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Abstract. The dependence of the gas phase emitter effect of Dy on a variation of the
operating frequency between some Hz and 2 kHz is investigated in a HID lamp. The
buffer gas of the lamp consisting of Ar, Kr and predominantly Hg is seeded with DyI3,
its burner vessel is formed from transparent YAG material. Phase and spatial resolved
emission spectroscopy in front of the lamp electrode and pyrometric temperature
measurements along the tungsten electrode are performed with a spectroscopic set up.
Dy atom and ion densities in front of the electrode are deduced from absolute intensities
of optically thinDy lines and a plasma temperature, derived from the absolute intensity
of mercury lines. Phase resolved values of the electrode tip temperature Ttip and input
power Pin are obtained from temperature distributions along the electrode. Distinctly
higher Dy ion and atom densities are measured in front of the electrode within the
cathodic phase. With increasing operating frequency a reduction of both, atoms and
ions, is observed in front of the cathode. In contrast, an increase of the ion density in
front of the anode is seen. Moreover, the Dy ion density is drastically reduced by an
additional seeding of the lamp with T lI. It is found that an up rating of the Dy ion
density is correlated with a decline of Ttip and Pin. At higher frequencies this effect
takes place not only within the cathodic phase but also within the anodic phase. The
reduction of the average electrode tip temperature on the order of several hundred
Kelvin compared to a YAG lamp with a pure mercury filling is explained by a Dy

monolayer on the electrode surface which is sustained by a Dy ion current.
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1. Introduction

Today the most effective point shaped light sources to generate visible light for outdoor

applications in the range of k-lumens are high intensity discharge (HID) lamps, e.g.

high pressure sodium lamps. They are characterized by a high efficacy on the order

of 100 − 150 lm/W, a long life time on the order of 10000 − 25000 h and low costs. In

addition white light and a high colour rendering can be achieved with a special version

of HID lamps: the metal halide (MH) lamps. In these lamps a buffer gas is seeded

together with carefully chosen mixes of metal iodides. They can provide rich emission

spectra by which white light with high colour quality can be created. A high metal

vapour pressure is favourable for a high colour rendering. It is determined by the lowest

value of the temperature on the inner wall of the lamp tube, the so called cold spot

temperature. To make the cold spot temperature as high as possible the tubes of MH

lamps are preferably made of ceramic material, e.g. translucent alumina. It substitutes

fused silica which was used previously since it permits higher wall loadings and higher

temperatures. As a result ceramic MH lamps are characterized not only by high effi-

cacies and long life times but also by excellent colour rendering indices on the order of

90. For this reason they are increasingly adopted for indoor applications such as shop

lighting.

The high demands on the load capacity of the electrodes are one of the main prob-

lems with HID lamps. The tip temperature of electrodes made of pure tungsten may

increase up to its melting point, T = 3695 K, to supply a sufficiently high current density

for a diffuse attachment of the lamp arc on the electrodes [1, 2, 3, 4]. But the electrode

temperature can substantially be reduced by lowering the work function of the electrode

material making use of the so called emitter effect. It is generated by a dipole layer being

formed by a monolayer of electropositive atoms on the tungsten surface. It reduces the

potential barrier at the electrode surface for electrons leaving or entering the electrode.

Several techniques may be used to form a dipole layer of electropositive atoms on

the hot tungsten electrode.

A thorium monolayer may be generated by doping the tungsten electrodes with

ThO2 by an amount of several percent of the electrode volume [5]. A reduction in the

effective work function of HID cathodes was verified by pyrometric measurements of

the electrode temperature and by probe measurements of the cathode fall in the model

lamp [6, 7, 8]. It was also shown by measurements in the model lamp that doping of a

tungsten electrode with ThO2 does not change the anode temperature. It demonstrates

that the effective work function of the thoriated anode is comparable to that of a pure

tungsten anode [9, 10].

Another approach to forming a dipole layer is to deposit emitter material, e.g. a
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Ba-compound (Ba2CaWO6 or Ba3Y2WO9) within the interspaces of a closely wound

tungsten coil at some distance from the electrode tip. When the electrode is heated up

the compound is dissociated and the Ba emitter diffuses along the electrode surface to

the tip [5], a theory, which was recently confirmed by measurements [11].

A quite versatile approach is the deposition of an atomic monolayer on the electrode

surface from the gas phase being called “gas phase emitter effect” [12]. A reduction of

the work function by a sodium monolayer on the cathode and anode of a high pressure

sodium (HPS) lamp could be demonstrated if appropriate lamp parameters were chosen

[13, 14]. A monolayer can be realized with a large variety of elements by adding ap-

propriate metal iodides to the lamp filling. They are vaporized and dissociated during

lamp operation so that a partial pressure of metal vapour is formed within the lamp

tube. A gas phase emitter effect induced by a ThI4 additive was demonstrated already

many years ago in a high pressure mercury lamp operated with an ac current [15]. But

it is not clear whether the emitter effect is limited to the cathodic half period or is also

effective within the anodic half period.

A gas phase emitter effect can also be realized if a HID metal halide lamp is seeded

with rare earth iodides. A detailed investigation of this effect in a ceramic metal halide

lamp operated with a dc current in a mercury atmosphere seeded with different mixtures

of NaI, T lI and DyI3 is given in [12]. A transparent ceramic YAG tube was used to

allow electrode temperature measurements. A distinct reduction in the work function at

the cathode was demonstrated by a measured drastic reduction of the cathode tempera-

ture. At the anode a minor or even doubtful emitter effect was found by measurements

of the electrode tip temperature. If the lamp is operated with a switched dc current

an increase of the average electrode tip temperature Ttip within the cathodic phase was

found by reason of anode heating during the preceding anodic half period. However, the

averaged temperature remains below the value for a lamp with a pure mercury filling

[16, 17]. By spectroscopic measurements of the Dy atom and ion density it was shown

that a decrease of the electrode temperature is correlated with an increased Dy atom

and ion density in front of the electrode [16].

