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Abstract
The discharge in mixtures of inert gas with sulfur vapors is an effective source of radia-
tion spectrum, which is similar to solar in the wavelength range of 280–600  nm due to 
strong emission of  S2 molecules ( B3

� → X
3
�-transition). This phenomenon is utilized in 

microwave sulfur lamp. Despite a number of advantages microwave sulfur lamps have dis-
advantages that prevent their widespread use. This paper presents optical properties of the 
pulsed-periodic discharge in mixtures of argon with sulfur vapour in UV and visible spec-
tral region and a global model of the discharge. Emission of the pulsed-periodic discharge 
in argon–sulfur vapour mixtures was studied at argon pressure up to 100 Torr and pressure 
of sulfur saturated vapors determined by temperature of gas-discharge tube walls varied 
due self-heating from the room temperature up to 160 °C. It is shown that strong band of  S2 
molecules are observed in the discharge emission in the wavelength range of 300–600 nm 
and S and Ar lines are predominate in the wavelength range of 600–1000 nm. Effect of the 
discharge conditions on emission spectra was investigated. Time profiles of plasma spe-
cies densities under various Ar–S2 mixture compositions and voltage pulse up to 15 kV 
with duration ~ 10 μs were calculated using the global model. It is shown, that densities 
of  S2* molecules fast increases at the voltage pulse beginning and reach maximum after 
~ 2 μs, so strong radiation of  S2* is characteristic for the time interval, then  S2* density fast 
decreases.
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Introduction

Low-temperature plasmas of gas discharges have a wide range of practical applications 
including surface treatment [1, 2], plasma chemistry [3], plasma medicine [4], and light 
sources [5, 6]. Light is very important for life. The quality of life, health and urban safety 
associated with traffic and crime prevention depend on the light and its quality [7]. It 
worth noting, at the moment there is no light source that would fully satisfy all the require-
ments for light sources. Therefore, attempts to improve the existing types of sources, to 
develop fundamentally new or previously considered unpromising light sources continue. 
The important task is creation of radiation sources with high quality spectrum and high 
efficiency. The problem of creating high quality light sources not loses its relevance. All 
known light sources, such as incandescent, fluorescent, halogen, mercury, sodium, metal 
halide, xenon, sulfur and LED lamps have, along with advantages, significant disadvan-
tages [7].

One of interesting directions to improve lighting systems is plasma lamps using radia-
tion of sulfur vapour. Discharges in noble gas mixtures with sulfur vapor allow obtaining 
the radiation spectrum, caused by radiation of  S2 dimers, being similar to solar.  S2 dimer 
bands of the B3

� → X3
� system are approximately on equal distances from each other and 

merge in a continuous spectrum in the wavelength range of 280–600 nm. Using this tech-
nology, it is possible to create light sources with high luminous efficiency and high-quality 
spectrum that, in addition, do not require special recycling measures [7–12].

Sulfur lamps were developed by M. Ury and C. Wood in 1990 and the first really work-
ing sample of the sulfur lamp was demonstrated in 1992 [13, 14]. Serial production of 
plasma lamps was launched in 2010 [12]. The characteristics of such discharges have been 
studied since the 70 s both experimentally [15–19] and theoretically [20–23].

Important advantages of sulfur lamps are their environmental friendliness, high quality 
of the radiation spectrum and high energy-efficiency (light output up to ~ 100 lm/W). Sul-
fur lamps are much more environmentally friendly than mercury, metal-halogen or lumi-
nescent lamps, they do not contain neither mercury, nor lead, nor arsenic, as for example, 
the lamps studied in [24–26]. Sulfur vapor lamps are environmentally friendly, such as 
water vapor lamps [27, 28], but sulfur lamps have several advantages in comparison with 
the water vapor lamps. It is believed that sulfur lamps can be put on the same environmen-
tal step with LEDs. The emission spectrum of sulfur lamps in its spectral composition is 
very similar to the natural light emitted by the sun, with a sharply reduced level of radia-
tion in the UV and IR ranges and with a maximum in the range of visible radiation, which 
is due to the properties of sulfur molecules that emit molecular bands mainly in the visible 
region of spectrum [8, 14].

However, despite a number of advantages, the microwave sulfur lamps have disadvan-
tages that prevent their widespread application. The disadvantages of these lamps include 
the complexity of the design, the high cost of the lamp module, the high temperature of 
vapour in the bulb, hence the need to use a high-quality quartz glass and dust protection, 
using microwave radiation, an inertia, a large diameter of the luminous body (25–30 mm), 
which complicates focusing and using in optical systems [10].

