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Chapter 1

Electric arc

An electric arc between two nails

An electric arc, or arc discharge, is an electrical break-
down of a gas that produces an ongoing plasma discharge,
resulting from a current through normally nonconductive
media such as air. An arc discharge is characterized
by a lower voltage than a glow discharge, and relies on
thermionic emission of electrons from the electrodes sup-
porting the arc. An archaic term is voltaic arc, as used
in the phrase “voltaic arc lamp”.

1.1 History

Lightning is a natural electric arc.

The phenomenon is believed to be first described by Sir
Humphry Davy, in an 1801 paper published in William
Nicholson’s Journal of Natural Philosophy, Chemistry
and the Arts.[1] However, that was not an electric arc as
this phenomenon is considered by the modern science:
“This is evidently the description, not of an arc, but of a
spark. For the essence of an arc is that it should be con-
tinuous, and that the poles should not be in contact after
it has once started. The spark produced by Sir Humphry
Davy was plainly not continuous; and although the car-
bons remained red hot for some time after contact, there
can have been no arc joining them, or so close an observer
would have mentioned it”.[2] In the same year Davy pub-
licly demonstrated the effect, before the Royal Society,
by transmitting an electric current through two touching
carbon rods and then pulling them a short distance apart.
The demonstration produced a “feeble” arc, not readily
distinguished from a sustained spark, between charcoal
points. The Society subscribed for a more powerful bat-
tery of 1000 plates and in 1808 he demonstrated the
large-scale arc.[3] He is credited with naming the arc.[4]
He called it an arc because it assumes the shape of an up-
ward bow when the distance between the electrodes is not
small.[5] This is due to the buoyant force on the hot gas.
Independently the phenomenon was discovered in 1802
and described in 1803[6] as a “special fluid with electri-
cal properties”, by Vasily V. Petrov, a Russian scientist
experimenting with a copper-zinc battery consisting of
4200 discs.[7]

1.2 Overview

An electric arc is the form of electric discharge with the
highest current density. The maximum current through
an arc is limited only by the external circuit, not by the arc
itself. The voltage across an arc decreases as the current
increases, giving it a dynamic negative resistance charac-
teristic. Where a sustained arc is required, this charac-
teristic requires some external circuit element to stabilize
current, which would otherwise increase bounded only by
the supply limit.
An arc between two electrodes can be initiated by ioniza-
tion and glow discharge, as the current through the elec-
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Electricity arcs between the power rail and electrical pickup
“shoe” on a London Underground train

trodes is increased. The breakdown voltage of the elec-
trode gap is a function of the pressure and type of gas sur-
rounding the electrodes. When an arc starts, its terminal
voltage is much less than a glow discharge, and current
is higher. An arc in gases near atmospheric pressure is
characterized by visible light emission, high current den-
sity, and high temperature. An arc is distinguished from
a glow discharge partly by the approximately equal effec-
tive temperatures of both electrons and positive ions; in a
glow discharge, ions have much less thermal energy than
the electrons.
A drawn arc can be initiated by two electrodes initially in
contact and drawn apart; this can initiate an arc without
the high-voltage glow discharge. This is the way a welder
starts to weld a joint, momentarily touching the welding
electrode against the workpiece then withdrawing it till
a stable arc is formed. Another example is separation of
electrical contacts in switches, relays and circuit breakers;
in high-energy circuits arc suppression may be required to
prevent damage to contacts.[8]

Electrical resistance along the continuous electric arc cre-
ates heat, which ionizes more gas molecules (where de-
gree of ionization is determined by temperature), and
as per this sequence: solid-liquid-gas-plasma; the gas is
gradually turned into a thermal plasma. A thermal plasma
is in thermal equilibrium; the temperature is relatively
homogeneous throughout the atoms, molecules, ions and
electrons. The energy given to electrons is dispersed
rapidly to the heavier particles by elastic collisions, due
to their great mobility and large numbers.
Current in the arc is sustained by thermionic emission and
field emission of electrons at the cathode. The current
may be concentrated in a very small hot spot on the cath-
ode; current densities on the order of one million amperes
per square centimetre can be found. Unlike a glow dis-
charge, an arc has little discernible structure, since the
positive column is quite bright and extends nearly to the
electrodes on both ends. The cathode fall and anode fall
of a few volts occurs within a fraction of a millimetre of
each electrode. The positive column has a lower potential

gradient and may be absent in very short arcs.[8]

A low-frequency (less than 100 Hz) alternating current
arc resembles a direct current arc; on each cycle, the arc
is initiated by breakdown, and the electrodes interchange
roles as anode and cathode as current reverses. As the
frequency of the current increases, there is not enough
time for all ionization to disperse on each half cycle and
the breakdown is no longer needed to sustain the arc; the
voltage vs. current characteristic becomes more nearly
ohmic.[8]

Electric arc between strands of wire.

The various shapes of electric arcs are emergent prop-
erties of non-linear patterns of current and electric field.
The arc occurs in the gas-filled space between two con-
ductive electrodes (often made of tungsten or carbon) and
it results in a very high temperature, capable of melting
or vaporizing most materials. An electric arc is a con-
tinuous discharge, while the similar electric spark dis-
charge is momentary. An electric arc may occur either
in direct current circuits or in alternating current circuits.
In the latter case, the arc may re-strike on each half cycle
of the current. An electric arc differs from a glow dis-
charge in that the current density is quite high, and the
voltage drop within the arc is low; at the cathode, the cur-
rent density can be as high as one megaampere per square
centimeter.[8]

An electric arc has a non-linear relationship between cur-
rent and voltage. Once the arc is established (either by
progression from a glow discharge [9] or by momentarily
touching the electrodes then separating them), increased
current results in a lower voltage between the arc termi-
nals. This negative resistance effect requires that some
positive form of impedance—an electrical ballast—be
placed in the circuit to maintain a stable arc. This prop-
erty is the reason uncontrolled electrical arcs in apparatus
become so destructive, since once initiated, an arc will
draw more and more current from a fixed-voltage supply
until the apparatus is destroyed.

1.3 Uses

Industrially, electric arcs are used for welding, plasma
cutting, for electrical discharge machining, as an arc
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An electric arc can melt calcium oxide

lamp in movie projectors and followspots in stage light-
ing. Electric arc furnaces are used to produce steel and
other substances. Calcium carbide is made in this way
as it requires a large amount of energy to promote an
endothermic reaction (at temperatures of 2500 °C).
Spark plugs are used in petrol internal combustion en-
gines of vehicles to initiate the combustion of the fuel in
a timed fashion.
Spark gaps are also used in electric stove lighters (both
external and built-in).
Carbon arc lights were the first electric lights. They were
used for street lights in the 19th century and for special-
ized applications such as searchlights until World War
2. Today, low-pressure electric arcs are used in many
applications. For example, fluorescent tubes, mercury,
sodium, and metal halide lamps are used for lighting;
xenon arc lamps are used for movie projectors.
Formation of an intense electric arc, similar to a small-
scale arc flash, is the foundation of exploding-bridgewire
detonators.
Electric arcs have been studied for electric propulsion of
spacecraft.

1.4 Undesired arcing

Undesired or unintended electric arcing can have
detrimental effects on electric power transmission,
distribution systems and electronic equipment. Devices
which may cause arcing include switches, circuit break-
ers, relay contacts, fuses and poor cable terminations.
When an inductive circuit is switched off the current can-
not instantaneously jump to zero; a transient arc will be
formed across the separating contacts. Switching devices

Arc damage to a CEE 7/7 plug. The discharge path was formed
by a conductive liquid seeping into the plug-socket assembly.

susceptible to arcing are normally designed to contain
and extinguish an arc, and snubber circuits can supply a
path for transient currents, preventing arcing. If a circuit
has enough current and voltage to sustain an arc formed
outside of a switching device, the arc can cause damage
to equipment such as melting of conductors, destruction
of insulation, and fire. An arc flash describes an explo-
sive electrical event that presents a hazard to people and
equipment.
Undesired arcing in electrical contacts of contactors, re-
lays and switches can be reduced by devices such as con-
tact arc suppressors[10] and RC Snubbers or through tech-
niques including:

• immersion in transformer oil, dielectric gas or
vacuum

• arc chutes

• magnetic blowouts

• pneumatic blowouts

• sacrificial (“arcing”) contacts

• damping materials to absorb arc energy,either ther-
mally or through chemical decomposition

Arcing can also occur when a low resistance channel (for-
eign object, conductive dust, moisture...) forms between
places with different potential. The conductive channel
then can facilitate formation of an electric arc. The ion-
ized air has high electrical conductivity approaching that
of metals, and can conduct extremely high currents, caus-
ing a short circuit and tripping protective devices (fuses,
circuit breakers). Similar situation may occur when a
lightbulb burns out and the fragments of the filament pull
an electric arc between the leads inside the bulb, leading
to overcurrent that trips the breakers.
Electric arc over the surface of plastics causes their degra-
dation. A conductive carbon-rich track tends to form
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in the arc path, negatively influencing their insulation
properties. The arc susceptibility is tested according to
ASTM D495, by point electrodes and continuous and in-
termittent arcs; it is measured in seconds to form a track
that is conductive under high-voltage low-current condi-
tions. Some materials are less susceptible to degradation
than others; e.g. polytetrafluoroethylene has arc resis-
tance of about 200 seconds. From thermosetting plas-
tics, alkyds and melamine resins are better than phenolic
resins. Polyethylenes have arc resistance of about 150
seconds, polystyrenes and polyvinyl chlorides have rela-
tively low resistance of about 70 seconds. Plastics can be
formulated to emit gases with arc-extinguishing proper-
ties; these are known as arc-extinguishing plastics.
Arcing over some types of printed circuit boards, possibly
due to cracks of the traces or the failure of a solder, ren-
ders the affected insulating layer conductive as the dielec-
tric is combusted due to the high temperatures involved.
This conductivity prolongs the arcing due to cascading
failure of the surface.

1.5 Arc suppression

Main article: Arc suppression

Arc suppression is a method of attempting to reduce or
eliminate the electrical arc. There are several possible
areas of use of arc suppression methods, among them
metal film deposition and sputtering, arc flash protection,
electrostatic processes where electrical arcs are not de-
sired (such as powder painting, air purification, PVDF
film poling) and contact current arc suppression. In indus-
trial, military and consumer electronic design, the latter
method generally applies to devices such as electrome-
chanical power switches, relays and contactors. In this
context, arc suppression refers to the concept of contact
protection.
Part of the energy of an electrical arc forms new chem-
ical compounds from the air surrounding the arc; these
include oxides of nitrogen, and ozone, which can be de-
tected by its distinctive sharp smell. These chemicals can
be produced by high-power contacts in relays and mo-
tor commutators, and are corrosive to nearby metal sur-
faces. Arcing also erodes the surfaces of the contacts,
wearing them down and creating high contact resistance
when closed.[11]

1.6 See also
• Arc transmitter
• Marx generator
• Spark gap
• Vacuum arc
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Chapter 2

Vacuum arc

A vacuum arc can arise when the surfaces of metal
electrodes in contact with a good vacuum begin to emit
electrons either through heating (thermionic emission) or
via an electric field that is sufficient to cause field electron
emission. Once initiated, a vacuum arc can persist since
the freed particles gain kinetic energy from the electric
field, heating the metal surfaces through high speed par-
ticle collisions. This process can create an incandescent
cathode spotwhich frees more particles, thereby sustain-
ing the arc. At sufficiently high currents an incandescent
anode spot may also be formed.
Electrical discharge in vacuum is important for certain
types of vacuum tubes and for high voltage vacuum
switches.
The thermionic vacuum arc (TVA) is a new type of
plasma source, which generates a pure metal and ceramic
vapour plasma containing ions with a directed energy.
TVA discharges can be ignited in high vacuum conditions
between a heated cathode (electron gun) and an anode
(tungsten crucible) containing the material. The acceler-
ated electron beam, incident on the anode, heats the cru-
cible, together with its contents, to a high temperature.
After establishing a steady-state density of the evaporat-
ing anode material atoms, and when the voltage applied
is high enough, a bright discharge is ignited between the
electrodes.