This observation has brought up the idea that the Dy layer on the electrode is

mainly formed by a Dy ion current towards the electrode during the cathodic phase. A

generation of the emitter effect by an ion current may explain why an additional seeding

of the YAG lamp with sodium seems to hamper the emitter effect of Dy [16]. In this

case predominantly a Na ion current in front of the cathode is formed since the ionisa-

tion energy of Na (Ei = 5.139 eV) is lower and its mass (Ar = 23) smaller than that

of Dy (Ei = 5.93 eV, Ar = 162.5). But the adsorption energy Ea of Na on a tungsten

surface (Ea = 2.33 eV) is distinctly smaller than that of Dy (Ea = 4.97 eV) so that it is,

different to Dy, less appropriate to form a stable monolayer on a hot electrode within a

MH lamp [18, 19, 20].
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The importance of an ion current of the emitter material to the cathode is also

indicated by an advancement of the spot attachment with an increasing Dy density

[12, 16, 21]. The shape of the spot induced by a high Dy density differs from the spot

mode investigated in great detail in [1, 3, 22, 23, 24, 25, 26]. The spot attachment

induced by the gas phase emitter effect should therefore be called “emitter spot”. The

statement in [27] that the emitter effect favours the formation of a diffuse mode obvi-

ously does not apply to the emitter spot.

The behaviour of tungsten electrodes for HID lamps was investigated recently in

the so called Bochum model lamp filled with argon [6] in dependence on the operat-

ing frequency being varied between 10 Hz and 10 kHz [28]. The Bochum model lamp

is formed by a quartz tube, sealed vacuum-tight by two metallic end pieces with feed-

throughs containing movable holders for the tungsten electrodes. The measuring results

have shown that the cathodic phase becomes more and more dominant with increasing

operating frequency. It was found that with increasing operating frequency the electrode

temperature approaches the value of the cathode at dc operation, while the influence

of the anodic phase is pushed back. The same may happen in MH lamps, in which the

gas phase emitter effect is heavily dependent on the electrode polarity.

To check this speculation the electrodes of YAG lamps and the plasma in front of

them are investigated in dependence on the operating frequency being varied between

1 Hz and 2 kHz. Phase resolved pyrometric measurements of the electrode temperature

and phase resolved measurements of the Dy atom and ion density are accomplished by

emission spectroscopy. Appropriate measuring methods are already given in previous

papers [16, 28] so that only a short sketch will be given. YAG lamps with different

fillings and electrodes with different diameters are operated with a switched dc current

of constant amplitude but different operating frequencies. Initially, as a reference, phase

resolved electrode tip temperatures and plasma temperatures in front of the electrode

are given for a YAG lamp with a pure mercury filling. The plasma temperatures are

deduced from the absolute intensity of mercury lines. In a next step YAG lamps, in

which the buffer gas mercury is only seeded with DyI3, are investigated for electrodes

with different diameters. To clarify the role of thallium in MH lamps some measurements

of YAG lamps are given, which are seeded with a mixture of T lI and DyI3. The major

part of this investigation extends measurements to higher frequencies which were already

made at low operating frequencies [16]. The paper is to a large extent an excerpt of

Reinelt’s PhD thesis [29].
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2. Experimental setup

2.1. YAG lamp

The HID lamps under investigation have a special research design being given in detail

in [12]. A burner vessel with an ovoid shape is formed from yttrium-alumina-garnet

(YAG), a transparent material, which allows optical observation. Tungsten rod elec-

trodes are mounted on a Mo feedthrough for ceramic lamps and sealed in the lamps

using a sealing ceramic. The electrodes have a diameter of d = 360, 450 and 500µm

and an interelectrode spacing of g = 7 mm. The electrodes extend 5 mm into the tube,

their total length is 20 - 25 mm. The burner is enveloped by an outer glass bulb fur-

nished with a lamp base. The lamp is filled with an argon-krypton mixture as buffer

gas at a pressure of p = 30 kPa for lamp ignition and in addition with an amount

of mercury that produces an unsaturated mercury background pressure of p = 2 MPa

[12]. Some lamps are seeded with DyI3, another one with a mixture of DyI3 and T lI.

For comparison also lamps without any salt additive are investigated. The properties

of lamps for which measurements are presented are listed in table 1. The lamps are

designed for an effective electrical power of Pel = 70 W. The lamps are operated in a

vertical position with the cold spot and the salt pool associated with it on the lower

end of the lamp. The optical measurements are performed at the upper electrode since

at the lower electrode the transparency of the tube wall is affected by the liquid salt pool.

Electrode Electrode Total

Lamp diameter length Hg salt Tl Dy

type (µm) (mm) (mg) (mg) (mol%) (mol%)

Hg d = 360 l = 5 6 0 0 0

D d = 360 l = 5 6 1 0 100

D d = 450 l = 5 6 1 0 100

D d = 500 l = 5 6 1 0 100

TD d = 450 l = 5 6 2 50 50

Table 1. Properties of the lamps investigated in this work

The YAG lamp is operated with a current source (Feucht Elektronik DCU/I 2250-

30) being controlled by the output voltage of a signal generator. It is able to provide

dc, ac, pulsed or transient currents of arbitrary waveform up to frequency of 30 kHz, a

current amplitude of several amps and a maximum open-circuit voltage of 400 V.

Standing acoustic oscillations may occur in MH lamps within various frequency

regions. The YAG lamps being investigated here are undisturbed by acoustic resonances

in the following frequency bands:

f ≤ 3500 Hz
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f = 23.2 kHz (1)

f ≥ 300 kHz

2.2. Measuring system for phase resolved emission spectroscopy

Almost the same spectroscopic measuring system is used for phase resolved measure-

ments of the electrode temperature and of the particle densities in front of the elec-

trode. Only some minor modifications are needed. The experimental setup was already

described in [16, 25], so that a sketch will be sufficient here.

The spectrograph in use is a 250 mm apparatus from Chromex with an aperture

ratio of f/4.0. A grating is used mostly with a line density of 1200 mm−1. The en-

trance slit is adjusted for pyrometric measurements to a width of 100µm and in the

case of spectroscopic measurements to 25µm. To record the emission of the lamp by

the spectrograph an optical imaging system is mounted in between. A telecentric imag-

ing system consisting of two achromats projects an image of the lamp onto the entrance

plane of the spectrograph with a magnification of M = 1. A Dove prism between the

two achromats is used to adjust either the image of the electrode parallel or the dis-

charge axis perpendicular to the vertical entrance slit of the spectrograph.