The prerequisites for obtaining effective spontaneous luminescence of the gas-discharge 
plasma based on mixtures of sulfur vapors with argon are: (1) the presence of displaced 
B3

� and X3
� electronic states, which, according to the Frank–Condon principle, are 

essential for producing radiation between certain rovibronic states; (2) the dissociation 
limit of the main X3

� term of the  S2 molecule is above the bottom of the potential well of 
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the excited B3
� state [29], and therefore, the discharge energy should be directed mainly 

on excitation than on dissociation, which means that the discharge energy with high effi-
ciency will be converted into spontaneous emission of the B3

� → X3
� transitions of  S2 

molecules.
This paper presents properties of the pulse-periodic discharge in mixtures of argon 

with sulfur vapors studied experimentally and by modeling in the frame of a global model. 
“Experiment” section presents experimental setup and experimental findings. The dis-
charge global model is described in “Global model” section. “Results and discussion” sec-
tion includes basic results of modeling and discussion. In conclusions there are our find-
ings and deductions.

Experiment

Luminescence of the sulfur vapour based plasma was excited by the longitudinal pulsed-
periodic discharge in inert gas argon [29]. A sketch of the gas-discharge tube (GDT) is 
shown in Fig. 1. The experimental setup are described in detail elsewhere [25, 27]. The gas 
discharge tube was made from fused silica with inner diameter of 12 mm. Cuprum coaxial 
electrodes were disposed on opposite ends of the gas-discharge tube. A gap length between 
the coaxial electrodes was 25 cm. Sulfur powder of 99% purity was scattered over inner 
bottom side of the GDT. The radiation source was operated in a continuous pumping-out 
regime. The residual pressure was less than  10−1 Pa. The GDT was pumped out using the 
rotary vane vacuum pump. Pressure of sulfur saturated vapors in the GDT was determined 
by temperature of tube walls. The temperature control of the GDT walls was performed 
using the Pt-(Pt + Rh) thermocouple placed on the outer surface of the GDT wall near the 
center of the inter electrode distance. The temperature was varied due self-heating in a 
range from the room temperature up to 160 °C.

Dependence of the sulfur saturated vapor pressure on temperature was measured experi-
mentally and is available in handbooks, for example [30]. The saturated vapour pressure of 
sulfur including all gaseous allotropes of sulfur increases from ~ 10−6 Torr at temperature 
of 20 °C up to ~ 0.4 Torr at temperature of 160 °C. The GDT wall temperature was meas-
ured with the thermocouple on outer side of the wall. According to our estimations using 
the thermal conductivity equation temperature on the inner wall of the GD tube exceeds 
the temperature of the outer wall on ~ 4°–5°. In addition, temperature of the sulfur powder 
surface at boundary with gas phase according to the estimation can be higher than the inner 
wall temperature on 10°–15° due to low thermal conductivity of sulfur (0.27 W/(m K)). 
Therefore temperature of the sulfur powder surface is higher on about 15°–20° than the 

Fig. 1  Sketch of the gas dis-
charge tube (GDT): 1 is sulfur 
powder, 2—to pumping and 
argon inlet, 3 is GDT power 
source, 4—to thermocouple, 
5—to voltage divider, 6—to 
current shunt, 7 are observation 
windows, 8 are quartz walls of 
the lamp, 9 are coaxial electrodes
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temperature measured by the thermocouple. Taking into account the temperature correc-
tion the sulfur vapour pressure in the GD tube is varied from ~ 10−5 Torr at wall tempera-
ture of 20 °C up to ~ 1 Torr at wall temperature of 160 °C. In captions to Figs. 3, 4, 5 and 6 
the temperature measured by thermocouple is shown. The sulfur saturated vapor pressure 
was estimated by dependence of the sulfur saturated vapor pressure on temperature [30] 
using the temperature corrected on the estimated difference between temperature of outer 
side of the GDT wall and temperature of the sulfur powder surface.

For excitation of the longitudinal pulsed-periodic discharge in the emission source we 
used a generator with a resonant charge-exchange of the storage capacitor of 1650 pF and 
a thyratron serving as a switch. The oscillator ensured the pulse repetition frequency of 
10 kHz at charging voltages of ≤ 10 kV.

The discharge radiation was observed through quartz windows, which passed up to 85% 
of the radiation at wavelength 200 nm. The spectral characteristics of the pulsed-periodic 
discharge were registered with the MS 7504i monochromator manufactured by Solar TII. 
The monochromator was equipped with three gratings (2400 lines/mm with a maximum 
spectral sensitivity at 270  nm; 1800 lines/mm with a maximum spectral sensitivity at 
400 nm; 1200 lines/mm with a maximum spectral sensitivity at 600 nm) and the photo-
multiplier tube PMT R928 (Solar TII). Spectral resolution of the MS 7504i was specified 
automatically and in our experiment was not higher than 0.1 nm. The recording system was 
calibrated using the photometric tungsten band lamp. Time integrated spectra of the dis-
charge luminescence were recorded by the CCD camera HS 101H (Solar TII) conjugated 
with a computer.

Temporal emission characteristics of the pulse-periodic discharge plasma were recorded 
with the grating monochromator MDR-6 (LOMO, St. Petersburg) equipped by a photo-
multiplier, a signal from which was output to one of oscilloscope channels. A coaxial low-
resistance shunt with a resistance of 0.05 Ω and an RC voltage divider with a division fac-
tor of 400 served as sensors of current and voltage pulses, correspondingly. The maximum 
duration of current pulses was several μs. Typical oscillograms of voltage pulses applied to 
the gas-discharge tube and current pulses through the discharge are shown in Fig. 2.

