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ABSTRACT

A lot of attention is paid to the efficiency ques-
tions of modern amalgam lamps of low pressure 
in connection with more and more growing rele-
vance of increasing energy efficiency of installa-
tions for water, air and surface disinfection. The 
real efficiency of a radiation source, as well as of 
the whole UV disinfection system, is an operational 
parameter much important for the customers. In this 
work, factors influencing efficiency of low pressure 
lamps are considered in detail. It is shown that effi-
ciency of the modern amalgam lamps at the begin-
ning of their lifetime is about (30–40)%.
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Ultra-violet radiation is extensively applying 
in various fields of human activity and actively uses 
as a method of bactericidal treatment of water, air 
and surfaces [1]. For the last twenty years, UV dis-
infection method manifested a rapid growth. The 
technology is allowed the cardinal changing ap-
proaches to disinfection of environments, and in this 
case the UV disinfection method most considera-
bly has been developed as a method of water dis-
infection [2]. Besides water supply and wastewa-
ter disposal, the UV disinfection is also widely used 
in various industries: food, pharmacological and 
electronic industry, medicine, recycling water sup-
ply, fish breeding etc., [1].

It is possible to say confidently that a cer-
tain equipment market is formed, and the most large
scale manufacturers of which are such companies, 
as Trojan (Canada), Wedeco Xylem (USA-Ger-
many), LIT Technology (Russia-Germany), HAL‑
MA Fluid Technology Group (Great Britain) and 
many others.

The UV technology success would be impos-
sible without a significant progress of the bacteri-
cidal UV radiation sources. During the last twen-
ty years, gas-discharge UV radiation sources and 
especially amalgam lamps of low pressure made 
a huge sudden scientific and technological change 
in their development. One can remember that ten or 
fifteen years ago lamps of up to 100 W power, ge-
nerally lamps of so-called uviol glass (soft glass) or 
the same mercury lamps but made of quartz glass 
named standard low pressure mercury lamps (stan-
dard mercury lamps of low pressure) were basic 
sources for UV installations. Then quartz mercu-
ry lamps of an increased power (high output) arose, 
and finally amalgam lamps appeared. With techno-
logy progress, amalgam sources of 200, 300, 700 
and even 1000 W power appeared. This made it pos-
sible to decrease essentially capital investment costs 
due to the UV machine cost reduction when de-
creasing number of lamp needs at the same disinfec-
tion level and at the same water consumption pass-
ing through the disinfection installation. The most 
large-scale manufacturers of the modern amalgam 
lamps of low pressure are the following: Heraeus 
Noblelight (Germany), LSI/Lighttech (USA-Hunga-
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ry), Philips Lighting (Belgium-China), LITAS (Rus-
sia), Wedeco Xylem (Germany), UV‑Technik/Hoenle 
group (Germany), First Light (USA), as well as nu-
merous Asian manufacturers [2].

The core of any UV machine is the UV radia-
tion source, and this work is dedicated to UV amal-
gam lamps of low pressure. What is amalgam lamp? 
UV radiation source in mercury lamps of low pres-
sure and in the amalgam lamps, which are wide-
ly used for disinfection, there is an arc discharge 
of low pressure in mercury vapour and in inert gas-
es. The difference between them is a mercury va-
pour source: a small amount of liquid metal mer-
cury is placed in envelopes of mercury lamps, and 
in amalgam lamps, amalgam is used, which is a so-
lid alloy of mercury with metals. An optimum pres-
sure of mercury vapour is about (0.7–1.5) Pa, and 
pressure of inert gases (most often neon or argon, 
or their mixtures) is (100–300) Pa. Under such con-
ditions, (30–40)% of the discharge electric power 
transforms into radiation of mercury resonant line 
of 253.7 nm wavelength, which is near maximum 
of the bactericidal efficiency curve. The spectrum 
is linear (Fig. 1), and UV radiation portion at 185 
nm and 254 nm lines is (90–98)% of all discharge 
radiation.

