux, the
luminous efficacy of discharge lamps remains fairly constant. Below this
value it generally decreases, at a rate dependent on the type of lamp and
the dimming equipment used.

3.6 Stroboscopic effects
Lamps burning on D.C. may produce flicker The 50 Hz supply current passes through

zero and changes polarity at the rate of one hundred times per second
Near the zero pain Is no current flows through the lamp and – at least
theoretically - it should momentarily extinguish. With incandescent lamps,
however, this effect is countered by the thermal capacity of the filament
and is therefore not noticeable. The same holds true, to a certain degree,
for fluorescent lamps, because many fluorescent powders also exhibit a
certain degree of phosphorescence.

All other discharge lamps, when supplied from an at. source, will produce a
certain amount of flicker. For reasons outlined in Lesson 4 (Chapter 42)
this flicker will not be immediately visible, unless the conditions are very
unfavorable. It may, however, give rise to stroboscopic effects. These can
be very disturbing where, say, very fast games are played, for example
table tennis. Where rotating machine pails are involved, ii may even be
dangerous, as these may seem to move slower or even stand still under
strongly flickering light.

The flickering effect becomes worse when lamps are dimmed - and the more so with thyristor
dimming - because the ‘dark period! 01 the waveform then increases.

Ways to reduce flicker the tuckering described above can be reduced by creating phase shifts
between individual lamps, so that the dark period of one lamp coincides
with the light period of another. This can be done by judiciously dividing the
lamps over the phases of the three-phase mains supply (Fig. 47), or by
connecting one lamp to an inductive ballast and the other to a ballast that
incorporates a capacitor (Fig. 48). The latter is often done with fluorescent
lamps, and called a do’ or lead-lag’ circuit. Both solutions result in a phase
shift of 120o between lamps. HF electronic ballasts produce no noticeable
stroboscopic effects, as here tie operating frequency is higher than 25 kHz.
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Fig. 47 Discharge lamps, which are divided over the   Fig. 48 Discharge lamps. which are connected in a
three phases of the mains power supply.      'lead-lag’ circuit.



4. Constructional aspects

4.1 Lamp life and depreciation
4.1.1 Lamp life

The operating life of a lamp may vary from a few milliseconds for photo flash-
lamps to 100 000 hours or more for some types of neon glow lamps. It is in
general impossible to predict how long an Individual lamp will last, because this
is governed by a great in any factors. It Is possible, however, to estimate the
average life of a representative number of lamps, based upon measurements
under specified burning conditions.

Definitions of lamp life There are various ways of defining the life of an individual lamp, or a set of
lamps comprising a lighting installation, for example:

• Technical individual life, the number of burning hours otter which a specific
lamp fails:

• Minimum life, guaranteed by the manufacturer, as is done sometimes with
signal or cinema projection lamps;

• Average life, defined as the time after which 50 percent of the lamps in a
representative installation have failed;

• Economic life, this figure also includes lamp-lumen depreciation and will be
further discussed In Section 4.1. .3.

Incandescent lamps Lamp life would be a comparatively simple subject if only Incandescent lamps
were considered. Lamp failure here Is newly always caused by breakage of the
filament as a result of evaporation at the tungsten. As there Is a direct
relationship between filament temperature and evaporation rate, the average
life can be easily predicted. A higher temperature will automatically result in a
shorter life (but also in a higher luminous efficacy!), and the opposite is true as
well. Lamp manufacturers can therefore fix the average lamp life beforehand,
according to the needs of the application. by international agreement, it has
been standardized at 1000 hours for General Lighting Service (GLS) types *).

The chief single factor influencing the life of an individual Incandescent lamp is
a deviation from the nominal operating voltage (see Fig. 49).

*) 750 hours in the United States.

Fig. 49 Life expectance curve of typical
incandescent lamp, plotted against
deviations from the normal operating
voltage.
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Fig. 50 Typical lamp mortality curve,
which applies to both incandescent and
discharge lamps.