One of a typical luminescence spectra emitted by the pulse-periodic low-pressure dis-
charge in mixture of argon with sulfur vapors is shown in Fig. 3. At the very beginning 
after switching on the discharge, when the tube wall temperature was ~ several tens of  °C, 
argon atom lines were predominantly observed in the emission, and only when the dis-
charge tube was self-heated up to 50 °C or more, the  S2 ( B3

� → X3
� ) dimer bands appear, 

first in the ultraviolet and near to the infrared region of the spectrum, while the radiation 
intensity of argon atoms sharply reduces. The observed luminescence bands in the dis-
charge spectrum are emitted due to fragmentation of sulfur polymers  (S3–S8), as a result 
of which excited  S2 ( B3

� ) molecules, as well as sulfur atoms, appear. The formation of 
excited sulfur species in a gas discharge is believed occurs under the influence of meta-
stable argon atoms  Arm with energy of ~ 11 eV; as it is well known, dissociation of sulfur 
molecules by electron impact begins at electron energies of ~ 10 eV [31]. Due to lumines-
cence bands of the ( B3

� → X3
� ) system of  S2 molecules are located approximately at 

the same distance from each other they merge into a continuous spectrum in the region 
of 280–600 nm, which maximum shifts to longer wavelengths, when the discharge tube is 
heated.

The maximum intensity of the spectral transition 3s23p3(4S°)4p → 3s23p3(4S°)4s of 
the sulfur atom with a maximum at 921 nm was observed at the argon pressure ~ 14 Torr 
as it is shown in Fig. 4. It is worth noting that intensity of the B3

� → X3
� transition 

of  S2 sulfur molecules was maximum at argon pressures not exceeding 10  Torr. That 
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is, as the pressure of the argon–sulfur mixture decreases, an increase in the intensity 
of  S2 molecules and an increase in the number of electron-vibrational bands of the 
B3

� → X3
� transition of  S2 were observed, as well as a sharp decrease in the radia-

tion intensity of excited argon atoms. This is a result of the interaction of  S2 molecules 
with metastable argon atoms and the manifestation of vibrational relaxation processes 
within the B3

� and X3
� states of  S2 molecules [29]. When the interaction happens, 

sulfur molecules are formed in two excited states B3
� and B”3� , between which vibra-

tional relaxation and exchange reactions are occurred, as a result, sulfur dimers emit in 
the radiative B3

� → X3
� transition.

Fig. 2  Typical oscillograms of current and voltage pulses of the pulse-periodic low-pressure discharge in 
mixtures of argon with sulfur vapors

Fig. 3  The integrated over time 
emission spectrum of the high-
voltage pulse-periodic discharge 
in mixture of Ar with sulfur 
vapors at power deposited in the 
discharge plasma ~ 200 W, argon 
pressure of 10 Torr, sulfur pres-
sure is ~ 0.1 Torr and GDT wall 
temperature of 105 °C
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Fig. 4  The radiation intensities 
of the B 3

� → X 3
� transition of 

sulfur molecules  S2 (1) and the 
3s23p3(4S°)4p → 3s23p3(4S°)4s 
transition of sulfur atoms (2) 
as functions of argon pressure; 
sulfur pressure is ~ 0.1 Torr and 
the GDT wall temperature is 
95–105 °C

Fig. 5  The radiation inten-
sities of the  S2 molecule 
band ( B 3

� → X 3
� transi-

tion) (1) and the S atom line 
(3s23p3(4S°)4p → 3s23p3(4S°)4s 
transition) (2) as functions of 
the excitation frequency of the 
argon–sulfur mixture; argon pres-
sure is 10 Torr, sulfur pressure 
is ~ 0.05 Torr, and the discharge 
tube temperature is 80–90 °C

Fig. 6  The emission inten-
sity of the  S2 molecule band 
( B 3

� → X 3
� transition)as 

a function of the GDT wall 
temperature at argon pressure of 
10 Torr; sulfur vapour pressure 
increases with the wall tempera-
ture from ~ 10−6 Torr at 20 °C up 
to ~ 0.15 Torr at 120 °C
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Figure  5 shows dependencies of the radiation intensities of the  S2 molecule band 
( B 3

� → X 3
� transition) and the S atom line (3s23p3(4S°)4p → 3s23p3(4S°)4s transition) 

on the excitation frequency of the argon–sulfur mixture. One can see, when the discharge 
frequency increases, the intensity of  S2 molecule radiation rises sharply due to increase in 
energy input to the plasma. Unfortunately, in our experiments it was not possible to raise 
the discharge excitation frequency more than 10 kHz.