It should be noticed that lamp characteristics of 
many manufacturers are often very close to each 
other. For example, if to compare well-known stan-
dard lamps of about 300 W, such as UV3000+, 
XPT240, DB300, UVI260, GPHVA1554T6L, then 
it appears that their current, electric power, efficien-
cy and UV radiation output are very close. Indeed, 
lamp current fluctuates from 1.8 A to 2.0 A, UV ra-
diation power is within 87 W and 95 W, and electric 
power is within the range of (230–260) W. Thus, ef-

ficiency of these sources is approximately identical 
and lies in an interval of (35–38)%.

With increase of power and working current, the 
lamp characteristics are changing. The following 
operational characteristics of the lamps are reached 
to date: electric power is up to 1 kW, life time re-
source is (12000–16000) h, UV radiation decrease 
by the life time end is (5–10)%.

Many lighting companies actively co-operate 
and technology information exchange on lamp pa-
rameters, because such parameters as UV radia-
tion power, efficiency of the source, lamp resource, 
the radiation decrease in the operation process are 
very important information for the customers. Al-
most all forequoted companies are members of 
IUVA (International Ultraviolet Association) and 
took part in development of a standardised protocol 
to measure low pressure amalgam lamps [4] based 
on the so-called Robin Round test. This allowed 
closer co-operating in terms of information ex-
change on the lamp characteristics.

It should be noticed that over the last years, an 
increasing attention is paid to efficiency of UV sour-
ces, which taking into account growth of electric 
energy tariffs and economics of treating environ-
ment (for example, water) has the great significance. 
And if UV radiation reduction/retention purpose 
or lamp lifetime increase are solvable engineering 
tasks, then lamp efficiency question is a question of 
the gas discharge physics.

What is UV lamp efficiency? Traditionally lamp 
efficiency is a relation of full UV radiation flux 
to electric power:

η =
Ф

Фel

254  ⋅100 %.  (1)

Are the (35–38)% efficiencies big or small, such 
as, for example, in the case of a standard lamp the 
DB300 type? Based on a comparison with oth-
er light sources, one can say confident that this is 
a much high efficiency, and this is an exception-
al case when nature helped people, especially ta-
king into account that 254 nm line lies close to the 
efficiency maximum of microorganism inactiva-
tion on the bactericidal curve.

An alternative in this UV area can only be xe-
non excimer sources with the correspondent phos-
phor or other sources with exciplex molecules, 
which efficiency can reach high values of (10–20)% 
under certain conditions [4, 5] as well, as UV light 

Fig. 1. Spectrum of the low pressure mercury discharge, 
the 254 nm line is accepted to be 100 %
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emitting diodes of (260–275) nm wavelengths, 
which efficiency at present does not exceed several 
percents, and commercially available crystals have 
efficiency lower than 1 %. [6.7]

Let’s consider factors influencing efficiency of 
low pressure amalgam lamps. From the view point 
of physical processes in the lamps, the following 
factors influence the radiation output: lamp current 
and frequency, the envelope diameter, thickness of 
the envelope wall, the lamp envelope coating, com-
position and pressure of ballast gas, isotope compo-
sition of mercury.

In our opinion, detailed and deep from the view 
point of the gas discharge physics consideration of 
influence of different factors on the radiation output 
(full flux) with wavelength of 254 nm is rather labo-
rious, therefore we will only consider these proces-
ses qualitatively.

PRESSURE OF MERCURY VAPOUR

Whether mercury vapour pressure influences 
UV radiation output of amalgam lamps? Of course, 
when mercury vapour pressure increases and oth-
er discharge parameters are invariable, UV radia-
tion output also increases as number of the excited 
and radiating atoms grows. However, when some 
optimum level is exceeded, efficiency decreases 
again (Fig. 2). This is caused by influence of reab-
sorption of resonant radiation and by increase of ef-
fective life time of the excited level, as well as by 
decrease of electronic temperature.

It should be also noticed that a part of energy is 
lost due to collisions of the excited atoms with each 
other and with electrons.

Method of achieving an optimum pressure of 
mercury vapour, for example, maintenance of a cer-

tain temperature mode of the amalgam is only an 
engineering problem and is implemented in each 
case differently by the manufacturer of a specific 
lamp type (multicomponent amalgams, pellet tech-
nology, cold point). To obtain UV radiation output 
higher than some maximum is impossible at an op-
timum mercury vapour pressure in the lamp.