2.1 References
• Messyats, Gennady A.; Proskurovsky, D. I. (1989).
Pulsed Electrical Discharge in Vacuum (Springer Se-
ries on Atoms and Plasmas, 5) (1st ed.). Springer-
Verlag. ISBN 0-387-50725-6.

• Greenwood, Allan (1994). Vacuum Switchgear (I
E E Power Engineering Series) (1st ed.). Pergamon
Press. ISBN 0-85296-855-8.

• Musa, Geavit; Betiu, Nicolae; Mustata, Ion; Baltog,
Alexandra; Popescu, Alexandra (1983). “Low Volt-
age Arc Welding in Vacuum”. Rev. Roum. Phys 28
(10): 907–908.

• Musa, Geavit; Baltog, Alexandra; Popescu, Alexan-
dra; Betiu, Nicolae; Mustata, Ion (1986). “Electri-

cal and Spectral Characteristics of a Heated Cath-
ode Discharge in metal Vapors”. Contrib. Plasma
Phys. 26 (3): 171–177.

2.2 See also
• Electric arc

• Gas discharge

• Glow discharge

• Cathodic arc deposition

• List of plasma (physics) articles
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Chapter 3

Cathodic arc deposition

Cathodic arc deposition or Arc-PVD is a physical va-
por deposition technique in which an electric arc is used
to vaporize material from a cathode target. The vapor-
ized material then condenses on a substrate, forming a
thin film. The technique can be used to deposit metallic,
ceramic, and composite films.

3.1 History

Industrial use of modern cathodic arc deposition technol-
ogy originated in Soviet Union around 1960–1970. By
the late 70’s Soviet government released the use of this
technology to the West. Among many designs in USSR
at that time the design by L. P. Sablev, et al., was allowed
to be used outside the USSR.

3.2 Process

The arc evaporation process begins with the striking of a
high current, low voltage arc on the surface of a cathode
(known as the target) that gives rise to a small (usually
a few micrometres wide), highly energetic emitting area
known as a cathode spot. The localised temperature at the
cathode spot is extremely high (around 15000 °C), which
results in a high velocity (10 km/s) jet of vapourised
cathode material, leaving a crater behind on the cathode
surface. The cathode spot is only active for a short period
of time, then it self-extinguishes and re-ignites in a new
area close to the previous crater. This behaviour causes
the apparent motion of the arc.
As the arc is basically a current carrying conductor it can
be influenced by the application of an electromagnetic
field, which in practice is used to rapidly move the arc
over the entire surface of the target, so that the total sur-
face is eroded over time.
The arc has an extremely high power density resulting in a
high level of ionization (30-100%), multiple charged ions,
neutral particles, clusters and macro-particles (droplets).
If a reactive gas is introduced during the evaporation
process, dissociation, ionization and excitation can occur
during interaction with the ion flux and a compound film

will be deposited.
One downside of the arc evaporation process is that if the
cathode spot stays at an evaporative point for too long it
can eject a large amount of macro-particles or droplets.
These droplets are detrimental to the performance of the
coating as they are poorly adhered and can extend through
the coating. Worse still if the cathode target material has
a low melting point such as aluminium the cathode spot
can evaporate through the target resulting in either the
target backing plate material being evaporated or cooling
water entering the chamber. Therefore magnetic fields
as mentioned previously are used to control the motion
of the arc. If cylindrical cathodes are used the cath-
odes can also be rotated during deposition. By not al-
lowing the cathode spot to remain in one position too long
aluminium targets can be used and the number of droplets
is reduced. Some companies also use filtered arcs that use
magnetic fields to separate the droplets from the coating
flux.

3.3 Equipment design

Sablev type Cathodic arc source with magnet to steer the move-
ment of arc spot

Sablev type Cathodic arc source, which is themost widely
used in the West, consists of a short cylindrical shape
electrical conductive target at cathode with one open end.
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This target has an electrically-floating metal ring sur-
rounded working as an arc confinement ring. The anode
for the system can be either the vacuum chamber wall or
a discrete anode. Arc spots are generated by mechani-
cal trigger (or igniter) striking on open end of the target
making a temporarily short circuit between the cathode
and anode. After the arc spots being generated they can
be steered by magnetic field or move randomly in absence
of magnetic field.

Aksenov Quarter-torus duct macroparticle filter using plasma op-
tical principles which was developed by A. I. Morozov

The plasma beam from Cathodic Arc source contains
some larger clusters of atoms or molecules (so called
macro-particles), which prevent it from being useful for
some applications without some kind of filtering. There
are many designs for macro-particle filters and the most
studied design is based on the work by I. I. Aksenov et
al. in 70’s. It consists of a quarter-torus duct bent at 90
degrees from the arc source and the plasma is guided out
of the duct by principle of plasma optics.
There are also other interesting designs such as a design
which incorporates a straight duct filter built-in with trun-
cated cone shape cathode as reported by D. A. Karpov in
the 90’s. This design became quite popular among both
the thin hard-film coaters and researchers in Russia and
former USSR countries until now. Cathodic arc source
can be made into the long tubular shape (extended-arc)
or long rectangular shape but both designs are less popu-
lar.

3.4 Applications

Cathodic arc deposition is actively used to synthesize ex-
tremely hard film to protect the surface of cutting tools
and extend their life significantly. A wide variety of thin
hard-film, Superhard coatings and nanocomposite coat-
ings can be synthesized by this technology including TiN,
TiAlN, CrN, ZrN, AlCrTiN and TiAlSiN.
This is also used quite extensively particularly for carbon
ion deposition to create diamond-like carbon films. Be-

Titanium Nitride (TiN) coated punches using Cathodic arc depo-
sition technique

Aluminium Titanium Nitride (AlTiN) coated endmills using Ca-
thodic arc deposition technique

Aluminium Chromium Titanium Nitride (AlCrTiN) coated Hob
using Cathodic arc deposition technique

cause the ions are blasted from the surface ballistically,
it is common for not only single atoms, but larger clus-
ters of atoms to be ejected. Thus, this kind of system
requires a filter to remove atom clusters from the beam
before deposition. The DLC film from filtered-arc con-
tains extremely high percentage of sp3 diamond which is
known as tetrahedral amorphous carbon, or ta-C.
Filtered Cathodic arc can be used as metal ion/plasma
source for Ion implantation and Plasma Immersion Ion
Implantation and Deposition (PIII&D).

3.5 See also

• Ion beam deposition
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• Physical vapor deposition

3.6 References
• SVC “51st Annual Technical Conference Proceed-
ings” (2008) Society of Vacuum Coaters, ISSN
0737-5921 (previous proceedings available on CD
from SVC Publications)

• A. Anders, “Cathodic Arcs: From Fractal Spots
to Energetic Condensation” (2008) Springer, New
York.

• R. L. Boxman, D.M. Sanders, and P. J. Martin (edi-
tors) “Handbook of Vacuum Arc Science and Tech-
nology"(1995) Noyes Publications, Park Ridge, N.J.

• Brown, I.G., Annual Rev. Mat. Sci. 28, 243 (1998).

• Sablev et al., US Patent #3,783,231, 01 Jan. 1974

• Sablev et al., US Patent #3,793,179, 19 Feb. 1974

• D. A. Karpov, “Cathodic arc sources and macropar-
ticle filtering”, Surface and Coatings technology 96
(1997) 22-23

• S. Surinphong, “Basic Knowledge about PVD Sys-
tems and Coatings for Tools Coating” (1998), in
Thai language

• A. I. Morozov, Reports of the Academy of Sciences
of the USSR, 163 (1965) 1363, in Russian language

• I. I. Aksenov, V. A. Belous, V. G. Padalka, V.
M. Khoroshikh, “Transport of plasma streams in a
curvilinear plasma-optics system”, Soviet Journal of
Plasma Physics, 4 (1978) 425

• http://www.researchgate.net/publication/
273004395_Arc_source_designs

• http://www.researchgate.net/profile/Dmitri_
Karpov/publications/2

• https://www.researchgate.net/publication/
234202890_Transport_of_plasma_streams_
in_a_curvilinear_plasma-optics_system

https://en.wikipedia.org/wiki/Physical_vapor_deposition
http://www.researchgate.net/publication/273004395_Arc_source_designs
http://www.researchgate.net/publication/273004395_Arc_source_designs
http://www.researchgate.net/profile/Dmitri_Karpov/publications/2
http://www.researchgate.net/profile/Dmitri_Karpov/publications/2
https://www.researchgate.net/publication/234202890_Transport_of_plasma_streams_in_a_curvilinear_plasma-optics_system
https://www.researchgate.net/publication/234202890_Transport_of_plasma_streams_in_a_curvilinear_plasma-optics_system
https://www.researchgate.net/publication/234202890_Transport_of_plasma_streams_in_a_curvilinear_plasma-optics_system


Chapter 4

Glow discharge

Neon lamp, 1/2 inch, showing glow discharge surrounding cath-
ode.

A glow discharge is a plasma formed by the passage of
electric current through a low-pressure gas. It is created
by applying a voltage between two metal electrodes in a
glass tube containing gas. When the voltage exceeds a
certain value called the striking voltage, the gas in the
tube ionizes, becoming a plasma, and begins conduct-

ing electricity, causing it to glow with a colored light.
The color depends on the gas used. Glow discharge is
widely used as a source of light in devices such as neon
lights, fluorescent lamps, and plasma-screen televisions.
Analyzing the light produced by spectroscopy can reveal
much about the atomic interactions in the gas, so glow
discharge is used in plasma physics and analytical chem-
istry. It is also used in the surface treatment technique
called sputtering.

4.1 Basic operating mechanism

A glow discharge tube featuring its most important characteris-
tics: (a) An anode at one end and cathode at the other end (b)
Aston Dark Space(c) Cathode glow (d) Cathode dark space (also
called Crookes dark space, or Hittorf dark space) (e) Negative
glow (f) Faraday space (g) Positive column (h) Anode glow (i)
Anode dark space.