The dependence of the emission intensity of the  S2 ( B3
� → X3

� ) band on temperature 
of the discharge tube walls is shown in Fig.  6. The discharge plasma heats the gas-dis-
charge tube walls to temperatures above 50 °C, and the intensity of the atomic sulfur spec-
tral line with a maximum at 921 nm sharply increases. Simultaneously with an increase 
in the temperature to 80 °C, a visible radiation in the region of 300–600 nm increases, the 
discharge luminescence becomes whitish, and intensity of the sulfur atom resonance line 
3s23p3(4S°)4p → 3s23p3(4S°)4s falls several times, as does intensity of argon atom lines. As 
the temperature rises to 120 °C, the luminescence intensity of the  S2 ( B3

� → X3
� ) band 

decreases sharply. At the discharge tube temperature of about 140–160 °C, the discharge 
was being extinguished altogether. A possible reason for this is the contraction of the dis-
charge, which may be because of a lot of electronegative ions of sulfur polymers are effec-
tively formed under these conditions, leading to discharge quenching.

Global Model

The global (0D) model was based on solution of the kinetic equations for plasma species 
and an equation of the electron energy balance [27, 32]. It is a difficult task to measure spe-
cies densities in the Ar-sulfur vapour plasma; therefore calculation of the densities allows 
to receive the valuable information on plasma composition depending on the electric field 
and time.

The electron kinetics is described by balance equations for electron density

and energy

here ne , �e , �e(�) , ε are electron density, flux, mobility, and mean energy, respectively; 
Da(E∕n) is ambipolar diffusion coefficient, Se is the inter-particle collision source term for 
electrons; Qel =

∑

j
2m

Mj

⋅ kel,jnenj� , Qinel =
∑

j Δ�jkjnenj are electron energy losses in elastic 
and inelastic collisions; m is mass of electrons, Mj is mass of atoms and molecules, kel,j is 
the rate constant of momentum transfer at elastic collisions of electrons with atom and 
molecules; Δ�j , kj are the threshold energy and rate constant of a jth inelastic process 
respectively; � is the characteristic diffusion length defined by expression 
1

�2
=
(

2.4

R

)2

+
(

�

L

)2

 , R is the gas discharge tube radius, L is the distance between elec-
trodes; E is electric field intensity; n is the total density of all neutral species; e is the ele-
mentary charge; t is time.

According to our estimations the electron energy loss in the discharge volume is much 
greater than its energy loss in the sheath region therefore the last was not taken into 

(1)
�ne

� t
= Se −

Da

�2
⋅ ne,

(2)
�ne�

�t
= −e�eE − Qel − Qinel; �e = −�eEne



846 Plasma Chemistry and Plasma Processing (2020) 40:839–855

1 3

account. Really, the maximal frequency of the diffusion loss in our discharge, estimated as 
Da∕�

2 = TeDi∕Ti�
2 , is ≈ (2–5) × 106 s−1 and the key volume loss of the electron energy 

in the discharge is  S2 excitation (∆E = 5.03 eV) with frequency k10∙nS2 ≈ (2.14–8.56) × 108 
s−1, that in about 100 times greater than the frequency of the diffusion loss.

The balance equations for positive and negative ion densities have a form

where ni,j , Si,j are density and the inter-particle collision source term for jth sort ions, 
respectively.

The balance equations for neutral species are

Here nj and Sj are density and the inter-particle collision source term for jth sort neutral 
species.

The diffusion of electrons and ions is assumed with diffusion coefficient Da = � ⋅ Di , 
where � =

Te

Ti
 , Te is electron temperature Te =

2

3kB
�̄� ( kB is the Boltzmann constant), 

Ti = Tgas is ion temperature and Di =
1

m

∑

j Dij ; here Dij is diffusion coefficient of the jth 
sort of ions and m is number of ions sorts. The same diffusion coefficient Da was uti-
lized for all charged particles to conserve plasma quasi-neutrality. It is reasonable 
approximation as the volume loss of electrons dominates in the discharge, which means 
that the sheath volume is small. Diffusion coefficients of each sort of ions were esti-
mated by the expression Dij =

�vj�j

8
 , where vj is the thermal velocity of the particles, 

�j = ((1 − �)nAr�(aj + aAr)
2 + �nS2�(aj + aS2)

2)−1 is the mean free path, and χ is  S2 frac-
tion in Ar–S2 mixture. Here nAr and nS2 are densities of Ar atoms and  S2 molecules, aj , 
aAr and aS2 are radii of the jth sort of ions, Ar atoms and  S2 molecules.

Diffusion of neutral species was not taken into account in the model because of the fol-
lowing reasons. Diffusion of excited species  S2*, S*,  Arr* and Ar** did not considered 
since their life times are small and they are mostly lost due to radiative decay in the dis-
charge column. Diffusion of the metastable argon atoms  Arm was not taken into account 
because of high rates of  Arm conversion into  Arr* and Penning ionization (reactions 5 and 7 
in Table 2) compared with the diffusion rate. Diffusion of S atoms was ignored due to lack 
of information about their recombination on the GDT walls.

