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Abstract

The replacement of mercury in conventional fluorescent lamps by other

components is highly desirable for environmental reasons. This paper gives

a short review of new types of mercury-free plasma light sources operating

at low pressure. In particular, the features of cylindrical glow discharges in

rare-gas mixtures including xenon are discussed, focusing on the generation

of the 147 nm resonance radiation of xenon and its transition into visible

light by new phosphors with sufficient efficiency. Laser absorption and

vacuum ultraviolet emission spectroscopy are applied for several rare-gas

mixtures to reveal the contributions of the different gas components and

their excited states to the power balance and radiation output. The

experimental research is assisted by theoretical studies applying

self-consistent hybrid models of the cylindrical column plasma. The good

agreement between experimental and theoretical results obtained at selected

discharge conditions makes it possible to predict optimum discharge

parameters by means of extensive model calculations. It is demonstrated

that about half of the efficacy of a mercury fluorescent lamp can be reached

if the rare-gas discharge is operated at pressures below 100 Pa.

1. Introduction

The commercial use of mercury-free plasma light sources

operating at lowpressure is limited up to the present to very few

specific applications except for the well-known low-pressure

sodium lamps. This paper deals with the current progress in

the study of low-pressure discharges for lighting purposes and

the perspectives to expand their application range in the near

future. We restrict ourselves here to plasmas in the pressure

range from 100 to 1 kPa that are totally free of mercury, and

also avoid the large area of plasma display technology, a recent

review of which can be found in [1]. In the main part of the

paper, theoretical and experimental perspectives of rare-gas

discharge light sources are discussed by means of a specific

example: a fluorescence lamp based on a xenon–rare-gas

3 Author to whom any correspondence should be addressed.

mixture with potential for use in publicity lighting. Before

that, other alternatives should be considered. However, instead

of a complete review only some examples of recent research

are reported in the following.

The large efficiency of the ultraviolet (UV) emission

in fluorescence lamps containing mercury can hardly be

surpassed by alternative emitters. Therefore, the increase of

efficiency and power of UV and visible radiation, respectively,

is only one research objective. The improvement of

other lamp characteristics like the ignition properties, the

temperature dependence of the light output and the photometric

characteristics is important for new fields of application. The

environmental aspect of the replacement of mercury by nontoxic

admixtures, which has been cited often, would become

of considerable importance only when the bulk production of

Hg fluorescence lamps can be replaced and, second, when

the efficiency of the alternative lamp is not much lower
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and the replacement is not accompanied by a considerable

increase in the corresponding power consumption. The latter

would probably cause additional Hg emission in conventional

coal burning power stations. An additional aspect that can

crucially assist the replacement in conventional applications

is the number of necessary changes in lamp design and

technology. However, most of the drawbacks of possible

alternative radiation sources are, currently, the limited lifetime

and operational stability, which have to be improved in

future research.

An obviousway of designing alternative fluorescent lamps

involves the replacement of mercury with other metals of

the same element group, which also show an efficient UV

emission. In studies of a neon–cadmium dc column plasma

an efficiency of about 80% has been reported for the 223 and

326 nm resonance radiation of Cd [2]. Here, a total pressure

of 200 Pa, currents in the range from 100 to 300mA in a tube

of 30mm in diameter and an admixture of 5% Cd have been

applied. However, cadmium also represents an environmental

problem, appropriate phosphors have not been studied up to

the present, and high temperatures of 550 to 600K are needed

to sustain the necessary vapour pressure. Zinc has been used

up to the present only in high pressure discharges because

temperatures of about 1500K are required [3].

Promising studies concern the use of barium and

molybdenum, which emit visible light directly. A maximum

luminous efficiency of 97 lmW−1 (52% vacuum ultraviolet

(VUV) efficiency) [4] has been determined for the positive

column plasma in barium–argon mixtures at a total pressure of

660 Pa using currents from 100 to 800mA in tubes 14mm in

diameter. Temperatures of 900 to 1100 K have been applied to

produce barium vapour pressures of a few pascals. The barium

plasma yields white light with a dominant atomic line at 553 nm

and supported by several blue and red lines of Ba ions. The

most significant disadvantage of such a plasma is the chemical

reactivity of Ba, which up to now permits experimental studies

with limited stability only in alumina tubes.

