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CHANGE OF THE EMISSION SPECTRUM OF SULFUR LAMP
WHEN CHANGING THE PROPERTIES OF THE ELECTROMAGNETIC FIELD

YU.P. MACHEKHIN, T.I. FROLOVA, I.A. SHUNKOVA

The paper is devoted to researching the behavior of the emission spectrum of an electrodeless sulfur lamp when
the parameters of the microwave field pumping a system are being changed. Some cases of changes in the mag-
nitude and spatial position of the microwave field antinode are studied. The obtained results make it possible
to control the output radiation of the lamp when parameters of the microwave field are changing and monitor
the pumping energy on the basis of the emitted spectrum of the sulfur lamp.
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INTRODUCTION

People perceive the color of visual environment in
reflected sun light. Along with this natural effect for a
long time humanity uses artificial light sources. Spec-
tral composition of artificial light sources are usually
quite different from the natural one, in practice it ap-
pears in change of objects colors by the transition be-
tween different light sources. Therefore, the creation
of an artificial light source with a spectrum close to the
spectrum of solar radiation is an important problem
for modern physics of self-luminous objects, as well as
for technical devices which implement these effects.

Such a light source is electrodeless lamp based on
the emission of sulfur plasma maintained by a micro-
wave. Establishment and improvement of these lamps
require consideration and study of all the mecha-
nisms that determine the steady-state and stability of
the microwave discharge. These mechanisms include
processes that provide alignment in the space of the
maximum of the microwave field in a cavity with the
location of the optical bulb with sulfur.

The main goal of the present work is the theoreti-
cal study of dependence between the behavior of the
sulfur lamp emission spectrum and both the magni-
tude and the spatial position of the antinode of the mi-
crowave radiation relative to the center of the bulb.

In conditions of the local thermodynamic equi-
librium (LTE) model changes of the microwave field
parameters will have an impact on the temperature
characteristics of the bulb. In turn, the emission spec-
trum of the lamp depends on its temperature condi-
tions. Therefore, in this work relationship between the
emission spectrum and the temperature profile given
by microwave field in the cavity has been theoretically
investigated.

1. ANALYSIS OF SULFUR LAMPS SPECTRAL
CHARACTERISTICS

Sulfur Plasma lamps are between 25% and 100%
more efficient than any other artificial source of high
quality white light. The light is true full spectrum day-
light and thus features all of the qualitative benefits of
sunlight.

Unlike all other artificial light sources, the light out-
put and colour (light output quality) does not degrade
over time and it is fully dimmable down to 30%. The
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lamp consists of a hollow quartz sphere with sulfur and
argon gas so, unlike all other forms of lighting, it is en-
vironmentally benign. It contains no lead, unlike most
other lamps, no mercury, unlike all fluorescent lighting
and no arsenic unlike most LEDs (Gallium Arsenide).

The sulfur plasma consists mainly of dimer mol-
ecules (5,), which generate the light through molecu-
lar emission. From physical point of view the process
occurs in the following way. Gas discharge is allowed
by microwave radiation with a frequency of 2.45 GHz,
which is widely used in industry, science and medi-
cine. The microwave field causes the glow in a buffer
gas, which has a low breakdown threshold when initial
pressure is low. At the same time field heats — until
evaporation — sulfur powder. In the formed high-pres-
sure gas mixture microwave field takes atoms (as well
as dimers, etc.) of sulfur in excited states. Under such
conditions both direct channel of atomic and molecu-
lar absorption and collisional mechanism act. Finally,
the re-emission from excited states forms the radiation
spectrum of sulfur plasma.