This system was first made by William Crookes. The
simplest type of glow discharge is a direct-current glow
discharge. In its simplest form, it consists of two elec-
trodes in a cell held at low pressure (0.1–10 torr; about
1/10000th to 1/100th of atmospheric pressure). The cell
is typically filled with neon, but other gases can also be
used. An electric potential of several hundred volts is
applied between the two electrodes. A small fraction of
the population of atoms within the cell is initially ionized
through random processes (thermal collisions between
atoms or with gamma rays, for example). The ions (which
are positively charged) are driven towards the cathode by
the electric potential, and the electrons are driven towards
the anode by the same potential. The initial population
of ions and electrons collides with other atoms, ionizing
them. As long as the potential is maintained, a population
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of ions and electrons remains.
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Some of the ions’ kinetic energy is transferred to the
cathode. This happens partially through the ions strik-
ing the cathode directly. The primary mechanism, how-
ever, is less direct. Ions strike the more numerous neu-
tral gas atoms, transferring a portion of their energy
to them. These neutral atoms then strike the cathode.
Whichever species (ions or atoms) strike the cathode, col-
lisions within the cathode redistribute this energy until a
portion of the cathode is ejected, typically in the form of
free atoms. This process is known as sputtering. Once
free of the cathode, atoms move into the bulk of the glow
discharge through drift and due to the energy they gained
from sputtering. The atoms can then be excited by colli-
sions with ions, electrons, or other atoms that have been
previously excited by collisions. Once excited, atoms will
lose their energy fairly quickly. Of the various ways that
this energy can be lost, the most important is radiatively,
meaning that a photon is released to carry the energy
away. In optical atomic spectroscopy, the wavelength of
this photon can be used to determine the identity of the
atom (that is, which chemical element it is) and the num-
ber of photons is directly proportional to the concentra-
tion of that element in the sample. Some collisions (those
of high enough energy) will cause ionization. In atomic
mass spectrometry, these ions are detected. Their mass
identifies the type of atoms and their quantity reveals the

amount of that element in the sample.
The figure above shows the main regions that may be
present in a glow discharge. Regions described as “glows”
emit significant light; regions labeled as “dark spaces”
do not. As the discharge becomes more extended (i.e.,
stretched horizontally in the geometry of the figure), the
positive column may become striated. That is, alternat-
ing dark and bright regions may form. Compressing the
discharge horizontally will result in fewer regions. The
positive column will be compressed while the negative
glow will remain the same size, and, with small enough
gaps, the positive column will disappear altogether. In
an analytical glow discharge, the discharge is primarily a
negative glow with dark region above and below it.
Below the ionization voltage or breakdown voltage there
is no glow, but as the voltage increases to the ionization
point the Townsend discharge happens just as glow dis-
charge becomes visible; this is the start of the normal
glow range. As the voltage is increased above the nor-
mal glow range, abnormal glow begins. If the voltage is
increased to the point the cathode glow covers the entire
cathode arc discharge begins.[1]

4.2 Use in analytical chemistry

Glow discharges can be used to analyze the elemental,
and sometimes molecular, composition of solids, liquids,
and gases, but elemental analysis of solids is the most
common. In this arrangement, the sample is used as the
cathode. As mentioned earlier, gas ions and atoms strik-
ing the sample surface knock atoms off of it, a process
known as sputtering. The sputtered atoms, now in the
gas phase, can be detected by atomic absorption, but this
is a comparatively rare strategy. Instead, atomic emis-
sion and mass spectrometry are usually used. Collisions
between the gas-phase sample atoms and the plasma gas
pass energy to the sample atoms. This energy can ex-
cite the atoms, after which they can lose their energy
through atomic emission. By observing the wavelength of
the emitted light, the atom’s identity can be determined.
By observing the intensity of the emission, the concen-
tration of atoms of that type can be determined. En-
ergy gained through collisions can also ionize the sample
atoms. The ions can then be detected by mass spectrome-
try. In this case, it is the mass of the ions that identify the
element and the number of ions that reflect the concentra-
tion. This method is referred to as glow discharge mass
spectrometry (GDMS) and it has detection limits down
to the sub-ppb range for most elements that are nearly
matrix-independent.
Both bulk and depth analysis of solids may be performed
with glow discharge. Bulk analysis assumes that the sam-
ple is fairly homogeneous and averages the emission or
mass spectrometric signal over time. Depth analysis re-
lies on tracking the signal in time, therefore, is the same
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as tracking the elemental composition in depth. Depth
analysis requires greater control over operational param-
eters. For example, conditions (current, potential, pres-
sure) need to be adjusted so that the crater produced by
sputtering is flat bottom (that is, so that the depth analyzed
over the crater area is uniform). In bulk measurement, a
rough or rounded crater bottom would not adversely im-
pact analysis. Under the best conditions, depth resolution
in the single nanometer range has been achieved (in fact,
within-molecule resolution has been demonstrated).
The chemistry of ions and neutrals in vacuum is called
gas phase ion chemistry and is part of the analytical study
that includes glow discharge.

4.3 Powering modes

In analytical chemistry, glow discharges are most often
operated in direct-current mode. For this mode, the cath-
ode (which is the sample in solids analysis) must be con-
ductive. The potential, pressure, and current are interre-
lated. Only two can be directly controlled at once, while
the third must be allowed to vary. The pressure is most
typically held constant, but other schemes may be used.
The pressure and current may be held constant, while po-
tential is allowed to vary. The pressure and voltage may
be held constant while the current is allowed to vary. The
power (product of voltage and current) may be held con-
stant while the pressure is allowed to vary.
Glow dischargesmay also be operated in radio-frequency.
The use of this frequency will establish a negative DC-
bias voltage on the sample surface. The DC-bias is the
result of an alternating current waveform that is centered
about negative potential; as such it more or less repre-
sent the average potential residing on the sample surface.
Radio-frequency has ability to appear to flow through in-
sulators (non-conductive materials).
Both radio-frequency and direct-current glow discharges
can be operated in pulsed mode, where the potential is
turned on and off. This allows higher instantaneous pow-
ers to be applied without excessively heating the cath-
ode. These higher instantaneous powers produce higher
instantaneous signals, aiding detection. Combining time-
resolved detection with pulsed powering results in addi-
tional benefits. In atomic emission, analyte atoms emit
during different portions of the pulse than background
atoms, allowing the two to be discriminated. Analo-
gously, in mass spectrometry, sample and background
ions are created at different times.

4.4 Types

There are various types of glow discharge examples in-
clude: high pressure glow discharge, hollow cathode dis-
charge, spray discharge.

4.5 Application to analog comput-
ing

An interesting application for using glow discharge was
described in a 2002 scientific paper by Ryes, Ghanem et
al.[2] According to a Nature news article describing the
work,[3] researchers at Imperial College London demon-
strated how they built a mini-map that glows along the
shortest route between two points. The Nature news arti-
cle describes the system as follows:

To make the one-inch London chip, the team
etched a plan of the city centre on a glass
slide. Fitting a flat lid over the top turned
the streets into hollow, connected tubes. They
filled these with helium gas, and inserted elec-
trodes at key tourist hubs. When a voltage is
applied between two points, electricity natu-
rally runs through the streets along the shortest
route fromA to B - and the gas glows like a tiny
neon strip light.

The approach itself provides a novel visible analog com-
puting approach for solving a wide class of maze search-
ing problems based on the properties of lighting up of a
glow discharge in a microfluidic chip.

4.6 See also

• Electric arc discharge

• Vacuum arc

• X-ray tube

• Fluorescent lamp, neon lamp, and plasma lamp

• List of plasma (physics) articles
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Chapter 5

Fluorescent lamp

Fluorescent lamps

Top, two compact fluorescent lamps. Bottom, two fluorescent
tube lamps. A matchstick, left, is shown for scale.

Compact fluorescent lamp with electronic ballast

Typical F71T12 100 W bi-pin lamp used in tanning beds. The
(Hg) symbol indicates that this lamp contains mercury. In the US,
this symbol is now required on all fluorescent lamps that contain
mercury.[1]

One style of lamp holder for T12 and T8 bi pin fluorescent lamps
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Inside the lamp end of a preheat bi-pin lamp. In this lamp the
filament is surrounded by an oblong metal cathode shield, which
helps reduce lamp end darkening.[2]

A fluorescent lamp or a fluorescent tube is a low
pressure mercury-vapor gas-discharge lamp that uses
fluorescence to produce visible light. An electric current
in the gas excites mercury vapor which produces short-
wave ultraviolet light that then causes a phosphor coating
on the inside of the bulb to glow. A fluorescent lamp
converts electrical energy into useful light much more ef-
ficiently than incandescent lamps. The luminous efficacy
of a fluorescent light bulb can exceed 100 lumens per
watt, several times the efficacy of an incandescent bulb
with comparable light output.
Fluorescent lamp fixtures are more costly than incandes-
cent lamps because they require a ballast to regulate the
current through the lamp, but the lower energy cost typ-
ically offsets the higher initial cost. Compact fluorescent
lamps are now available in the same popular sizes as in-
candescents and are used as an energy-saving alternative
in homes.
Because they contain mercury, many fluorescent lamps
are classified as hazardous waste. The United States En-
vironmental Protection Agency recommends that fluores-
cent lamps be segregated from general waste for recycling
or safe disposal.[3]

5.1 History

5.1.1 Physical discoveries

Fluorescence of certain rocks and other substances had
been observed for hundreds of years before its nature
was understood. By the middle of the 19th century, ex-
perimenters had observed a radiant glow emanating from
partially evacuated glass vessels through which an electric
current passed. One of the first to explain it was the Irish

scientist Sir George Stokes from the University of Cam-
bridge, who named the phenomenon “fluorescence” after
fluorite, a mineral many of whose samples glow strongly
due to impurities. The explanation relied on the nature
of electricity and light phenomena as developed by the
British scientists Michael Faraday in the 1840s and James
Clerk Maxwell in the 1860s.[4]

Little more was done with this phenomenon until 1856
when a German glassblower named Heinrich Geissler
created a mercury vacuum pump that evacuated a glass
tube to an extent not previously possible. When an elec-
trical current passed through a Geissler tube, a strong
green glow on the walls of the tube at the cathode end
could be observed. Because it produced some beautiful
light effects, the Geissler tube was a popular source of
amusement. More important, however, was its contribu-
tion to scientific research. One of the first scientists to ex-
periment with a Geissler tube was Julius Plücker who sys-
tematically described in 1858 the luminescent effects that
occurred in a Geissler tube. He also made the important
observation that the glow in the tube shifted position when
in proximity to an electromagnetic field. Alexandre Ed-
mond Becquerel observed in 1859 that certain substances
gave off light when they were placed in a Geissler tube.
He went on to apply thin coatings of luminescent materi-
als to the surfaces of these tubes. Fluorescence occurred,
but the tubes were very inefficient and had a short oper-
ating life.[5]

Inquiries that began with the Geissler tube continued as
even better vacuums were produced. The most famous
was the evacuated tube used for scientific research by
William Crookes. That tube was evacuated by the highly
effective mercury vacuum pump created by Hermann
Sprengel. Research conducted by Crookes and others ul-
timately led to the discovery of the electron in 1897 by
J. J. Thomson and X-rays in 1895 by Wilhelm Roentgen.
But the Crookes tube, as it came to be known, produced
little light because the vacuum in it was too good and thus
lacked the trace amounts of gas that are needed for elec-
trically stimulated luminescence.

5.1.2 Early discharge lamps

While Becquerel was interested primarily in conduct-
ing scientific research into fluorescence, Thomas Edison
briefly pursued fluorescent lighting for its commercial po-
tential. He invented a fluorescent lamp in 1896 that used a
coating of calcium tungstate as the fluorescing substance,
excited by X-rays, but although it received a patent in
1907,[6] it was not put into production. As with a few
other attempts to use Geissler tubes for illumination, it
had a short operating life, and given the success of the
incandescent light, Edison had little reason to pursue an
alternative means of electrical illumination. Nikola Tesla
made similar experiments in the 1890s, devising high-
frequency powered fluorescent bulbs that gave a bright
greenish light, but as with Edison’s devices, no commer-
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One of the first mercury vapor lamps invented by Peter Cooper
Hewitt, 1903. It was similar to a fluorescent lamp without the
fluorescent coating on the tube, and produced greenish light. The
round device under the lamp is the ballast.

cial success was achieved.
Although Edison lost interest in fluorescent lighting, one
of his former employees was able to create a gas-based
lamp that achieved a measure of commercial success. In
1895 Daniel McFarlan Moore demonstrated lamps 2 to
3 meters (6.6 to 9.8 ft) in length that used carbon diox-
ide or nitrogen to emit white or pink light, respectively.
As with future fluorescent lamps, they were considerably
more complicated than an incandescent bulb.[7]

After years of work, Moore was able to extend the op-
erating life of the lamps by inventing an electromag-
netically controlled valve that maintained a constant gas
pressure within the tube.[8] Although Moore’s lamp was
complicated, was expensive to install, and required very
high voltages, it was considerably more efficient than in-
candescent lamps, and it produced a closer approxima-
tion to natural daylight than contemporary incandescent
lamps. From 1904 onwards Moore’s lighting system was
installed in a number of stores and offices.[9] Its success
contributed to General Electric’s motivation to improve
the incandescent lamp, especially its filament. GE’s ef-
forts came to fruition with the invention of a tungsten-
based filament. The extended lifespan and improved ef-
ficacy of incandescent bulbs negated one of the key ad-

Peter Cooper Hewitt

vantages of Moore’s lamp, but GE purchased the rele-
vant patents in 1912. These patents and the inventive ef-
forts that supported themwere to be of considerable value
when the firm took up fluorescent lighting more than two
decades later.
At about the same time that Moore was developing his
lighting system, another American was creating a means
of illumination that also can be seen as a precursor to the
modern fluorescent lamp. This was the mercury-vapor
lamp, invented by Peter Cooper Hewitt and patented in
1901 (US 682692; this patent number is frequently mis-
quoted as US 889,692). Hewitt’s lamp glowed when
an electric current was passed through mercury vapor at
a low pressure. Unlike Moore’s lamps, Hewitt’s were
manufactured in standardized sizes and operated at low
voltages. The mercury-vapor lamp was superior to the
incandescent lamps of the time in terms of energy ef-
ficiency, but the blue-green light it produced limited its
applications. It was, however, used for photography and
some industrial processes.
Mercury vapor lamps continued to be developed at a slow
pace, especially in Europe, and by the early 1930s they re-
ceived limited use for large-scale illumination. Some of
them employed fluorescent coatings, but these were used
primarily for color correction and not for enhanced light
output. Mercury vapor lamps also anticipated the fluores-
cent lamp in their incorporation of a ballast to maintain a
constant current.
Cooper-Hewitt had not been the first to use mercury va-
por for illumination, as earlier efforts had been mounted
by Way, Rapieff, Arons, and Bastian and Salisbury. Of
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particular importance was the mercury vapor lamp in-
vented by Küch in Germany. This lamp used quartz in
place of glass to allow higher operating temperatures, and
hence greater efficiency. Although its light output relative
to electrical consumption was better than that of other
sources of light, the light it produced was similar to that
of the Cooper-Hewitt lamp in that it lacked the red por-
tion of the spectrum, making it unsuitable for ordinary
lighting.