Mo has dominant emission lines in the range from 365

to 604 nm. In very recent studies of electrodeless discharges

in Mo–O–Ar mixtures [5] a luminous efficiency of about

40 lmW−1 is reported, which could be increased by converting

near-UV emission of Mo into visible light using appropriate

phosphors. The Mo–O–Ar discharge has been operated in a

quartz bulb. However, wall temperatures of about 1000K are

required to sustain an equilibrium of deposition and re-entrance

of Mo and MoO3, respectively.

The interest in the design of UV and VUV radiation

sources based on the use of rare-gas–halide mixtures (excimer

lamps) has grown considerably in the last decade. Hence, their

possible application as light sources is obvious. Different kinds

of excimer lamps (inductive or capacitive coupling, barrier or

high-voltage glow discharges) [6] have been investigated and

efficiencies of up to 25% of UV radiation were demonstrated

for Xe+Cl2 and Kr+Cl2. A luminous efficiency of 40 lmW−1

has been reported for an inductive rf discharge at a total

pressure of 120 Pa Xe and an admixture of 1% Cl2 [7], for

example. The most severe drawbacks of these lamps are the

short life-time, caused by interactions of chlorine with the tube

walls, and high voltages of 2–7 kV needed to sustain such

discharges. The operation time can be extended by using

the less corrosive iodine instead of chlorine. In capacitive

discharges containing Xe and I2, a UV radiation efficiency of

14% and an operation time of 600 h have been reached [8].

The discussion can be continued in a very similar way for

discharges in molecular gases or with molecular admixtures.

Also, the chemical reactivity of the gases and their impact

on stability and life-time cause the main problems. Only

three examples of recent innovations that may justify further

attention should be mentioned: (i) glow discharges in raregas–

hydroxyl mixtures have been studied [9] in a pressure

range between 400 and 4000 Pa, with OH admixtures of a

few pascals, applying a current of 100 to 600mA in a quartz

tube 10mm in diameter. A strong emission of the OH band

at 306 nm, much larger than that of the Hα line leading to

a luminous efficiency close to that of a mercury lamp, has

been found. (ii) In rare-gas–hydrogen mixtures [10], a drastic

enlargement of the efficiency and a significant broadening

of the Hα line has been reported when strontium is added.

A hollow cathode glow discharge with a cathode coated with

strontium has been operated at 1000K and a total pressure of

about 100 Pa with an admixture of 10% hydrogen. Applying

currents of about 4mA at constant voltages of only 2V the

discharge yields a total visible radiant flux of about 1Wcm−2.

The high efficiency is explained by resonant energy transfer

between hydrogen atoms and strontium. (iii) Deuterium lamps

are well known as radiation sources for UV/VUV spectroscopy

and radiometric transfer standards in the UV and VUV range.

The possible use of deuterium to design fluorescence lamps

has been investigated [11] considering a capacitively coupled

plasma (10–60 kHz) in mixtures of argon, neon and deuterium

at a total pressure of 4 kPa with currents between 5 and

35 mA. Using a standard phosphor (BAM NP-107) for blue

emission, however, a much lower luminous efficiency than for

Hg fluorescence lamps has been reported.

Some of the examples presented above are electrodeless

discharges. Specific commercial fluorescent lamps based on

this discharge type and containing Hg have been available

for more than ten years, and are distinguished by long life,

high efficiency and power. However, the changeover to

electrodeless systems would require drastic changes with

respect to conventional lamp design in most cases. In addition,

high efficiencies of these rf discharges can be obtained only in

the H-mode at relatively high frequencies [12] where specific

operation requirements must be fulfilled. More sophisticated

discharge types like surface wave discharges are not further

discussed here for the same reasons.

The possible use of pure rare gases in the generation of

VUV radiation has been known for a long time. Discharges

at medium pressure or high pressure and of small dimensions,

such as in plasma display technology, where the radiation of

rare-gas excimers is the dominant output, have already found

increasing application. However, they are not considered here.

It is the hope that also low-pressure discharges in rare gases can

attract more interest and are used in the future for the design

of VUV radiation sources and fluorescence lamps. In glow

discharges at pressures below 1 kPa the resonance radiation of

rare gases in the VUV range is often the dominant output [13].