The molecular emission of sulfur has complex
character. At low sulfur vapor pressures of 50 Pa mo-
lecular emission is in the UV range (0.4—0.2 micron).
With increasing of sulfur vapor pressure in the mi-
crowave discharge secondary processes begin to take
significant impact on the molecules emission, among
these processes reabsorption is dominated. Reabsorp-
tion of spectral lines in the discharge has a significant
influence on the shape of the emission lines coming
out from the discharge, on the distribution of radiation
in the volume of the discharge and on the distribution
of the outcoming radiation in space and even in some
cases the flux of radiation. Reabsorption is particularly
significant for UV resonance lines, since the concentra-
tion of normal (unexcited) molecules in the discharge
that absorb this radiation is usually several orders of
magnitude greater than the concentration of excited
atoms. Ultraviolet radiation, resulting from transitions
from the upper electronic states of the electrons in the
molecule S, excites lower vibrational-rotational levels
in the lower electronic states which in turn emit in the
visible spectrum (0.7—0.4 microns) [1].

Because of this, instead of atomic emission, is the
mechanism of light generation, the emission spectrum
is continuous throughout the visible spectrum (Fig. 1).
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Fig. 1. Emission spectrum of light sources

The lamp’s output is low in infrared energy, and
less than 1% is ultraviolet light. As much as 75% of the
emitted radiation is in the visible spectrum, far more
than other types of lamps (Fig. 2).
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Fig. 2. Emission intensity diagrams
of different light sources

The visible light output mimics sunlight better
than any other artificial light source, and the lack of
harmful ultraviolet radiation can be especially ben-
eficial to more vunerable fixtures, equipment, young
plants and humans.

The spectral output peaks at 520 nanometers and
the correlated colour temperature (CCT) is approxi-
mately 6000 kelvin’s with a colour rendering index
(CRI) of 86. The lamp can be dimmed to 40% with-
out affecting the light quality, and light output remains
near constant over the life of the bulb.

Popular light sources currently used for solar
simulation include the Hydrargyrum Quartz Iodide
(HQI) lamp which is a type of high-intensity dis-
charge (HID) light, produces its light by an electrical
arc in a gas envelope using electrodes. Note that Hy-
drargyrum is the Latin name for the element mercury.
Also Xenon lamps that use tungsten metal electrodes
in a glass tube filled with xenon gas. For xenon flash
tubes, a third “trigger” electrode usually surrounds
the exterior of the arc tube. Xenon lamps often have a
relatively short lifetime of 200 to 2000 hours. As with
all electrode based light sources the colour quality and
luminous efficiency of the light changes dramatically
as the electrodes burn away during use. And the tung-
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sten lamp, which is similar to the classic incandescent
domestic version, but with an extra high-temperature
filament so that it gives high illumination and high
colour temperature for the price of a short lifetime.

Powerful xenon, halogen and other lamps are part
of the solar simulators (SS).

The steadiness of the light flux in a simple simula-
tor circuits is provided by the fitting and alignment of
lamps in multiple-bulb illuminators, in more complex
circuits — by the using of special reflectors (elliptical,
elliptic-cylindrical, etc.), and by the application of
special optical integrators for high-quality SS. In this
way, in the worst case, the illumination nonuniformity
of the light spot effective field should not exceed 10%.

In nearly all cases solar simulators using a com-
bination of these old technologies can only represent
part of the solar spectrum at the same time and many
have extremely elaborate and vulnerable reflector and
filter systems to simulate the Sun’s radiation at all
wavelengths.

2. THE THERMODYNAMIC MODEL
OF THE SULFUR LAMP

In the present paper the case of stationary mode
of the lamp after ignition was considered. That mode is
characterized by steady-state mode of the microwave
pumping device, as well as by formation of a homoge-
neous plasma, that emits in the whole visible spectral
range the intensity of which is determined by Planck's
formula (4), in the bulb of the lamp.

The following input parameters of the system were
selected: the bulb of radius »= 16 mm, which the buffer
gas and sulfur powder mass m = 26 g are placed in, is
irradiated with microwave energy power of P= 600 W
and oscillation frequency of f= 2.45 GHz. The pres-
sure in the bulb is considered to be p = 6 - 10° bar.

Sulfur plasma formed under the influence of mi-
crowave radiation in the bulb can be described by the
model of local thermodynamic equilibrium (LTE) [2].