Species considered into the kinetic scheme are presented in the Table  1. The kinetic 
scheme is presented in the Table 2.

Sulfur polymers  (S3–S8) are not considered in the kinetic scheme due to following rea-
sons: (1) there is very lack in cross sections (rate constants) for electron collisions with 
sulfur polymers and for mutual collisions of various sulfur polymer species; (2) during the 
passage of a current pulse through the gas-discharge tube, the gas is instantaneously heated 

(3)
�ni,j

� t
= Si,j −

Da

�2
⋅ ni,j,

(4)
�nj

� t
= Sj.

Table 1  Species of Ar–S2 plasma 
considered in the kinetic scheme

Here  S2* is sulfur dimer in the excited state  S2 (B3
�

−
u
)

Neutral species Ar S2 S
Excited species Arm Arr* Ar** S2* S*
Positive ions Ar+ S2

+ S+

Negative species S2
− S− e−
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to high temperatures on the order of several hundred Celsius degrees and fractions of sulfur 
polymer are significantly reduced. All calculations were carried out for a gas temperature 
of ~ 800 °C, at which the fraction of  S2 molecules in sulfur vapor becomes the main one 
[33, 34].

The rate constants of reactions  1, 2, 6, 10–13 and 16 in the Table  2 were calculated 
by averaging cross sections of corresponding reactions on the electron energy distribution 
function (EEDF).

The EEDF was calculated using program BOLSIG + [51], cross sections of electron col-
lisions with sulfur molecules and atoms were taken from [36, 42–44, 46, 52], cross sec-
tions of electron collisions with argon atoms were taken from [35, 53]. A rate constant of 
three-body recombination of  S2

+ ions (reaction 14 in Table 2) was calculated by principle 
of detailed equilibrium as

Table 2  Reactions of Ar–S2 
plasma considered in the kinetic 
scheme

Te = �̄�∕1.5

No. Reaction Rate constant, 
 m3n/s (n = 0, 1, 2)

References

1 e + Ar → e+Ar k1(ε)s [35]
2 e + S2 → e+S2 k2(ε) [36]
3 e + Ar → Arm + e 1.0 × 10−17·T e0.75 [37]
4 e + Ar → e + Ar** 5.0 × 10−18·T e0.5 [37]
5 e + Arm → e + Arr* 2.0 × 10−13 [38]
6 e + Ar → 2e + Ar+ K6(ε) [35]
7 Arm + Arm → e + Ar+ + Ar 1.2 × 10−15 [39]
8 2e + Ar+→e + Ar 5.4 × 10−39/T e4.5 [40]
9 e + Ar+ + Ar → Ar + Ar 2.3 × 10−34/T g2.5 [41]
10 e + S2 → e + S2* k10(ε) [42]
11 e + S2 → 2e + S2

+ k11(ε) [43]
12 e + S2 → S2

− k12(ε) [44]
13 e + S2 → S−+ S k13(ε) [44]
14 2e + S2

+→e + S2 3.3 × 10−30·k11
(ε)·exp(9.31/Te) 
· (Te/Ry)−1.5

[45]

15 e + S2
+→S + S 3.0 × 10−14/T e0.5 [45]

16 e + S→e + S* k16(ε) [46]
17 S2

− + S2
+→ S2* + S2 2.92 × 10−14 [45]

18 S− + S2
+→ S2* + S 3.21 × 10−14 [45, 47]

19 S2
−+Ar+→S2 + Ar** 3.33 × 10−14 [45, 47]

20 S−+Ar+→S + Ar** 3.51 × 10−14 [45, 47]
21 S−+S+→S + S* 3.7 × 10−14 [45, 47]
22 Ar++S → Ar + S+ 4.72 × 10−16 [45]
23 S + S+Ar → S2 + Ar 3.22 × 10−43 [45]
24 Ar** + Ar → Arm + Ar 1.0 × 10−16 [37]
25 Ar** + Ar → Arr* + Ar 1.0 × 10−16 [37]
26 Arr* → Ar 2.0 × 106 [48]
27 Ar** → Ar 3.0 × 107 [48]
28 S2* → S2 5.3 × 107 [49]
29 S* → S 1/τ [50]
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The rate constant ki in (5) corresponds to rate constant of the reaction 11 in Table 2 as it 
is shown in the Table.

Rate constants of mutual neutralization of positive and negative ions were estimated by 
the Coulomb interaction model [45, 47] and rate constant of charge transfer from  Ar+ ions 
to S atoms was estimated as k = πe(α/μ)1/2, where α is atom polarizability, μ is reduces mass 
of colliding species and e is electron charge [45].

The model equations represent a stiff system of the ordinary differential equations. The 
system was solved using the VODE software package [54].

The simulations were performed for experimental conditions similar to studied in [29]. 
Initial densities of Ar atoms and  S2 molecules were calculated as n = P/kT; initial densities 
of other neutral species were set to zero. Initial densities of electrons and  Ar+ ions were set 
as  109–1011 m−3; initial densities of other ions were set to zero.