The output of the spectrograph is recorded with a CCD camera SENSICAM QE

from PCO mounted in the image plane of it. The camera resolution along the entrance

slit is 1376 pixel and along the wavelength axis 1040 pixel. The pixel size amounts to

6.45µm x 6.45µm. It determines the spatial resolution along the entrance slit of the

spectrograph. The camera offers the possibility of an internal binning summing up the

counts of a defined number of adjacent pixel. The dynamic range of the camera is 14 bits

which implies a maximum count rate of 4096 counts per pixel. The exposure time of

the camera texp can be varied between 500 ns and 3600 s. The CCD chip of the camera

is sensitive within the wavelength interval from 280 to 1100 nm. A calibration of the

optical system in absolute values of radiance is needed for the measurements at the

electrode and at the plasma. For this purpose a tungsten ribbon lamp (Wi17g3 from

OSRAM) with a known radiance in dependence on wavelength for a specified current is

positioned on the same place as the lamp under investigation.

The temporal resolution of the camera is limited by the read out time of the CCD

chip, which amounts approximately to 90 ms. This means that for operating frequencies

above f > 5 Hz not more than one measurement within one half period can be made.

Therefore repeated phase resolved measurements are needed to get information about

the time-evolution of phenomena of interest within the half period. The substitution of

a temporal by a phase resolution does not raise a problem as long as the lamp operation

is really periodic. In this case only a reproducible periodical trigger signal is required
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as a starting point for a series of successively phase delayed exposures.

The delay time of the current source, which is realized by an electronic device,

varies too much in dependence on the operating parameters that the “sync” output of

the signal generator, by which the current source is controlled, is suitable to provide an

appropriate trigger pulse. Thus the reference phase has to be generated on the output

side of the amplifier. The current zero crossing is inapplicable since the current may

not rise fast enough after current zero crossing to be able to generate a well defined

trigger pulse. Therefore the trigger signal is deduced from the voltage zero crossing of

the lamp [24]. To trigger the camera only the rising edge of the voltage signal is used.

The uncertainty of the trigger pulse does not exceed 2µs. To take pictures at different

phase angles ϕ a delay generator (STANFORD RESEARCH SYSTEM DG 535) is used

to shift the trigger signal from voltage zero crossing. A block diagram of the trigger set

up is already given in [25].

3. Pyrometric electrode temperature measurement

It is favorable for the pyrometric measurements to use a segment of the spectrum emit-

ted by the electrode, which is as far as possible in the infrared region but still in the

sensitivity range of the CCD camera. Furthermore, the plasma radiation emitted by the

YAG lamps should be negligible compared to the emission of the electrode surface. A

suitable wavelength for temperature measurements of the electrodes in the YAG lamps

is λ = 718 nm. An edge filter with an edge wavelength λedge = 600 nm is used to

suppress all radiation with a wavelength below λedge. It prevents a falsification of the

measurement by the second order spectrum produced by the grating emitted at λmeas/2.

The integral transmission Tr of the YAG tube and of the outer glass bulb which has to

be taken into account amounts to Tr ≈ 72 % at λmeas = 718 nm.

A spatial profile of the spectral radiance Iel of the electrode at λ = 718 nm along

the electrode length within the tube is recorded by a single measurement at a selected

phase angle ϕ. A grey body radiator is assumed to determine axial temperature profiles

T (z, ϕ) from the measured radiances Iel(z, ϕ). The spectral radiance of the grey body

Igb(λ, T ) is given by Planck’s law and by temperature and wavelength dependent spec-

tral emissivity ε(λ, T ) < 1. An inspection of literature [30] and a comparison between

measurements and simulation ([3] figure 14) showed that the spectral emissivities of de

Vos [31] are the most trustable ones. Spatial profiles T (z, ϕ) are determined comparing

measured values Iel(z, ϕ) with Igb(T, λ = 718 nm) calculated in dependence on T . The

accuracy of the temperature measurements especially in the vicinity of the electrode

tip is mainly affected by questionable values of ε. They are in general exaggerated in

an undefined manner by an enhanced surface roughness being produced by the arc at-

tachment at the electrode tip. The exaggerated values of ε increase the radiance at the

electrode tip so that the comparison with the calculated values of Igb(T ) delivers too
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high temperature values at the electrode tip Ttip.

Reliable values of Ttip were obtained in [6] for electrodes operated with a dc current

by matching measured temperature distributions T (z) within a region of confidence

between a lower temperature limit Tl and an upper temperature limit Tup < Ttip by a

least square fit procedure to numerical solutions of the one dimensional heat balance

of the electrode. The electrode tip temperature Ttip and the total power input into

the electrode Pin were determined by extrapolating the solutions up to the electrode

tip. But it was shown in [28] that the method becomes questionable if in the case of

an ac operation the heat capacity of the electrode has an influence on the temperature

distribution. A distinct variation of the temperature with ϕ occurs only in the vicinity of

the electrode tip, but disappears with increasing distance from the tip [25]. Its extension

is given by the penetration depth of a sinusoidal modulation of the temperature at the

electrode tip

λpen =

(
κ

ρMcp2πf

)1/2

(2)

where κ(T ) is the thermal conductivity of tungsten in dependence on temperature,

ρM the mass density of tungsten and cp(T ) its heat capacity per unit mass. A compre-

hensive presentation of the data is given in [30]. λpen decreases with f−1/2 and is already

less than 1 mm for f = 10 Hz and T = 3000 K. This means that Ttip(ϕ) can, different to

[6], only be determined with an appropriate phase resolution if the temperature distri-

bution in the vicinity of the electrode tip can be taken into account.

For this purpose the time dependent heat balance of the electrode was considered

in [28]. A rotational symmetric electrode temperature distribution is assumed as it

is realized by a diffuse attachment of an arc on the electrode. Additionally the r-

dependence of T along the electrode rod is neglected. A thin disk of the electrode of

thickness dz in a distance z from the electrode tip and a change of the phase angle dϕ is

considered to calculate the power balance of the electrode in dependence on time/phase.