Under conditions of LTE, the composition of a
gas mixture is governed by the local pressure and tem-
perature. The mass action law establishes expressions
for the ratios between the densities of the particles. For
a mixture with Nspecies X,, achemical reaction can be
written as

N N
daX, <> bX,
s=1 s=1
and the mass action law can be stated as

= b,
[]n =)
s=1

where ¢, =a, —b, . The function f (T) depends on the
nature of the reaction and can be expressed in terms
of the species’ partition functions. For excitation,
ionization and association reactions, the equation
reduces to the well-known Maxwellian (1) and
Boltzmann (2) distributions, Saha (3) and Guldberg-
Waage relations, respectively. And all of them for given
volume contain the same local temperature value,
which is also the same for all particle species.
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Basic equations that describe the model of local
thermodynamic equilibrium are as follows:

— distribution of particles of any type i by veloci-
ties vis expressed by the Maxwell function:

M. 2 M. n?
N.(n)=4pN,| ——i_ A 1
i(n)=4p ’(2kaj exp( 2kTJ’ (1)

where N, (n) isthe number of particles (concentration),
with velocities ranging from n to n + dn; p — the
pressure; M; is the particle mass; N, is the particle
concentration; k — the Boltzmann constant.

— the number of atoms or ions in an arbitrary ex-
cited state s is determined by the Boltzmann formula:

N,=N, ﬁexp(_Es j = N§exp(_Es j . (2
£ kT

Here N, is the population of the ground state;
gy — the statistical weight of that state; g, — the statisti-
cal weight of the excited state; E| is the energy of the
excited state, measured from the ground level.

— concentrations of atoms, ions and electrons are
related to each other with Saha formula:

3
P 3
NeNion =2(2pn31€)2 (kT)E >
N, h
a , (3)
Uion (T) (_Eian j
eXp

U,(T) kT

a

X

where me is the electron mass, £, — the ionization
energy, U,, (T) and U, (T) are partition functions
of ions and atoms, respectively; g = 2— the statistical
weight of the electrons.

— the spectral brightness of the plasma radiation /
in the wavelength range from A to A + dA is determined
by the Planck's formula:

O 2he2 A8
~exp(he/1kT)-1

Because of the assumptions of LTE-model the
energy balance of the system, which describes the in-
teraction between input energy and energy transfer as-
sociated with the electrical conductivity and the radia-
tion flux is as follows:

d. (4)

1 o
%G-PZ e ) :A-T+j[4njX ~k, Idx, (5)
0

where P is the input power of the system; & (x) is the
skindepth (8(x) =/2 / pyo(x)o ), Tisthe temperature;
o, A are electrical and thermal conductivity,
respectively; j, and k; are emission and absorption
coefficients.

The emission coefficient is calculated as follows:

1/3
(F) = |
.]v(r) —nAnB[Wj (6)

ex Vo(r) YhivApp(v(r))  4nr?
Pk, T 4 Jav(r)/dr|
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The spectral absorption coefficient can be deter-
mined using Planck's formula:

¢ Agp (1))
8mv2(r)

4mr? { [—Vp(r)ﬂ ’
X €Xp
|dv(r) / dr| kT

where we neglected the stimulated emission

The transition probability for the electron is:

2 33
16S;ITC \4 roz ’ (8)

3¢
27

where r; is the internuclear distance of the dimer.

Since the LTE model was accepted all the pos-
sible reactions occurred in the bulb, except the excita-
tion of molecules, can be expressed by the equation of
dissociation balance.

On basis of this mathematical model a computer
model was developed, by the instrumentality of which
emission spectrum characteristics were analyzed.

The simulated emission spectrum of sulfur lamp is
presented on Fig.3.

kv (r) =N Mp
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Fig. 3. Simulated emission spectrum of the sulfur
microwave lamp for different values of input power

In our researches we considered the main mecha-
nisms of energy exchange of a free electron with mol-
ecules and ions of sulfur in the field of electromagnetic
radiation.