5.1.3 Neon lamps

Main article: Neon lighting

The next step in gas-based lighting took advantage of
the luminescent qualities of neon, an inert gas that had
been discovered in 1898 by isolation from the atmo-
sphere. Neon glowed a brilliant red when used in Geissler
tubes.[10] By 1910, Georges Claude, a Frenchman who
had developed a technology and a successful business for
air liquefaction, was obtaining enough neon as a byprod-
uct to support a neon lighting industry.[11][12] While neon
lighting was used around 1930 in France for general il-
lumination, it was no more energy-efficient than conven-
tional incandescent lighting. Neon tube lighting, which
also includes the use of argon and mercury vapor as al-
ternate gases, came to be used primarily for eye-catching
signs and advertisements. Neon lighting was relevant
to the development of fluorescent lighting, however, as
Claude’s improved electrode (patented in 1915) over-
came “sputtering”, a major source of electrode degrada-
tion. Sputtering occurred when ionized particles struck
an electrode and tore off bits of metal. Although Claude’s
invention required electrodes with a lot of surface area,
it showed that a major impediment to gas-based lighting
could be overcome.
The development of the neon light also was significant
for the last key element of the fluorescent lamp, its fluo-
rescent coating. In 1926 Jacques Risler received a French
patent for the application of fluorescent coatings to neon
light tubes.[9] The main use of these lamps, which can be
considered the first commercially successful fluorescents,
was for advertising, not general illumination. This, how-
ever, was not the first use of fluorescent coatings; Edison
used calcium tungstate for his unsuccessful lamp. Other
efforts had been mounted, but all were plagued by low
efficiency and various technical problems. Of particular
importance was the invention in 1927 of a low-voltage
“metal vapor lamp” by Friedrich Meyer, Hans-Joachim
Spanner, and Edmund Germer, who were employees of
a German firm in Berlin. A German patent was granted
but the lamp never went into commercial production.

5.1.4 Commercialization of fluorescent
lamps

All the major features of fluorescent lighting were in
place at the end of the 1920s. Decades of invention and
development had provided the key components of fluo-
rescent lamps: economically manufactured glass tubing,
inert gases for filling the tubes, electrical ballasts, long-
lasting electrodes, mercury vapor as a source of lumines-
cence, effective means of producing a reliable electrical
discharge, and fluorescent coatings that could be ener-
gized by ultraviolet light. At this point, intensive devel-
opment was more important than basic research.
In 1934, Arthur Compton, a renowned physicist and GE
consultant, reported to the GE lamp department on suc-
cessful experiments with fluorescent lighting at General
Electric Co., Ltd. in Great Britain (unrelated to General
Electric in the United States). Stimulated by this report,
and with all of the key elements available, a team led by
George E. Inman built a prototype fluorescent lamp in
1934 at General Electric’s Nela Park (Ohio) engineering
laboratory. This was not a trivial exercise; as noted by
Arthur A. Bright, “A great deal of experimentation had
to be done on lamp sizes and shapes, cathode construc-
tion, gas pressures of both argon and mercury vapor, col-
ors of fluorescent powders, methods of attaching them
to the inside of the tube, and other details of the lamp
and its auxiliaries before the new device was ready for
the public.”[9]

In addition to having engineers and technicians along with
facilities for R&D work on fluorescent lamps, General
Electric controlled what it regarded as the key patents
covering fluorescent lighting, including the patents orig-
inally issued to Hewitt, Moore, and Küch. More impor-
tant than these was a patent covering an electrode that
did not disintegrate at the gas pressures that ultimately
were employed in fluorescent lamps. Albert W. Hull of
GE’s Schenectady Research Laboratory filed for a patent
on this invention in 1927, which was issued in 1931.[13]
General Electric used its control of the patents to pre-
vent competition with its incandescent lights and prob-
ably delayed the introduction of fluorescent lighting by
20 years. Eventually, war production required 24-hour
factories with economical lighting and fluorescent lights
became available.
While the Hull patent gave GE a basis for claiming legal
rights over the fluorescent lamp, a few months after the
lamp went into production the firm learned of a U.S.
patent application that had been filed in 1927 for the
aforementioned “metal vapor lamp” invented in Germany
by Meyer, Spanner, and Germer. The patent application
indicated that the lamp had been created as a superior
means of producing ultraviolet light, but the application
also contained a few statements referring to fluorescent il-
lumination. Efforts to obtain a U.S. patent had met with
numerous delays, but were it to be granted, the patent
might have caused serious difficulties for GE. At first,
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GE sought to block the issuance of a patent by claiming
that priority should go to one of their employees, Leroy
J. Buttolph, who according to their claim had invented
a fluorescent lamp in 1919 and whose patent application
was still pending. GE also had filed a patent application
in 1936 in Inman’s name to cover the “improvements”
wrought by his group. In 1939 GE decided that the claim
of Meyer, Spanner, and Germer had some merit, and that
in any event a long interference procedure was not in their
best interest. They therefore dropped the Buttolph claim
and paid $180,000 to acquire the Meyer, et al. applica-
tion, which at that point was owned by a firm known as
Electrons, Inc. The patent was duly awarded in December
1939.[14] This patent, along with the Hull patent, put GE
on what seemed to be firm legal ground, although it faced
years of legal challenges from Sylvania Electric Products,
Inc., which claimed infringement on patents that it held.
Even though the patent issue would not be completely re-
solved for many years, General Electric’s strength inman-
ufacturing and marketing the bulb gave it a pre-eminent
position in the emerging fluorescent light market. Sales of
“fluorescent lumiline lamps” commenced in 1938 when
four different sizes of tubes were put on the market used
in fixtures manufactured by three leading corporations,
Lightolier, Artcraft Fluorescent Lighting Corporation,
and Globe Lighting, two based in NewYork City. During
the following year GE and Westinghouse publicized the
new lights through exhibitions at the New York World’s
Fair and the Golden Gate International Exposition in San
Francisco. Fluorescent lighting systems spread rapidly
during World War II as wartime manufacturing intensi-
fied lighting demand. By 1951 more light was produced
in the United States by fluorescent lamps than by incan-
descent lamps.[15]

In the first years zinc orthosilicate with varying content
of beryllium was used as greenish phosphor. Small ad-
ditions of magnesium tungstate improved the blue part
of the spectrum yielding acceptable white. After it was
discovered that beryllium was toxic, halophosphate based
phosphors took over.[16]

5.2 Principles of operation

The fundamental means for conversion of electrical en-
ergy into radiant energy in a fluorescent lamp relies on
inelastic scattering of electrons when an incident electron
collides with an atom in the gas. If the (incident) free
electron has enough kinetic energy, it transfers energy to
the atom’s outer electron, causing that electron to tem-
porarily jump up to a higher energy level. The collision
is 'inelastic' because a loss of kinetic energy occurs.
This higher energy state is unstable, and the atom will
emit an ultraviolet photon as the atom’s electron re-
verts to a lower, more stable, energy level. Most of the
photons that are released from the mercury atoms have

wavelengths in the ultraviolet (UV) region of the spec-
trum, predominantly at wavelengths of 253.7 and 185
nanometers (nm). These are not visible to the human eye,
so they must be converted into visible light. This is done
by making use of fluorescence. Ultraviolet photons are
absorbed by electrons in the atoms of the lamp’s interior
fluorescent coating, causing a similar energy jump, then
drop, with emission of a further photon. The photon that
is emitted from this second interaction has a lower energy
than the one that caused it. The chemicals that make up
the phosphor are chosen so that these emitted photons are
at wavelengths visible to the human eye. The difference
in energy between the absorbed ultra-violet photon and
the emitted visible light photon goes toward heating up
the phosphor coating.
When the light is turned on, the electric power heats up
the cathode enough for it to emit electrons (thermionic
emission). These electrons collide with and ionize noble
gas atoms inside the bulb surrounding the filament to form
a plasma by the process of impact ionization. As a result
of avalanche ionization, the conductivity of the ionized
gas rapidly rises, allowing higher currents to flow through
the lamp.
The fill gas helps determine the operating electrical char-
acteristics of the lamp, but does not give off light itself.
The fill gas effectively increases the distance that elec-
trons travel through the tube, which allows an electron a
greater chance of interacting with a mercury atom. Ar-
gon atoms, excited to a metastable state by impact of an
electron, can impart this energy to a neutral mercury atom
and ionize it, described as the Penning effect. This has the
benefit of lowering the breakdown and operating voltage
of the lamp, compared to other possible fill gases such as
krypton.[17]

5.2.1 Construction

A fluorescent lamp tube is filled with a gas contain-
ing low pressure mercury vapor and argon, xenon, neon,
or krypton. The pressure inside the lamp is around
0.3% of atmospheric pressure.[18] The inner surface
of the lamp is coated with a fluorescent (and often
slightly phosphorescent) coating made of varying blends
of metallic and rare-earth phosphor salts. The lamp’s
electrodes are typically made of coiled tungsten and usu-
ally referred to as cathodes because of their prime func-
tion of emitting electrons. For this, they are coated with a
mixture of barium, strontium and calcium oxides chosen
to have a low thermionic emission temperature.
Fluorescent lamp tubes are typically straight and range
in length from about 100 millimeters (3.9 in) for minia-
ture lamps, to 2.43 meters (8.0 ft) for high-output lamps.
Some lamps have the tube bent into a circle, used for table
lamps or other places where a more compact light source
is desired. Larger U-shaped lamps are used to provide
the same amount of light in a more compact area, and are
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Close-up of the cathodes of a germicidal lamp (an essentially
similar design that uses no fluorescent phosphor, allowing the
electrodes to be seen.)

used for special architectural purposes. Compact fluores-
cent lamps have several small-diameter tubes joined in a
bundle of two, four, or six, or a small diameter tube coiled
into a helix, to provide a high amount of light output in
little volume.
Light-emitting phosphors are applied as a paint-like coat-
ing to the inside of the tube. The organic solvents are
allowed to evaporate, then the tube is heated to nearly
the melting point of glass to drive off remaining organic
compounds and fuse the coating to the lamp tube. Care-
ful control of the grain size of the suspended phosphors is
necessary; large grains, 35 micrometers or larger, lead to
weak grainy coatings, whereas too many small particles
1 or 2 micrometers or smaller leads to poor light mainte-
nance and efficiency. Most phosphors perform best with
a particle size around 10 micrometers. The coating must
be thick enough to capture all the ultraviolet light pro-
duced by the mercury arc, but not so thick that the phos-
phor coating absorbs too much visible light. The first
phosphors were synthetic versions of naturally occurring
fluorescent minerals, with small amounts of metals added
as activators. Later other compounds were discovered,
allowing differing colors of lamps to be made.[19]

5.2.2 Electrical aspects of operation

Fluorescent lamps are negative differential resistance de-
vices, so as more current flows through them, the elec-
trical resistance of the fluorescent lamp drops, allowing

The unfiltered ultraviolet glow of a germicidal lamp is produced
by a low pressure mercury vapor discharge (identical to that in a
fluorescent lamp) in an uncoated fused quartz envelope.

