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We measure temporal variations in glow spectra of a series of sulfuric lamps,
excited by HF oscillations and microwaves. Based on an analysis of spectra, a
model is proposed for processes responsible for the lamp yield decrease
(“aging”) with time.

PACS: 32.30.Jc, 52.80.Mg

1.  Introduction
The detailed investigation [1] of a stable elec-

tric discharge in sulfur vapors at low pressures has
revealed at least two promising applications. First,
it is the lasing with possible frequency tuning due
to a complex absorption and emission spectrum
composition in the visible and infrared bands. Sec-
ond, it is the use of sulfur as a working material in
a high-efficient visible light source [2]. The first
series of sulfuric lamps were developed by the Fu-
sion Lighting Co. [3]. These lamps are character-
ized by a high light yield of 130–150 lm⋅W–1,
a spectrum virtually coinciding with the human
eye sensitivity curve, and a long service life. Ac-
cording to the estimates of [3], their service life
should reach 60 000 h. Ecological quality of the

sulfuric lamps containing no harmful materials is
also important.

Earlier, we studied the kinetics of HF and mi-
crowave excitation of the discharge in sulfur va-
pors. Qualitatively different stages of the emission
spectrum transformation during the discharge de-
velopment have been revealed in [4–6].

This work is aimed to study processes affecting
the lamp service life and to establish causes of
lamp degradation. We consider these processes
based on the experimental data [7].

2.  Experimental data

It is reasonable to understand the term “deg-
radation” as temporal variation of several basic
parameters and functions characterizing the sul-
furic lamp operation. These are (i) the self-main-
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tained discharge ignition voltage, (ii) the optical
emission spectrum, (iii) the absorption spectrum
of a “cold” lamp (in the absence of discharge),
and (iv) the state of outer and inner envelope
surfaces.

The electrodeless discharge in lamps is excited
by HF and microwave oscillations. The frequency
of HF oscillations excited by various generators is
from 20 to 100 MHz with the power of 20–100 W.
The microwave frequency is fixed at 2.45 GHz,
the generator power is varied from a few tens of
watts to 1.5 kW.

The experiments on these four lines of inquiry
yield the following results.

2.1. Temporal variations in the ignition poten-
tial of sulfuric lamps yield basic data on aging
processes. The impossibility to control the micro-
wave power fed immediately to the lamp causes
the necessity to measure the ignition voltage by
the HF power. To do that, the lamp is placed into
an inductance coil of the HF generator circuit.
The power necessary to ignite the discharge is
evaluated and controlled by the generator anodic
current.

The ignition voltage is found to grow with time
in lamps exposed to microwaves. The process de-
velops as follows. First, the HF discharge ignition
voltage grows. During the lamp operation, this
voltage grows also in a microwave resonator. The
voltage rise rate is controlled by the microwave
power and exposure time. Furthermore, the steady
discharge establishment also varies during long-
term operation, that is a delay grows between the
starts of microwave power feeding and discharge
excitation.

If a “not ignited” lamp is cooled to the liquid
nitrogen temperature, it can be ignited again by HF
oscillations. The ignition voltage of such a lamp
returns to the initial value for a certain time. Such
an effect is observed not in all lamps. It is failed to
ignite some lamps even at the liquid nitrogen tem-
perature. Other lamps exhibit a “self-restoration”,
that is become ignitable after a few months of en-
durance under normal conditions. Their ignition
voltage returns gradually to the initial value.

2.2. When studying the emission spectra of sul-
furic lamps, it is revealed that additional narrow
lines arise as their operation lasts. These lines ap-
pear quicker in lamps with a quartz envelope con-
taining a variety of impurities. However, such lines
arise finally in all lamps, including those made of
chemically pure quartz. The typical spectrum of a
sulfuric lamp is shown in Fig. 1 while the spec-
trum with additional “impurity” lines is plotted in
Fig. 2.

The spectra contain narrow lines at the wave-
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Figure 1. Typical spectrum of a sulfuric lamp.
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Figure 2. Spectrum of a sulfuric lamp with additional
lines of sodium and lithium.
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lengths 589.01 ± 0.03, 589.61 ± 0.03, 670.75 ± 0.03,
610.35 ± 0.03, 766.57 ± 0.03, and 770.0 ±
0.03 nm, which are identified unambiguously as
doublets of sodium, lithium, and potassium by the
tables of [8]. The narrow lines of alkaline metals
appear in the spectrum of sulfuric lamps only
when their outer surface reaches a certain tem-
perature measured by a Kelvin pyrometer and
ranged from 4500 to 6000°C for most of such
lamps.

2.3. Absorption spectra of 32 sulfuric lamps at
various temperatures were measured in detail by
an UV 2101 РC Shimadzu instrument. When
measuring the spectra, the discharge was not ex-
cited.