Since during the exposure time te = ω−1ϕe of the camera
(
∂T
∂t

)
te

= ω
(
∂T
∂ϕ

)
ϕe

is almost

constant, the spatial derivative ∂T/∂z can be substituted by the total derivative dT/dz.

Thus, the heat balance of the electrode disk can be written as:

r2
Eπ

d

dz

(
κ(T )

dT

dz

)
= −2πrEqE(T )+2πrEεtotσSBT

4+r2
Eπ

κ

λ2
pen

(
∂T

∂ϕ

)
ϕe

,(3)

where rE is the electrode radius, qE(T ) the power input per unit area from the

plasma into the cylinder barrel of the rod, εtot the total emissivity of tungsten and σSB
the Stefan-Boltzmann constant. Data for εtot are given in [30]. An analytic solution of

the differential equation was given in [28]:

z(T ) =
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Ttip∫
T ′=T

κ(T ′)dT ′[ (
κ(T ′)dT

dz

)2
Ttip

+ 4
rE

Ttip∫
τ=T ′

qEκdτ − 4
rE

Ttip∫
τ=T ′

εtotσSBτ 4κdτ − 2
Ttip∫
τ=T ′

κ2

λ2
pen

(
∂τ
∂ϕ

)
ϕe

dτ
]1/2 (4)

z = 0 is the position of the end face of the electrode, the integration constants are

T (z = 0) = Ttip and (κ dT/dz)Ttip
.

According to [28] the first and second term within the square root under the fraction

bar on the right hand side of eq. 4 can be written as:(
κ
dT

dz

)2

Ttip

+
4

rE

Ttip∫
τ=T

qE(τ)κdτ =
(Pin − Pr)2 − P 2

c

(πr2
E)2

(5)

Pin is the total power input into the electrode and Pr the radiant power, which is

emitted from the end face of the electrode. The quantity

Pc = 2πrE

z∫
0

qEdz, with qE 6= 0 for z < rE (6)

represents the power input into the cylinder barrel of the rod, which can be neglected

as was shown in [28] if the major part of the power is supplied into the end face of the

electrode. For P 2
c /(Pin − Pr)2 << 1 the temperature distribution along the electrode

can be written as:

z(T ) ≈
Ttip∫

T ′=T

κ(T ′)dT ′[ (
Pin−Pr

πr2E

)2

− 4
rE

Ttip∫
τ=T ′

εtotσSBτ 4κdτ − 2
Ttip∫
τ=T ′

κ2

λ2
pen

(
∂τ
∂ϕ

)
ϕe

dτ
]1/2 (7)

The integral can be used to simulate a temperature distribution zsim(T ) if measured

values for (∂T/∂ϕ)ϕe
and estimated values for Ttip and Pin − Pr are inserted.

Measured values zmeas(T ) between a lower temperature Tl and an upper

temperature Tup will be used to determine appropriate values of Ttip and Pin by searching

the minimum of

f(Pin, Ttip) =

Tup∫
Tl

[zmeas − zsim]2dT. (8)

Compared to [6] the new procedure offers the possibility to take into account the

variation (∂T/∂ϕ)ϕe
in the vicinity of the electrode tip. But the fundamental problem

with the exaggerated temperature at the electrode tip and the limited penetration depth

λpen is not really removed. On the other hand the amplitude modulation of Ttip(ϕ) in

dependence on the phase modulation of the power input Pin(ϕ):

4Ttip(ϕ) ∝ 4Pin(ϕ)

ρMcpπr2
Eλpen2πf

(9)
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decreases as λpen with f−1/2, where πr2
Eλpen represents the volume at the electrode

tip in which a temperature variation takes place. It mitigates the problem with the

modulation of Ttip with increasing frequency.

In [28] it was shown that the phase resolved experimental determination of Ttip is

afflicted with an error on the order of 4Ttip ≈ 50 K and Pin with an error on the order

of 10 %. Errors on this order of magnitude have to be taken into account appraising the

measurements of Ttip(ϕ) and Pin(ϕ) given below.

4. Spectroscopic particle density measurement

Phase resolved measurements of the Dy atom and ion density are carried out by the

same measuring procedure as in [16]. Only the operating frequencies are extended up

to 2 kHz. In addition the lamp filling is modified in part. Different to the pyrometric

measurements the image of the vertically operated lamp is rotated through 90◦ by the

Dove prism around the axis of vision so that it is oriented perpendicular to the slit of the

spectrograph. The slit captures the emission of a discharge cross section at a distance

of 125µm from the electrode tip.

A LTE plasma with an equal temperature for all species, which represents the local

plasma temperature T , and a Boltzmann-population of excited states is assumed by

reason of the high filling gas pressure. The assumption was confirmed recently by a

combination of absorption and emission spectroscopy at YAG lamps [11, 32].

In a first step the plasma temperature is determined using the emission of two

overlapping mercury lines [33]. At first the absolute intensity of the two lines at

λ1 = 576.96 nm and λ2 = 579.07 nm of atomic mercury is measured in dependence

on the distance from the discharge axis. This results in a more or less axial symmetric

distribution of the radiance of the two lines being integrated over a wavelength interval,

covering the two lines, calibrated in absolute units. The sum of the emission coefficients

of the two lines εul = ε1 + ε2 is determined in dependence on the distance r from the

discharge axis by an inverse Abel transformation. The summed up emission coefficients

εul are related to the plasma temperature according to:

εul =
hc0
4π

p0

kBT

1

QHg(T )

[
g1A1l

λ1

exp

(
− E1

kBT

)
+
g2A2l

λ2

exp

(
− E2

kBT

)]
(10)

where p0 is the pressure of the mercury vapour, QHg(T ) the partition function of

Hg atoms, given by QHg(T < 7000 K) ≈ 1, A1 and A2 the transition probabilities of the

two lines, g1 and g2 the statistical weights and E1 and E2 the excitation energies of the

upper line levels. Numerical values of the line data needed in eq. 10 are given in table

2. The other symbols in eq. 10 have the usual meaning. Eq. 10 is used to determine

the plasma temperature T (r) from the measured results εul(r).
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λ1 = 576.96 nm λ2 = 579.07 nm

g1A1 = 1.18 · 108 s−1 g2A2 = 1.07 · 108 s−1

E1 = 8.849 eV E2 = 8.842 eV

Table 2. Spectroscopic data for the calculation of mercury temperature from Hg-line
intensities

The density Na of the Dy atoms and Ni of the Dy ions are obtained from the

spectroscopically measured local emission coefficient εaul of an atomic line and εiul of an

ionic line emitted by optical transitions between an upper level u and a lower level l.