As it is generally known, the energy is transferred
to the gas mixture through the collisions of electrons
or other charged particles with neutral ones, which are
the main component of natural gas:

S, + Res 25+ R.

During inelastic interaction internal energy of an
atom or molecule is changed. It may be the excitation
of an atom or molecule to one of the higher energy
level or its ionization:

S27 ~ SQ +e
S-oS+te.

If the electromagnetic field is large enough, some
electrons acquire energy that exceeds the ionization
energy without any inelastic collision. In this case sec-
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ondary electron and positive ion may generated as a
result of a collision (gas breakdown):

SteesSTtete
St+tees S t+ete

After performing calculations of equations of dis-
sociation balance, we found that the dominant ion re-
sponsible for the emission of plasma is the ion S,*.

Using colorimetric formulas [3] for determining a
colorof'self-luminous objects and selecting CIEL*a*b*
color space (since a color description in this system in
fact simulates process of color presentation by appara-
tus of human vision) for graphic representation of the
color, we investigated the color spectrum of the sulfur
lamp according to the method presented in [4, 5]. The
color coverage of the real (A) and simulated (B) emis-
sion spectra of the sulfur lamp is shown in Fig. 4.

-80 80

Fig. 4. Graph of color coverage of the real device
radiation (A) and simulated spectrum (B)

As can be seen from Fig. 3 and 4, the spectrum of
the simulated lamp has a higher intensity in the long-
wave and short-wave regions, and it causes the color
of the spectrum to shift closer to the white color area,
while the real lamp radiation color has a greenish tint.
This is probably due to the fact that the model takes
into account only the emission of the dimer 5," and
is not considered the effect of radiation from other
modification of sulfur.

3. EFFECT OF PARAMETERS
OF THE MICROWAVE FIELD ON THE
EMISSION SPECTRUM OF SULFUR LAMP

Complex of numerical researches regarding the
influence of the microwave field magnitude and the
spatial position of the antinode on color and spectral
characteristics of sulfur lamp was held. It was noticed
that by using local thermal equilibrium model for de-
scription of sulfur plasma in nonelectrode lamps, mi-
crowave field parameters changes influence on a bulb
temperature mode, therefore lamp spectrum behavior
on different temperature profiles was studied: when

MpuknagHas pagmnoanekTpoHuka, 2011, Tom 10, Ne 3

whole bulb is irradiated (case 1), when the center of
the bulb is irradiated (case 2), when irradiated maxi-
mum is displaced (case 3) (see Fig. 5).
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Fig. 5. Profiles of the plasma temperature in the bulb (a)
and the corresponding emission spectrum
of the sulfur lamp (b)

The research results show that maximum output
radiation power is reached when microwave energy
passes through whole bulb volume, in cases 2 and 3 the
value of output energy decreases. When whole bulb
volume or only its center is irradiated by microwave
energy the lamp radiation color does not change while
in case when microwave field antinode is displaced rel-
ative to the center of the bulb, the radiation color gets
an orange hue. It happens because the sulfur plasma
which is located in the center of the bulb doesn’t get
enough thermal energy as a result emission goes from
lower energy levels.

Change of the color characteristics of the sulfur
lamp emission for the cases 1—3 is shown on Fig. 6.

As can be seen on Fig. 6, when microwave energy
irradiation of both whole volume of the bulb and only
its center, the color of the emission spectrum does not
change, while in the case of shift the antinode of the
microwave field from the center of the lamp the color
becomes light orange. It comes from the fact that sul-
fur plasma at the center of the bulb does not receive
sufficient heat energy, as a result the emission occurs
from lower energy levels.
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Fig. 6. Color space and areas that characterize emission
colors of the simulated lamp (B) and the real one (A)