Absorption spectra of the following samples
are studied: (i) sulfuric lamp blanks, (ii) as-
produced lamps where the discharge is not excited,
(iii) lamps with a HF-excited discharge, and (iv)
lamps with a microwave-excited discharge. In
cases (i)–(iii), the spectra do not differ and repre-
sent in fact absorption spectra of the envelope
quartz. In the fourth case, the following typical
changes are observed against the background of
quartz absorption curve:

(i) Absorptivity oscillations over the wave-
length appear in the range 200–220 nm, when the
lamp can operate with no degradation.

(ii) As the operation continues, the lamp spec-
trum is enriched: an additional line (with the cen-
ter at 290 nm and the “oscillatory” structure)
arises. By this time, a typical degradation is ob-
served: the ignition voltage growth and an appre-
ciable delay between the times of feeding the mi-
crowave power and lamp ignition. The oscillatory
structure in the range 280–300 nm is a forerunner
of that the lamp has exhausted virtually its re-
source. The characteristic spectrum of such a lamp
is shown in Fig. 3.

(iii) Typical changes in the spectrum appear
and grow gradually as the lamp operating time
(with microwave excitation) increases.

When studying the absorption in sulfuric lamps
cooled to the liquid nitrogen temperature, it is re-
vealed that oscillatory structures disappear and the
lamp spectrum comes to the shape shown in Fig. 4
(curve b). For comparison, there is also shown the
absorption spectrum of a lamp blank (curve a). It
is evident that the line near 245 nm, corresponding
to the oxygen-deficient center, is amplified signifi-
cantly in time.
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Figure 3. Absorption spectrum of a sulfuric lamp with
the exhausted service life.
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Figure 4. Absorption spectra of a lamp blank (a) and a
lamp cooled to the liquid nitrogen temperature (b).
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The spectra of sulfuric lamps are also studied
in the IR band from 900 to 10 000 nm. A one more
oscillatory structure is detected in the region of
2500 nm and a strong absorption line caused by
the OH group in quartz is observed at 2700 nm.
The quartz transmission edge is near 4000 nm.

2.4. Another process is the defectation of inner
and outer quartz envelope surfaces.

When the lamp is cooled after operation in
the microwave cavity, sulfur is condensed virtually
on the whole inner surface; to observe this effect,
precautions for sulfur localization on a small area
are taken. In this case, the localized sulfur changes
its color from light yellow to dark gray in many
lamps.

A careful inspection of the envelope inner sur-
faces of lamps operated under the microwave im-
pact detects a microrelief, that is “craters”. The
height of oscillatory spikes in the absorption spec-
tra (at 200–220 nm) correlates to the number and
size of these craters. As the lamps operate under
conventional conditions, when the outer surface
temperature does not exceed 7000°C, no surface
destruction or changes are observed. If the inner
surface temperature reaches 9000°C and higher,
the outer surface become hazy and exhibits crater
defects, microcracks, and deformations. In our
opinion, this is caused by that this surface was not
cleaned before the lamp turning-on. Quartz is de-
structed by microwaves due to dust and other mi-
croparticles presenting at the lamp surface. An
analogous effect was observed in [3]. Some sulfu-
ric lamps operated with cooling by a powerful air
jet from special nozzles. In this case, erosion and
fogging of their outer surface were observed in
time. However, no changes in the inner surface
were detected in [3].

3.  Discussion of the data

3.1. The observed ignition voltage growth can
be explained either by a decrease of the buffer gas
amount in lamps during their operation or by a
generation of another gas.

Argon used as a buffer does not form stable
compounds with sulfur, therefore, its decrease is
impossible. We could assume only the argon sorp-
tion by molten sulfur on cooling and the argon
diffusion through quartz at high temperatures
about 10 000°C, however, this was not confirmed
experimentally.

The second probable cause of the ignition volt-
age growth, that is the gas production inside the
lamp, calls for a special consideration.

Sulfuric lamps are produced by filling a
cleaned and degassed quartz cylinder with chemi-
cally pure degassed sulfur and spectrally pure ar-
gon. The proper filling cannot introduce extrane-
ous materials. The single cause is a foreign gas
production during lamp operation. Since argon is
excluded, the quartz–sulfur interaction remains to
yield the new gas. Silicon dioxide is a stable com-
pound not reacting conventionally with sulfur.
However, the lamp operation produces the condi-
tions far from normal. The microwave generator
excites an arc electric discharge. The lamp pres-
sure, depending on temperature and sulfur content,
is 5–15 atm while the temperature of plasma ex-
cited by microwaves is estimated in [9] as 5–
7⋅103 K.

The lines of alkaline metals arising in the emis-
sion spectrum of sulfuric lamps pose the problem
of a source of these atoms in the sealed envelope.
As has been indicated, the technology excludes the
probable alkaline compound appearance in lamps.
A single reasonable assumption is that these gases
are extracted from quartz because all quartz sorts
contain alkaline metal impurities (10–4–10–6 wt. %).