An appropriate atomic line is the 695.81 nm line, a resonance line which is never-

theless optically thin by reason of the low transition probability. Comparisons of line

profiles in [16] and of plasma temperatures measured with mercury lines and with Dy

lines, respectively, in [32] have confirmed that the 695.81 nm line is really optically thin.

A suitable Dy ion line with sufficiently high intensity is the 394.46 nm line. The specific

constants of the two lines are given in table 3 [34].

λa = 695.81 nm λi = 394.46 nm

ga = 15 gi = 18

Aa = 8.766 · 104 s−1 Ai = 2.550 · 107 s−1

Ea = 1.7815 eV Ei = 3.1424 eV

Table 3. Spectroscopic data for the calculation of dysprosium atom and ion densities
from Dy-atom- and ion-line intensities

The emission coefficients εaul and εiul are the result of an inverse Abel transformation

of the lateral radiance distribution of the atomic line at λa = 695.81 nm and of the ionic

line at λi = 394.46 nm, being determined in absolute units in front of the electrode.

Both emission coefficients are related to the population densities of the upper line levels

Nu according to:

εul =
1

4π
NuAul

hc0
λul

. (11)

The densities of the upper line levels Nu are related to those of the total densities

N according to:

N = Nu
Q(T )

gu
exp

(
Eu
kBT

)
(12)

where Q(T ) is the partition function of the particle species being considered, gu
the statistical weight and Eu the excitation energy of the upper level. With eq. 11 the
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population density of the upper emitting atomic state Na,u and ionic state Ni,u are calcu-

lated and in a second step with eq. 12 the total atom density Na and total ion density Ni.

The error margins of Na and Ni may be estimated making use of the logarithmic

derivative of eq. 12:∣∣∣∣4NN
∣∣∣∣ =

∣∣∣∣4Nu

Nu

∣∣∣∣+

∣∣∣∣ EukBT

4T
T

∣∣∣∣+

∣∣∣∣∂lnQ∂lnT

4T
T

∣∣∣∣ (13)

The error margin of Nu is composed of the error margin of εul and that of Aul:∣∣∣∣4NN
∣∣∣∣ =

∣∣∣∣4εulεul

∣∣∣∣+

∣∣∣∣4AulAul

∣∣∣∣ (14)

The emission coefficients εul are afflicted at least with an error of 20 %. It is mainly

caused by the inverse Abel transformation, which reacts, particularly on the axis, quite

sensitively on deviations from symmetry of the lateral distribution of the line intensity.

It has also to be taken into account that the transmission of the lamp tube may be

reduced during lamp operation. Additionally the SNR especially of the 394.46 nm line

becomes low, if for high operating frequencies short exposure times are required. Besides

the knowledge of the transition probability Aul is correct not better than 10 %. Another

important error source is according to eq. 13 the uncertainty of the plasma temperature

4T/T by reason of the multiplier Eu/kBT . The plasma temperature in front of the

electrode is T ≈ 7000 K [16], with an error margin of about 4 %. The multiplier is

Ea,u/kBT ≈ 3 for the atoms Na and Ei,u/kBT ≈ 5 for the ions Ni. The multiplier of

the third term in eq. 13 is roughly ∂lnQ/∂lnT ≈ 1 so that its contribution to the total

error margin is minor.

The resulting error margins are: |4Na/Na| · 100 ≥ 40 % and |4Ni/Ni| · 100 ≥
50 %. They reveal that the numerical values of the particle densities obtained by

the spectroscopic measurements are only in the order of magnitude correct. But the

variations in dependence on phase, ∂Na/∂ϕ and ∂Ni/∂ϕ, represent a quite reliable

information. Subsequently the reported values of T , Na and Ni are averages over a

rotational symmetric cross section with the same diameter as the electrode.

5. Results of measurements at the YAG lamp

Results for the density of Dy atoms Na and Dy ions Ni, of the electrode tip temperature

Ttip and of the input power Pin into the electrode are presented in dependence on the

phase angle ϕ. All pyrometric measurements are performed at the upper electrode, all

spectroscopic measurements in front of the upper electrode. Measurements are executed

at operating frequencies of 1, 10, 25, 50, 100, 250, 500 Hz, 1 and 2 kHz. For frequencies

up to 100 Hz measurements are carried out at 20 equidistant phase angles ϕν = 0.1πν,

(ν = 1 − 20) over one period. For f > 100 Hz the number of measuring points is

individually adjusted to a lower rate so that the SNR can be kept sufficiently high for a
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suitable measurement. For f = 2 kHz mostly only one measurement within the anodic

and cathodic half period was possible. In the subsequent figures the measurements

within the anodic half period are presented between ϕ = 0 and ϕ = π, and those within

the cathodic half period between ϕ = π and ϕ = 2π.

5.1. YAG lamp with Hg filling only

At first the properties of a YAG lamp operated with a pure mercury vapour atmosphere

are investigated in dependence on the operating frequency for comparison with lamps

seeded with metal halides. The electrode diameter amounts to dE = 0.36 mm, its ex-

tension into the tube to lE = 5 mm. The lamp is operated with a switched dc current

with an amplitude of 0.8 A. For this current amplitude the heating of the electrode is

higher within the anodic phase than within the cathodic phase at least for dc operation

and for ac operation with low commutation frequencies. The formation of a spot mode

at the beginning of the cathodic phase is avoided by this choice of parameters [24]. The

operating frequencies are f = 1, 10, 25, 50, 100, 250, 500 Hz and 1 kHz.
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Figure 1. Electrode tip temperature Ttip(ϕ) and input power Pin(ϕ) over one period
for various frequencies. Parameter: Hg, electrode diameter dE = 0.36 mm, electrode
length lE = 5 mm, i = 0.8 A switched-dc

Figure 1(a) shows the variation of the electrode tip temperature Ttip(ϕ) in depen-

dence on the phase angle ϕ and figure 1(b) the variation of the power input Pin(ϕ).