FILLING THE LAMP WITH GAS, ITS 
COMPOSITION AND PRESSURE

It is possible to show that the main factor 
to pump a needed 63P1 level is electronic tempe-
rature of plasma. The problem is to reach its opti-
mum value. Whether mercury vapour discharge can 
work without ballast gas in general? Of course and 
moreover, the first mercury lamps were construct-
ed in such a way. Without ballast gas, electrons and 
then ions, under influence of ambipolar diffusion go 
to the wall too quickly, and to maintain a balance of 
the particles, plasma provides a high speed of form-
ing ion –  electronic couples. And this leads to an in-
crease of electronic temperature. A high electron-
ic temperature allows pumping energy not only 
into the 254 nm needed line but also into other un-
necessary lines, which leads to losses.

The most important function of inert gases is re-
duction of the electron diffusion rate towards the 
wall. One can adjust electron temperature up to an 
optimum level by changing pressure of the inert 
gas. The optimum level is the one, at which ener-
gy portion for excitation and radiation of mercu-
ry atoms considerably surpasses the energy losses 
portion for elastic impacts. Excitation and radia-
tion losses depend on the electron temperature ex-
ponentially, and elastic impact losses depend line-
arly. Electron temperature should not be too high 

Fig. 2. Mercury vapour pressure depending on the temperature in a mercury and in amalgam lamps
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since it is necessary that 63P states were mainly ex-
cited, and that more high levels were not notice-
ably excited. To some limit, reduction of the in-
ert gas pressure leads to increase of discharge UV 
radiation generation efficiency and energy distri-
bution over the spectrum can change. However, 
this dependence has a non-monotonic character, 
and, among other things, because of the previous-
ly mentioned influence of the inert gas on the ab-
sorption processes of the resonant radiation. If the 
lamp pressure is too low, ion and electron flow to-
wards the wall is abruptly increasing, and the ioni-
sation energy losses portion is growing.

It should be noticed that if the pressure is low-
er than 1 mm Hg, resource of the oxide cathode be-
comes a limiting factor: barium oxide particles due 
to high values of diffusion coefficient “go” into plas-
ma, thereby reducing the electrode resource to unac-
ceptable values. Mechanisms of emission substance 
consumption of the low pressure lamp oxide ca-
thodes are fully described in [8].

Thus, it is possible to say that the typical pres-
sure interval of buffer gas is rather narrow and is 
within (0.8–2) mm Hg.

A high electron temperature required for the UV 
radiation optimum output can be reached by re-
placement of one buffer gas with another, in which 
mercury electron and ion diffusion speed is greater, 
and by use of lower pressure with retention of the 
same tube diameter. Indeed, velocity of electron and 
ion disappearance changes according to change of 
ambipolar diffusion coefficient of ions in inert ga-
ses, which in this case is determined by mobility 
of ions. Approximate values of mercury ion mobil-
ity in three lightest gases at 0 °C and with pressure 
equal to 100 kPa (760 mm Hg) are equal to the fol-
lowing: for helium –  19.6 cm2/(V·s), for neon –  5.9 
cm2/(V·s), for argon –  1.85 cm2/(V·s). Respective-

ly, mobility of mercury ions in krypton and xenon is 
evens less. The lighter gas is, the mercury ion mo-
bility is higher in it. Thus, temperature of electrons 
and consequently UV radiation output saturation le-
vel are maximum in helium and minimum in xenon.

From the practical point of view, xenon and 
krypton are inapplicable because of a low radia-
tion output, and helium is extremely fluid and can 
be only considered here theoretically. Therefore 
in practice, argon, neon and their mixtures are used. 
Certainly, an important factor is gas purity.

LAMP ENVELOPE COATING

One of the most important characteristics of the 
lamps is UV radiations decrease at the lamp ser-
vice end. To ensure a confident disinfection even af-
ter (12000–16000) h of operation, the UV machine 
design is calculated so that to take into considera-
tion a possible weakening of the full bactericidal 
lamp flux. Certainly, the less is radiation decrease, 
the more profitable is the source from practical point 
of view and the higher is its efficiency by the end of 
the lifetime. It does not matter for a customer, what 
source efficiency was at the operation beginning but 
it is important what will be lamp efficiency at its 
end. So, all UV installations are calculated for their 
operation end.