Different ballasts for fluorescent and discharge lamps

for even more current to flow. Connected directly to a
constant-voltage power supply, a fluorescent lamp would
rapidly self-destruct due to the uncontrolled current flow.
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To prevent this, fluorescent lamps must use an auxiliary
device, a ballast, to regulate the current flow through the
lamp.
The terminal voltage across an operating lamp varies de-
pending on the arc current, tube diameter, temperature,
and fill gas. A fixed part of the voltage drop is due to
the electrodes. A general lighting service 48-inch (1,219
mm) T12[20] lamp operates at 430 mA, with 100 volts
drop. High output lamps operate at 800 mA, and some
types operate up to 1.5 A. The power level varies from 33
to 82 watts per meter of tube length (10 to 25 W/ft) for
T12 lamps.[21]

The simplest ballast for alternating current (AC) use is
an inductor placed in series, consisting of a winding on a
laminated magnetic core. The inductance of this winding
limits the flow of AC current. This type is still used, for
example, in 120 volt operated desk lamps using relatively
short lamps. Ballasts are rated for the size of lamp and
power frequency. Where the AC voltage is insufficient to
start long fluorescent lamps, the ballast is often a step-up
autotransformer with substantial leakage inductance (so
as to limit the current flow). Either form of inductive
ballast may also include a capacitor for power factor cor-
rection.

230 V ballast for 18–20 W

Many different circuits have been used to operate fluo-
rescent lamps. The choice of circuit is based on AC volt-
age, tube length, initial cost, long term cost, instant versus
non-instant starting, temperature ranges and parts avail-
ability, etc.
Fluorescent lamps can run directly from a direct current
(DC) supply of sufficient voltage to strike an arc. The bal-
last must be resistive, and would consume about as much
power as the lamp. When operated from DC, the start-
ing switch is often arranged to reverse the polarity of the
supply to the lamp each time it is started; otherwise, the
mercury accumulates at one end of the tube. Fluores-
cent lamps are (almost) never operated directly from DC
for those reasons. Instead, an inverter converts the DC
into AC and provides the current-limiting function as de-
scribed below for electronic ballasts.

5.2.3 Effect of temperature

Thermal image of a helical fluorescent lamp.

The light output and performance of fluorescent lamps is
critically affected by the temperature of the bulb wall and
its effect on the partial pressure of mercury vapor within
the lamp.[19] Each lamp contains a small amount of mer-
cury, which must vaporize to support the lamp current
and generate light. At low temperatures the mercury is in
the form of dispersed liquid droplets. As the lampwarms,
more of the mercury is in vapor form. At higher tempera-
tures, self-absorption in the vapor reduces the yield ofUV
and visible light. Since mercury condenses at the coolest
spot in the lamp, careful design is required to maintain
that spot at the optimum temperature, around 40 °C (104
°F).
By using an amalgam with some other metal, the vapor
pressure is reduced and the optimum temperature range
extended upward; however, the bulb wall “cold spot” tem-
perature must still be controlled to prevent migration of
the mercury out of the amalgam and condensing on the
cold spot. Fluorescent lamps intended for higher output
will have structural features such as a deformed tube or
internal heat-sinks to control cold spot temperature and
mercury distribution. Heavily loaded small lamps, such
as compact fluorescent lamps, also include heat-sink ar-
eas in the tube to maintain mercury vapor pressure at the
optimum value.[22]

5.2.4 Losses

Only a fraction of the electrical energy input into a lamp
is converted to useful light. The ballast dissipates some
heat; electronic ballasts may be around 90% efficient. A
fixed voltage drop occurs at the electrodes, which also
produces heat. Some of the energy in the mercury va-
por column is also dissipated, but about 85% is turned
into visible and ultraviolet light.
The UV light is absorbed by the lamp’s fluorescent coat-
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40 watts power in

Ballast 90%

Electrodes 92%

Discharge 85%

Phosphor 86%

Quantum efficiency 45%

11 w

Visible light
out

4 w Ballast loss

3 w Electrode loss

5 w Not visible or UV

4 w UV photons lost

13 w Quantum efficiency
5.5 ev UV to 2.5 ev visible

Losses in a 36 w t8 tri-phosphor fluorescent lamp 
with electronic ballast

A Sankey diagram of energy losses in a fluorescent lamp. Inmod-
ern designs, the biggest loss is the quantum efficiency of convert-
ing high-energy UV photons to lower-energy visible light photons.

ing, which re-radiates the energy at longer wavelengths
to emit visible light. Not all the UV energy striking the
phosphor gets converted into visible light. In a modern
lamp, for every 100 incident photons of UV impacting
the phosphor, only 86 visible light photons are emitted
(a quantum efficiency of 86%). The largest single loss in
modern lamps is due to the lower energy of each photon
of visible light, compared to the energy of the UV pho-
tons that generated them (a phenomenon called Stokes
shift). Incident photons have an energy of 5.5 electron
volts but produce visible light photons with energy around
2.5 electron volts, so only 45% of the UV energy is used;
the rest is dissipated as heat. If a so-called “two-photon”
phosphor could be developed, this would improve the
efficiency but much research has not yet found such a
system.[23]

5.2.5 Cold cathode lamps

Most fluorescent lamps use electrodes that operate by
thermionic emission, meaning they are operated at a high
enough temperature for the electrode material (usually
aided by a special coating) to emit electrons into the tube
by heat.
However, there are also tubes that operate in cold cath-
ode mode, whereby electrons are liberated into the tube
only by the large potential difference (voltage) between
the electrodes. This does not mean the electrodes are cold
(indeed, they can be very hot), but it does mean they are
operating below their thermionic emission temperature.
Because cold cathode lamps have no thermionic emis-
sion coating to wear out they can have much longer lives
than hot cathode tubes. This quality makes them desir-
able for maintenance-free long-life applications (such as
backlights in liquid crystal displays). Sputtering of the
electrode may still occur, but electrodes can be shaped
(e.g. into an internal cylinder) to capturemost of the sput-

tered material so it is not lost from the electrode.
Cold cathode lamps are generally less efficient than
thermionic emission lamps because the cathode fall volt-
age is much higher. The increased fall voltage results in
more power dissipation at tube ends, which does not con-
tribute to light output. However, this is less significant
with longer tubes. The increased power dissipation at
tube ends also usually means cold cathode tubes have to
be run at a lower loading than their thermionic emission
equivalents. Given the higher tube voltage required any-
way, these tubes can easily be made long, and even run
as series strings. They are better suited for bending into
special shapes for lettering and signage, and can also be
instantly switched on or off.

5.2.6 Starting

The mercury atoms in the fluorescent tube must be ion-
ized before the arc can “strike” within the tube. For small
lamps, it does not take much voltage to strike the arc and
starting the lamp presents no problem, but larger tubes
require a substantial voltage (in the range of a thousand
volts).

A
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F

C

B

G

F

A preheat fluorescent lamp circuit using an automatic starting
switch. A: Fluorescent tube, B: Power (+220 volts), C: Starter,
D: Switch (bi-metallic thermostat), E: Capacitor, F: Filaments,
G: Ballast

Starting a preheat lamp. The automatic starter switch flashes
orange each time it attempts to start the lamp.
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Preheating

This technique uses a combination filament–cathode at
each end of the lamp in conjunction with a mechanical
or automatic (bi-metallic) switch (see circuit diagram to
the right) that initially connect the filaments in series with
the ballast to preheat them; when the arc is struck the fila-
ments are disconnected. This system is described as pre-
heat in some countries and switchstart in others.[24] These
systems are standard equipment in 200–240 V countries
(and for 100–120 V lamps up to about 30 watts).

A preheat fluorescent lamp “starter” (automatic starting switch)

Before the 1960s four-pin thermal starters and manual
switches were used. Amethod widely used for preheating
from then, and still in common use, is a glow starter (illus-
trated). It consists of a normally open bi-metallic switch
in a small sealed inert gas (neon or argon) gas-discharge
lamp.

Electronic fluorescent lamp starters

When power is first applied to the circuit, there will be a
glow discharge across the electrodes in the starter lamp.
This heats the gas in the starter and causes one of the
bi-metallic contacts to bend towards the other. When
the contacts touch, the two filaments of the fluorescent
lamp and the ballast will effectively be switched in se-
ries to the supply voltage. The current through the fil-
aments causes them to heat up and emit electrons into

the tube gas by thermionic emission. In the starter, the
touching contacts short out the voltage sustaining the glow
discharge, extinguishing it so the gas cools down and no
longer heats the bi-metallic switch, which opens within
a second or two. The current through the filaments and
the inductive ballast is abruptly interrupted, leaving the
full line voltage applied between the filaments at the ends
of the tube and generating an inductive kick which pro-
vides the high voltage needed to start the lamp. The lamp
will fail to strike if the filaments are not hot enough, in
which case the cycle repeats; several cycles are usually
needed, which causes flickering and clicking during start-
ing (older thermal starters behaved better in this respect).
A power factor correction (PFC) capacitor draws lead-
ing current from the mains to compensate for the lagging
current drawn by the lamp circuit.[24]

Once the tube strikes, the impinging main discharge
keeps the cathodes hot, permitting continued electron
emission without the need for the filaments to continue
to be heated. The starter switch does not close again be-
cause the voltage across the lit tube is insufficient to start
a glow discharge in the starter.[24]

With automated starters such as glow starters, a failing
tube will cycle endlessly, flickering as the lamp quickly
goes out because the emission mix is insufficient to keep
the lamp current high enough to keep the glow starter
open. This runs the ballast at higher temperature. Some
more advanced starters time out in this situation, and do
not attempt repeated starts until power is reset. Some
older systems used a thermal over-current trip to de-
tect repeated starting attempts and disable the circuit un-
til manually reset. The switch contacts in glow starters
are subject to wear and inevitably fail eventually, so the
starter is manufactured as a plug-in replaceable unit.
More recently introduced electronic starters use a differ-
ent method to preheat the cathodes.[25] They may be de-
signed to be plug-in interchangeable with glow starters for
use in standard fittings. They commonly use a purpose-
designed semiconductor switch and “soft start” the lamp
by preheating the cathodes before applying a controlled
starting pulse which strikes the lamp first time without
flickering; this dislodges a minimal amount of material
from the cathodes during starting, giving longer lamp life
than possible with the uncontrolled impulses to which the
lamp is subjected in a switchstart.[24] This is claimed to
prolong lamp life by a factor of typically 3 to 4 times for
a lamp frequently switched on as in domestic use,[26] and
to reduce the blackening of the ends of the lamp typical
of fluorescent tubes. The circuit is typically complex, but
the complexity is built into the IC. Electronic starters may
be optimized for fast starting (typical start time of 0.3
seconds),[26][27] or for most reliable starting even at low
temperatures and with low supply voltages, with a startup
time of 2–4 seconds.[28] The faster-start units may pro-
duce audible noise during start-up.[29]

Electronic starters only attempt to start a lamp for a short
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time when power is initially applied, and do not repeat-
edly attempt to restrike a lamp that is dead and unable
to sustain an arc; some automatically shut down a failed
lamp.[25] This eliminates the re-striking of a lamp and
the continuous flickering of a failing lamp with a glow
starter. Electronic starters are not subject to wear and
do not need replacing periodically, although they may
fail like any other electronic circuit. Manufacturers typ-
ically quote lives of 20 years, or as long as the light
fitting.[27][28] Starters are inexpensive, typically less than
50 US cents for the short-lived glow type (depending
upon lamp power), and perhaps ten times more for the
electronic type as of 2013.