Sufficient radiation efficiency and power can be obtained in

the positive column part of such discharges as in conventional

Hg sources. A specific example is the column plasma in pure
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Figure 1. Experimental set-up for laser atom absorption spectroscopy.

neon where an efficiency of 60–70% of the resonance radiation

(sum of 73.6 and 74.4 nm radiations) has been predicted by

self-consistent modelling at a pressure-times-radius value of

200 Pa cm in a larger range of currents from 1 to 100mA [14].

One reason for higher radiation efficiencies in light rare gases

at low pressure is the individual spatial structure of the column

plasma caused by a pronounced space-charge confinement

and non-local kinetic properties of the electron component,

which will be discussed in more detail in the next section.

An obvious drawback is the pronounced VUV self-absorption

in the gas. In neon the VUV radiation is accompanied by a

considerable contribution in the red visible range. This allows

the construction of specific light sources with red or amber

colour by applying appropriate phosphors emitting green light

[15]. Possible applications are automotive indicator and rear

lights [16]. Krypton resonance radiation has been studied in

the frame of developing VUV sources with a large emitting

surface for nanolithography [17]. It was found that maximum

efficiencies can be obtained with mixtures of He and 2% Kr

at total pressures of about 300 Pa applying 400mA in tubes of

6–8 cm in diameter.

First of all, the resonance radiation of xenon is suitable

for conversion into visible light because its wavelength is

nearest to that of mercury among those of the rare gases.

Consequently, the energy losses due to the conversion into light

by phosphors are lower than for the resonance radiation of other

rare gases. The positive column plasma in pure xenon has been

investigated experimentally [18] and theoretically [19–21].

However, mixtures of xenon with light rare gases should be

preferred because higherVUVefficiencies can be reached [22].

This will also be demonstrated in the next section.

2. Study of a xenon positive column plasma

To discuss the specific features of rare-gas discharges at low

pressure as VUV radiation sources in more detail, recent

investigations of a glow discharge in xenon–rare-gas mixtures

will be presented as an example. A positive column plasma

in sufficiently long cylindrical tubes with diameters of about

2 cm at pressures in the range from 50 to 500 Pa and currents

from 10 to 100mAhas been considered. First, dc operation has

been studied assuming a steady-state and axially homogeneous

diffuse plasma column.

Most of the effort has been directed towards determining

theVUVpower and efficiency for stable and defined conditions

by varying the current, pressure and gas composition.

Therefore, three experimental set-ups have been used in

parallel: one for measurements of the axial potential gradient

by means of Langmuir probes in the column centre, one for

the determination of atomic number densities by means of

absorption spectroscopy along the tube axis, and one for VUV

radiance measurements. All discharge tubes are equipped with

tungsten coiled-coil filaments pasted with Ba–Sr–Ca oxide

mixtures as electrodes. The cathode is separately heated with

a dc current to force thermionic electron emission. The tubes

are baked out under high vacuum and cleaned additionally by

several gas fillings and burn-ins before the experiments start.

The electrodes are processed at heating currents of 1.5 A. The

discharge is operated on a regulated power supply and current

stabilized [23].

Absorption measurements [23] with an external cavity

diode laser as background source have been applied to

determine the atom number densities of excited xenon states.

Therefore, a U-shaped discharge tube with electrodes in

vertical sections has been used as shown in figure 1. The

main part of the positive column plasma is established in

the horizontal section of the tube. In order to analyse the

radial variation of the densities, the tube system can be shifted

perpendicular to the optical axis of the laser beam path. The

laser radiation is tuned over the optical transition, which is

investigated by tilting a Littrow–Grating via a piezocrystal.

The resulting signal is monitored by an etalon and directed

through the column plasma along the axis. The transmitted

intensity is measured by a photodiode. In order to consider

the transmission properties of the whole laser beam, path

intensity measurements with and without absorbing species

(plasma switched off) have been compared each time. In this

way, the absorption line profiles of all four lowest excited

states of xenon, namely the two metastable states 1s5 and

1s3 as well as the two resonant states 1s4 and 1s2 have been

determined. By applying Lambert–Beer’s law, finally, the

absolute atom densities Nk(r) of these states including their
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radial variation have been calculated from the intensity ratios

and the corresponding line profiles for each wavelength and

each radial position.