Darkening mechanism of inner surface of a lamp 
quartz tube (Fig. 3) was studied and discussed in [9, 
10]. It is connected with formation of mercury ox-
ide on the quartz tube inner surface. This process 
is caused by the ambipolar diffusion, which is ini
tiated by formation of electric field between plas-
ma column and tube wall. Mercury ions are accele-
rated in this electric field, obtain kinetic energy and 
affect the quartz wall. This leads to formation of 
Hg‑O links. Mercury oxide (HgO) intensely absorbs 
UV radiation.

Thus, a mercury oxide layer of only 10 nm thick-
ness absorbs approximately 50 % of UVC radia-
tion generated by the discharge.

For which purpose envelope inner surface is cov-
ered? The coating is needed to solve the problem of 
quartz glass surface effective protection against 
interaction with the discharge plasma. There are 
many methods and approaches to create a protect 
cover. The main approach is protection using a layer 
transparent for UVC radiation being more resistant 
to chemical exposure of mercury ions. As a rule, va-
rious metal oxides are used for this purpose. In total, 

Fig. 3. Quartz walls of a new lamp envelope (above) and of 
an exhausted lamp envelope
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the layer structure obtained using different coating 
methods can be divided into two groups: layers of 
nanoparticles and mesoporous layers as oxide films.

Each method has its advantages: use of nano-
powders is an easy, technological and inexpensive 
way, whereas creation of thin and strong meso-
porous coatings is much more complex technolo-
gy, which means use of decomposition reactions at 
a high temperature, or of so-called sol-gel techno-
logy. The results of use of such technologies also 
differ. Decrease of UVC full flux of a lamp during 
the lifetime is connected with the protection co-
ver type, filling of the lamp, current loading of the 
lamp, etc. After (12000–16000) hours of lamp ope-
ration, the decrease is from 5 % to 10 % for meso-
porous coatings and from 15 % to 20 % for nano-
powders (Fig. 4).

CURRENT OF THE LAMP

With any filling of a lamp when current increa-
sing, power of UV radiation grows first till r it 
achieves the saturation, or a speed of this increase 
is significantly reduce. In such a case, UV radia-
tion efficiency due to discharge generation decrea-
ses. This is caused by increase of the electron con-
centration and by increase of contribution into gas 
heating of electron elastic collisions with atoms of 
inert gas and mercury, as well as by increase of sup-
pressing excited states of mercury atoms by means 
of electrons during inelastic impacts of the second 
kind. The one more reason being the most important 
is a decrease of electric field strength and of elec-
tron energy owing to increase of concentration of 
metastable mercury atoms and to strengthening step 
process role.

LAMP CURRENT FREQUENCY

Influence of the lamp current frequency was re-
peatedly studied [11, 12]. It is known that in the low 
pressure discharge, the main losses of charged parti-
cles occur due to ambipolar diffusion onto the enve-
lope wall. Duration of ambipolar diffusion is milli-
seconds, and it is less than the mains voltage period 
in the event of the industrial frequency use of (50–
60) Hz. Therefore, the discharge extinguishes at the 
end of each half-cycle and lights up at the begin-
ning of each next half-cycle. With such mode, con-
figurations of the discharge current and of the lamp 
voltage do not coincide. Use of an electromagnetic 

throttle as a current stabilizer is a traditional but out-
dated solution because of a small number of switch-
es on, a relatively low lamp resource, a lesser ener-
gy contribution into plasma and a low power factor. 
In practice, for powerful amalgam lamps electron-
ic ballasts are used, which operate with quasisi-
nusoidal current of (20–70) kHz frequency. This 
allows eliminating the above listed defects of elec-
tromagnetic ballasts. However, a further frequency 
increase is not prospective. First, this does not lead 
to an essential increase of the 254 nm line output as 
the near-electrode losses reduction reserve is not in-
finitely big. Secondly, this leads to the wire noticea-
ble capacitive losses. The practical limit is (60–70) 
kHz interval, and most often (30–40) kHz interval 
is used in view of an insignificant difference of the 
discharge efficiency in these frequency intervals, as 
well as proceeding from a necessary reserve for the 
systems of adjusting power, with which the lamp 
current frequency significantly increases.