Factors influencing the life of discharge lamp  With discharge lamps. the subject of lamp life becomes
considerably more complicated. The chief causes of lamp failure are here either
the degradation of the electrodes, for example as result of the exhaustion of the
electron-emitting material, or a gradual change in the composition of the fill up
gas, both resulting in a rise of the arc voltage beyond the capacity of the supply.
High-pressure discharge lamps may also fail due to a leaky discharge tube,
brought about by corrosion of the feed-throughs or material fatigue.

There are a number of external factors that influence these processes, the most
important being;

• deviations from the normal supply voltage;
• switching sequence and switching frequency:
• type of control gear:
• ambient temperature;
• operating position:
• mechanical shocks or vibrations.

These factors are mostly beyond the control of the lamp manufacturer, which
aggravates the problem of staling a life expectation for discharge lamps. In test
set-ups it is the average rated life, that is normally determined. This is defined
as: The number of operating hours after which 50 per cent of the lamps in a
large, representative hatch, burning under specified zest conditions, have failed
(Fig. 50).

Rated test conditions The test Conditions always include a switching cycle, which varies according to
lamp type, and Is related to the anticipated operating conditions. Philips, for
example, employs a switching cycle of 3 hours (2¾ hours on, 1/4 hour off) for
fluorescent lamps and one of 12 hours (11 hours on, 1 hour off) for most high-
pressure discharge lamps.

Based upon these rated test conditions, the following average life times for the
principal lamp types have been determined:

Typical rated average life times
GLS incandescent 1 000 h
Pressed-grass (PAR) reflector incandescent 2 000 h
Halogen incandescent (general service) 2 000 h
'TL'D fluorescent 10 000 - 12 000 h
'TL'D Electronic fluorescent 13 000 - 15 000 h
SL* end PL fluorescent 8 000 - 10 000 h
High-pressure mercury (HPL) 25 000 h
Blended light (ML) 12 000 h
Mole] halide (HPI) 12 000 h
Low-pressure sodium (SOX) 20 000 h
High-pressure sodium (SON) 20 000 h
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Fig. 51 Burning racks.
which are used to
measure the average
rated life and
depreciation rate of
high-pressure discharge
lamps.

The above data should always be viewed with some reservation, especially
where discharge lamps are considered, because measuring the life of these
types is a very time-consuming procedure, which may take wail over two
years, with no acceptable way of speeding up the process (Fig. 51). And
since the average life a of most types is still increasing, this will only
become more of a problem in the future.

4.1.2 Depreciation

Light output decreases with lamp age The light output of virtually all lamp types declines with
operating life, while some exhibit an increase In power consumption with
time as well. The overall result is a decrease in luminous efficacy, which
reaches a stage where it is economically more profitable to replace the
lamp with a new one than to await its ultimate failure.

The causes of light output depreciation are numerous, With incandescent
lamps it is generally the blackening of the bulb - caused by evaporation of
the filament - combined with a gradual decrease In lamp current as the
filament becomes thinner. Discharge lamps also suffer from blackening, in
this case due to scattering of the electrode material, which settles on the
wall of the discharge tube. But with fluorescent lamps and high-pressure
mercury lamps provided with a fluorescent coating, the contributing major
factor to light output depreciation is a gradual exhaustion of is fluorescent
powders, which slowly lose theft effectiveness. The result Is not only a
decrease in light output, but often a change in light color as well, and a
reduced color rendering, although modern three-band phosphors are much
more stable in these respects than (hose used previously.

The initial luminous flux of a lamp is defined as the value measured after
100 burning hours, when performance characteristics have become more or
less stable. Fig. 52 gives typical lumen depreciation curves for incandescent
and tubular fluorescent lamp types.
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Fig. 52 Typical depreciation curves for incandescent lamps (left) and three-
band fluorescent lamps (right).

4.1.3 Economic lamp life

Economic life is determined by the decrease of light output of an installation For the owner of a
lighting installation the concept at lamp life, individual or average, is only of
limited Importance; more relevant is how long will the installation continue
to provide lighting up to specification. For his benefit, the concept of
economic life has been introduced, which not only takes lamp failure into
account, but also lamp-lumen w light depreciation.