Results and Discussion

Figure 7a shows the mean electron energies in discharges in Ar–S2 mixtures as functions of 
reduced electric field at fraction of  S2 vapors in the mixture of 0.5–10%. Figure 1b shows a 
critical (breaking) electric field E*/n, at which total ionization rate equals total attachment 
rate, as a function of  S2 vapour fraction in the mixtures. One can see, that increasing the 
 S2 molecule fraction in Ar–S2 mixtures promotes decrease in the mean electron energy and 
increase in the breaking field, at which a transition from electronegative to electropositive 
plasma takes place.

Ionization and attachment rate constants as functions of the reduced electric field E/n 
at  S2 fraction in Ar–S2 mixtures 2 and 5% are shown in Fig. 8. One can see, increase in 
the E/n and in the mean electron energy leads to rising the ionization and excitation rate 
constants of both  S2 molecules and Ar atoms as well as to diminution of rate constants of 
the electron attachment to sulfur molecules and atoms. Increasing sulfur fraction in Ar–S2 
mixtures results in rising rate constants of electron attachment to sulfur molecules and 
atoms and diminishing the ionization and excitation rate constants of these species.

(5)kr = ki
g0

gi

4�3∕2a3
0

(Te∕Ry)
3∕2

e

Ei

Te , where Ry = 13.606 eV

Fig. 7  a Dependencies of the mean electron energy on the reduced electric field at varied sulfur fractions in 
Ar–S2 mixtures, b the critical electric field as a function of  S2 fraction in the mixtures
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Figure  9 shows shape of voltage pulse used for calculations of the discharge in 
99%Ar–1%S2 mixture as well as the E/n and the mean electron energy evolution during the 
voltage pulse; the voltage pulse was utilized in form 2U0/(exp(t/τp) + exp(−t/τp)).

Figure  10 shows evolution of charged and neutral species densities in 99%Ar–1%S2 
mixture during voltage pulse in nearly steady state regime. One can see, during the pulse 
beginning the plasma is strong electronegative: electron density is much less than density 
of ions (more than 500 times), primary positive ions are  Ar+ ions and primary negative 
ions are  S2

− ions, densities of  S2
+,  S− and  S+ ions are much less than densities of  Ar+ and 

 S2
−ions (Fig. 10b). But, during first two μseconds electrons density fast increases reach-

ing values of ~ 2*1019 m−3 after about 2–3 μs; at this their energy decreases a little (3–4%) 
while E/n decreases on ~ 10%. The increase in electron density leads to an increase in all 
other species: both ions and neutrals. Densities of  S2

+ and  S− ions grow quicker than  S2
− 

and  Ar+ ion densities, so after ~ 1 μs  S2
+ ions become the primary positive ions and densi-

ties of negative  S2
− and  S− ions are about equal. Then densities of all species excluding S 

atoms decrease due decreasing E/n and the mean electron energy (Fig. 9b). Density of  S2
+ 

Fig. 8  Ionization and attachment rate constants as functions of the reduced electric field in a 99%Ar–
1%S2 and b 95%Ar–5%S2 mixtures; k

i�
=
∑

(�k
iS2

+ (1 − �)k
iAr
) , where kiS2 and kiAr are ionization 

rate constants of  S2 and Ar (reactions 11 and 6), correspondingly, and χ is  S2 fraction in Ar–S2 mixture; 
k
a�

=
∑

(k
aS2

+ k
aS
) , where kaS2 and kaS are electron attachment rate constants to  S2 and S (reactions 12 and 

13)

Fig. 9  a Voltage pulse shape and b dependencies of the reduced electric field (E/n) and the mean electron 
energy (ε) on time during the voltage pulse; U0 = 5.6 kV, τP ~ 10 μs, PAr = 40 Torr, PS2 = 0.4 Torr (~ 1%  S2 in 
Ar–S2 vapour mixture)
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ions decreases faster than densities of other ions. After about 7–9 μs  Ar+ ions are primary 
positive ions again and  S−density is less than  S2

− density anew.
Short-lived excited species  (Arr*, Ar**,  S2*, S*) densities behave like the electron den-

sity: reach their maximum values after about 2–3 μs from voltage pulse beginning and then 
decreases (Fig. 10a). Densities of S atoms and metastable Ar atoms start grow only after 
1 μs, when the electron density reached a great enough value, and then decrease a little; 
their densities are much higher than densities of short-lived species. During most part of 
the period densities of  S2* and  Arr* are much higher than densities of Ar** and S* atoms; 
only after about 20 μs from voltage pulse beginning  S2* density falls down to S* density. 
At high enough mean electron energy  S2* density exceeds  Arr* density while with dimin-
ishing electron energy S2

* density fast decreases and  Arr* density becomes higher S2
* den-

sity. So during first 10 μs the discharge emits  S2 bands as well as S and Ar (2p–1s) lines 
in visible part of spectrum; during the rest of the period  S2* radiation fast decreases and 
discharge emits mostly S and Ar (2p–1s) lines while their intensities also decreases.