SUMMARY

Local thermodynamic equilibrium model that is
used in this paper has wide application in modeling of
the processes occurring in a high-pressure plasma [2,
6]. Within this model parameters that determine the
state of the medium and effect of this medium on the
emission characteristics of the object under study are
selected, and it was done in this paper. From the re-
sults of researches made it follows that if in the process
of sulfur lamp work there is a shift of the maximum of
the microwave field from the center of the bulb, the
radiated power will fall, and the emission spectrum
will shift a little to shorter wavelengths and acquire an
orange tint. When the diameter of the antinodes of the
microwave field is less than the diameter of the bulb
the color of light does not change, but the intensity of
the output radiation decreases. The best result is given
by the microwave energy exposure of the whole vol-
ume of the bulb.
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N3meHeHnne cnekTpa W3JIydYeHHs CEPHOM Jammbl NpH
HM3MeHEeHHH CBOWCTB 3jneKTpomMarnuTHoro nous / FO.I1. Ma-
yexuH, T.W. ®ponosa, I0.A. IllynskoBa // Ipuxnan-
Has pagudo’JIeKTPOHMKA: Hay4dH.-TexH. XypHaia. — 2011.
Tom 10. Ne 3. — C. 342-346.

CraThsl HampaBjieHa Ha WCCIIeIOBaHUE TIOBEICHUS
CIIeKTpa M3JTydyeHMs] 0e33JeKTPOIHON CEPHOU JIaMIThl B
yCcIoBUAX M3MeHeHus mapamerpoB CBY-mosnst, ocymiect-
BJISTIONIETO HAKayKy CUCTeMBbl. PaccMOTpeHBI cliyyan W3-
MEHEeHUS BEJIMYMHBI U TPOCTPAHCTBEHHOTO TTOJIOXKEHUS
nyyHoctu CBY-nosst. [1omyueHHBIEC pe3yIbTaThl JAIOT BO3-
MOXHOCTb YITPaBJISITh BBIXOTHBIM U3TYyY€HUEM JIAMITbI TTPU
n3MeHeHun mapamerpoB CBY-mois, a Takke IpouM3BO-
JIATH KOHTPOJIb 9HEPTUN HaKAYKU UCXO/ISI U3 U3TYIeHHOTO
CITeKTpa CEPHOI JIAMITBI.

Karoseguie crosa: cepnas namna, CBY, JITP-monens,
IIBETOBBIC XapaKTEePUCTUKHM, CITIEKTP U3TyICHUSI.

Win. 6. Bubnmorp.: 6 Ha3B.
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3MiHa cnekTpa BMIPOMIHIOBAHHS Cip4yaHOi JlaMIHM npu
3MiHi BIacTuBocTeii ejekrpomardiTioro nmojs /10 .I1. Maue-
xiH, T.I. ®ponosa, 0.0. lllynskosa // INpukiagHa pami-
OeJIEKTPOHiKa: HayK.-TexH. XXypHas. — 2011. Tom 10. Ne 3.
— C. 342-346.

CrarTsl cnpsiMOBaHa Ha JOCTIIXEHHs MOBOIKEHHS
CMEeKTpa BUITPOMIHIOBaHHSI 0€3eJIeKTPOIHOI CipuaHOoi JlaM-
v B yMoBax 3MiHu nmapametpiB HBY-mosst, 1o 3aiiicHioe
HaKayKy cucTeMu. Po3misiHyTO BUMaAKU 3MiHU BEJTUYUHU
i1 mpocTtopoBoro mnosoxeHHs mydyHocti HBY-nosns. Otpu-
MaHi pe3yabTaTH Aal0Th MOXKJIUBICTb YIPABISITU BUXiTHUM
BUIMIPOMIHIOBAaHHSIM JaMIU MpU 3MiHiI mapametrpiB HBY-
MOJIsl, @ TAKOX 3MiMICHIOBATA KOHTPOJIb €HEeprii HaKauyBaH-
H$I BUXOJISTYU 3 BUTIPOMEHEHOTO CIIEKTPY CipuyaHoi JIAMITH.

Karouosi crosa: cipyana nammna, HBY, JITP-monens,
KOJIipHi XapaKTepUCTUKM, CIIEKTP BUIIPOMiHIOBAaHHSI.

In. 6. BiGmiorp.: 6 HaiiM.
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