A VUV spectrometer [24], sensitive to wavelengths

between 120 and 200 nm, has been used for the radiance

measurements. The radiance of the positive column plasma is

measured normal to the tube wall, where a MgF2 window with

an iris of 0.6mm in diameter is utilized for out-coupling of the

VUV radiation. The radiation is detected by a photomultiplier

after passing a VUV monochromator. This radiation is

compared for calibration with that of a radiometric source

standard, which is a deuterium lamp.

To understand the mechanism of radiation generation and

the power budget of the plasma in more detail, the experimental

investigations have been accompanied by a self-consistent

description of the column plasma [25]. Under the lowpressure

conditions considered, the plasma is non-isothermal

and collision dominated, and the non-equilibrium kinetics

of the electron component requires a kinetic treatment. In

addition, a pronounced radial structure of the plasma, caused

by the space-charge confinement and the non-local electron

kinetics, has to be taken into account. The latter was proven

for a helium–xenon column plasma in earlier studies [26].

Transport processes in the radial direction are important. In

particular, a considerable transport of electron energy from the

outer region to the centre of the column, which can increase the

VUV efficiency, has been found in theoretical investigations

[26, 27].

Therefore, a radially resolved description of the dc positive

column plasma has been applied here. The description is based

on a coupled solution of the space-dependent kinetic equation

for the electrons, a fluid model for ions, excited atoms and

electrons, the Poisson equation for the space-charge potential

and a model of the plasma–wall interactions [27]. The selfconsistent

description is completed by the determination of

the axial electric field utilizing the charge carrier balance and

the charge balance of the column. The fluid model includes

an appropriate treatment of the radial diffusion of metastable

atoms and the radiation transport in the case of balances of

the resonance states by solving the corresponding Holstein–

Biberman equation [28]. A sufficiently accurate description

of the lower xenon states requires, however, an elaborate

treatment of higher excited states of xenon (considering,

typically, seven individual or lumped levels in addition)

including all their relevant collision and radiation processes.

In case of rare-gas mixtures, simplified models for the excited

states of the buffer-gas atoms have been added and the line

broadening of xenon resonance radiation in the buffer gas has

been considered [23, 25].

A detailed comparison of probe measurements and results

of absorption spectroscopy with the theoretical values have

been used to check the validity of the models and the accuracy

of the self-consistent description. Figure 2 shows as an

example the results for the axial electric field Ez and the

axis densities Nk of the four lowest excited xenon states in

a mixture of helium and 2% xenon for several discharge

conditions [23]. It demonstrates the generally good agreement

of experimental and theoretical results for varying current and

pressure. Note, that this agreement has been obtained without

any normalization of the model but applying appropriate crosssection

data for the variety of electron–atom collisions, given

Ez (V cm–3)

Figure 2. Measurements and results of the model for (a) the axial

electric field Ez at three different pressures and (b) the axis densities

Nk of the four lowest excited states of Xe for a total pressure of

333 Pa as a function of the discharge current Iz in the positive

column plasma of a He–Xe discharge (tube radius 0.87 cm, 2% Xe

admixture).

in detail in [23,29], where some of them have become available

only very recently.

The efficiency and power of the resonance radiation have

been determined by three independent methods: considering

the power input EzIz per unit column length from the

measurements of the axial field and the discharge current

Iz, the VUV efficiency and power can be evaluated from

the radiance measurements. The radiance Ln normal to the

emitting surface is related to the radiant emittance M, i.e.

the amount of radiated power emitted through the wall of the

discharge per unit surface area, by M = πLn (Lambert’s

cosine law). Therefore, the radiation power PVUV per unit

column length is calculated from the radiance Ln according to

PVUV = 2π2reβLn,

where re is the column radius. The Koedam factor β (β _ 1)

has been introduced to consider the cylindrical geometry of the

radiator and the radial distribution of the emitting species [30].