The end of the economic life of the lamps in an installation is thus defined
as: The time after which, due to /amp failure and light output depreciation,
the combined light output of the lamps has dropped by a certain
percentage. This moment can tie very accurately predicted. For outdoor
installations, a depreciation of the luminous flux of 20 per cent is considered
acceptable, while for indoor installations with fluorescent lamps a value of
20 per cent is more common.

The curves of Fig. 53 make clear that at the end of the economic life of an
installation few lamps have actually failed, but that those Mill functioning are
coming to the end of their average life (defined as the point when half of
them have failed). Consequently, If at the end of their economic life all the
lamps are replaced in one go. it will mean little loss in terms of wasted lamp
life, while the gain in the form of saving on labor costs and avoidance of
unacceptable depreciation will be considerable. This group replacement, as
it is called, Is therefore strongly advised for all large installations, it
necessary backed up by spot replacement in the case of incidental lamp
failure where very high demands are set upon the quality and uniformity of
the lighting.

The cost aspects of lamp life, ramp-lumen depreciation and lamp
replacement will be further discussed in Lesson 22, together with the
effects of soiling, and depreciation of optics.

Fig. 53 Relationship
between average rated
lamp life and economic
lamp life, valid for 'TL'
(color 84) fluorescent
lamps.
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Fig. 54 The light output of a typical
fluorescent lamp, plotted against the
ambient temperature.

4.2 Ambient temperature
Lamps are generally constructed for operation under normal temperature
conditions, viz. ambient temperatures In the range from — 30°C to + 50°C.
However, because some lamp types produce a great deal of heat, working
temperatures can be considerably higher. especially in enclosed luminaires.

Discharge lamps may refuse to start at low temperatures At the low end of the temperature range,
incandescent lamps give no problems, but high pressure discharge lamps may
refuse to start at temperatures below — 30°C Once burning, however, they
give no trouble, even at temperatures down to — 50°C.

For ‘TL' fluorescent lamps - including SL and PL types - the temperature of
the tube wall Is the crucial factor, as this determines the vapor pressure of the
mercury inside. If the wall temperature drops to below + 15°C, the light output
decreases sharply (Fig. 54). Theoretically, low-pressure sodium lamps suffer
from the same problems, but in these the discharge tube is contained in a
heat-insulating outer bulb, so the temperature of the environment Is of little
consequence.

Lamp construction generally determines the maximum working temperature Maximum permissible
working temperatures for incandescent lamps are determined by the
construction of the lamp holder and the kind of glass used for the bulb.
General Lighting Service (GLS) incandescent lamps operate safely at
maximum temperatures of 200°C for the cap and 370°C for the bulb. These
temperatures, however, are easily reached in badly ventilated enclosed
luminaires. Incandescent lamps of special construction can withstand cap
temperatures of 260°C and more! and bulb temperatures up to 520°C.
Halogen incandescent lamps need a minimum bulb temperature of 260°C to
maintain the regenerative cycle, The maximum permissible bulb temperature
for these lamps is 520°C or 900°C, depending on whether the bulb is made of
hard glass or quartz.

High-pressure discharge lamps operate trouble-free at fairly high
temperatures. Maximum permissible base temperatures are again in the order
of 200°C, and bulb temperatures may be up to 350°C for coated and 520°C
for clear lamps (450°C for clear high-pressure sodium lamps). For quartz-bulb
discharge lamps without outer envelope, the maximum permissible bulb
temperature Is generally set at 900°C.

'TL' lamp performance is very dependent on ambient temperature With fluorescent lamps it is a
different story. These exhibit their maximum luminous flux at a wall
temperature of about 25°C. With increasing temperature the light output
gradually decreases until it becomes unacceptably low for normal applications
when the temperature of the tube wall exceeds 50° C. Often there is a certain
deterioration of the color rendering as well.