Figure 1(a) and 1(b) demonstrate a pronounced reduction of Ttip(ϕ) and Pin(ϕ) within

the anodic phase and a weak lifting of both quantities within the cathodic phase

with increasing operating frequency. Small deviations from the general trend e.g. for

f = 100 Hz are within the error bars. For f ≥ 250 Hz the differences between the anodic

and cathodic phase become almost indistinguishable. The nearly constant magnitude

of Ttip and Pin is only marginally higher than Ttip and Pin of a dc operated cathode,
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which is loaded with the same current amplitude. The results are in general agreement

with those obtained by measurements at the model lamp with a pure argon filling [28].
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Figure 2. Plasma temperature T (ϕ) over one period for various frequencies measured
at a distance of 125µm in front of the electrode surface. Parameter: Hg, electrode
diameter dE = 0.36 mm, electrode length lE = 5 mm, i = 0.8 A switched-dc

In figure 2 the variation of the plasma temperature T at a distance z = 125µm

from the electrode tip within a YAG tube is given in dependence on the phase angle

ϕ. The tube parameters are the same as in figure 1, the amplitude of the switched dc

current is i = 0.8 A, the operating frequencies are f = 50, 100, 250, 500 Hz and 1 kHz.

T is deduced from the measured lateral distribution of the absolute intensities of the

two mercury lines at λ1 = 576.96 nm and λ2 = 579.07 nm. The plasma temperature T

is approximately 200 K higher within the cathodic phase than within the anodic phase.

It reflects the generation of an ion current in front of the cathode, to balance the power

consumption by thermionic electron emission of the electrode within the cathodic phase.

It decreases with increasing operating frequency namely approximately by 100 K within

the cathodic phase and by 50 K within the anodic phase.

5.2. YAG lamp seeded with DyI3

In a next step YAG lamps with the same design as the mercury lamp but additionally

seeded with 1 mg DyI3 are investigated. In particular the dimension of the electrodes

is the same: dE = 0.36 mm, lE = 5 mm. Results for Na(ϕ), Ni(ϕ), Ttip(ϕ) and Pin(ϕ)

are given for a lamp which is operated with a switched dc current of i = 0.8 A. The

operating frequencies are f = 25, 50, 100 Hz and 2 kHz.

Figure 3(a) and 3(b) show the Dy atom density Na(ϕ) and the Dy ion density

Ni(ϕ), respectively, both versus phase angle ϕ. The Dy atom density grows for fre-

quencies f ≤ 50 Hz within the cathodic phase up to Na = 1022 m−3, which is an order
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Figure 3. Dysprosium atom density Na(ϕ) and ion density Ni(ϕ) over one period for
various frequencies at a distance of 125µm in front of the electrode. Parameter: DyI3,
electrode diameter dE = 0.36 mm, electrode length lE = 5 mm, i = 0.8 A switched-dc

of magnitude higher than within the anodic phase. A saturation of Na occurs approx-

imately after τa ≈ 10 ms. For f > 50 Hz the half period is too short to achieve the

saturated Dy atom density. As a consequence the maximum value of Na drops down

within the cathodic phase with increasing operating frequency. The Dy ion density

Ni rises as well from a value of approximately 1020 m−3 within the anodic phase to

7 · 1020 m−3 within the cathodic phase. A saturation of Ni is already achieved within

τi ≈ 5 ms. Therefore the half period becomes too short for f > 100 Hz to sustain the

modulation of Ni being observed at lower operating frequencies. For f = 2 kHz the ion

densities within the anodic and cathodic phase have matched by a lifting of Ni within

the anodic phase and a lowering of Ni within the cathodic phase.

In figure 4(a) values of Na within the anodic and cathodic phase averaged over the

half period are given in dependence on the operating frequency f and in figure 4(b) the

corresponding values of Ni(f). Na is nearly independent of f within the anodic phase.

But within the cathodic phase it decreases monotonically by an order of magnitude from

a high value at low operating frequencies down to the value of Na in front of the anode

at higher frequencies. A quite similar behaviour is observed for the Dy ion density Ni.

However, different to Na, the ion density Ni in front of the anode increases at higher

frequencies by a factor of approximately two.

The effects of DyI3 on the electrode tip temperature Ttip(ϕ) and on the power in-

put Pin(ϕ) are presented in figure 5(a) and in figure 5(b), respectively. A comparison

of Ttip(ϕ) in figure 1(a) and figure 5(a) clearly demonstrates a reduction of Ttip(ϕ) by

approximately 400 K for all operating frequencies as a result of the addition of DyI3.

The reduction of Ttip(ϕ) with increasing operating frequency not only within the anodic
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Figure 4. Maximum values of the Dy atom density Na(f) and Dy ion density Ni(f)
depending on frequency at a distance of 125µm in front of the electrode. Parameter:
DyI3, electrode diameter dE = 0.36 mm, electrode length lE = 5 mm, i = 0.8 A
switched-dc
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Figure 5. Electrode tip temperature Ttip(ϕ) and input power Pin(ϕ) over one period
for various frequencies. Parameter: DyI3, electrode diameter dE = 0.36 mm, electrode
length lE = 5 mm, i = 0.8 A switched-dc

phase but also within the cathodic phase is particularly noteworthy. This reduction

within the cathodic phase differs from the weak increase observed in a pure argon or

mercury atmosphere (figure 1(a)). Quite similar statements can be made if Pin(ϕ) in

figure 1(b) and figure 5(b) are compared. At f = 2 kHz the phase averaged power input

Pin is reduced by approximately 30 % compared to a lamp with a pure mercury filling.