Instant start

Another type of tube does not have filaments to start it
at all. Instant start fluorescent tubes simply use a high
enough voltage to break down the gas and mercury col-
umn and thereby start arc conduction. These tubes can be
identified by a single pin at each end of the tube. The lamp
holders have a “disconnect” socket at the low-voltage end
which disconnects the ballast when the tube is removed,
to prevent electric shock. Low-cost lighting fixtures with
an integrated electronic ballast use instant start on lamps
designed for preheating, although it shortens lamp life.

Rapid start

Newer rapid start ballast designs provide filament power
windings within the ballast; these rapidly and continu-
ously warm the filaments/cathodes using low-voltage AC.
No inductive voltage spike is produced for starting, so the
lamps must be mounted near a grounded (earthed) re-
flector to allow the glow discharge to propagate through
the tube and initiate the arc discharge. In some lamps a
grounded “starting aid” strip is attached to the outside of
the lamp glass.

A rapid-start “iron” (magnetic) ballast continually heats the cath-
odes at the ends of the lamps. This ballast runs two F40T12
lamps in series.

Quick-start

Quick-start ballasts use a small auto-transformer to heat
the filaments when power is first applied. When an arc
strikes, the filament heating power is reduced and the tube
will start within half a second. The auto-transformer is
either combined with the ballast or may be a separate
unit. Tubes need to be mounted near an earthed metal
reflector in order for them to strike. Quick-start ballasts
are more common in commercial installations because
of lower maintenance costs. A quick-start ballast elim-
inates the need for a starter switch, a common source of
lamp failures. Nonetheless, Quick-start ballasts are also
used in domestic (residential) installations because of the
desirable feature that a Quick-start ballast light turns on
nearly immediately after power is applied (when a switch
is turned on). Quick-start ballasts are used only on 240
V circuits and are designed for use with the older, less
efficient T12 tubes.

Semi-resonant start

A 65 watt fluorescent lamp starting on a semi-resonant start cir-
cuit

A semi-resonant start circuit diagram

The semi-resonant start circuit was invented by Thorn
Lighting for use with T12 fluorescent tubes. This method
uses a double wound transformer and a capacitor. With
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no arc current, the transformer and capacitor resonate
at line frequency and generate about twice the supply
voltage across the tube, and a small electrode heating
current.[30] This tube voltage is too low to strike the arc
with cold electrodes, but as the electrodes heat up to
thermionic emission temperature, the tube striking volt-
age falls below that of the ringing voltage, and the arc
strikes. As the electrodes heat, the lamp slowly, over
three to five seconds, reaches full brightness. As the arc
current increases and tube voltage drops, the circuit pro-
vides current limiting.
Semi-resonant start circuits are mainly restricted to use
in commercial installations because of the higher initial
cost of circuit components. However, there are no starter
switches to be replaced and cathode damage is reduced
during starting making lamps last longer, reducing main-
tenance costs. Due to the high open circuit tube voltage,
this starting method is particularly good for starting tubes
in cold locations. Additionally, the circuit power factor
is almost 1.0, and no additional power factor correction
is needed in the lighting installation. As the design re-
quires that twice the supply voltage must be lower than
the cold-cathode striking voltage (or the tubes would er-
roneously instant-start), this design cannot be used with
240 volt AC power unless the tubes are at least 1.5 meter
length. Semi-resonant start fixtures are generally incom-
patible with energy saving T8 retrofit tubes, because such
tubes have a higher starting voltage than T12 lamps and
may not start reliably, especially in low temperatures. Re-
cent proposals in some countries to phase out T12 tubes
will reduce the application of this starting method.

Programmed start

This is used with electronic ballasts shown below. A
programmed-start ballast is a more advanced version of
rapid start. This ballast applies power to the filaments
first, then after a short delay to allow the cathodes to pre-
heat, applies voltage to the lamps to strike an arc. This
ballast gives the best life and most starts from lamps, and
so is preferred for applications with very frequent power
cycling such as vision examination rooms and restrooms
with a motion detector switch.

Electronic ballasts

Electronic ballast for fluorescent lamp, 2x58W

Electronic ballast basic schematic

Fluorescent lamp with an electronic ballast.

Electronic ballasts and different compact fluorescent lamps

Electronic ballasts employ transistors to change the sup-
ply frequency into high-frequency AC while also regulat-
ing the current flow in the lamp. Some still use an in-
ductance to limit the current, but the higher frequency
allows a much smaller inductance to be used. Others
use a capacitor-transistor combination to replace the in-
ductor, since a transistor and capacitor working together
can simulate the action of an inductor. These ballasts
take advantage of the higher efficiency of lamps operated
with higher-frequency current, which rises by almost 10%
at 10 kHz, compared to efficiency at normal power fre-
quency. When the AC period is shorter than the relax-
ation time to de-ionize mercury atoms in the discharge
column, the discharge stays closer to optimum operating
condition.[31] Electronic ballasts typically work in rapid
start or instant start mode. Electronic ballasts are com-
monly supplied with AC power, which is internally con-
verted to DC and then back to a variable frequency AC
waveform. Depending upon the capacitance and the qual-
ity of constant-current pulse-width modulation, this can
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largely eliminate modulation at 100 or 120 Hz.
Low cost ballasts mostly contain only a simple oscillator
and series resonant LC circuit. When turned on, the os-
cillator starts, and resonant current causes on the LC cir-
cuit. And this resonant current directly drive the switch-
ing transistor through the ring core transformer. This
principle is called the current resonant inverter circuit.
After a short time the voltage across the lamp reaches
about 1 kV and the lamp ignites. The process is too fast
to preheat the cathodes, so the lamp instant-starts in cold
cathode mode. The cathode filaments are still used for
protection of the ballast from overheating if the lamp
does not ignite. A few manufacturers use positive tem-
perature coefficient (PTC) thermistors to disable instant
starting and give some time to preheat the filaments.
More complex electronic ballasts use programmed start.
The output frequency is started above the resonance fre-
quency of the output circuit of the ballast; and after the
filaments are heated, the frequency is rapidly decreased.
If the frequency approaches the resonant frequency of the
ballast, the output voltage will increase so much that the
lamp will ignite. If the lamp does not ignite, an electronic
circuit stops the operation of the ballast.
Many electronic ballasts are controlled by a
microcontroller or similar, and these are sometimes
called digital ballasts. Digital ballasts can apply quite
complex logic to lamp starting and operation. This
enables functions such as testing for broken electrodes
and missing tubes before attempting to start, auto detect
tube replacement, and auto detection of tube type, such
that a single ballast can be used with several different
tubes, even those that operate at different arc currents,
etc. Once such fine grained control over the starting and
arc current is achievable, features such as dimming, and
having the ballast maintain a constant light level against
changing sunlight contribution are all easily included
in the embedded microcontroller software, and can be
found in various manufacturers’ products.
Since introduction in the 1990s, high-frequency ballasts
have been used in general lighting fixtures with either
rapid start or pre-heat lamps. These ballasts convert
the incoming power to an output frequency in excess
of 20 kHz. This increases lamp efficiency. These are
used in several applications, including new generation
tanning lamp systems, whereby a 100 watt lamp (e.g.,
F71T12BP) can be lit using 90 watts of actual power
while obtaining the same luminous flux (measured in lu-
mens) asmagnetic ballasts.[32] These ballasts operate with
voltages that can be almost 600 volts, requiring some con-
sideration in housing design, and can cause a minor lim-
itation in the length of the wire leads from the ballast to
the lamp ends.

5.2.7 End of life

The end of life failure mode for fluorescent lamps varies
depending on how they are used and their control gear
type. Often the light will turn pink (see Loss of mercury)
with black burns on the ends of the lamp due to sputtering
of emission mix (see below). The lamp may also flicker
at a noticeable rate (see Flicker problems). More infor-
mation about normal failure modes are as follows:

Emission mix

Closeup of the filament on a low pressure mercury gas discharge
lamp showing white thermionic emission mix coating on the cen-
tral portion of the coil acting as hot cathode. Typically made of
a mixture of barium, strontium and calcium oxides, the coating
is sputtered away through normal use, often eventually resulting
in lamp failure.

The "emission mix" on the lamp filaments/cathodes is
required to enable electrons to pass into the gas via
thermionic emission at the lamp operating voltages used.
The mix is slowly sputtered off by bombardment with
electrons and mercury ions during operation, but a larger
amount is sputtered off each time the lamp is started with
cold cathodes. The method of starting the lamp has a
significant impact on this. Lamps operated for typically
less than 3 hours each switch-on will normally run out
of the emission mix before other parts of the lamp fail.
The sputtered emission mix forms the dark marks at the
lamp ends seen in old lamps. When all the emission mix
is gone, the cathode cannot pass sufficient electrons into
the gas fill to maintain the gas discharge at the designed
lamp operating voltage. Ideally, the control gear should
shut down the lamp when this happens. However, due to
cost, negative differential resistance and sometimes high
starting voltage, some control gear will provide sufficient
increased operating voltage to continue lighting the lamp
in cold cathode mode. This will cause overheating of the
lamp end and rapid disintegration of the electrodes (fila-
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ment goes open-circuit) and filament support wires until
they are completely gone or the glass cracks, wrecking
the low pressure gas fill and stopping the gas discharge.

Ballast electronics

This may occur in compact fluorescent lamps with inte-
gral electrical ballasts or in linear lamps. Ballast electron-
ics failure is a somewhat random process that follows the
standard failure profile for any electronic device. There is
an initial small peak of early failures, followed by a drop
and steady increase over lamp life. Life of electronics is
heavily dependent on operating temperature—it typically
halves for each 10 °C temperature rise. The quoted av-
erage life of a lamp is usually at 25 °C (77 °F) ambient
(this may vary by country). The average life of the elec-
tronics at this temperature is normally greater than this,
so at this temperature, not many lamps will fail due to
failure of the electronics. In some fittings, the ambient
temperature could be well above this, in which case fail-
ure of the electronics may become the predominant fail-
ure mechanism. Similarly, running a compact fluorescent
lamp base-up will result in hotter electronics, which can
cause shorter average life (particularly with higher power
rated ones). Electronic ballasts should be designed to shut
down the tube when the emission mix runs out as de-
scribed above. In the case of integral electronic ballasts,
since they never have to work again, this is sometimes
done by having them deliberately burn out some compo-
nent to permanently cease operation.
In most CFLs the filaments are connected in series, with a
small capacitor between them. The discharge, once lit, is
in parallel to the capacitor and presents a lower-resistance
path, effectively shorting the capacitor out.

Phosphor

The phosphor drops off in efficiency during use. By
around 25,000 operating hours, it will typically be half
the brightness of a new lamp (although some manufactur-
ers claim much longer half-lives for their lamps). Lamps
that do not suffer failures of the emission mix or inte-
gral ballast electronics will eventually develop this failure
mode. They still work, but have become dim and inef-
ficient. The process is slow, and often becomes obvious
only when a new lamp is operating next to an old one.