Finally, low-pressure sodium lamps produce too little thermal radiation to ever
become overheated, no matter what the operating conditions.
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4.2 Burning position

Lamp construction sometimes determines the burning position Some lamps cannot be used in any
desired burning position. The reason for this is either mechanical (sagging
of the filament or soiling of the electrodes by solid particles) or has to do
with the thermal balance inside the lamp. Operating such lamps in a non-
prescribed position will generally result in a drastically reduced lamp life.
HPI-type metal halide lamps will show unacceptable color shifts when
operated in the wrong position. Philips lamps having a restricted burning
position are marked accordingly on the packaging, a while sector(s) on a
black circle indicating the permissible burning angles (see examples in
Fig. 55).

Fig. 55 Examples of
permissible
burning positions.
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5. Environmental aspects
5.1 Thermal effects

Narrow-beam lamps produce a lot of concentrated heat Some lamps, especially concentrated-beam
incandescent lamps, radiate a considerable amount of heat on a small area.
This can sometimes have a detrimental effect on certain materials mainly
those of an organic nature, foodstuffs for example - which may dry up, melt,
parch or discolor. There exist pressed-glass incandescent and halogen
reflector lamps fined with an integral mirror that reflects visible light, but
transmits infrared radiation (‘dichroic’ mirror). These lamps produce a
considerably ‘cooler’ beam, but need care in the selection of a luminaire, as
the heat is now radiated from the rear of the lamp.

5.2 Actinic effects
Damaging effects of UV radiation Some materials - papers, inks and dyes for example - are

particularly susceptible to short wave radiation, especially of a wavelength of
400 nm and less. The damaging effects are discoloration, lading and
ultimately disintegration. Artificial light sources that produce an appreciable
amount of short-wave radiation are mainly those based upon the mercury -
discharge principle - 'TL' fluorescent, high-pressure mercury and metal
halide lamps. In 'TL' fluorescent and coated high-pressure mercury lamps,
however, the amount of damaging radiation depends on the composition
and effectiveness of The fluorescent powders, as these convert short-wave
radiation into radiation of a longer wavelength. The ‘damage factor’ of the
various TL’ fluorescent lamps, therefore, varies widely, from as little as 0,07
tar color /92 to 0,68 for color /57*).

Compared with natural daylight, the damage factor of artificial light is minimal The tact that artificial
light may possibly cause damage is only really of interest In museums, art
galleries and photo laboratories. In fact, the damage that may be caused by
daylight exceeds that produced by any normal artificial light source. Far
example, the damage factor from the open sky is 4,8; from the overcast sky
1,5; and from the latter behind 4 mm window glass 0,7. On humans or other
beings normally living under daylight, no detrimental effects are to be
expected from general service light sources at normal illuminance levels.

However, this only applies to lamps for normal lighting purposes. Lamps (or
other radiators) expressly designed to produce ultraviolet radiation, such as
those used for cosmetic, medical, photochemical or germicidal purposes,
can be harmful to materials and humans as well, and should always be used
with some care (Fig. 56). These radiators, and their effects, will be more
extensively described in Lesson 12.

5.3 Toxic effects
Modern lamp manufacturing involves the use of a wide range of elements
and compounds, some of which in sufficient concentration could be
detrimental to the health of human beings or to the environment. Potentially
toxic materials are found in the filling of discharge tubes and in fluorescent
powders. Fortunately, these substances are generally only present In
minute amounts, and constant research is being done by lamp
manufacturers to replace them by less harmful compounds

*) The ‘Relative Damage Factor’ used in this example (American Standard) is - for a given
irradiance level - defined as being equal to 1 for a wavelength of 380 nm (The lower limit of
visibility). For other wavelengths values have been found empirically. Thus, for visible light
the values are between 0 and 1, while for ultraviolet radiation values greater than 1 are
normal.
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Fig. 56 Left: Ultraviolet radiators should always be used with care. For
example, goggles should be worn to protect the eyes.
Right: Sunburn (erythema) sensitivity curve, plotted against the
wavelength of the ultraviolet radiation.