β was estimated to be between the limits 0.6 and 0.74 [31],

referred to a parabolic and a flat spatial distribution of the

emitting atoms. These two distributions provide physically

reasonable bounds on the resonance atom distribution that

would be encountered in the column plasma. Asecond method

involves the determination of PVUV from the radial density

profiles Nk(r) of the 1s4 and 1s2 states, respectively, which

has been obtained from absorption spectroscopy. This has

been done by integrating Nk(r) over the column cross section

and dividing by the appropriate effective life-time for the

resonance state. The ratio PVUV/(EzIz) yields the efficiency

ηVUV. Finally, VUV radiation power and efficiency have been
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Figure 3. Efficiency ηVUV of the 147 nm radiation of the Xe(1s4)

state of the positive column plasma as a function of the total

pressure p0 in a mixture of He and 2% Xe applying a discharge

current of 60mA in a tube of 0.87 cm in radius determined by three

independent methods as explained in the text.

obtained in the frame of the theoretical analysis of the plasma

power budget [23] based on the results of the self-consistent

model for the electric field and the densities of resonance

states.

In figure 3, the results of all three methods for the

efficiency of the Xe(1s4) radiation are compared for the case of

a He–Xe mixture at a discharge current of 60mA and varying

pressure. Results of radiance measurements are given for the

two limiting cases of the choice of β. The results almost

coincide except for the underestimation of the experimental

results by the model at the two higher pressures. A maximum

efficiency of about 0.28 has been obtained at a pressure of

133 Pa. Note, that the 1s4 radiation is the dominant VUV

output and the 1s2 state contributes with typically 5% only.

Thanks to the experimental validation of the model it

could be used to study more extensive variations of the

discharge parameter current, pressure and tube radius as well

as to investigate different admixtures of xenon in the He–Xe

plasma and also the alternative use of neon and argon as

a buffer gas for the xenon plasma. The radially resolved

model allows in addition a detailed analysis of the plasma

power budget. Considering a mixture of helium and 2%

xenon at pressures above 200 Pa, most of the injected power

is lost in elastic electron collisions with the buffer-gas atoms.

An example is given in figure 4 where all important power

losses are represented by their contributions to the total loss, i.e.

by the ratios of the corresponding loss rateLk to the power input

EzIz. Here, Lel represents the elastic losses, theVUVradiation

(LVUV) contributes from 11% to 30%, ionization processes

(Lio) consume about 3–10%, 5–10% is lost due to radiation

of higher states (LIR), and losses due to radial diffusion of

metastables (Ldiff ) and ambipolar diffusion (Le−) of charge

carriers contribute from 3% to 17%. The latter includes the

cooling of electrons in the radial space-charge field, which is

transferred to the ions as well as the electron energy flux onto

the tube wall. The temperature increase of the neutral gas

and possible back-heating of electrons are negligibly small

under the low-pressure conditions. It becomes obvious from

Figure 4. Important terms of the global power budget of the column

plasma as a function of the total pressure p0 in a mixture of helium

and 2% xenon at a current of Iz = 60 mA; radially averaged power

loss rates LVUV (VUV radiation), LIR (IR and visible radiation), Lio

(ionization), Lel (elastic collisions), Le− (ambipolar losses) and Ldiff

(wall losses of metastables) with respect to the power input

EzIz [23].

figure 4 that the elastic losses can be reduced by decreasing

the pressure. This can be done also by increasing the xenon

admixture or replacing helium by neon as the buffer gas.

However, all these variations are accompanied by an increase

in losses due to ionization and ambipolar losses.

An overview over the impact of pressure, discharge

current, tube radius, xenon admixture and buffer-gas

replacement on VUV radiation efficiency and power for the

dc operation regime is given in figure 5. All values have been

predicted by the self-consistent plasma description and include

the sum of the contributions of the 1s4 and 1s2 states. In

the representation of η as a function of P, which has been

chosen in figure 5, every point belongs to specific discharge

conditions, i.e. current, total pressure and gas composition,

given by numbers near the points and explained in the figure.

The enlargement of the discharge current causes a power

increase but is accompanied by a diminution of the efficiency,

as is well known for this kind of plasma (cf figure 5(a)). The

decrease of the tube radius at fixed current has, of course, a very

similar impact. The variation of the xenon admixture in the

helium–xenon plasma at a given pressure of 333 Pa, shown in

figure 5(b) as an example, makes it obvious that relatively small

xenon admixtures in the range from1%to2%lead to maximum

efficiency and power despite the relatively large elastic losses

under such conditions. The xenon partial pressure mainly

determines the power whereas the buffer-gas pressure has the

strongest impact on the efficiency. A considerable increase of

both power and efficiency can be obtained by decreasing the

total pressure (cf figure 5(c)). This line has been followed up to

a pressure of 55 Pa by means of model calculations leading

to a theoretical efficiency of 46% and a power of 7.7Wm−1

at 60 mA.