Complementary the effect of different electrode diameters is investigated. For this
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Figure 6. Dy atom density Na(ϕ) and ion density Ni(ϕ) for frequencies of 50 Hz and
2 kHz over one period at a distance of 125µm. Parameter: DyI3, electrode diameter
dE = 0.36, 0.45 and 0.5 mm, electrode length lE = 5 mm, i = 0.8 A switched-dc

purpose spectroscopic and pyrometric measurements are compared, being accomplished

on lamps, which differ only by the electrode diameter. The different diameters are:

dE = 360, 450 and 500µm. The lamps are operated with a switched dc current of

i = 0.8 A at operating frequencies of f = 50 Hz and 2 kHz. In figure 6 measurements of

the densities of Dy atoms and Dy ions in front of the upper electrode are given. Figures

6(a) and 6(b) show Na(ϕ) and Ni(ϕ), respectively, at f = 50 Hz for all three diameters.

Within the cathodic phase distinctly higher densities of both Dy atoms and ions are

found than within the anodic phase for all three electrode diameters. In the cathodic

phase the density Na becomes larger, Ni smaller with increasing electrode diameter.

It corresponds to a decrease of the electron temperature within the boundary layer in

front of the cathode with increasing electrode diameter at constant current according

to [3], figure 6. Figure 6(c) and figure 6(d) represent only average values of Na and
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Ni within the anodic and cathodic half period for f = 2 kHz. For this high frequency

the tolerable exposure time was too short and therefore the recorded number of counts

too small for a more detailed phase resolution. Not only for dE = 360µm but also for

dE = 450, 500µm a reduction of Na within the cathodic phase towards the lower value

within the anodic phase is observed. Also the ion densities Ni in both phases match at

2 kHz due to a lifting of Ni within the anodic phase and a lowering within the cathodic

phase.
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Figure 7. Electrode tip temperature Ttip(ϕ) and input power Pin(ϕ) for frequencies
of 50 Hz (curves) and 2 kHz (crosses) over one period. Parameter: DyI3, electrode
diameter dE = 0.36, 0.45 and 0.5 mm, electrode length lE = 5 mm, i = 0.8 A switched-
dc

Comparing the particle densities in figure 3 and figure 6 for an electrode diameter

dE = 360µm it has to be taken into account that Na(ϕ) and Ni(ϕ) are measured in

different lamps of the same type. The differences are on the same order of magnitude

as the measuring errors of Na(ϕ) and Ni(ϕ) given in section 4.

In figure 7 Ttip and Pin are compared for the three electrode diameters. Ttip is

lowered by an increase of dE, the opposite applies for Pin. Both quantities are reduced

by approximately the same amount for all three diameters, if the operating frequency

is increased from 50 Hz to 2 kHz. The differences between Ttip and Pin for dE = 360µm

in figure 5 and figure 7 are negligible.

5.3. YAG lamp seeded with T lI and DyI3

Previous measurements have suggested [16] that the emitter effect of dysprosium may

be perturbed by other ingredients within the MH lamp. To substantiate this suspicion

a YAG lamp was investigated, which was seeded with 1.242 mg DyI3 and 0.758 mg T lI
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Figure 8. Phase resolved Dy atom density Na(ϕ) and ion density Ni(ϕ) for a low and
a high frequency (50 Hz and 2 kHz) for different lamp fillings. For the high frequency
the values are average values over the anodic respectively cathodic phase. Parameter:
DyI3, TD, electrode diameter dE = 0.45 mm, electrode length lE = 5 mm, i = 0.8 A
switched-dc

(2 mg salt: 50 mol% DyI3 and 50 mol% T lI, as mentioned in table 1). The results

which were obtained with this so called TD-lamp are compared with those, which were

obtained with the so called D-lamp. It was seeded as the lamps being investigated in

section 5.2 with 1 mg DyI3. The electrode diameter was dE = 450µm. The lamps were

operated with a switched dc current with an amplitude of i = 0.8 A being modulated

with f = 50 Hz or f = 2 kHz. In figure 8 densities of Dy atoms and Dy ions are

compared, which were measured in front of the upper electrode of the TD-lamp and

D-lamp. Figure 8(a) and 8(b) represent the Dy atom density Na(ϕ) and the Dy ion

density Ni(ϕ), respectively, taken at an operating frequency of 50 Hz for the two lamps.

For both lamps the Dy atom density Na within the cathodic phase is much higher than

within the anodic phase. It is even higher within the TD-lamp than within the D-lamp
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corresponding to the higher amount of DyI3 within the TD-lamp. The Dy ion density

Ni in the TD-lamp is only marginally higher within the cathodic phase than within the

anodic phase, in contrast to the D-lamp. Figure 8(c) and figure 8(d) give for f = 2 kHz

only average values of Na and Ni within the anodic and cathodic half period by the

same reason as in figure 6(c) and 6(d). The density of the Dy atoms Na within the

cathodic phase is reduced to the level within the anodic phase while Na within the

anodic phase keeps the same value with increasing frequency. As in figure 8(a), Na is

higher within the TD-lamp than within the D-lamp. The density of the Dy ions Ni

within the TD-lamp remains on the same low level as in figure 8(b). The variation

of Ni within the D-lamp with increasing operating freqency was already discussed in

section 5.2. In figure 9 courses of Ttip(ϕ) measured within the TD-lamp and D-lamp

are compared for the same operating conditions at f = 50 Hz and f = 2 kHz. Figure 9

clearly demonstrates that Ttip is nearly 300 K lower within the D-lamp than within the

TD-lamp.