Figure  11 shows shape of voltage pulse used for calculations of the discharge in 
95%Ar–5%S2 mixture as well as evolution of the reduced electric field (E/n) and the mean 
electron energy during the voltage pulse; Fig. 12 shows evolution of charged and neutral 

Fig. 10  Dependencies of neutral (a) and charged (b) species densities on time during the voltage pulse; 
U0 = 5.6 kV, τP ~ 10 μs, PAr = 40 Torr, 1%  S2 in Ar–S2 vapour mixture

Fig. 11  Voltage pulse shape (a) and dependencies of reduced electric field (E/n) and mean electron energy 
(ε) on time during the voltage pulse (b); U0 = 10 kV, τP ~ 10 μs, PAr = 40 Torr, PS2 = 2.1 Torr (5%  S2 in Ar–
S2 vapour mixture)
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species densities in steady state. Figures 13 and 14 show the same dependencies for the 
discharge in 91%Ar–9%S2 mixture.

Discharge properties and species kinetics in discharge at 5 and 9%  S2 in Ar–S2 mixtures 
are different from the properties and kinetics in discharge at 1%S2. At the same time spe-
cies kinetics in discharges at 5 and 9%  S2 in Ar–S2 mixtures are similar while in mixture 
with 9%  S2 electronegative effects are more expressive compared with mixture with 5%  S2.

Fig. 12  Dependencies of neutral (a) and charged (b) species densities on time during the voltage pulse; 
U0 = 10 kV, τP ~ 10 μs, PAr = 40 Torr, PS2 = 2.1 Torr (5%  S2 in Ar–S2 vapour mixture)

Fig. 13  a Voltage pulse shape and b dependencies of reduced electric field (E/n) and mean electron energy 
(ε) on time during the voltage pulse; U0 = 14.5 kV, τP ~ 10 μs, PAr = 40 Torr, PS2 = 4 Torr (9%  S2 in Ar–S2 
vapour mixture)

Fig. 14  Dependencies of neutral (a) and charged (b) species densities on time during the voltage pulse; 
U0 = 14.5 kV, τP ~ 10 μs, PAr = 40 Torr, PS2 = 4 Torr (9%  S2 in Ar–S2 vapour mixture)
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Electron density in discharges in these mixtures is much less than ion densities, the dis-
charge plasma is very electronegative. After a short time after gas gap breakdown both 
positive and negative ion densities saturates and remains about unchanged during voltage 
pulse in steady state. The primary positive ions in electronegative Ar–S2 plasma are  S2

+ 
ions, densities of  Ar+ and  S+ ions are much less. The negative ions  S2

− and  S− are in com-
mensurable amounts. Densities of S and  Arm atoms also remain about unchanged during 
voltage pulse. Electron density and densities of short-lived excited species  (Arr*, Ar**, 
 S2*) in the pulse beginning increase and reach their maximum at about 1 μs then decrease.

Densities of all species despite more pulse voltage and reduced electric field needed for 
discharge ignition and maintenance are less at greater  S2 fraction in Ar–S2 mixtures. At 
small  S2 fraction (≤ 1–2%) in Ar–S2 mixtures ionization degree varies during voltage pulse 
reaching its maximum after about microsecond from pulse beginning. At great  S2 fraction 
(≥ 5%) in Ar–S2 mixtures ionization degree remains about constant during whole pulse. 
Ionization degree of the plasma decreases with increase in  S2 fraction in Ar–S2 mixtures. 
Electron density and densities of short-lived excited species  (Arr*, Ar**,  S2*) increase 
during first microsecond, reach maximum and then decrease. Emissivity of the discharge 
decreases with increasing  S2 fraction at this emission Ar lines decreases strongly as com-
pared with emission of  S2 bands.

These findings are in accidence with experimental study of the pulse-periodic discharge 
in sulfur vapour/argon mixtures, which shows that with an increase in the GDT wall tem-
perature above 80 °C, the discharge luminescence decreases, intensity of S and Ar lines 
falls several times; as the temperature rises to 120  °C, the  S2 band intensity decreases 
sharply and at the temperature of about 140–160  °C, the discharge is extinguished alto-
gether. It is worth reminding that pressure of sulfur saturated vapors in the GDT was deter-
mined by temperature of tube walls, which was varied due self-heating. Herewith sulfur 
vapour pressure in the GDT was varied from ~ 10−5 Torr at 20 °C up to ~ 1 Torr at 160 °C. 
Therefore, at argon pressure of 10 Torr and wall temperature of ≤ 120 °C the sulfur vapour 
fraction in sulfur vapour/argon mixtures was ≤ 1%. At increase of wall temperature up to 
160 °C the sulfur vapour fraction in the mixtures reached 10%.