3322

Low-pressure Hg-free plasma light sources

Figure 5. Efficiency ηVUV of the VUV radiation (sum of 1s2 and 1s4

radiations) as a function of the corresponding VUV power, PVUV,

under different discharge conditions: (a) variation of the current

(_, parameter in mA) for a tube radius of 0.87 cm; variation of the

tube radius for 60mA (•, parameter in cm) in a mixture of He and

2% Xe at a total pressure of 333 Pa, (b) variation of the Xe

admixture (•, parameter in %) at a total pressure of 333 Pa;

variation of the total pressure (_, parameter in Pa) at fixed Xe partial

pressure of 6.67 Pa in a He/Xe mixture at 60 mA, (c) variation of the

total pressure ( , parameter in Pa) in a mixture of He and 2% Xe;

variation of the Ne admixture (_, parameter in %) in a triple mixture

of Ne, He and 2% Xe at 333 Pa and 60mA at a tube radius

of 0.87 cm.

According to our experimental studies, an additional

decrease of the pressure as well as the application of much

higher currents drastically reduces the stability and life-time

of the discharge operation. Therefore, the range of lower total

pressures has not been analysed by our model. However, in

experimental studies of xenon discharges in the range from 2

to 13 Pa [20, 21], efficiencies for the 147 nm radiation of up to

75% have in fact, been obtained. These results (at least those

for the lowest current of 100 mA) nearly match our model

predictions, if one extrapolates the dashed line in figure 5(b)

(fixed partial xenon pressure of 6.67 Pa leading to a radiation

power of approximately 6Wm−1) to total pressures of the

same order of magnitude.

The replacement of helium by neon considerably increases

the efficiency for neon admixtures above 60%. However, this is

accompanied by a drastic decrease of the power. Hence, small

admixtures of neon deteriorate the radiation characteristics.

Additional theoretical studies [32] have shown that small

admixtures of argon cannot increase the power and efficiency

of the Xe radiation as well, although the elastic losses can

be reduced. Larger argon admixtures (5% or more in a

mixture of He, Ar and 2% Xe, for example) already lead

to argon resonance radiation, the power of which is of the

same order of magnitude as that of xenon. Variations of the

tube radius show only a small influence on the efficiency if

the discharge current is fixed. In this case, the VUV power

increases with decreasing radius.

Note that buffer-gas admixtures of neon and argon to

xenon have also been analysed in [20, 21] leading to the

conclusion, that zero buffer-gas admixture was optimum.

However, these studies were restricted to very low pressures.

Under such conditions larger gas addition reduces the xenon

partial pressure to much lower values than 3 Pa, which is

an optimum partial pressure at a total pressure of 333 Pa

according to our experimental and theoretical studies. This

reduction should lead to lower radiation power and efficiency.

Admixtures of lighter rare gases of less than 60% do not

affect the radiation characteristics considerably, which has

been found in our studies as well.

The studies presented in parts in this section have shown

that the positive column plasma in a helium–xenon mixture can

be used as a sufficiently efficient and powerful VUV radiation

source with a dominant contribution at 147 nm. Typical VUV

efficiencies between 16% and 30% have been obtained in

experiments in a mixture of He and 2% Xe at pressures of 133–

500 Pa in dc operation. The efficiency can be considerably

increased beyond these values if the total pressure is reduced

further. An additional increase is expected if the discharge is ac

operated at an appropriate frequency (typically above 10 kHz).

3. Features of a xenon fluorescence lamp

The utilization of the low-pressure xenon discharge as a light

source will be discussed in the following as an example of

the possible replacement of conventional mercury containing

lamps. As all rare-gas discharges it has an important advantage

over metal vapour discharges: the light output is almost

independent of the ambient temperature, which also leads to

an instant light output after switching on. Therefore, the xenon

discharge is predestined for outdoor applications, as publicity

lighting for example.

As a next step, the transition of the VUV radiation to

visible light by appropriate phosphors will be discussed from

the point of view of publicity lighting where specific colour

characteristics are needed. The lower wavelength of the xenon

resonance radiation in comparison with the 254 nm radiation

of Hg, for example, naturally results in a lower luminous

efficiency also if the same VUV efficiency could be reached.