3.2. The new line and oscillatory structures ap-
pearing in the absorption spectra of sulfuric lamps
(impossible for absolutely pure quartz) confirm
that new materials are produced in the lamp during
its operation.

Thus, the problem of the sulfur–quartz interac-
tion mechanism under the condition of arc dis-
charge becomes important. Therefore, we begin to
revise temperature conditions under which this
interaction is possible.
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Direct heating of a mixture of quartz powder
and sulfur in a sealed quartz flask up to 1000–
1200°C and comparison of the spectra before and
after the heating show no interaction between
sulfur and quartz.

To determine the temperature conditions, at
which this interaction can proceed, we study the
impact of a laser beam on the quartz glass – sulfur
system. A degassed sulfur layer is placed between
two plane-parallel quartz plates. The hermetically
sealed system is introduced in a powerful pulsed
neodymium laser beam focused at the quartz–sul-
fur interface. The laser wavelength is 1.06 µm, the
pulse duration is 10 µs, and the peak power density
is 106 W⋅cm–2. The laser beam heats strongly the
interface. Characteristic traces (craters) arise at the
inner side of the quartz plate contacting with sul-
fur, which remind those arising at the inner surface
of sulfuric lamps. The typical shape of craters at
the quartz surface, produced by the laser beam,
indicates (see [10, 11]) that the plate temperature
in the beam impact region is close to 3000°C. In
this case, the thermochemical reaction 2SiO2 =
2SiO + O2 proceeds in the quartz layer, leading to
the surface destruction.

Absorption spectra of quartz plates are meas-
ured before and after the laser impact. No changes
in the spectra are observed, that is solid products
of the reaction between quartz and sulfur are not
detected within an accuracy attainable. Gaseous
products (if these appear) are removed as the sys-
tem is unsealed.

The similar destructions arising at the quartz
surface exposed both to the laser beam and the
microwaves suggest that quartz is decomposed
also in sulfuric lamps by the reaction
SiO2 = SiO + O at the first stage. This process is
studied in the following experiment.

A quartz flask is manufactured with a quartz
column inside it and is filled with argon only. The
arc discharge is ignited at the generator power of
800–1000 W. As a result, the quartz column (of
mass about 1 g) disappears for 10–15 s.

Analogous processes with quartz in a hydrogen
medium were described in [12]. Quartz slices were

placed into a hydrogen microwave discharge. Fast
ionic etching was observed till their total disap-
pearance. Its mechanism was recognized in [13] as
the reaction SiO2 = SiO + O. It was emphasized
that a detectable reaction rate requires the micro-
wave power of 200–400 W, which allows tearing
the second Si—O bond whose energy is equivalent
to 186 kcal.

4.  Model

The above experimental facts are sufficient to
formulate the model of processes in the sulfuric
lamp as ionic etching of the inner surface with
formation of craters. Some surface fragments are
detached and atomized in the high-temperature
region. Hence, the plasma, apart from sulfur, con-
tains silicon and oxygen atoms. Furthermore, the
quartz surface destruction yields impurities of
lithium, potassium, and sodium.

The ionic etching and atomization of quartz, as
well as extraction of impurities followed by for-
mation of various compounds, allow a unified ex-
planation of the above observational data found
during the sulfuric lamp operation.

4.1. The ignition voltage change in the lamp is
caused by gaseous products of plasmachemical
reactions. Accumulation of these products in-
creases the pressure while their electric breakdown
strength can exceed that of the buffer argon.

Some gases formed can attach electrons, pre-
venting development of the avalanche discharge.
This explains the delay between the times of turn-
ing the microwave power on and the discharge
initiation.

4.2. In our opinion, the evaporation and atomi-
zation of quartz fragments from the lamp inner
surface represent a single source of alkaline metal
atoms causing additional spectral lines against the
sulfur background. This is confirmed by the fol-
lowing experiment.

When manufacturing the lamp, a mixture of
quartz powder and sulfur is introduced into it to
increase the quartz surface subject to ion etching.
This intensifies the quartz fragmentation, thus, the
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concentration of alkaline metal atoms grows in the
plasma. Their lines appear in the lamp spectrum at
the first turning, on of the microwave generator.

These lines appearing when the lamp surface
reaches a certain temperature (between 450 and
600°C) can be explained by alkaline metal sulfides
synthesized by plasmachemical reactions and seen
at the lamp inner surface. These sulfides are
evaporated and atomized in the high-temperature
region. Therefore, atomic lines of alkaline metals
arise against the background of the lamp molecular
spectrum. At the fixed time of atomic line appear-
ance, the temperature inside the lamp can be esti-
mated by the temperature of sulfide decomposi-
tion. The high intensity of emission lines at a rela-
tively low concentration of alkaline metal atoms is
explained by their strong oscillator forces com-
pared to sulfur dimers (see [13]).