Phase

0 1/2¼ ¼ 3/2¼ 2¼

T
ip

 t
e
m

p
e
r
a
tu

r
e
 /

 K

2850

2900

2950

3000

3050

3100

3150

 DyI  / 1mg    3

TD / 2mg

Figure 9. Phase resolved electrode tip temperature Ttip(ϕ) for a low and a high
frequency (50 Hz and 2 kHz) for different lamp fillings. For the high frequency the
values are average values over the anodic and cathodic phase, respectively. Parameter:
DyI3, TD, electrode diameter dE = 0.45 mm, electrode length lE = 5 mm, i = 0.8 A
switched-dc

6. Interpretation of the measuring results

The particle density and electrode temperature measurements reveal a strong correlation

between the Dy ion density in front of the electrode, and the electrode tip temperature

and power input into the electrode. Compared to an equivalent pure mercury lamp

operated with the same current i(t) they are significantly lowered, if a high dysprosium

ion density is measured in front of the electrode, as is demonstrated in figure 1, figure

3 and figure 5. A high Dy ion density is succeeded, with some time delay, by a high

Dy atom density, as is illustrated in figure 3 and figure 6, but a high Dy atom density
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is not accompanied in general by a high Dy ion density. An example of an exception is

shown in figure 8. The Dy ion and atom density is generally higher within the cathodic

half period than within the anodic half period independently of the operating frequency

(figure 3), the electrode diameter (figure 6) and the composition of the lamp filling

(figure 8). But with increasing operating frequency a decline of the Dy ion and atom

density within the cathodic phase is observed together with a distinct increase of the Dy

ion density within the anodic phase as is demonstrated in figure 4. Moreover a delayed

adjustment of the Dy density on the electrode polarity can be observed especially at

the beginning of the anodic phase, as shown in figure 6(a) and figure 6(b).

The accumulation of Dy ions and, with a time delay of several milliseconds, of

Dy atoms in front of the cathode can only be explained by a cataphoretic transport of

Dy ions from the bulk plasma to the electrode region within the cathodic phase. The

related reduction of the electrode tip temperature has to be attributed to a lowering

of the work function Φ of the cathode. It reduces the power loss of the cathode via

thermionic electron emission, and with it the power transfer needed from the plasma to

the cathode. The lowering of Φ is the effect of a Dy monolayer on the electrode surface.

The growth and destruction of the monolayer depends on the adsorption/desorption en-

ergy of the Dy atoms on the tungsten surface, on the electrode tip temperature and the

replacement rate of the desorbed Dy atoms from the gas phase. The measuring results

are a strong indication that a Dy ion current plays a decisive role for the formation of

a Dy monolayer within a MH lamp.

An emitter effect generated by an ion current should be limited to the cathode.

Therefore, the reduction of the electrode temperature also within the anodic phase for

operating frequencies on the order of 1 kHz has to be explained by a finite lifetime of

the Dy-monolayer. If it is on the order of 1 ms, it will also reduce the work function Φ

within the anodic phase for f ≥ 1 kHz. The heating of the electrode within the anodic

phase is approximately given by:

Pin ≈ i

(
Φ +

5

2

kBTe,arc
e

)
, (15)

where Te,arc is the average temperature of the electrons, which enter the constric-

tion zone in front of the anode from the side of the bulk plasma. Therefore, a reduction

of Φ diminishes the power input into the electrode not only within the cathodic phase

but also within the anodic phase. It will explain the distinct reduction of Ttip at higher

operating frequencies independently of the electrode diameter (figure 7).

The validity of eq. 15 at least for hot tungsten anodes is confirmed by measure-

ments at the model lamp being analyzed in [10], section 5.2. The missing reduction

of the power input into HID anodes operated with a dc current by doping them with

ThO2 [9, 10] does not provide an argument against the validity of eq. 15. Instead, it is
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an indication that an emitter effect is generated by a thorium ion current towards the

cathode, also in case of thoriated tungsten electrodes for HID lamps [35]. A publication

of detailed investigations of the emitter effect at thoriated tungsten electrodes for HID

lamps is under way. Eq. 9 in [36] and eq. 15, as well as the electron temperatures in

these equations, are different since they apply to different situations. Eq. 9 in [36] is a

theoretical expression for the power flux density from the plasma sheath immediately in

front of the electrode while eq. 15 describes the power transfer from the anodic bound-

ary layer composed of the plasma sheath and the constriction zone to the anode.

The effect of an additional seeding of the YAG lamp with T lI is demonstrated in

figure 8 and figure 9. The thallium additive inhibits the formation of Dy ions in front

of the cathode as is shown by the measuring results in figure 8. The ionisation energy

of T l, Ei = 6.11 eV, exceeds that of Dy only by 0.19 eV so that the ionisation degree

of T l may be comparable with that of Dy. But the vapour pressure of T l is distinctly

higher than that of Dy. Assuming a cold spot temperature Tcsp of the YAG lamp in the

1150− 1200 k range the corresponding pressure ratio p(T l)/p(Dy) amounts to 350 and

90, respectively [37]. The low values of the Dy ion density Ni(ϕ) are reflected by a high

electrode tip temperature Ttip in figure 9. Further investigations into the TD-lamp are

needed to clarify the reduction of the Dy ion density but not of the Dy atom density

in front of the cathode. An interpretation of the result is difficult, since the Dy atoms

are accumulated by the cataphoretic transport of Dy ions in front of the cathode.

Another very common ingredient of MH lamps is sodium. Measuring results given

in [16] raise suspicion that Na ions displace Dy ions in front of the cathode so that the

formation of a Dy monolayer on the electrode surface is hampered. The effect of Na

and of a salt mixture consisting of NaI, T lI and DyI3 on the electrode properties in

MH lamps will be investigated in detail separately.

Measurements given in [29] indicate that the current wave form has a considerable

influence on the gas phase emitter effect. Lower average electrode temperatures were

found with a sinusoidal current than with a switched dc current of the same effective

value. The influence of the different current wave forms will be investigated in detail in

a subsequent paper.

7. Concluding remarks

The measurements at a YAG lamp seeded with DyI3 confirm the initial speculation that

a reduction of the work function by a gas phase emitter effect within the cathodic half

period may overlap onto the anodic half period at higher operating frequencies. The

condition is a sufficiently high lifetime of the atomic monolayer being formed by the

emitter material. The lifetime depends among others on the intensity of the cataphoretic

transport of ionized emitter material towards the cathode, the adsorption/desorption
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energy of the emitter atoms on the electrode surface and the temperature of the electrode

surface. The cataphoretic transport of emitter material is in addition sensitively

dependent on the gas composition as the example of a seeding with DyI3 and T lI has

shown. Therefore it may be a difficult task to optimize the emitter effect in commercial

MH lamps seeded by a mixture of metal iodides.
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