However, larger quantum yields of the phosphors can partly

compensate this effect.
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Table 1. Comparison of the luminous efficiency for blue and green light of the xenon lamp and a conventional mercury lamp.

Xe low-pressure Hg low-pressure

λVUV = 147 nm λVUV = 254 nm

ηVUV = 0.16 ηVUV = 0.46 ηVUV = 0.6

λvis ηvis ηvis ηvis

Phosphors (nm) q (lmW−1) (lmW−1) q (lmW−1)

BAM 2464 450 1.04 1.4 4.0 0.91 8.0

Specifica 462 1.13 2.6 7.4 0.88 13

CAT 2297 546 0.81 23 67 0.8 150

Specificb 514 1.39 25 73 0.005 0.6

a Sr1,4Eu0,1Mg1,5Al16O27, b Ba1,5Mg1,4Mn0,1Al16O27.

The quantum yield and the resulting luminous efficiency

for several standard and specific phosphors excited with

147 nm radiation have been estimated from measurements of

the luminous flux. Selected results for blue and green emitting

phosphors are presented in table 1. The luminous efficiency

of the xenon discharge has been determined for two different

values of VUV efficiency, namely 16%, which is a rather

lower limit found in the experiments, and 46%, which is a

theoretical value at a discharge pressure of 55 Pa. A small

contribution of the 129 nm radiation of the 1s2 state (typically

5% of the VUV power) has been approximately included.

Furthermore, the estimates are based on the VUV efficiencies

of the positive column by neglecting additional losses in the

electrode regions of the discharge or the outer electrical circuit

assuming a sufficiently long column and low electrode losses

in the case of external heating. The quantum yields and

luminous efficiencies of the xenon discharge are compared

in table 1 with those of a typical, conventional low-pressure

mercury lamp considering the 254 nm radiation, which should

be generated with a VUV efficiency of 60%. The necessary

quantum yields have been taken from [33] for the case of

standard phosphors and have been estimated from comparative

intensity measurements for the case of specific phosphors given

in table 1.

It becomes obvious from table 1 that the luminous

efficiencies of the xenon lamp can reach half of those of the

mercury lamp thanks to higher quantum yields of specific

phosphors adapted, if the xenon lamp is operated at pressures

below 100 Pa. At the lower limit of the expected VUV

efficiency, i.e. at discharge pressures of about 400–500 Pa, the

xenon lamp still yields about 20% of the luminous efficiencies

of the mercury lamp each for blue or green light emission.

However, more important as an additional increase of

luminous efficiency and power of the xenon lamp are the

features discussed in the following. Can a stable and long-term

discharge operation of the xenon lamp be guaranteed? Can

the necessary changes in lamp design and technology, when

replacing conventional Hg-fluorescence lamps, be reduced?

Studies of these questions are not completed until now. With

regard to the last question, the conventional tube design of the

xenon discharge considered with glowcathodes as presented in

section 2 is a real advantage. Sufficiently long operation times

are expected also at lower pressure for this configuration. AC

operation with sinusoidal currents can also be used. But longterm

operation with cold cathodes, as demanded in specific

applications, seems to be limited to higher total pressures or

larger xenon admixtures until now, and additional studies are

required with respect to these questions.

4. Conclusion

Much effort has been expended and very different methods

have been followed in the recent past to study the possibility of

replacing conventional mercury-containing lamps by plasma

light sources, which operate completely without mercury.

Some of them have been reviewed here, focusing on lowpressure

discharges operating below 1 kPa. Among these

examples, rare-gas discharges are favoured candidates because

they avoid the problems of chemical reactivity with walls

and electrodes to a large extent. Luminous efficiencies of

mercury lamps can hardly be reached with alternative sources

and necessary alterations in lamp design and technology

will prevent a considerable replacement of conventional

lamps in the near future. Therefore, the reduction of

these necessary alterations has to be one objective of future

research. However, particular properties of mercury-freeVUV

sources can increase their chances of being utilized in specific

light sources. The low-pressure xenon lamp considered,

based on the xenon resonance radiation in the cylindrical

positive column plasma is a representative example for such a

source. Features like the temperature independent operation

in combination with the conventional design and a sufficient

luminous efficiency make the commercial use in publicity

lighting very likely.
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