4.3. Appearance or amplification of the line at
245 nm in the absorption spectrum, corresponding
to the “oxygen vacancy” (≡ Si—Si ≡) defect con-
forms to the hypothesis of quartz destruction fol-
lowed with oxygen loss by quartz fragments and
their sputtering onto the envelope inner surface.

The SiO2 boiling temperature is 2590°C under
standard conditions, however, silica evaporates
already at 1200°C under high vacuum. These con-
ditions can exist immediately after turning the
lamp on when the surface temperature is lower
than 119°C (the sulfur melting point). In this case,
quartz fragments pulled out from the inner surface
by ion etching are vaporized. Silica vapors are dis-
sociated strongly by the reaction SiO2 = SiO + O
(the dissociation energy is close to 112 kcal⋅mol–1),
therefore, SiO2 decomposes immediately after the
discharge ignition in buffer gas. As the discharge
develops in sulfur dimer vapors, this process
strengthens. Appearing oxygen atoms react with
sulfur and form SO2 first.

Silicon oxide SiO in the gas phase is a separate
material; its transition into solid is possible only
under quick cooling, which is impossible in an
operating sulfuric lamp. The dismutation 2SiO =
SiO2 + Si is more probable [13]. Then silicon
yields compounds such as SiS2 while silicon oxide
forms silicon sulfoxide after the interaction with
sulfur.

Another way of generation of plasmachemical
reaction products is the silica atomization into
SiO, oxygen, and silicon, which interact with sul-
fur and form sulfuric anhydride, silicon disulfide,
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Figure 5. Total absorption spectra of a lamp in the ul-
traviolet (a) and that with the subtracted spectrum of an
empty quartz envelope (b).
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Figure 6. Spectrum of a lamp in 10 min after turning the
HF field out.
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and silicon sulfoxide. Furthermore, the silica solid
phase with a lowered oxygen content can be
formed. As was indicated above, just this process
amplifies the line of 245 nm in the envelope ab-
sorption spectrum (see Fig. 4). Estimates show
that, if 10 Torr of SO2 are produced in a lamp
30 mm dia, the silica layer thickness with a low-
ered oxygen content is 10 nm (neglecting other
products of plasmachemical
reactions).

The oscillatory structures in absorption spectra
of “cold” lamps are caused by materials in the gas
phase. Oxygen and sulfur at high temperatures
form SO2. Since the lamp contains free sulfur va-
pors at the first stages of discharge, the reaction
SO2 + 3S = 2S2O of lower sulfur oxide formation
proceeds. Furthermore, if ozone exists in the lamp
(which cannot be excluded under the conditions
considered), oxides SO3, S2O3, and S2O7 are pro-
duced also. The reactions producing these oxides
under the condition of electric discharge were ob-
served earlier in [12].

To identify gases formed in the sulfuric lamp,
two lamps are manufactured, containing sulfur,
40 Torr of argon, and 1 or 10 Torr of oxygen
(lamps α and β, respectively). Sulfur dioxide SO2

is synthesized by heating with pressures 1 and
10 Torr in the two lamps. A certain amount of SO3

should be produced in both. At an oxygen excess,
the SO3 content is sufficient to bind no less than
4 % of initial amount. The absorption spectrum
measured is shown in Fig. 5 (curve a) together
with the electron-vibrational spectrum after sub-
tracting the spectrum of an empty envelope (curve
b).

Figure 6 displays the absorption spectrum of
the cold lamp containing sulfuric oxides at a pres-
sure of order 1 Torr, measured in 10 min after
turning the HF discharge off.

Comparison of the curves in Figs. 3 and 5(a)
shows that the spectra of gases synthesized by sul-
fur heating in oxygen coincide virtually with the
spectra of cold lamp materials synthesized by
plasmachemical reactions, but differ from the
spectrum of pure SO2 given in [14].

5.  Conclusion

Thus, the experimental data on sulfuric lamps
show that their “aging” mechanism includes the
following processes.

(i) Ion etching and fragmentation of the inner
quartz glass surface.

(ii) Atomization of silica fragments and plas-
machemical reactions with participation of sulfur,
silicon, oxygen atoms, as well as impurities in
quartz, in particular, alkaline metals.

(iii) Accumulation (due to plasmachemical re-
actions) of gaseous sulfur oxides, solid silicon–
sulfur compounds, silicon–sulfur and silicon–
oxygen compounds, alkaline metal sulfides, and
quartz glass with a lowered oxygen content.
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These processes were observed also in electro-
deless lamps containing selenium or selenium–sul-
fur mixture.

The work was supported partially by the RFBR
Project 99-02-16415.
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