Loss of mercury

As in all mercury-based gas-filled tubes, mercury is
slowly adsorbed into the glass, phosphor, and tube elec-
trodes throughout the life of the lamp, until it can no
longer function. Newer lamps have just enough mercury
to last the expected life of the lamp. Loss of mercury will
take over from failure of the phosphor in some lamps.
The failure symptoms are similar, except loss of mercury

initially causes an extended run-up time to full light out-
put, and finally causes the lamp to glow a dim pink when
the mercury runs out and the argon base gas takes over as
the primary discharge.[33]

Subjecting the tube to asymmetric waveforms, where the
total current flow through the tube does not cancel out
and the tube effectively operates under a DC bias, causes
asymmetric distribution of mercury ions along the tube
due to cataphoresis. The localized depletion of mercury
vapor pressure manifests as pink luminescence of the
base gas in the vicinity of one of the electrodes, and the
operating lifetime of the lamp may be dramatically short-
ened. This can be an issue with some poorly designed
inverters.[34]

Burned filaments

The filaments can burn at the end of the lamp’s lifetime,
opening the circuit and losing the capability to heat up.
Both filaments lose function as they are connected in se-
ries, with just a simple switch start circuit a broken fila-
ment will render the lamp completely useless. Filaments
rarely burn or fail open circuit unless the filament be-
comes depleted of emitter and the control gear is able to
supply a high enough voltage across the tube to operate it
in cold cathode mode. Some digital electronic ballasts are
capable of detecting broken filaments and can still strike
an arc with one or both filaments broken providing there
is still sufficient emitter. A broken filament in a lamp at-
tached to a magnetic ballast often causes both lamps to
burn out or flicker.

5.3 Phosphors and the spectrum of
emitted light

Light from a fluorescent tube lamp reflected by a CD shows the
individual bands of color.

The spectrum of light emitted from a fluorescent lamp
is the combination of light directly emitted by the mer-
cury vapor, and light emitted by the phosphorescent coat-
ing. The spectral lines from the mercury emission and

https://en.wikipedia.org/wiki/Compact_fluorescent_lamp
https://en.wikipedia.org/wiki/Electrical_ballast
https://en.wikipedia.org/wiki/Failure_modes_of_electronics
https://en.wikipedia.org/wiki/Gas-filled_tube
https://en.wikipedia.org/wiki/Adsorption
https://en.wikipedia.org/wiki/Cataphoresis
https://en.wikipedia.org/wiki/Inverter_(electrical)
https://en.wikipedia.org/wiki/Cold_cathode
https://en.wikipedia.org/wiki/Spectral_line


26 CHAPTER 5. FLUORESCENT LAMP

the phosphorescence effect give a combined spectral dis-
tribution of light that is different from those produced
by incandescent sources. The relative intensity of light
emitted in each narrow band of wavelengths over the vis-
ible spectrum is in different proportions compared to that
of an incandescent source. Colored objects are perceived
differently under light sources with differing spectral dis-
tributions. For example, some people find the color ren-
dition produced by some fluorescent lamps to be harsh
and displeasing. A healthy person can sometimes appear
to have an unhealthy skin tone under fluorescent lighting.
The extent to which this phenomenon occurs is related to
the light’s spectral composition, and may be gauged by its
color rendering index (CRI).

5.3.1 Color temperature

Main article: Color temperature
Correlated color temperature (CCT) is a measure of the
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The color temperature of different electric lamps

“shade” of whiteness of a light source compared with
a blackbody. Typical incandescent lighting is 2700 K,
which is yellowish-white. Halogen lighting is 3000 K.
Fluorescent lamps are manufactured to a chosen CCT by
altering the mixture of phosphors inside the tube. Warm-
white fluorescents have CCT of 2700 K and are popular
for residential lighting. Neutral-white fluorescents have a
CCT of 3000 K or 3500 K. Cool-white fluorescents have
a CCT of 4100 K and are popular for office lighting. Day-
light fluorescents have a CCT of 5000K to 6500K, which
is bluish-white.
High CCT lighting generally requires higher light lev-
els. At dimmer illumination levels, the human eye per-
ceives lower color temperatures as more pleasant, as re-
lated through the Kruithof curve. So, a dim 2700 K in-
candescent lamp appears comfortable and a bright 5000
K lamp also appears natural, but a dim 5000 K fluores-
cent lamp appears too pale. Daylight-type fluorescents
look natural only if they are very bright.

5.3.2 Color rendering index

Main article: Color rendering index

Color rendering index (CRI) is a measure of how well

A helical cool-white fluorescent lamp reflected in a diffraction
grating reveals the various spectral lines which make up the light.

Fluorescent spectra in comparison with other forms of lighting.
Clockwise from upper left: Fluorescent lamp, incandescent bulb,
candle flame and LED lighting.

colors can be perceived using light from a source, rela-
tive to light from a reference source such as daylight or a
blackbody of the same color temperature. By definition,
an incandescent lamp has a CRI of 100. Real-life flu-
orescent tubes achieve CRIs of anywhere from 50 to 99.
Fluorescent lamps with lowCRI have phosphors that emit
too little red light. Skin appears less pink, and hence “un-
healthy” compared with incandescent lighting. Colored
objects appear muted. For example, a low CRI 6800 K
halophosphate tube (an extreme example) will make reds
appear dull red or even brown. Since the eye is relatively
less efficient at detecting red light, an improvement in
color rendering index, with increased energy in the red
part of the spectrum, may reduce the overall luminous
efficacy.[35]

Lighting arrangements use fluorescent tubes in an assort-
ment of tints of white. Sometimes this is because of the
lack of appreciation for the difference or importance of
differing tube types. Mixing tube types within fittings can
improve the color reproduction of lower quality tubes.
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5.3.3 Phosphor composition

Some of the least pleasant light comes from tubes con-
taining the older, halophosphate-type phosphors (chem-
ical formula Ca5(PO4)3(F, Cl):Sb3+, Mn2+). This phos-
phor mainly emits yellow and blue light, and relatively
little green and red. In the absence of a reference, this
mixture appears white to the eye, but the light has an in-
complete spectrum. The CRI of such lamps is around 60.
Since the 1990s, higher quality fluorescent lamps use ei-
ther a higher CRI halophosphate coating, or a triphos-
phor mixture, based on europium and terbium ions, that
have emission bands more evenly distributed over the
spectrum of visible light. High CRI halophosphate and
triphosphor tubes give a more natural color reproduction
to the human eye. The CRI of such lamps is typically
82–100.

5.4 Applications

Fluorescent lamps come in many shapes and sizes. The
compact fluorescent lamp (CFL) is becoming more pop-
ular. Many compact fluorescent lamps integrate the aux-
iliary electronics into the base of the lamp, allowing them
to fit into a regular light bulb socket.
In US residences, fluorescent lamps are mostly found in
kitchens, basements, or garages, but schools and busi-
nesses find the cost savings of fluorescent lamps to be sig-
nificant and rarely use incandescent lights. Tax incentives
and building codes result in higher use in places such as
California.
In other countries, residential use of fluorescent lighting
varies depending on the price of energy, financial and en-
vironmental concerns of the local population, and accept-
ability of the light output. In East and Southeast Asia it is
very rare to see incandescent bulbs in buildings anywhere.
Some countries are encouraging the phase-out of incan-
descent light bulbs and substitution of incandescent lamps
with fluorescent lamps or other types of energy-efficient
lamps.
In addition to general lighting, special fluorescent lights
are often used in stage lighting for film and video pro-
duction. They are cooler than traditional halogen light
sources, and use high-frequency ballasts to prevent video
flickering and high color-rendition index lamps to approx-
imate daylight color temperatures.

5.5 Advantages

5.5.1 Luminous efficacy

Fluorescent lamps convert more of the input power to
visible light than incandescent lamps, though as of 2013

LEDs are sometimes even more efficient and are more
rapidly increasing in efficiency. A typical 100 watt tung-
sten filament incandescent lamp may convert only 5% of
its power input to visible white light (400–700 nm wave-
length), whereas typical fluorescent lamps convert about
22% of the power input to visible white light.[36]

The efficacy of fluorescent tubes ranges from about 16
lumens per watt for a 4 watt tube with an ordinary ballast
to over 100 lumens per watt[37] with a modern electronic
ballast, commonly averaging 50 to 67 lm/Woverall. Most
compact fluorescents above 13 watts with integral elec-
tronic ballasts achieve about 60 lm/W. Lamps are rated
by lumens after 100 hours of operation.[38] For a given
fluorescent tube, a high-frequency electronic ballast gives
about a 10% efficacy improvement over an inductive bal-
last. It is necessary to include the ballast loss when eval-
uating the efficacy of a fluorescent lamp system; this can
be about 25% of the lamp power with magnetic ballasts,
and around 10% with electronic ballasts.
Fluorescent lamp efficacy is dependent on lamp temper-
ature at the coldest part of the lamp. In T8 lamps this is
in the center of the tube. In T5 lamps this is at the end of
the tube with the text stamped on it. The ideal tempera-
ture for a T8 lamp is 25 °C (77 °F) while the T5 lamp is
ideally at 35 °C (95 °F).

5.5.2 Life

Typically a fluorescent lamp will last 10 to 20 times as
long as an equivalent incandescent lamp when operated
several hours at a time. Under standard test conditions
general lighting lamps have 9,000 hours or longer service
life.[39]

The higher initial cost of a fluorescent lamp compared
with an incandescent lamp is usually more than compen-
sated for by lower energy consumption over its life.[40]

A fewmanufacturers are producing T8 lampswith 90,000
hour lamp lives, rivalling the life of LED lamps.

5.5.3 Lower luminance

Compared with an incandescent lamp, a fluorescent tube
is a more diffuse and physically larger light source. In
suitably designed lamps, light can be more evenly dis-
tributed without point source of glare such as seen from
an undiffused incandescent filament; the lamp is large
compared to the typical distance between lamp and il-
luminated surfaces.

5.5.4 Lower heat

Fluorescent lamps give off about one-fifth the heat of
equivalent incandescent lamps. This greatly reduces the
size, cost, and energy consumption devoted to air con-
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ditioning for office buildings that would typically have
many lights and few windows.

5.6 Disadvantages

5.6.1 Frequent switching

If the lamp is installed where it is frequently switched on
and off, it will age rapidly.[41] Under extreme conditions,
its lifespan may be much shorter than a cheap incandes-
cent lamp. Each start cycle slightly erodes the electron-
emitting surface of the cathodes; when all the emission
material is gone, the lamp cannot start with the available
ballast voltage. Fixtures intended for flashing of lights
(such as for advertising) will use a ballast that maintains
cathode temperature when the arc is off, preserving the
life of the lamp.
The extra energy used to start a fluorescent lamp is equiv-
alent to a few seconds of normal operation; it is more
energy-efficient to switch off lamps when not required for
several minutes.[42][43]

5.6.2 Health and safety issues

Main article: Fluorescent lamps and health

If a fluorescent lamp is broken, a very small amount of
mercury can contaminate the surrounding environment.
About 99% of the mercury is typically contained in the
phosphor, especially on lamps that are near the end of
their life.[44] The broken glass is usually considered a
greater hazard than the small amount of spilled mercury.
The EPA recommends airing out the location of a fluores-
cent tube break and using wet paper towels to help pick
up the broken glass and fine particles. Any glass and used
towels should be disposed of in a sealed plastic bag. Vac-
uum cleaners can cause the particles to become airborne,
and should not be used.[45]

Fluorescent lamps with magnetic ballasts flicker at a nor-
mally unnoticeable frequency of 100 or 120 Hz and this
flickering can cause problems for some individuals with
light sensitivity,[46] they are listed as problematic for some
individuals with autism, epilepsy,[47] lupus,[48] chronic fa-
tigue syndrome, Lyme disease,[49] and vertigo.[50] Newer
fluorescent lights without magnetic ballasts have essen-
tially eliminated flicker.[51]

5.6.3 Ultraviolet emission

Fluorescent lamps emit a small amount of ultraviolet
(UV) light. A 1993 study in the US found that ultravio-
let exposure from sitting under fluorescent lights for eight
hours is equivalent to only oneminute of sun exposure.[52]
Very sensitive individuals may experience a variety of

health problems relating to light sensitivity that is aggra-
vated by artificial lighting.
The ultraviolet light from a fluorescent lamp can de-
grade the pigments in paintings (especially watercolor
pigments) and bleach the dyes used in textiles and some
printing. Valuable art work must be protected from ul-
traviolet light by placing additional glass or transparent
acrylic sheets between the lamp and the art work.