Mercury is the most toxic element used in the manufacture of lamps  An element that cannot
be dispensed with is mercury, the vapor of which is particularly toxic.
The amount of the element used in fluorescent and high-intensity
discharge lamps has been reduced over the years to less than 100
milligrams in high-pressure mercury lamps, and to a mere 15 milligrams
in fluorescents. This means that used lamps can be disposed of without
taking special precautions, as the toxic level for the environment can
never he reached. Nevertheless, where large numbers of 'TL' lamps are
involved, it is advisable to dispose of these in the open or in a well-
ventilated room, to avoid even the slightest risk of momentarily toxic
concentration of mercury vapor. There is no point in breaking the
discharge tubes of high-pressure discharge lamps.

Sodium leaves no toxic residues Sodium, although extremely aggressive as an element, leaves
no toxic residues behind. However, when brought into contact with
water, it reacts violently and combustion may be spontaneous. The
utmost care should therefore be exercised when destroying low-
pressure sodium lamps.
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Conclusion

The ‘family tree' of light sources is big and has many branches and yet only
a few basic methods of light generation have found widespread application.
Each of these has Its specific advantages and limitations, which Largely
serves to determine the field(s) of application open to the source in
question. Over the years. ever more sophisticated lamp types with improved
performance characteristics have been developed, although this often goes
at the cost of constructional and electrical complexity.

An aspect of major importance is the efficiency with which a lamp converts
electrical energy into light. This varies widely between ramp types and plays
en important role in lighting economics. Attempts to improve this efficiency
are often at the cost of the color quality of the lamp, but even in this respect
progress has been made over the years.

Many of the topics discussed in this lesson will be dealt with in greater detail
in subsequent lessons devoted to individual lamp groups.
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Exercise material

The answers to the following questions should be sent in to your local course coordinator.

1. The full moon can be classified as a: a. black-body radiator
b. selective radiator
c. secondary light source
d. luminescent body

2 The working temperature of a carbon-filament lamp is a. the melting point of carbon is lower
lower than that of a tungsten-filament lamp, because: b the evaporation rate of carbon is higher

c. carbon is too brittle to be wound into a coil
d. a carbon filament cannot be made long enough
and thin enough for operation on a 220 V supply

3. A low-pressure arc discharge is characterized by: a. a high electrode temperature and a low gas
temperature
b. a low electrode temperature and a high gas
temperature
c. both a low electrode temperature and a low gas
temperature
d. electrode temperature and gas temperature
almost the same

4. Characteristic of the high-pressure arc discharge is: a. a high electron temperature
b. broadening of the resonance lines
c. a multi-line spectrum
d. a high voltage gradient in the positive column

5. Fluorescent powders are not used in sodium lamps a. sodium light does not produce fluorescence
because: b. the fluorescent powder would disintegrate

under the influence of the sodium
c. the color rendering would be poorer
d. the luminous efficacy would be lower,
because the wavelength of the light so produced is
longer

6. A certain type of low-pressure sodium lamp emits 63 W a. 43 000 lm
 in the ion of visible radiation. This corresponds to a b. 33000 lm
 luminous flux of: c. 12 500 lm

d. 8 820 lm

7. Increasing the vapor pressure in a discharge lamp will a. light of a longer wavelength
 generally result in: b. light of a shorter wavelength

c. better color rendering
d. higher luminous efficacy

8. A ballast is needed: a. to limit the discharge current
b. to compensate for a positive resistance
characteristic
c. to start a discharge lamp
d. to compensate for the phase shift produced by a
discharge lamp

9. For dimming fluorescent lamps below fifty percent it is a. the dark period takes no more than fifty percent
of the essential that; b. the electrodes are kept at the proper emission

temperature
c. the lamp current does not become ton low
d. the frequency of the supply is increased

10. The only definition of lamp life that also takes the lamp- a. economic life
  lumen depreciation into account is: b. average life

c. average rated life
d. failure ratio