Current configuration also influences discharge 
characteristics. For example, instead of sinusoid, 
one can apply rectangular pulses of meander type, 
which can theoretically lead to increase of dis-
charge input efficiency into plasma. However, one 
can show that for the 254 nm line this efficiency ad-
ditive is small (1–3)%, and wire losses due to use 
of such current configuration because of the hig-
her harmonics may be very essential, so it can lead 
not to increase of the system general efficiency but 
to its decrease.

CHANGE OF DIAMETER

A change of the discharge diameter is influence 
the discharge in two ways. On the one hand, reduc-

Fig. 4. Typical curves of UV radiation decrease for amal-
gam lamps of high power with mesoporous coating (above) 

and with coating of nanopowder (below)
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tion of the diameter leads to increase in losses of 
charged particles, and on the other, it leads to in-
crease in current density. Therefore, when increa-
sing the discharge tube diameter, efficiency first is 
raise as charged particle losses decrease, and then is 
reduce as the electronic temperature falls.

THICKNESS OF THE LAMP ENVELOPE 
WALL

A lamp envelope wall thickness is determined by 
two major factors: mechanical strength and trans-
mission factor of the quartz glass. From the view 
point of UV radiation output, minimum thicknesses 
are most advantageous, because depending on ab-
sorption factor (quality) of quartz glass, UV radia-
tion output keeps in with the Beer–Bouger –  Lam-
bert law. However, traditionally proceeding from 
the reasons of mechanical strength, the wall thick-
ness is selected though minimum but sufficient. 
Practically it is from 1mm to 2 mm. Transmission of 
a good quartz glass is (87–89)% relative to 1 mm of 
the thickness. A pure quartz glass allows obtaining 
transmission values even above 90 %, however al-
loying additives (100–200) ppm TiO2 are special-
ly added into quartz to block the 185 nm line, and 
in such case an insignificant decrease of the 254 nm 
line also takes place.

ISOTOPE COMPOSITION

Due to presence of seven isotopes in natural 
mercury: 196Hg (0.146 %), 198Hg (10.02 %), 199Hg 
(16.84 %), 200Hg (23.13 %), 201Hg (13.22 %), 202Hg 
(29.80 %) and 204Hg (6.85 %), an effective capture 
of resonant radiation is less than if mercury would 
consisted of the one isotope. The studies of the mer-
cury isotope composition influence on the resonant 
radiation output shows that its increase is possible, 
approximately by 10 %, using change of the iso-
topes ratio [13]. However, because of high prices 
of the photochemical method of isotope separation, 
this task is not topical.

We have considered characteristics, which to the 
maximum extent determine lamp operation efficien-
cy. As it was already shown above, many factors li-
mit UV radiation output. Theoretically, the efficien-
cy of gas discharge in mercury vapour may be very 
high [14]. One can show that with very low pres-
sure of some mixtures of buffer gases, as well as 
with low current density, it is possible to obtain the 

source efficiency close to (50–55)%. However, such 
sources do not have a practical sense in view of ei-
ther short lifetime, or a low UV radiation flux.

CONCLUSION

Anyway, the data provided by lighting compa-
nies are very important for designers and manu-
facturers of UV equipment. On the basis of a wide 
practical experience, of theoretical studies, mutual 
lamp measurements in laboratories and of the rea-
sons presented above, we declare that efficiency 
of modern powerful sources is within (30–40)% at 
the beginning of the lifetime. These data are gene-
rally accepted, multiply checked by mutual measu-
rements and published in official catalogues of the 
forequoted companies.

Sometimes UV equipment manufacturers for the 
marketing purposes declare ultrahigh efficiency of 
their lamps, thereby consciously or unconsciously 
misleading the consumers, for example specifying 
efficiency of a lamp without regard to electron bal-
last losses and extending this efficiency to all UV 
system as a whole. Or they give the data obtaining 
with a special ballast, which can only provide such 
efficiency in some conditions (for example, being 
located near the lamp, which is often inconvenient-
ly and isn’t applied), etc.

The consumers should remember that they 
should estimate the UV system energy efficiency 
proceeding from all consumed power carefully con-
sidering all its operation modes and should not be-
lieve the forequoted marketing statements.
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