5.6.4 Ballast

Magnetic single-lamp ballasts have a low power factor.

Fluorescent lamps require a ballast to stabilize the current
through the lamp, and to provide the initial striking volt-
age required to start the arc discharge. This increases the
cost of fluorescent light fixtures, though often one ballast
is shared between two or more lamps. Electromagnetic
ballasts with a minor fault can produce an audible hum-
ming or buzzing noise. Magnetic ballasts are usually filled
with a tar-like potting compound to reduce emitted noise.
Hum is eliminated in lamps with a high-frequency elec-
tronic ballast. Energy lost inmagnetic ballasts was around
10% of lamp input power according to GE literature from
1978.[21] Electronic ballasts reduce this loss.

5.6.5 Power quality and radio interference

Simple inductive fluorescent lamp ballasts have a power
factor of less than unity. Inductive ballasts include power
factor correction capacitors. Simple electronic ballasts
may also have low power factor due to their rectifier in-
put stage.
Fluorescent lamps are a non-linear load and generate
harmonic currents in the electrical power supply. The
arc within the lamp may generate radio frequency noise,
which can be conducted through power wiring. Suppres-
sion of radio interference is possible. Very good suppres-
sion is possible, but adds to the cost of the fluorescent
fixtures.
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5.6.6 Operating temperature

Fluorescent lamps operate best around room temper-
ature. At much lower or higher temperatures, effi-
ciency decreases. At below-freezing temperatures stan-
dard lamps may not start. Special lamps may be needed
for reliable service outdoors in cold weather. In appli-
cations such as road and railway signalling, fluorescent
lamps which do not generate as much heat as incandes-
cent lamps may not melt snow and ice build up around
the lamp, leading to reduced visibility.

5.6.7 Lamp shape

Fluorescent tubes are long, low-luminance sources com-
pared with high pressure arc lamps, incandescent lamps
and LEDs. However, low luminous intensity of the emit-
ting surface is useful because it reduces glare. Lamp fix-
ture design must control light from a long tube instead of
a compact globe.
The compact fluorescent lamp (CFL) replaces regular
incandescent bulbs. However, some CFLs will not fit
some lamps, because the harp (heavy wire shade support
bracket) is shaped for the narrow neck of an incandescent
lamp, while CFLs tend to have a wide housing for their
electronic ballast close to the lamp’s base.

5.6.8 Flicker problems

The “beat effect” problem created when shooting photos under
standard fluorescent lighting

Fluorescent lamps using a magnetic power line frequency
ballast do not give out a steady light; instead, they flicker
at twice the supply frequency. This results in fluctua-
tions not only with light output but color temperature as
well,[53] which may pose problems for photography and
people who are sensitive to the flicker. Even among per-
sons not sensitive to light flicker, a stroboscopic effect
can be noticed, where something spinning at just the right
speedmay appear stationary if illuminated solely by a sin-
gle fluorescent lamp. This effect is eliminated by paired

lamps operating on a lead-lag ballast. Unlike a true strobe
lamp, the light level drops in appreciable time and so sub-
stantial “blurring” of the moving part would be evident.
In some circumstances, fluorescent lamps operated at the
power supply frequency (50 or 60 Hz) can also produce
flicker at the same frequency itself, which is noticeable
by more people. This can happen in the last few hours
of tube life when the cathode emission coating at one end
has almost run out, and that cathode starts having diffi-
culty emitting enough electrons into the gas fill, result-
ing in slight rectification and hence uneven light output in
positive and negative going AC cycles. Power frequency
flicker can also sometimes be emitted from the very ends
of the tubes, if each tube electrode produces a slightly
different light output pattern on each half-cycle. Flicker
at power frequency is more noticeable in the peripheral
vision than it is when viewed directly, as is all flicker
(since the peripheral vision is faster—has a higher crit-
ical frequency—than the central vision).
Near the end of life, fluorescent lamps can start flicker-
ing at a frequency lower than the power frequency. This
is due to a dynamic instability inherent in the negative
resistance of the plasma source,[54] which can be from a
bad lamp, a bad ballast, or a bad starter; or occasionally
from a poor connection to power.

The “beat effect” problem created when shooting films under
standard fluorescent lighting

New fluorescent lamps may show a twisting spiral pattern
of light in a part of the lamp. This effect is due to loose
cathode material and usually disappears after a few hours
of operation.[55]

Electromagnetic ballasts may also cause problems for
video recording as there can be a “beat effect” between
the periodic reading of a camera’s sensor and the fluctu-
ations in intensity of the fluorescent lamp.
Fluorescent lamps using high-frequency electronic bal-
lasts do not produce visible light flicker, since above
about 5 kHz, the excited electron state half-life is longer
than a half cycle, and light production becomes continu-
ous. Operating frequencies of electronic ballasts are se-
lected to avoid interference with infrared remote controls.
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Poor quality (or failing) electronic ballasts may have in-
sufficient reservoir capacitance or have poor regulation,
thereby producing considerable 100/120 Hz modulation
of the light.

5.6.9 Dimming

Fluorescent light fixtures cannot be connected to dimmer
switches intended for incandescent lamps. Two effects
are responsible for this: the waveform of the voltage emit-
ted by a standard phase-control dimmer interacts badly
with many ballasts, and it becomes difficult to sustain
an arc in the fluorescent tube at low power levels. Dim-
ming installations require a compatible dimming ballast.
These systems keep the cathodes of the fluorescent tube
fully heated even as the arc current is reduced, promoting
easy thermionic emission of electrons into the arc stream.
CFLs are available that work in conjunction with a suit-
able dimmer.

5.6.10 Disposal and recycling

Main article: Fluorescent lamp recycling

The disposal of phosphor and particularly the toxic
mercury in the tubes is an environmental issue. Govern-
mental regulations in many areas require special disposal
of fluorescent lamps separate from general and household
wastes. For large commercial or industrial users of fluo-
rescent lights, recycling services are available in many na-
tions, and may be required by regulation.[56][57] In some
areas, recycling is also available to consumers.[58]

5.7 Lamp sizes and designations

Main article: Fluorescent lamp formats

Systematic nomenclature identifies mass-market lamps as
to general shape, power rating, length, color, and other
electrical and illuminating characteristics.

5.8 Other fluorescent lamps

Black lights Blacklights are a subset of fluorescent
lamps that are used to provide near ultraviolet light
(at about 360 nm wavelength). They are built in the
same fashion as conventional fluorescent lamps but
the glass tube is coated with a phosphor that converts
the short-wave UV within the tube to long-wave UV
rather than to visible light. They are used to pro-
voke fluorescence (to provide dramatic effects us-
ing blacklight paint and to detect materials such as

urine and certain dyes that would be invisible in vis-
ible light) as well as to attract insects to bug zappers.

So-called blacklite blue lamps are also made from more
expensive deep purple glass known as Wood’s glass
rather than clear glass. The deep purple glass fil-
ters out most of the visible colors of light directly
emitted by the mercury-vapor discharge, producing
proportionally less visible light compared with UV
light. This allows UV-induced fluorescence to be
seenmore easily (thereby allowing blacklight posters
to seemmuchmore dramatic). The blacklight lamps
used in bug zappers do not require this refinement so
it is usually omitted in the interest of cost; they are
called simply blacklite (and not blacklite blue).

Tanning lamps The lamps used in tanning beds con-
tain a different phosphor blend (typically 3 to 5 or
more phosphors) that emits both UVA and UVB,
provoking a tanning response in most human skin.
Typically, the output is rated as 3% to 10% UVB
(5% most typical) with the remaining UV as UVA.
These are mainly F71, F72 or F73 HO (100 W)
lamps, although 160 W VHO are somewhat com-
mon. One common phosphor used in these lamps
is lead-activated barium disilicate, but a europium-
activated strontium fluoroborate is also used. Early
lamps used thallium as an activator, but emissions
of thallium during manufacture were toxic.[59]

UVB Medical lamps The lamps used in Phototherapy
contain a phosphor that emits only UVB Ultravio-
let light. There are two types: Broadband UVB that
gives 290-320 nanometer with peak wavelength of
306nm, and Narrowband UVB that gives 311-313
nanometer. Due to its longer wavelength the Nar-
rowband UVB requires a 10 times higher dose to the
skin, compared to the broadband. The Narrowband
is good for Psoriasis, Eczema (Atopic Dermatitis).
Vitiligo, Lichen Planus and some other skin dis-
eases. The Broadband is better for increasing Vi-
tamin D3 in the body.

Grow lamps Grow lamps contain phosphor blends that
encourage photosynthesis, growth, or flowering in
plants, algae, photosynthetic bacteria, and other
light-dependent organisms. These often emit light
in the red and blue color range, which is absorbed by
chlorophyll and used for photosynthesis in plants.[60]

Infrared lamps Lamps can be made with a lithium
metaluminate phosphor activated with iron. This
phosphor has peak emissions between 675 and 875
nanometers, with lesser emissions in the deep red
part of the visible spectrum.[61]

Bilirubin lamps Deep blue light generated from a
europium-activated phosphor is used in the light
therapy treatment of jaundice; light of this color
penetrates skin and helps in the breakup of excess
bilirubin.[19]
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Germicidal lamps Germicidal lamps depend on the
property that spectrum of 254 nm kills most germs.
Germicidal lamps contain no phosphor at all (mak-
ing them mercury vapor gas discharge lamps rather
than fluorescent) and their tubes are made of fused
quartz that is transparent to the UV light emitted by
the mercury discharge. The 254 nm UV emitted
by these tubes will kill germs and ionize oxygen to
ozone. In addition it can cause eye and skin damage
and should not be used or observed without eye and
skin protection. Besides their uses to kill germs and
create ozone, they are sometimes used by geologists
to identify certain species of minerals by the color of
their fluorescence. When used in this fashion, they
are fitted with filters in the same way as blacklight-
blue lamps are; the filter passes the short-wave UV
and blocks the visible light produced by the mer-
cury discharge. They are also used in some EPROM
erasers.

Germicidal lamps have designations beginning with G
(meaning 'Germicidal'), rather than F, for example
G30T8 for a 30-watt, 1-inch (2.5 cm) diameter, 36-
inch (91 cm) long germicidal lamp (as opposed to
an F30T8, which would be the fluorescent lamp of
the same size and rating).

Electrodeless lamps Electrodeless induction lamps are
fluorescent lamps without internal electrodes. They
have been commercially available since 1990. A
current is induced into the gas column using
electromagnetic induction. Because the electrodes
are usually the life-limiting element of fluorescent
lamps, such electrodeless lamps can have a very long
service life, although they also have a higher pur-
chase price.

Cold-cathode fluorescent lamps (CCFL) Cold-
cathode fluorescent lamps are used as backlighting
for LCD displays in personal computer and TV
monitors. They are also popular with computer
case modders in recent years.

5.9 Science demonstrations

Fluorescent lamps can be illuminated by means other
than a proper electrical connection. These other methods,
however, result in very dim or very short-lived illumina-
tion, and so are seen mostly in science demonstrations.
Static electricity or a Van de Graaff generator will cause
a lamp to flash momentarily as it discharges a high volt-
age capacitance. A Tesla coil will pass high-frequency
current through the tube, and since it has a high voltage
as well, the gases within the tube will ionize and emit
light. Capacitive coupling with high-voltage power lines
can light a lamp continuously at low intensity, depending
on the intensity of the electrostatic field.

Capacitive coupling with high-voltage power lines can light a
lamp continuously at low intensity.

Also, placing a fluorescent lamp half way up a two-way
radio antenna while transmitting will illuminate the lamp
due to the RF energy.

5.10 See also
• Compact fluorescent lamp

• Fluorescent lamp formats

• Fluorescent lamp recycling

• Fluorescent lamps and health

• Metal halide lamp

• List of light sources

• Gas filled tube
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