The presence in the discharge negative ion species greatly complicates the analysis of 
particle and energy balance [55]. The diffusive loss is, in general, no longer ambipolar, but 
under certain conditions, the diffusive loss is ambipolar. As it was shown by Libermann 
[55] in this case ambipolar diffusion coefficient is function of γ = Te/Ti and α = n-/ne, where 
Ti is temperature of ions and n- is density of negative ions:

When α ≫ 1, γ cancels out such that Da ≈ 2D+. When α decreases below 1, but γ·α ≫ 1, 
Da ≈ D+/α. For γ∙α < 1, Da ≈ γD+, which is the usual ambipolar diffusion coefficient without 
negative ions.

In our model we use Da ≈ γD+, which is holds in case of γ∙α < 1. In case of 0.99Ar–0.01S2 
mixture according to Fig. 10 α ≈ 10–300 (in case of 5 and 9%  S2 α is higher) and γ∙α ≫ 1, 
what means that it will be more correct to use Da ≈ 2D+. Therefore, the diffusion loss in the 
discharge is about one order of magnitude lower. However, this finding does not invalidate 
the simulation result because according with estimations the volume loss of charged spe-
cies prevails in the discharge. In addition, simulations performed with different values of 
the ambipolar diffusion coefficient showed that changing the diffusion coefficient has little 
influence on the simulation results, which confirms the prevalence of the volume losses. 

Da ≈ D+

1 + � + 2��

1 + ��
.
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It worth noting, that for plasma in which α ≫ 1 in the centre of the discharge, the entire 
transition region takes place over a small range of 1/γ < α<1 near the discharge surface, 
such that the simpler value of Da = 2D+ holds over most of the plasma, except very near the 
surface where negative ions density is zero [55].

The simulation results allow us to estimate frequencies of reactions (5) and (7) and com-
pare them with frequency of diffusion loss  Arm on the wall DAr∕�

2 , which at our conditions 
equals 256 s−1. Taking for discharge in 0.99Ar–0.01S2 mixture ne = 2 × 1015–3 × 1018 m−3, 
nArm = 3  ×  (1018–1019)  m−3 (see Fig.  10), k5 = 2  ×  10−13  m3/s and k7 = 1.2  ×  10−15  m3/s 
we get the reaction (5) frequency 4  ×  102–6  ×  105  s−1 and the reaction (7) frequency 
3.6 × (103–104)  s−1. Therefore in this case, rates of  Arm conversion into  Arr* and Penning 
ionization are much higher compared with the diffusion rate and the simplification of the 
model with neglecting the  Arm diffusion is valid. But already in 0.95Ar–0.05S2 mixture 
with ne = 108–5 × 109 m−3, nArm = 1011–1013 m−3 (Fig.  11) we have the reaction (5) fre-
quency 2 × 10−5–10−3 s−1 and the reaction (7) frequency 1.2 × (10−4–10−2)  s−1 that much 
less than the diffusion rate. So in case of 5 and 9%  S2 in Ar–S2 mixtures, the simplification 
is not suitable and consequently densities of Ar excited species given by the model are 
overstated.

Conclusions

The discharges in argon–sulfur vapor mixtures are effective sources of radiation spectrum, 
close to solar in the wavelength range of 280–600 nm. The study of optical properties of 
pulsed-periodic discharge in argon–sulfur vapour mixtures shows that the discharge spectra 
contain emission of  S2 band in wavelength range of 300–600 nm as well as ArI and SI lines 
in wavelength range of 600–1000 nm. Also in UV region there are  S+ lines which over-
lapped with  S2 bands. Increase in sulfur vapour fraction in these mixtures, which rises with 
the GDT wall temperature, results first in reaching an optimal  S2 emission and then in dim-
inution of the discharge luminescence and finally in quenching of the discharge. Emission 
of  S2 bands is dominating emission at low argon pressure less than ~ 30 Torr and strongly 
dependent on sulfur vapour fraction in the mixtures (GDT wall temperature). Calculation 
of the Ar–S2 plasma species kinetics show that during voltage pulse density of S2

* ( B 3
� ) 

molecules fast rises and exceeds densities of other excited species; however, when pulse 
voltage decreases and as a consequence energy of electrons diminishes, density of excited 
sulfur molecules prompt falls while density of resonance excited argon and sulfur atoms 
decreases slower. This is one of reasons for appearance of ArI and SI lines together with 
 S2 bands in spectra of the longitudinal pulsed-periodic discharge in sulfur vapor–argon 
mixtures. The simulation findings are in accordance with results of experimental study of 
Ar–S2 pulsed periodic discharge spectra; the spectra mainly contain  S2 molecule bands as 
well as Ar and S lines in the visible part of spectrum.

The processes or the predominance of processes leading to the luminescence of sul-
fur dimers on the B3

� → X3
� transition in the pulsed discharge, study of which was also 

presented in [29], remain incomprehensible. It is not clear, for example, does an “instanta-
neous” dissociative excitation or a “stepwise” excitation–dissociation of sulfur polymers 
dominate in the discharge. Therefore additional investigations, including more detailed 
modeling and study of Ar–sulfur plasma in different types of discharges, for example, in a 
dielectric barrier discharge are required.
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